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This comprehensive review explores the diverse applications of defective zirconium-based metal-
organic frameworks (Zr-MOFs) in energy and environmental remediation. Zr-MOFs have gained
significant attention due to their unique properties, and deliberate introduction of defects further
enhances their functionality. The review encompasses several areas where defective Zr-MOFs exhibit
promise, including environmental remediation, detoxification of chemical warfare agents, photocatalytic
energy conversions, and electrochemical applications. Defects play a pivotal role by creating open sites
within the framework, facilitating effective adsorption and remediation of pollutants. They also contribute
to the catalytic activity of Zr-MOFs, enabling efficient energy conversion processes such as hydrogen
production and CO, reduction. The review underscores the importance of defect manipulation, including
control over their distribution and type, to optimize the performance of Zr-MOFs. Through tailored
defect engineering and precise selection of functional groups, researchers can enhance the selectivity
and efficiency of Zr-MOFs for specific applications. Additionally, pore size manipulation influences the
adsorption capacity and transport properties of Zr-MOFs, further expanding their potential in
environmental remediation and energy conversion. Defective Zr-MOFs exhibit remarkable stability and
synthetic versatility, making them suitable for diverse environmental conditions and allowing for the
Received 3rd February 2024 introduction of missing linkers, cluster defects, or post-synthetic modifications to precisely tailor their
DOI: 10.1039/d3cs01057k properties. Overall, this review highlights the promising prospects of defective Zr-MOFs in addressing
energy and environmental challenges, positioning them as versatile tools for sustainable solutions and

rsc.li/chem-soc-rev paving the way for advancements in various sectors toward a cleaner and more sustainable future.

1. Introduction

According to the Oxford Dictionary, a “defect” is a fault in
something or in the way it has been made, which means that it
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is not perfect. Although this idea may not be attractive in
everyday life, it is interesting to note that researchers from
different disciplines are actively researching the deliberate
creation of defects in solid-state materials." Rather than
striving for perfection, scientists take advantage of the potential
of imperfections to provide properties that would otherwise be
impossible to achieve. A prime example of this is in semicon-
ductor materials, where the addition of dopants allows for the
precise control of electrical conductivity, thus expanding their
range of uses.” Furthermore, in the realm of low-dimensional
materials such as graphene, careful manipulation of defects
can enhance the sensing, electrical, and mechanical properties,
thus opening the door to technological advancement.®” This
growing recognition of the significance of defects contrasts
with the traditional view of perfection in materials science. This
underscores the importance of customizing materials to meet
specific needs by exploiting and manipulating defects. By
taking advantage of the unique characteristics and capabilities

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0000-0001-6751-803X
https://orcid.org/0000-0002-0075-211X
https://orcid.org/0000-0002-5739-1503
https://orcid.org/0000-0003-3736-5049
https://orcid.org/0000-0003-0991-6608
https://orcid.org/0000-0002-7097-2898
https://orcid.org/0000-0002-9772-128X
https://orcid.org/0000-0003-3982-9812
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cs01057k&domain=pdf&date_stamp=2024-05-14
https://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs01057k
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS053012

Open Access Article. Published on 14 May 2024. Downloaded on 11/9/2025 7:26:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

that arise from these imperfections, researchers are pushing
the boundaries of materials engineering and fostering innova-
tion in various fields.

Metal-organic frameworks (MOFs) have been the subject of
much attention in many fields because of their remarkable
characteristics, such as high surface adsorption capacity, tun-
able pore size, and catalytically active sites.®* "' These qualities
make them particularly attractive for gas storage purposes,
especially for adsorbing gases, such as hydrogen, methane,
and carbon dioxide."” The essence of MOF design is the self-
assembly of metal ions and organic linkers, which enables the
alteration of the pore size, hydrothermal stability, and thermal
stability by incorporating various metal centers and acid bin-
ders to obtain the desired characteristics. Recent studies have
explored the possibility of using MOFs as photocatalysts for
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various applications, including hydrogen production, carbon
dioxide reduction, organic pollutant degradation, and heavy
metal removal by combining metal ions with photosensitive
organic ligands."** It is important to recognize that applications
of many discoveries have yet to move substantially beyond the
concept demonstration stage, mainly because of the reliance on
idealized experimental conditions and the financial obstacles
associated with large-scale implementation. These factors can
hinder the practical application of MOFs in real-world
scenarios.”” Nevertheless, examples of successful, large-scale
commercialization exist — most notably, MOF-based storage and
controlled release of “electronic gases” used for phosphorous
and arsenic doping of semiconductors during manufacturing.'®

MOFs possess unique characteristics that distinguish them
from other porous materials, emphasizing their design. This
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allows researchers to manipulate the composition of MOFs to
introduce heterogeneity and incorporate disorder into their
structures. Yaghi et al. have presented various approaches for
achieving “heterogeneity within order”.’” In this context, het-
erogeneity refers not only to incorporating different building
blocks within the framework and pores of MOFs, but also
includes deviations from perfect regularity or multiple pore
sizes in an otherwise highly ordered system.'® Examples
include surface blending with other substances as well as the
integration of nanoscale inorganic components with MOF
materials. In addition, the properties of MOFs can be altered
by incorporating diverse linkers and combining multiple metal-
containing secondary building units or different types of metal
ions with similar topological functions.'®>* This approach is
considered to be an attractive method for modifying the proper-
ties of MOFs. Defects within MOFs can be viewed as a specific
form of heterogeneity, in which certain structural components
are selectively removed in a non-periodic manner. Further-
more, when there are variations in the composition without
any elements removed, these deviations may also be classified
as defects.'® Defect engineering in MOFs has gained significant
attention because of its potential to enhance the structural and
surface properties of these materials, leading to improved
adsorption processes.?***

Defects can include missing clusters, missing linkers, or
structural rearrangements that create dynamic behavior within
the material related to the metal-linker bonding.”> Dynamic
changes could occur in the coordination number of metal-
based clusters®®*” and could involve the rearrangement of
inorganic building units, decoordination of linkers, or dynamic
capping/decapping of defective sites.>® Defects in MOFs could
act as active sites for dynamic interactions with the targeted
compounds, and could also participate in exchange processes
with guest molecules. Dynamic behaviours of defects in MOFs
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in aqueous media have been reported in several studies. For
example, MFM-300(Sc), a Sc(u)-based MOF, has been reported to
show the switch-on/switch-off dynamic behavior of its coordina-
tively unsaturated metal sites in water.”® In another work, first-
principle molecular dynamics simulations have revealed that the
presence of protic solvents such as water or methanol can induce
the dynamic structural rearrangements in UiO-66, a Zr(v)-based
MOF, leading to the formation of defects with both undercoordi-
nated and overcoordinated metal-based nodes.*® In addition,
MFM-300(Sc) was also reported to exhibit a reversible dynamic
change in its structure upon the adsorption of ammonia.*"

To gain a comprehensive understanding of these imperfec-
tions and their importance in MOFs, it is essential to provide a
comprehensive overview of the most common defects encountered
in MOFs. These defects can be classified as point defects, which
include (i) missing-linker defects, (i) missing-node defects, (iii)
functionalized node defects, and (iv) functionalized linker defects.
Fig. 1 displays various types of defects in MOFs, with one of the
most commonly reported MOFs with defects, Zr(v)-based UiO-66,
as an example. Investigating and studying these issues in depth are
essential for increasing our understanding of MOFs and exploring
their wide range of potential uses.

The occurrence of linker defects could be attributed to the
absence of individual linker molecules in the arrangement. When
enough defects are present in a critical concentration and arrange-
ment, they form missing-node (missing-cluster) defects. In princi-
ple, missing-node effects could consist of sets of linkers that
surround and point to a void space. Or, they could be defined by
modulators that surround a void space and lack the ability to fill
the void via further coordination bond formation. In practice,
missing-node defects appear to be mainly the second type -
consistent with high-concentration modulators (monotopic
ligands) outcompeting low-concentration linkers for capping a
node, in the absence of additional node-forming units.***
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With missing-cluster
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coordinated modulators

With missing-linker
defects and coordinated defects and terminal

modulators

With missing-linker

—OH/OH,

Fig.1 Common defects in a zirconium-based MOF, UiO-66. Hydrogen atoms are not shown in all structures.

Understanding and characterizing the defects in MOFs is
crucial for tailoring their properties and optimizing their
performance for diverse applications. The use of various analy-
tical techniques enables the discernment and quantification of
defects within MOF structures, which is essential for enhancing
their efficacy and versatility. Thermogravimetric analysis (TGA)
is an example of a methodology that is effective for determining
defect densities but is generally ineffective for distinguishing
between missing-node and missing-linker defects. Neverthe-
less, for solvothermally synthesized UiO-type MOFs, the
identification of missing-node defects is aided by the tendency
of these defects to form in a correlated fashion, such that they
are periodically arranged in small domains.*>*” Within these
domains, nominally forbidden reflections can yield new, low-
angle peaks in powder X-ray diffraction (PXRD) patterns. If the
peaks are sufficiently prominent, the size of the corresponding
domain can be estimated from the peak widths using the
Scherrer equation. Correlated missing-node domains generally

This journal is © The Royal Society of Chemistry 2024

comprise 8-connected, rather than 12-connected, nodes that
are organized in a reo topology rather than the fcu topology of
idealized, defect-free frameworks. These observations provide a
rationale for the apparent ceiling of four missing-linkers per
node for defective UiO-type frameworks. Further studies show
that UiO-type frameworks featuring, on average, more than 8
but fewer than 12 linker connections per node (i.e., on average,
less than 4 but more than 0 missing-linker defects per node),
consist, in some instances, of co-crystallized reo and fcu
domains.*

For the UiO-type framework domains characterized by reo
topology, the maximum pore diameter is roughly three times
that found in the fcu domains. As such, pore-size distributions
from N, isotherms can reveal the presence of missing-node
defects. Other indirect indicators include subtle shifts in
Raman and IR vibrational frequencies.?” Direct observation
and mapping of neighboring reo and fcu domains has been
demonstrated for the hafnium version of UiO-66 via scanning

Chem. Soc. Rev,, 2024, 53, 6244-6294 | 6247
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electron diffraction (SED);*” see also the work by Zheng, et al.*®
It is important to note that in the MOF field, any changes to the
linker or node that are not the same as those in the original
framework are considered defects.>®*™*' Potentiometric acid-
base titration performed with the suspension of accurately
weighted MOF crystals may provide quantitative information
regarding the amounts of dissociated ligands and protons,
which are highly relevant to the concentration of defects in
the zirconium-based MOF (Zr-MOF). Farha and coworkers
pioneered the use of this technique to determine the number
of defect sites in UiO-66 and quantify the amount of titratable
protons present in each hexa-zirconium node. The titration
curve of UiO-66 revealed three pK, values of 3.52, 6.79, and 8.30,
associated with the p;-OH, Zr-OH,, and Zr-OH groups present
in the nodes, respectively.*” By calculating the difference in the
amount of NaOH consumed between two equivalence points,
the number of defects composed of terminal aqua/hydroxo
pairs and the amount of modulator coordinated on the node
can be obtained.*>** Subsequent studies by Lang et al. revealed
that titration could also change the structure of UiO-66 and
cause the continuous release of terephthalate linkers from the
MOF during the measurement when the pH was higher than
5.** Consequently, information from the titration curve is also
associated with the dynamic formation of new defects through
linker dissociation during the titration process; coupling with
another technique such as high-performance liquid chromato-
graphy is thus required to accurately quantify the amounts of
released linkers and modulators.** Solution-phase NMR and
infrared (IR) spectroscopic methodologies are pivotal in dis-
cerning imperfections within Zr-MOFs. Utilizing 'H NMR,
modulator-induced monocarboxylates were identified.*> Addi-
tionally, IR spectroscopy, particularly diffuse reflectance infra-
red Fourier transform spectroscopy (DRIFTS), accurately
identifies hydroxyl groups present in the nodes of Zr-MOFs.*®
This comprehensive analysis provides crucial insights into the
structural integrity of defective Zr-MOFs.

Advances in MOF-applicable structural characterization
techniques will likely continue to enhance our understanding of
defect structures, defect siting, and defect evolution,*” including
real-time observation of evolution. Foremost among these are low-
dose transmission electron microscopy (TEM), SED, and atomic-
force microscopy (AFM) with sub-nanometer resolution.**>° Of
course, AFM reports on the external surface of the structure. The
application of electron diffraction to ever smaller MOF crystallites
or to domains within larger crystallites,”” may reveal defect
structures, including internal defects that are difficult to observe
via PXRD, where information is averaged over many crystallites, or
via synchrotron-enabled single-crystal X-ray diffraction, where
individual nanocrystallites can indeed be examined, but not down
to the size that can be interrogated via electron diffraction. The de
Broglie wavelength of electrons is sufficiently small such that
resolution constraints, as evidenced by the Scherrer broadening
of diffraction peaks in X-ray measurements, are absent. As with
PXRD measurements,”>>" particularly instructive may be the
observation of low-angle electron-diffraction peaks that reveal the
existence of periodicity for structural defects. The application of
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PDF (pair-distribution function) analysis to data®>>* from total
X-ray scattering measurements may provide information about
node restructuring, and associated node-localized defect for-
mation, together with other irregular structural features,>* that
cannot easily be accessed via conventional X-ray crystallographic
methods.>® Lastly, Ameloot, et al. have demonstrated how confocal
microscopy can be used to visualize planar defects in the interiors
of MOF crystallites.>”

Much of the above discussion concerns periodically ordered
missing-node defects. For some applications, randomly distrib-
uted missing-linker defects might prove desirable. Taking Zr-
based UiO-66 as an example, an approach that likely provides
the latter is exemplified by including trans-1,4-cyclohexane-
dicarboxylic acid in an otherwise standard mixture for sol-
vothermal synthesis of the MOF.>® The resulting material con-
tains some number of ¢rans-1,4-cyclohexanedicarboxylate (CDC)
ions in place of 1,4-benzenedicarboxylate (BDC) ions as linkers.
The flexibility of CDC facilitates size-matching and, therefore,
the realization of crystallinity in the mixed-linker product (see
also, work demonstrated by Bueken, et al>°). Notably, CDC
thermally degrades at temperatures below the decomposition
temperature for the overall framework. Heating, therefore,
allows missing-linker defects to be formed wherever CDC is
found. A related approach, described by Zhou and co-workers,
entails selective chemical decomposition and, therefore, linker
labialization of just one type of linker within a mixed-linker
MOF.®° The authors showed how the approach could be used to
obtain randomly distributed pores of varying size from a
material initially characterized by uniform porosity. The Zhou
group then showed that thermal labialization and mesopore
formation could be engendered in spatially selective fashion,
with microscopic rather than nanoscopic resolution, by employ-
ing a laser to heat a material.®"

The deliberate introduction of defects in MOFs and their
subsequent utilization as heterogeneous catalysts represent a
prominent and actively pursued research area. This approach
involves intentionally incorporating missing-linker defects, which
introduces Lewis acidic sites and missing-node defects that
enhance the diffusion of products and reactants within the MOF
structure. In addition, a noteworthy number of dynamic Brgnsted
sites can be formed as the result of defective structures.”***>~%*
These defect-engineering strategies offer intriguing possibilities
for catalytic applications. Several catalytic reactions, including
alkene dimerization,*>*® benzaldehyde cyanosilylation,”” metha-
nol dehydration,*® and isomerization of o-pinene oxide® have
been successfully demonstrated using defective MOFs.'®®° Despite
these achievements, it is important to acknowledge that defective
MOFs are not always more advantageous compared to the ideal
“perfect” MOFs in terms of overall catalytic activity and cost-
effectiveness. Nevertheless, defective MOFs are valuable platforms
for exploring and optimizing novel heterogeneous catalysts with a
highly tunable structure-to-property relationship. They provide
insights into the effects of defects on the catalytic performance
and offer opportunities for further investigation and advancement
in bridging the performance gap between traditional catalysts and
MOF-based systems.”®

This journal is © The Royal Society of Chemistry 2024
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The potential applications of imperfect MOFs are primarily
centered on chemical catalysis, prompting extensive research
on further chemical modifications of defective frameworks.
Strategies, such as incorporating different linker functionalities
or modifying the metal node, have been pursued to manipulate
properties such as framework hydrophilicity, accessibility of
reactive sites, and extended coordination space near reactive
centers.”! The involvement of computational scientists has also
played a significant role in advancing this field; however,
conventional simulation techniques face challenges in expli-
citly addressing defect sites and their distribution owing to
periodic boundary conditions. To overcome these limitations,
scale-bridging techniques have emerged as a viable solution for
incorporating defects into models and calculating properties
such as gas sorption and mechanical behavior.®>”*”? The field
of defect chemistry in MOFs continues to garner increasing
attention, as evidenced by the growing number of publications,
reflecting their potential to drive advances in catalysis, materi-
als design, and the broader scope of MOF applications.

Zr-MOFs exhibit remarkable stability compared with many
other types of MOFs constructed from various metal ions or
clusters.">"7*%> Their stability is evident in multiple aspects:
they can withstand high temperatures up to 450 °C without
undergoing significant degradation, they can be immersed in
various organic solvents and acidic aqueous solutions without
experiencing notable damage, and they can maintain their
crystal structure even under high-pressure conditions.”® The
exceptional stability of Zr-MOFs can be attributed to the robust-
ness of the Zr-carboxylate bond and the high level of connec-
tivity among the metal clusters.

The superior stability of Zr-MOFs opens up a wide range of
potential applications. One prominent application is in gas
and/or vapor separations, where Zr-MOFs can efficiently adsorb
and separate various gases and vapor owing to their highly
porous and robust structures.”*'* Additionally, Zr-MOFs have
shown promising activities in heterogeneous catalysis/photoca-
talysis, enabling efficient chemical reactions with excellent
catalyst stability and reusability.”*"*>"">7'3% Wwith the excep-
tional chemical stability in water, Zr-MOFs can also be utilized
in both the adsorption of ions/dyes/contaminants and catalysis
in aqueous media."**"**%® Another exciting application is in
the field of drug delivery,">"** where Zr-MOFs can serve as
carriers for therapeutic agents and provide controlled and
targeted release.'> Furthermore, Zr-MOFs exhibit the potential
for sensing applications, enabling the detection of specific
molecules or ions with high sensitivity and selectivity.*>°*¢
Finally, Zr-MOFs are useful in electrochemistry, offering oppor-
tunities for energy storage and conversion devices with
enhanced stability and performance."®*"7°

The incorporation of defects into Zr-MOFs provides an
intriguing avenue to augment the functionality and application
potential of these materials. The introduction of defects such as
missing clusters or missing linkers into the structure of
Zr-MOFs significantly enhances their chemical activity and
functional diversity. This heightened chemical activity and
functional diversity enable the customized modification of

This journal is © The Royal Society of Chemistry 2024
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Zr-MOFs to meet specific application requirements. For
instance, defective Zr-MOFs with vacant sites on Zr centers
can be employed in environmental remediation processes,
where these open sites serve as active binding sites for
pollutants.'”’ Consequently, defective Zr-MOFs effectively
adsorb and eliminate contaminants from water or air."”> More-
over, defective Zr-MOFs are useful for energy-conversion appli-
cations. These defects can serve as active sites or be utilized to
incorporate catalysts for photocatalytic reactions such as hydro-
gen evolution and CO, reduction. Furthermore, post-synthetic
methods allow for the further modification of defective Zr-
MOFs, introducing additional functional groups or catalytically
active sites within the porous framework or fine-tuning the pore
size. This inclusion of functional groups and pore size manipula-
tion enhanced the selectivity of defective Zr-MOFs towards dif-
ferent substrates.'”® Defects in Zr-MOFs can also play important
roles in inducing redox conductivity for electrons in the frame-
work and modulating the microenvironment near the electrode
surface upon the electrochemical energy conversion and storage.
Overall, the introduction of defects into Zr-MOFs broadens their
possibilities and expands their application potential in environ-
mental remediation and energy-related purposes.

The creation of defects in Zr-MOFs has been a topic of interest
among numerous researchers, who have presented various strate-
gies for achieving this goal."”*”® Methods can be categorized into
two primary types: de novo synthesis and post-synthetic treatment.
The de novo synthesis method incorporates a modulator and
mixed-linker approach. In contrast, post-synthetic modification
involves post-synthetic exchange and etching. The synthesis of Zr-
MOFs can be influenced by various factors, such as the choice of
solvent, Zr-based precursor, modulator nature, modulator concen-
tration, linker concentration, temperature, and crystal growth rate,
leading to changes in the generation of defects."”””*** Monoprotic
acids are typically employed as modulators to generate defects
during the cultivation of Zr-MOFs. Some frequently employed
monoprotic acid modulators for synthesizing defective Zr-MOFs
are hydrochloric acid (HCl, pK, = —7.00),"*"'®> and mono-
carboxylic acids such as formic acid (HFo, pK, = 3.77),'%'®* acetic
acid (HAc, pK, = 4.76),">'®'%* benzoic acid (BA, pK, = 4.20),'%*
trifluoroacetic acid (TFA, pK, = 0.23),>*8°788 amino acids (AAs),"*’
dichloroacetic acid (DCA, pK, = 1.30),">* trichloroacetic acid (TCA,
pK, = 0.66),"°*"*" difluoroacetic acid (DIF, pK, = 1.24),>*'*> mer-
captoacetic acid/thioglycolic acid (MA, pK, = 3.83),"**'** dodeca-
noic acid (DDA, pK, = 5.3),"> and 2-thiophenecarboxylic acids
(PK, = 3.49)."° Surfactants such as cetyltrimethylammonium bro-
mide (CTAB) can also induce the defects in Zr-MOFs."”"*® In one of
the key studies, Shearer and coworkers have observed a good
correlation between the defect concentration and the Brensted
acidity of the modulator employed to create defects.>® Further,
concentration of missing-linker or missing-cluster defects has also
been controlled by altering the acidity of the modulator or the
concentration of the modulator.'***% Milner and coworkers showed
that the variation in the structure of modulator can also lead to
differences in both the defect level and particle size of Zr-MOFs.'*®

Besides these facts, in the presence of the same modulator,
the synthetic temperature for growing Zr-MOFs is also the key
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factor that determines the number of defective sites in MOFs.*?
On the other hand, another strategy to generate defects during
the synthesis of Zr-MOFs is the mixed-linker approach men-
tioned previously,®” in where the labile linker may be removed
afterword by post-synthetic treatments to create the defective
cavity.’®®® In addition to the “de novo” synthesis, another
category of approaches to create defects in Zr-MOFs is post-
synthetic exchange or etching, which can further create defects
in as-synthesized Zr-MOFs. Among these post-synthetic meth-
ods, post-synthetic ligand exchange, which involves the
exchange of linker in the as-synthesized Zr-MOF by another
ligand, has been widely demonstrated to create defects in
Zr-MOFs.?°1?°2 On the other hand, unlike other MOFs, the
post-synthetic exchange of metal ions in Zr-MOFs is relatively
challenging and may result in the deposition of metal oxides in
the Zr-MOF.>*® Post-synthetic treatments can also be used for
defect healing to reduce the amount of defects in Zr-MOFs."®"
The process of creating defects in Zr-MOFs via synthetic methods
has been thoroughly documented in review articles that have
been published.'8>!186204

In this review, we summarize the environmental remediation
and energy-related applications of defective Zr-MOFs. We have
discussed how the introduction of defects in Zr-MOFs generates
open sites that can be utilized for the adsorption and remediation of
pollutants as well as for catalyzing photochemical and electroche-
mical reactions in energy conversion and storage processes. We
emphasized the significance of functional groups and pore size
manipulation in enhancing the selectivity and efficiency of defective
Zr-MOFs. By tailoring the defects and controlling their distribution
within the framework, researchers can further optimize the perfor-
mance of defective Zr-MOFs for environmental remediation and
energy-conversion applications. Furthermore, we highlight the
advantages of defective Zr-MOFs over other materials in terms of
stability and tunability. These materials exhibit high stability and
synthetic versatility, enabling the introduction of missing-linkers or
-cluster defects, and post-synthetic modifications. These defects
create “open sites” on the Zr centers, augmenting the adsorption
capacity and catalytic activity of defective Zr-MOFs.

2. Applications

In the following sections, the use of Zr-MOFs with defects in energy-
related and environmental applications demonstrated in previous
studies will be highlighted. These applications include electro-
catalytic energy conversions, electrochemical energy storage,
electrochemical sensing, proton-conducting materials, photo-
catalytic energy conversions, remediation of organic and inor-
ganic pollutants in water, and the detoxification of chemical
warfare agents. The critical role of defects in Zr-MOFs in these
applications, either for incorporating active sites or providing
distinct chemical functionalities to enhance the performance
will be discussed. It should be noticed that herein we only cover
the Zr-MOFs containing the ‘“defects” that do not possess
obvious long-range order and are randomly distributed within
the framework structure. Those Zr-MOFs with well-defined
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eight-connected, six-connected, or four-connected clusters in
their structures, which were sometimes defined as the Zr-MOFs
with “inherent defects”,*®2% are not included in the following
sections since such inherent defects in fact have the well-

defined long-range order.

2.1. Environmental remediation

Defect engineering has been widely used for improving the adsorp-
tion capacity and selectivity of Zr-MOFs and related materials, which
are highly appealing for environmental remediation. Strategies that
can induce defect formation, which have been discussed above,
include modulated synthesis, mixed-linker approach, post-synthetic
exchange and post-synthetic etching. By employing these
approaches, the defect density, particle size, porosity as well
as specific surface area,'®>>°® hydrophobicity,>*”**® surface
charge,” and adsorption properties of Zr-MOFs can be modu-
lated and improved. The missing-linker and/or missing-cluster
defects can lead to the coordination vacancy, i.e., open metal
sites or coordinatively unsaturated sites (CUSs) on the hexa-
zirconium nodes, which are largely saturated with hydroxyl/
aqua (-OH/H,0) ligands or other occupying ligands, depending
on the synthetic condition and activation process.®®7%209-213
Such defects in Zr-MOFs can provide the following benefits for
environmental applications: (a) additional or larger pore aper-
tures and higher porosity,****4*7¢214 allowing the additional
accessibility and faster diffusion of the targeted molecule to
internal active sites; (b) more Zr(iv) CUSs as Lewis-acid sites and/
or more active Zr-OH/Zr-H,O binding sites (note that at pH = 7,
terminal aqua ligands are generally changed to hydroxo
ligands);>"*>" (c) the increased hydrophilicity in the pore to
facilitate the penetration of aqueous media.?*”**%?*® Further-
more, the particle size and surface charge of MOFs are other
important factors for the adsorption and removal of contam-
inates, which can also be tuned by the modulator-based
synthesis."**?°%?19221 Overall, an increase in the defect level
of Zr-MOFs usually leads to an increase in the number of active
sites, porosity, and therefore, the resulting overall adsorption
capacity for environmental remediation. However, a synergistic
effect of defect density, porosity, stability, particle size, hydro-
philicity, and the resulting performance of Zr-MOFs should be
considered during the design of Zr-MOFs aiming for the
removal of pollutants and catalysis applications.

2.1.1. Adsorption-based remediation of water polluted by
organics. Table 1 and the following text include the reported
defective Zr-MOF-based adsorbents for the removal of a wide
range of organic compounds in detail.

2.1.1.1. Organic dyes/pigments removal. Dyes, as soluble
organic compounds, are extensively used in the manufacturing
of paper printing, textiles, food, leather, plastics, pharmaceu-
ticals, etc.”*® Accordingly, there have been growing worries
about the contamination of water resources by dyes as a result
of their obvious colors, high stability, and potential toxicity.
Thus, it is urgent to remove dyes from the contaminated
wastewater before entering the environment. Up to now, Zr-
based MOFs possessing excellent chemical and thermal

This journal is © The Royal Society of Chemistry 2024
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stabilities have been developed for the removal of dye mole-
cules from wastewater.>*°>*' In addition, the research of
defect-engineered Zr-MOFs to adsorb and remove dyeing waste-
water to reduce their environmental issue has attracted increas-
ing interest.>*?

For instance, Wang and coworkers have studied the affinity
of defective UiO-66 for safranine T (ST) and crystal violet (CV),
two cationic dyes with different sizes (ST, about 11.4 x 9.2 A in
size; CV, about 13.9 x 12.3 A in size).?*° They modulated the
defect density with various adding BA as a modulator and post-
synthetic treatment with 1 M HCI to yield a UiO-66-X series (X =
0, 5, 10, 15, and 20, X represents the equivalent of BA with
respect to the BDC linker). BA could contribute to the MOF
formation, removing through the post-synthetic acid treatment.
The approach successfully increased the surface areas and total
pore volume of the UiO-66. Among the synthesized UiO-66-X
solids, UiO-66-15 exhibited the largest BET surface area and
pore volume, which were higher than those of non-defective
Ui0-66 (1200 m* g ! and 0.49 cm?® ¢~ %) and the other UiO-66s
prepared with modulators such as HAc, HCl, and TFA. In
addition, the defective UiO-66 showed a large pore of about
1.5 nm in addition to the observed pore of 1.15 nm for the non-
defective UiO-66. Notably, the defective UiO-66 retained its
chemical stability as compared with its non-defective analog.
Thanks to the defects in the UiO-66-15 and the size-exclusion
effect, the MOF could selectively adsorb ST from the mixture of
ST and CV. The defective UiO-66 exhibited a notable maximum
adsorption capacity for ST dye adsorption (adsorption condi-
tions: T'= 25 °C, adsorbent amount: 10 mg, concentration = 200
ppm for adsorption kinetics experiment, contact time = 24 h) as
compared with that of the defect-free UiO-66 (39 mg g ).

Hu and collaborators reported the synthesis of defective
UiO-66 using alkaline nitrogen heterocycles (dopamine, pyrrole,
and 2-methylimidazole) as modulators through an in situ one-pot
mechanochemical approach.” The monodentate N-heterocycles
were successfully attached to the Zrs nodes by partial BDC linker
substitution, which resulting in the missing linker defect in the
MOF skeleton. This strategy significantly increased the surface
area and pore volume of the N-coordinated UiO-66 MOFs com-
pared to the parent UiO-66. Among these MOFs, pyrrole-doped
UiO-66, namely Np-UiO-66, displayed the highest surface area and
pore volume along with typical mesoporous behavior. The defec-
tive MOF was then assessed for highly selective adsorption of two
cationic dyes, rhodamine B (RhB) and ST, which have almost the
same molecular sizes (RhB; 14.1 x 9.8 A in size; ST, 12.9 x 9.6 A in
size) but are different in acid-base groups. The respective MOF
was found to have two times higher adsorption capacity for RhB
(384 mg g ') (adsorption conditions: T = 303 K, pH = 7.0,
adsorbent amount: 10 mg, concentration = 4-130 ppm, contact
time = 24 h) and 223 times higher selectively towards RhB over ST
(1:1 ratio) than the original UiO-66. This enhanced adsorption
performance was ascribed to the N-modified surface and defective
sites in UiO-66 pores. In addition, the Np-UiO-66 displayed a better
resistance to alkaline corrosion than pristine UiO-66.

In a related study, the UiO-66 nanoparticles (NPs) aged in
water for a long time of 12 months (W-UiO-66-12) showed a
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higher affinity to adsorb anionic methyl red (MR) and methyl
orange (MO) dyes than to the cationic malachite green (MG)
compared to the pristine MOF, mostly due to electrostatic forces
between the anionic dyes and the free carboxylic acid function-
alities created during the aging process.>”” The long-term aging
procedure could result in the partial hydrolysis of the framework
and, thereby, lead to the bond cleavage between the BDC linkers
and Zrg nodes, creating some defect sites on the surface (dan-
gling linker defect). The BET surface area decreased from
1280 m”> g~ for Ui0-66 to 1,000 m* g~ ' for W-UiO-66-12, but
the microporosity (1.7 nm) of the pristine MOF was changed to
mesoporosity (2.9 nm).

Very recently, Wang and coworkers designed and synthe-
sized pH-switchable UiO-66s through in situ AAs (valine (V, pK,
values of 2.32 and 9.62), threonine (T, pK, values of 2.09 and
9.10), and tyrosine (Y, pK, values of 2.20 and 9.11)) doping
method for selective adsorption of anionic dyes (sunset yellow
FCF (SY) and acid orange II (AO))."®® They used AAs as mod-
ulators during the MOF assembly to generate defective UiO-66s
(Ui0-66-V, UiO-66-T, and UiO-66-Y) not only with larger pore
sizes but also with the incorporation of amino-functionality
into the MOF. The carboxylate functionality of AA can compete
with those of the BDC ligand for coordination with Zrs nodes.
Notably, amino groups of AA-doped UiO-66s play a substantial
pH-responsive feature for the selectivity of anionic/cationic
dyes with changing pH (pH on-off switchable property). The
rigid Y was competitively coordinated with Zr nodes rather than
the two AAs, and caused to the formation of more defects with a
larger pore size and a higher fraction of mesoporosity/micro-
porosity in UiO-66-Y (a hybrid type I/IV isotherm) with irregular
cubical shape particles (in sizes of 150-250 nm) compared to the
parent UiO-66 (BET surface area = 1220 m* g~ !, pore volume =
0.62 cm® ¢!, and a type I isotherm) with octahedral shape
particles (in average size of 150 nm). As a result, UiO-66-Y
improved adsorption capacity and diffusion rate (168 x 10°
min ") for anionic SY, respectively, ~1.9 and 5.9 folds higher
than of those obtained with parent UiO-66 (conditions: T =
298 K, pH = 6.0, dye concentration = 0.1 mmol L', V= 50 mL,
adsorbate dosage = 10 mg). Interestingly, it presented a high
selectivity for anionic dyes over cationic MB and RhB dyes with
the same molecular dimensions (adsorption uptake for SY was
about 10-fold observed for MB and RhB). In addition, UiO-66-Y
revealed a higher affinity for SY than AO, due to the presence of
more sulfonic acids on SY, which caused a higher anionic
property than the AO at the studied condition. The observed
decrease in adsorption uptakes of other anionic dyes such as
Coomassie brilliant blue R-250 CBB, (27.3 x 17.0 x 9.1 A) and
congo red (CR, 26.2 x 8.1 x 5.0 A) rather than SY (11.9 x 8.2 x
2.4 A) are attributed to larger dynamic diameters of CBB and
CR molecules than that of SY molecule. Further, the defective
UiO-66s showed stable self-adsorption/desorption and regenerated
via pH-switching for six subsequent uses.

In another work, UiO-66 MOFs (BDCNDC-60 series) were
synthesized through using BDC and 1,4-naphthalenedicarb-
oxylic acid (NDC) as linkers with different proportions and
using BA as the modulator (Fig. 2) and the activity of these

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Schematic synthetic plan towards formation of the UiO-66 MOFs. The left one displays the usage of BA for defect formation. Reprinted from ref.

223 Copyright 2021 Elsevier.

solids was tested in the adsorption of MB and its photocatalytic
degradation.?”® The experimental evidence indicates that active
zirconium sites can also participate in the degradation process
and catalyze oxidative demethylation of MB in addition to the
linker modification with naphthalene rings (n-n stacking
between NDC-linker and MB and bandgap reduction).

Phan and co-workers have reported the synthesis of two
defective MOFs, MOF-808-OH and MOF-808-NH, by partially
replacing 1,3,5-benzenetricarboxylate (BTC) linker with 5-hydroxy-
isophthalate and 5-aminoisophthalate, respectively (Fig. 3).>** The
number of defect sites was approximately 7 and 3 mol% for
MOF-808-OH and MOF-808-NH,, respectively, as evidenced by
"H NMR spectroscopy. In this way, these defective sites
enhanced the acidic centers around Zr-clusters due to the
missing-linker defect, thus exhibiting higher adsorption capacity
towards various anionic organic dyes and Cr(vi) species. The
experimental results showed that the adsorption capacity of
defective MOFs (MOF-808-OH and MOF-808-NH,) was increased

Defective MOF-808

HO._O
HO. OH
7Zr0CL,.8H,0 + O 0 DMF : HCOOH (1:1 v/v)
80°C,72h
HO. OH
0] o

by 30-60% for anionic contaminants including SY, quinoline
yellow (QY), MO, and potassium dichromate compared to MOF-
808 without defective sites. On the other hand, the defective MOFs
showed 5-15% better performance in the removal of cationic dyes
(MG and MB) than the MOF-808. It is worth noting that published
examples of defective MOF-808 are relatively rare compared to
those of defective UiO-66. Since the perfect MOF-808 is already
constructed from six-connected hexa-zirconium clusters that can
allow further coordination of additional carboxylate-based ligands,
advanced characterizations are usually required to verify the
presence of missing-linker defects caused by the second ligand
rather than the direct coordination of the second ligand onto the
node without replacing the linker.

2.1.1.2. Herbicides and agrochemicals removal. Not to be
confused with organophosphorous insecticides,** glyphosate
(GP) and glufosinate (GF) are widely used as herbicides, speci-
fically for broad leaf weeds. They function by inhibiting plant

Missing
connection

- - point

©ir ©c @0 @ -OHor-NH, group

Fig. 3 Defect-engineered MOF-808-OH and MOF-808-NH,. Reprinted from ref. 224 Copyright 2023 Royal Society of Chemistry.
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Scheme 1 Structures of GP and GF as herbicides.

enzymes (Scheme 1). At low exposures, whether acute or
chronic, they appear to pose little threat to humans or to
aquatic fauna. Nevertheless, the environmental consequences
of GP and GF accumulation in soil and water are not fully
understood. GF is a racemic mixture. In water at pH 4 (see
Scheme 1), the dominant forms of both are negatively charged
zwitterions.

Zhu et al. looked at the ability of defective UiO-67 to adsorb
GP and GF from water at pH 4.*® The MOF was synthesized by
using HCl and HAc as acidic modulators which engender missing-
linker defects. At this pH, acetate is lost from the MOF node, and
each defect site presents an aqua and a terminal-hydroxo ligand.
Given a pK, value around 3.3,*>*** the four p;-hydroxos of the node
core should be largely deprotonated, such that the overall frame-
work carries a net negative charge. One might anticipate that
anionic guests like GP and GF would be excluded from the pores of
UiO-67. Zhu et al., however, observed sizable adsorption capacities,
i.e. 540 (3.20 mmol) and 360 (1.86 mmol) mg g~ for GP and GF,
respectively (adsorption condition: T = 25 °C, pH 4, adsorbent
concentration = 0.03 g L™, contact time = 5 h). The prolific uptake
reflects, at least in part, the ability of oxy-Zr(iv) species, including
Zr-MOFs,*** ¥ to bind phosphonates tenaciously via zirconium-
oxygen bond formation.>>® The anticipated stoichiometry is one
phosphonate per missing-linker defect. The above capacities
translate to about 3 GP per node and 2 GF per node, where the
defect density is 1.2 per node. Thus, additional factors must be
involved.

In a related study, Pankajakshan, et al. have used HFo, HCI,
TFA, and a mixture of HFo and HCI (1: 1) as modifiers to tune
both the density of missing-linker defects in UiO-67 and the
size of the MOF crystallites from micrometer to nanometer
(Ui0-67: 1-2 um, HFo; 500-700 nm, HCl; 250-350 nm, TFA;
HFo:HCI (1:1), 100-200 nm).*°® Notably, the smallest crystal-
lites featured the largest fraction of missing linkers. These
samples were evaluated for the adsorptive removal of GP from
water. Qualitatively consistent with exposure of the largest
proportion of Lewis acidic Zr sites, the HFo:HCI form of UiO-
67 displayed by far the greatest uptake, as well as the fastest
uptake. The latter finding is consistent with rate control via
intracrystalline diffusion of GP. Ignoring, for the moment,
differences in defect density and, therefore, average aperture
size, the rate of diffusion-limited uptake should scale inversely
as the square of the length of the crystallite.

Atrazine (6-chloro-N-ethyl-N'-(1-methylethyl)-1,3,5-triazine-
2,4-diamine, molecular dimensions: 0.94 X 0.84 x 0.32 nm)
is a widely used synthetic herbicide in agriculture and is a
potent endocrine disrupting compound.”®® The adsorptive
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removal of atrazine from water was studied by three MOFs —
ZIF-8, Ui0-66, and Ui0-67.2%® Interestingly, UiO-67 showed an
adsorption efficiency of 98% in 2 min, whereas ZIF-8 reached
the same efficiency only after 50 min. To some extent, it is
surprising that UiO-66 was poor for the removal of the hydro-
phobic atrazine because of the small pores and hydrophilic
character of the framework. As a result of the missing linker
defects utilizing HCI, UiO-67 showed the presence of both
micropores and mesopores (>2.0 nm), capable of faster trans-
port adsorption of the micro-pollutant into the MOF with a
maximum adsorption capacity of 26 mg g~ '. In another work,
Akpinar and coworkers clarified the mechanism of atrazine
adsorption which was in line with adjusting the size of linker
n-systems in the MOF; a larger n-system offers more n(MOF)-
n(atrazine) interactions, thereby engendering more adsorption
capacity,”®® at least on a “per pore” basis.

Bayazit et al. studied an HCl-modulated UiO-66 with missing-
linker defects for the adsorption of a synthetic auxin, namely 2,4-
dichlorophenoxyacetic acid (2,4-D), which is a toxic herbicide
sometimes found in water supplies.”*® The nominal MOF showed
a maximum adsorption capacity of ~370 mg g ' for 2,4-D
(adsorption condition: T = 25 °C, pH 5.5, contact time = 2 h,
adsorbate solution = 50 mg L™ "). In another study, a defective MOF
was obtained by using HFo modulator.”®® In this study, a highly
crystalline defective UiO-66 was evaluated as an adsorbent for
dispersive micro-solid-phase extraction coupled to liquid chroma-
tography/mass spectrometry (d-y-SPE-LC/MS) for the determina-
tion of fungicides in aqueous samples with satisfactory recoveries
(>80%). In addition, Wang and co-workers demonstrated the
efficacy of defective UiO-66 as the solid-phase microextraction
material for selective extraction of the fungicides, such as chloro-
thalonil, vinclozolin, dimethachlon, procymidone and iprodione,
from fruit samples.>””

2.1.1.3. Pharmaceuticals adsorptive removal. Pharmaceuti-
cals and personal care products (PPCPs) are among a group
of emerging organic pollutants, which can cause a series of
severe health problems for humankind.>*'

In 2017, Akpinar et al. reported the application of defective
UiO-66 and UiO-67 MOFs for the adsorption of carbamazepine
(CBZ, as an anticonvulsant drug, kinetic diameter of 0.74 nm)
from water.””® They used HCl as a modulator during the
assembly of the MOFs, which resulted in highly porous, quasi-
spherical shape and small MOF particle sizes including more
open active Zr sites and more numbers of -OH groups on nodes,
comparing to those of the defect-free UiO-66 and UiO-67. While
Ui0-66 showed a poor performance of around 35% efficiency in
removing CBZ, UiO-67 exhibited an effective removal of 95% in
only 2 min (100 mg L' aqueous CBZ solution, adsorbent
concentration 1.2 mg mL™', pH 5). The superior performance
of UiO-67 is due to the impact of missing-linker defects.
Physisorption processes, the hydrophobic and n-r interactions
are ruled out in the adsorption mechanism. In another work, a
defective UiO-66-NH, was considered as adsorbent for the
extraction and determination of CBZ in water and urine samples
(extraction conditions: pH 7.5, adsorbent amount 5 mg, sample

This journal is © The Royal Society of Chemistry 2024
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volume 100 pL, total time <12 min).>*® The missing-linker
defects and the amino functionality dominated the increase of
CBZ adsorption. On the other hand, series of defective UiO-67
frameworks were fabricated with BA as the modulator in
another study, and the performances of these solids in the
adsorption of CBZ and ibuprofen (IBU) from water were studied.
Among the various defective MOFs, UiO-67-BA(10) (10 stands for
the molar ratio (%) of BA/ZrCl,) exhibited significant adsorption
capacities for CBZ and IBU with 294 and 213 mg g ', respec-
tively. The adsorption capacity of UiO-67(Zr)-BA(10) for CBZ was
relatively higher compared to the most reported adsorbents.**°
The adsorption performance of UiO-67(Zr)-BA(10) for CBZ was
~4.5 times higher than the commercial activated carbon. This
superior performance of UiO-67(Zr)-BA(10) is attributed to many
factors like synergism between porosity and defect sites, n-n
interaction, H-bonding, and van der Waals interactions. Addi-
tionally, the adsorption performance was retained without any
decrease for at least four cycles.**°

Forgan and Fairen-Jimenez groups have introduced the
adsorption of a series of anti-cancer drugs, carboxylate and
phosphate-containing moieties by Zr-MOFs utilizing a defect-
modulated MOF synthetic approach, that they termed defect
drug loading."**"*>>3" Note that the broader goal was not to
remove the targeted compounds from solution, but, instead, to
employ MOF nanocrystallites as vectors for delivery and con-
trolled release of guest species, including delivery to the inter-
iors of HELA cells. They examined eight linkers, of varying size
and functionality, and along with several modulators (HCI,
HAc, 1-proline, BA) in preparing a series of defective Zr-MOFs
(Zr-11 to Zr-L8, Scheme 2).>*' Consistent with the presence of
missing-linker defects, all samples (e.g. Zr-L1, Zr-L2, Zr-L4; L1 is
BDC and L2-L4 are functionalized BDC) yielded type II nitrogen
(77 K) isotherms. When BDC linker and a mixture of BA and
HCI modulators were used, a defective and mesoporous UiO-66,

a
) CO,H CO,H CO,H COzH
o C
CO,H O Xoy
CO,H O
L1:R=H s
L2: R=Br L5 L6 COyH
L3: R = NO,
L4: R = NH, L7:X=N
L8:X=C
o}
Ny~ “oH
CN

a-Cyano-4-hydroxycinnamic
acid (a-CHC)

Calecin

Scheme 2 (a) Structures of organic linkers employed for the synthesis of
various Zr-based MOFs (Zr-L1 to Zr-L8) and (b) structures of candidate
guest molecules.?*!
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termed Zr-L1 was formed. Notably, higher loadings of calecin
(4.9 wt%)*** as a fluorescent molecule similar to doxorubicin
drug and o-CHC (31.0 wt%, as an anti-cancer drug, o-cyano-4-
hydroxycinnamic acid, 10.6 x 5.9 A in size) were found for the
unfunctionalized version of UiO-66 (Zr-L1), compared to those
for other synthesized UiO-6X compounds (except Zr-L6 for
calecin: 15.2 wt%). This behavior was attributed to the presence
of the missing-linker defects associated with a favorable bal-
ance between MOF pore size and the size of the guest molecule.
While no doubt true for «-CHC, a possible alternative inter-
pretation of the 4.9 wt% uptake of calecin is that adsorbate is
size excluded from the UiO-66 crystallite interior, but faces little
steric impediment to carboxylate-based grafting to Zr(wv) at
defects sites on the exterior surfaces of crystallites. Regardless,
all MOF samples proved capable of delivering guest molecules
to the interiors of HELA cells.

In the next work, they used DCA, an anti-cancer probe
molecule, as a modulator during the solvothermal synthesis of
UiO-66s, resulting in a very small (10-30 nm) and highly defective
DCA-loaded MOF nanaoparticles (DCA@Zr-L1-4¢man).>+ DCA
serves as a size and defect control molecule as connected to the
Zrs nodes in place of linkers. Although the BET surface areas were
lower than defect-free UiO-66 (1200 m*> g~ '), but, the defects
induced mesoporosity in the MOF with exceptionally high pore
volumes (~0.8-1.2 cm® g~ "), capable of effective adsorption of 5-
fluorouracil (5-FU, as an anticancer drug) about 1.9-4.3 wt% and
demonstrating enhanced therapeutic effects compared to the
free drugs.

Moreover, Forgan and co-workers have reported a new drug-
delivery strategy, so-called multivariate modulation (MTVM)
strategy,”®® wherein three delivery candidates/linkers are incor-
porated within the pores of UiO-66 during solvothermal for-
mation of the MOF itself (Scheme 3).">® They are uniformly
distributed via coordination to Zr(iv) at missing-linker defect
sites. Later, a fourth drug is loaded post-synthetically into the
MVT MOFs to afford nanoparticles loaded with cocktails of
drugs. The activity of these solids was tested in vitro for selective
anticancer cytotoxicity against MCF-7 breast cancer cells. For
example, the anticancer activity of the double drug combina-
tions (5-FU@DCA@UiO-66 and o-CHC/DCA@UiO-66) towards
MCF-7 breast cancer cells is significantly increased compared
to the free drugs. Interestingly, a very sizable increase in
selectivity towards cancer cells is achieved by 5-FU@x-CHC/
AL/DCA@UiO-66.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are mainly
anionic aromatic compounds found in ground water and surface
water may cause harm to the environment and human health.>**
Lin et al applied three Zr-MOFs, defective UiO-66 [ZrsO,(iis-
OH),(BDC)s], MOF-808 [ZrsO,(11;-OH),(BTC),], and MOF-802
[Zr604(13-OH)4(PZDC)s, PZDC = 3,5-pyrazoledicarboxylic acid],
respectively, with 10, 6, and 10-connected Zr clusters for the
adsorptive removal of a serious of NSAIDs from water.>*> Defec-
tive UiO-66, containing 1.0 and 1.5 nm micropores, achieved
maximum adsorption capacities up to ~3 mmol g~ ' (amount of
adsorbent = 6.0 mg, pharmaceutical solution = 1.0 mmol L™},
pH = ~6.0), substantially higher than those of MOF-808 and
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Scheme 3 Drug-modulated UiO-66s and their post-synthetic drug loading.>®

MOF-802. Acid-treatment resulted in the formation of defect
sites. In the respective MOF, the presence of two free terminal
-OH/-OH, groups on the unsaturated-coordinated Zr clusters
and the larger number of BDC linkers showed high adsorption
affinity toward anionic pharmaceuticals, carboxylic acid-
containing drugs, such as IBU, ketoprofen, naproxen (NPX, a
typical NSAID), indomethacin, and furosemide via a synergistic
effect of chemical adsorption and n—r interactions. The adsorp-
tion of the other anion drug, salicylic acid, was strongly due to
chemical adsorption without a noticeable n-n interaction. Also,
acetophenone (min-width, 0.59 nm) with no carboxyl groups, as a
neutral pharmaceutical compound, adsorbed by defective UiO-66
because of only n-r interactions between the benzene rings of
pharmaceuticals and the MOF linkers. Besides, the adsorption of
amitriptyline in the MOFs was very low due to the electrostatic

6258 | Chem. Soc. Rev, 2024, 53, 6244-6294

repulsion that occurred at the studied pH (pH ~ 6) between the
cationic sites (Zr-OH,") and the protonated tertiary amine groups
(=NH"-) of the drug (the pK, value of amitriptyline is 8.8). The
work showed the importance of terminal ~-OH/-OH, groups on
the node, large porosity, and high uptake affinity of defective
MOFs for effective pharmaceuticals adsorption.

In another work reported by Bayazit et al. mentioned pre-
viously, they also investigated the adsorptive removal of cipro-
floxacin, a typical fluoroquinolone antibiotic and NPX by a
defective Ui0-66.>>> HCI treatment led to the formation of
defective sites in the framework. The particle sizes were about
0.28-0.30 um. Remarkably, it exhibited maximum adsorption
capacities of 112 and 44 mg g, for CPX and NPX, respectively
(adsorption conditions: T = 25 °C, pH 5.5, contact time = 2 h,
adsorbate solutions = 10 mg L™ ).

This journal is © The Royal Society of Chemistry 2024
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One of the strategies to prepare hierarchically porous MOFs
is utilizing the self-assembly template,>®® in which the less
stable metal-organic assemblies such as nanosized MOF-5 are
used as the template during the construction of another more
stable MOF.”®® After the synthesis of the targeted MOF, the
template was removed to create mesopores in the hierarchical
MOF. Zhang et al. reported this strategy for the synthesis of a
hierarchical-pore variant of UiO-66 with different mesopore sizes,
H-UiO-66-3.8 nm and H-UiO-66-17.3 nm, for the adsorptive
removal of antibiotic tetracycline (TC) in wastewater.”* The
H-UiO-66s were obtained through an in situ self-assembly template
strategy by using Zn(NOj;),-6H,0 and BA. H-UiO-66-17.3 nm
exhibited a type-IV curve (mesoporous) and enhanced pore volume
of compared to pristine UiO-66. Accordingly, H-UiO-66-17.3 nm
showed enhanced removal efficiency of >99% for TC and a
maximum adsorption uptake of 670 mg g~ ' (adsorption condi-
tions: T = 30 °C, pH 5, time = 12 h, adsorbate solutions = 38 mg
L"), and the material performs greater than the pristine UiO-66
(125.72 mg g '), H-Ui0-66-3.8 (490 mg g~ "), MIL-101(Cr)-NH, (14
mg g '),**® MIL-101(Cr) (39.88 mg g~ *),>*° NiFeC nanocomposites
(592 mg ¢ ), and carbon disulfide-modified magnetic ion-
imprinted chitosan-Fe(m) (520 mg g~ *).”%® The interaction between
the Zrg cluster of H-UiO-66 and the O atoms of the amide group
and a neighboring hydroxyl group (at C-3) in TC and n-= stacking
between the H-UiO-66 linker and TC associated with the meso-
porosity of 17.3 nm, played a vital role for the high adsorption of
the analyte.

Other studies also reported the use of defective Zr-MOFs for
the removal of pharmaceutical pollutants from aqueous solu-
tions. For example, defect-rich MOFs were prepared by tuning
the node connectivity ranging from 7.8 to 9.2 and their activities
for the removal of IBU were evaluated. The initial rates of
defective UiO-66-7.8 was 60 times higher compared to conven-
tional UiO-66 materials (UiO-66-11.5). In addition, the maximum
IBU equilibrium capacity was gradually enhanced with increasing

ZrCl, + Fumaric acid + Formic acid

View Article Online
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the defective density and decreasing the particle size from UiO-
66-11.5 to UiO-66-7.8. The as-prepared materials were proved to
be highly efficient in removing these detected ones within 3 min
(below the detection limits).** Another study showed that among
various controls tested, a higher degree of structural damage
within the framework of UiO-66 exhibited 320 mg g~ * of diclo-
fenac sodium (DCF) adsorption capacity due to the presence of a
high population of defective (active) sites. This value was much
higher compared to perfect UiO-66 solid (54 mg g~ *).>*°

In addition to defective UiO-type MOFs, Li and Prasetya
synthesized the defective MOF-801 NPs (d-MOF-801, a defective
Zr-fumarate MOF) at room temperature by using water as a
medium rather than dimethylformamide (Fig. 4).>*® The per-
formance of the defective MOF-801 was tested in the adsorption
of DCF from water streams. A series of defective MOF-801 were
prepared by varying the concentration of the modulator (HFo)
relative to the ZrCl,. Among the various solids screened,
the highest adsorption capacity for the defective MOF-801
(d-MOF-801(35) with 35 equivalent of HFo) was 680 mg g,
which is nearly 4 times higher compared to non-defective MOF-
801. This superior performance of the defective MOF-801 was
due to its pore enlargement thus offering a facile pathway to
access the adsorption sites.

Bimetallic MOFs, Hf-UiO-66 and Ti-UiO-66 have been
synthesized through the post-synthetic modification of UiO-66
and the activity of these solids was studied in the adsorption
cefoperazone.>®” Among the various solids screened for this
adsorption, Hf-UiO-66 showed 346 mg g~ " adsorption capacity
of cefoperazone which is higher than that of UiO-66. This
enhanced activity of Hf-UiO-66 is due to the introduction of
Hf(wv) by changing the coordination environment in UiO-66 solid,
thus creating defective sites by changing the surface charges and
enlarged pores. A series of analysis (FT-IR, XPS, zeta potential)
has confirmed various driving forces like electrostatic attraction,
n—n stacking, hydrogen bonding and metal complexation that are
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Fig. 4 Schematic synthesis of defective MOF-801 for DCF adsorption. Reprinted from ref. 236 Copyright 2022 Elsevier.
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responsible for high adsorption capacity of the bimetallic MOFs.
In addition, Hf-UiO-66 retained its activity up to five reuses. As an
aside, Hf(iv) and Ti(wv) were initially thought to incorporate via
exchange with node Zr(v) ions - and, indeed, many papers posit
this mechanism. Subsequent works by Cohen and co-workers
and Gascon and co-workers have demonstrated that exchange
does not occur.**** Instead, incorporation is better described as
grafting or deposition. The absence of exchange-type incorpora-
tion of Ti(iv) can be understood both in terms of the resistance of
node-site zirconium ions to substitution and to the inability of
Ti(v) to coordinate more than six atoms. Zr(wv), in contrast, can
accommodate eight.

In another precedent, a set of controllable hierarchically
porous Zr-based MOFs were designed by using series of mono-
carboxylic acids possessing different kinetic diameters like HAc
(2 A), pentanoic acid (5 A), n-caprylic acid (8 A), n-dodecanoic
acid (DDA, 12 A), n-myristic acid (14 A), n-pentacyclic acid (15 A)
and n-palmitic acid (16 A) as modulators. These selected
carboxylic acids exhibit higher pK, values ranging between
4.74-4.89 compared to BDC (pK, = 3.51), thus they could
competitively coordinate with the hexa-zirconium clusters and
be completely expelled later to create hierarchical pores. Thus,
fifteen isostructural MOFs were obtained with different surface
areas and pore sizes. The highest surface area was attained
using pentanoic acid as the modulator, while the use of DDA
introduced a large number of mesoporous than the others. The
adsorption behaviour of these solids was measured with seven-
teen pharmaceuticals. This study has shown that the influence
of the mesoporous formation process can overcome the dis-
advantages of competitive interaction for active sites in the
adsorption process. The adsorption rates were found to in the
order of UiO-66 (12A-high) > UiO-67 > MIL-101. Furthermore,
complicated co-existed constitutes with large molecular sizes
could not hinder the adsorption process due to the strong size
exclusion effect.'”

2.1.1.4. Organoarsenic compound removal. The increasing use
of organoarsenics, such as 4-hydroxy-3-nitrobenzenearsenic acid
(Roxarsone, ROX) and 4-aminobenzenearsenic acid (p-arsenilic
acid, p-ASA) as feed additives has resulted in a high discharge of
organic wastes into the environment. Moreover, these com-
pounds can degrade into toxic inorganic arsenic species.**

Li and coworkers presented defect engineering strategy in
UiO-66 using variable amounts of BA as a modulator during the
framework construction, resulting in highly porous MOFs,
named as UiO-66-2, Ui0-66-10, and UiO-66-20 (2, 10, 20 are
the molar equivalents of BA used in the synthetic procedure),
with tunable pore size and linker vacancy defects.>'*> Remark-
ably, it was observed that the increase of BA not only enhanced
BET surface area and pore volume of MOFs, but also resulted in
gradual deviation of the isotherm types from type I (micro-
porous structure) to type IV (mesoporous structure). Among the
synthesized UiO-66s, UiO-66-20 revealed the highest BET sur-
face area and additional pore volume from the mesopore sizes
of 1.7 and 2.3 nm, and thereby, exhibited the highest adsorp-
tion capacity of 730 mg g ' for removal of ROX (adsorption
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conditions: T = 25 °C, pH 4, time = 30 min, initial adsorbate
solution = 0.1 g L™"). The defects in UiO-66 not only led to an
improved porosity, but also increased the number of Zr-OH
groups which are mainly involved as active adsorption sites for
chemical bonding and efficient capture of ROX.

Lin et al. in 2019 described a defective amino-functionalized
UiO-66 (UiO-66-D-NH,) for the removal of p-ASA and ROX as
emerging pollutants in the environment.>*® The research work
indicated maximum adsorption capacities in trend of UiO-66-
D-NH, > UiO-66-D > UiO-66 > ZrO, for both p-ASA and ROX.
The combination effects of defective sites (more Zr-OH sites)
and amino functionary are worked together for the enhanced
adsorption efficiency of UiO-66-D-NH, (Fig. 5).

Recently, several water-stable Zr-MOFs have been studied for
the adsorptive removal of p-ASA and ROX from water.>’® Among
the considered MOFs, MOF-808F (Zr4(1L3-O)4(t3-OH),(Formate),-
(BTC),) with pores of 1.0 and 1.8 nm showed a remarkable
maximum adsorption of capacity of 710 mg g ' for ROX
(adsorption conditions: T = 25 °C, pH 4, time = 4 h, initial
adsorbate solution = 25 mg L"), which is slightly lower than
that of the defective UiO-66 as mentioned before (UiO-66-20,
730 mg g ').>"* Zr-MOFs such as MOF-808, defective UiO-66
and NU-1000 containing Zr(v) CUSs with a large number of
Zr-OH(H,0) groups demonstrated strong coordination inter-
actions between the MOF and p-ASA. While the synergistic effect
of electrostatic, hydrogen bonding and n-n stacking were also
found for p-ASA adsorption over MOF-808F, defect-free UiO-67,
DUT-67, and NU-1000B (NU-1000 containing benzoate ligands)
without or with very few Zr-OH(H,0) groups.>”°

2.1.1.5. Other organic pollutants removal. Perfluoroalkyl sul-
fonates (PFASs) such as perfluorooctanesulfonate (PFOS) and
perfluorobutanesulfonate (PFBS), a group of emerging organic
pollutants (EOCs), are found in wastewater released from their
use in commercial and industrial applications. They are persistent
in the environment and can prompt health problems such as
disruption of the immune system. Also, it was concluded that
there is a probable link between exposure to PFAS and cancers.””*
Therefore, there is a need to examine porous MOFs as adsorbents
for fast and high adsorption capacities of PFASs.

Clark et al. studied the removal of PFOS and PFBS in
simulated wastewater by defective UiO-66-X materials.>*® Dif-
ferent amounts of defects were presented in the UiO-66 frame-
work (UiO-66-X materials, X symbolizes the vol% of conc. HCI;
10, 25, or 50) by varying amounts of concentrated HCI during
the solvothermal synthesis of MOF. Defective UiO-66 (namely,
Ui0-66-10, UiO-66-25, and UiO-66-50) exhibited remarkable
adsorption uptakes and fast kinetics for PFASs (diagonal
dimension of PFOS as larger analogue is ~1.6 nm) than the
defective-free structure, DF-UiO-66, due to the introduction of
larger pores (~2.0 nm), the enlarged internal surface area and
more concentration of Zr(v) CUSs that can interact with the
sulfonate moiety of PFASs. UiO-66-10 presented expressively a
higher adsorption uptake than to UiO-66-25 (with the same
surface area and pore structure of UiO-66-10) and UiO-66-50.
The maximum adsorption capacities of 1.24 mmol g ' and

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Synergistic mechanism of UiO-66-D-NH, for adsorption of organoarsenic (MM = monodentate mononuclear As—Zr complex, BB = bidentate
binuclear As—Zr complex). Reprinted from ref. 238 Copyright 2019 Royal Society of Chemistry.

1.74 mmol g~ ' were found, respectively, for PFOS and PFBS
(Condition: initial concentration = 500 mg L™, sorbent
loading = 0.5 ¢ L™, pH = 5, time = 60 min). The presence of
co-existing ions such as chloride showed a slight effect on PFOS
adsorption, whereas anionic sulfate and chromate competed
for the adsorption sites in the MOF. By using 50 vol% of HCI
(a high ZrCl,:HCl molar ratio, ~1:180), an unexpected
Ui0-66-50 with hcp crystalline phase (versus common feu-
phase MOF) and a low BET surface area was formed. This is
due to the presence of a denser framework caused by conden-
sation of the Zrg cluster to Zr;, double cluster during the MOF
assembly. The lower adsorption capacity of UiO-66-25 than UiO-
66-10 is due to both the electrostatic repulsion between ionized
PFOS (pK, = —3.27) and increased amounts of terminal chloride
on nodes (at defect sites) and decreased framework hydropho-
bicity as a result of more missing-linker defects in the structure.
The present work exhibited not only the effect of structural
MOF defects on surface charge and hydrophobicity of frame-
work in the adsorption of PFASs, but also highlighted that a
good balance between increased amount of Zr(v) CUSs and
decreased hydrophobicity caused by framework defects is
needed for an effective adsorption process.

Volatile organic compounds (VOCs) are an important class
of indoor air pollutants that can cause serious environmental
and health problems.?”>?”* Formaldehyde (HCHO), benzene,
and toluene are representative VOCs. In 2019, Ezugwu et al.
used defective UiO-66-NH, nano-octahedra (UA-x, where x
(0.25, 0.5, or 1) is mole ratio of NH,-BDC to total BDC linkers
(NH,-BDC plus BDC), NH,-BDC = 2-aminoterephthalic acid) for
efficient HCHO capture and its regenerative conversion into

This journal is © The Royal Society of Chemistry 2024

less toxic molecules of HFo and methanol via Cannizzaro-like
disproportionation reaction (Fig. 6).>*° The MOF (UA-1)
revealed a superior HCHO uptake of 49 mg g~ ' in about
10 minutes at room temperature. The remarkable performance
is mostly ascribed to the well-defined MOF structure, large
porosity, and the abundant availability basic amino groups,
which are in close proximity to a large number of Lewis acidic
Zr-sites in the framework.

Jiao and coworkers extended the concept of defect to synthe-
size two defective UiO-66 (denoted here D) materials, with and
without TFA compensating groups, so-called D200 and D320 (the
number refers to the heating temperature), by varying the concen-
tration of TFA modulator in the MOF synthesis followed by post-
synthetic heat treatment, respectively, at 200 °C and 320 °C under
reduced pressure (Fig. 7).>*' The BET surface area of the pristine
Ui0-66 was 1180 m” g~ (pore volume = 0.56 cm® g~ ). For D200,
the addition of TFA (20 equivalent) to the synthesis mixture and
heating the as-prepared solid at 200 °C caused a higher BET
surface area of 1800 m> g~ with a pore volume of 0.84 cm® g~ .
From the pore-size distributions, D200 showed supermicropores
compared to the parent UiO-66 (ca. 0.6 nm). These higher values
are related to the formation of missing cluster defects in the
frameworks. The obtained solid at 320 °C under vacuum, D320
had a much lower BET surface area of 850 m* g~ * and pore volume
of 0.69 cm® g~ ! than the parent MOF. This is due to the total
removal of coordinated TFA groups to Zr sites and consequently
partial conversion to amorphous phase of the defective UiO-66
structure and the formation of ZrO, nanorods. As a result of the
removal of coordinated TFA, however, D320 exhibited larger pore
sizes of 5 nm and 9 nm, typical mesoporous materials. Then, they
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Fig. 6 Suggested adsorption and Cannizzaro-type conversion mechanism of HCHO over defective UiO-66(Zr)-NH,.24°

investigated the defective UiO-66 for adsorption of SO, (kinetic
diameter = 0.41 nm), benzene (0.58 nm), and cyclohexane
(~0.61 nm). In comparison to the pristine UiO-66, the defective
UiO-66, D200, could adsorb significantly more of each guest, with
the most striking enhancement being found for the largest guest,
cyclohexane. Further, the incorporation of trifluoroacetate groups
in defective UiO-66, D200, not only resulted in an increase in the
MOF pore size but also enhanced chemical stability against water
and acidic media.

In another work, defective UiO-66 materials modified with
CTAB surfactant were considered as adsorbents for removal of
toluene.’”” The MOFs are called CTAB-U-x (x, which is the
molar ratio of CTAB: Zr(w), is 0.3, 0.5, or 1). CTAB considerably
could affect porosity, surface area, and morphology of the
framework. As a result, the BET surface area and total pore
volume of CTAB-U-0.5 were lower than to UiO-66 (1335 m* g~
and pore volume of 0.83 cm® g~ ') and the others. In addition,
compared to UiO-66 with agglomerated small particles ranging
from 150 to 200 nm, CTAB-U-0.5 showed agglomerated small
spherical particles of 200-300 nm. Interestingly, CTAB-U-0.5
exhibited a greater adsorption capacity of 275 mg g~ ' than to
Ui0-66 (150 mg g~ '), CTAB-U-0.3 (180 mg g~ "), and CTAB-U-1

6262 | Chem. Soc. Rev,, 2024, 53, 6244-6294

(200 mg g "), more likely due to the being of missing-linker
defect sites and stronger m-m interactions. Similarly, defective
UiO-66-NH, using CTAB as a template was prepared and
examined for toluene capture.'®® Among the synthesized C-U-
N-X MOFs (C, U-N, and X signify, respectively, CTAB, UiO-66-
NH, and the molar ratio of CTAB/Zr(wv): 0.3, 0.5 and 1), C-U-N-
0.5 revealed the highest toluene uptake of 230 mg g~ ', which is
1.4-fold higher than to defect-free UiO-66-NH, (568 m> g~ ' and
pore volume of 0.36 cm?® g™ '), because of the synergistic effects
of the n-n, -NH,, OH-CH; and OH-n hydrogen bonding inter-
actions. Another noticeable example for toluene adsorption was
reported by Lu and coworkers, demonstrating the design of a
modified defective UiO-66, UiO-66/MOF-5 (M-U-0.01, where
0.01 is the ratio of Zr(iv)/MOF-5), by using MOF-5 as a template
during the synthesis of Ui0-66.”*> The results showed that the
defective UiO-66/MOF-5 had the higher toluene sorption prop-
erty than to UiO-66 (1.7 times)'®” and displayed good thermal
stability and reproducibility.

In 2020, some defective Zr-based biphenyl dicarboxylate
MOFs, defective UiO-67s, were prepared under microwave-
assisted continuous flow by using various monocarboxylic acids
(HFo, HAc, propionic acid (HPr), and BA) as modulators. Notably,

This journal is © The Royal Society of Chemistry 2024
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the synthesis time was only 10 min.*** The effects of both the
modulator acidity and concentration on the formation of
missing-linker and missing-cluster defects in UiO-67 were inves-
tigated. The pore structure, pore size distributions, surface area,
and morphology of UiO-67 were controlled by the modulator.
After that, the adsorption of toluene by the defective UiO-67
samples was explored. In the presence of BA at the short time of
10 min, no solid crystal was obtained. However, the use of HFo as
the modulator with a HFo/Zr(v) ratio of 40:1 equiv. resulted in
the formation of UiO-67-HF0-40 in 76% yield. Particles of UiO-67-
HFo-40 were characterized by unusually small, irregular morphol-
ogy, and by low crystallinity. Large particles/crystallites were
obtained by increasing the number of equivalents of HFo to 60.
A further increase, to 80 equivalents, engendered the formation
of crystallites of octahedral morphology. Defect-free UiO-67 con-
tains 6 biphenyl dicarboxylate (BPDC) linkers per Zrg-node.
Consistent with missing-linker formation, UiO-67-HFo0-40, UiO-
67-HF0-50, UiO-67-HF0-60, UiO-67-HF0-80, UiO-67-HAc, and UiO-
67-HPr were found to contain, respectively, 4.98, 4.32, 4.08, 3.82,
4.23, and 4.36 linkers per node. The porosities were also assessed
via analysis of N, adsorption isotherms collected at 77 K. The
following trend was observed: UiO-67-HFo-60 > UiO-67-HAc >
UiO-67-HPr ~ UiO-67-HFo0-50 > UiO-67-HF0-80 > UiO-67-HFo-
40. Note that pore volume is correlated with BET surface area (as
expected), and that BET surface areas for defective UiO-type
MOFs can exceed the theoretical maxima for perfectly crystalline,
defect-free MOFs. Indeed, the experimental observation of sur-
face areas that exceed those obtained computationally for perfect
UiO-type MOFs is a good indication of the presence of missing-
linker and missing-node defects. The pore sizes in defect-free
UiO-67 are 1.2 and 1.6 nm, while defective MOF samples showed
sizes at about 0.9 and 1.9 nm. The modulator can deprotonate in
solution, and consequently, can compete with the linker for

This journal is © The Royal Society of Chemistry 2024

Defective UiO-66 (D320)

(a) lllustration of defective UiO-66 with TFA and (b) proposed structural conversions after post-synthetic heat reaction. Reprinted with permission

coordination of Zr(v) during the MOF synthesis. HFo (pK, =
3.77) is stronger acid than both HAc (pK, = 4.74) and HPr (pK, =
4.87), and thus, should more effectively compete with linkers for
node coordination. In turn, higher defect densities and higher
VOC capacities might be expected. Consistent with these simple
ideas, defective UiO-67-HFo exhibited a higher toluene capacity
(470 mg g~") than UiO-67-HAc (420 mg g™ '), UiO-67-HPr (400 mg
¢~ 1), and previously reported MOF materials such as UiO-66 (130
mg ¢~ 1),>’* Ui0-66-NH, (250 mg g~ '),>”> and the CTAB-modified
Ui0-66 (275 mg g~ 1).'”7

Liu et al. studied experimentally and theoretically that the
degree of deficiency in UiO-67 can be controlled by acid-
modulator strategy (HAc, HFo and BA) for exceptional toluene
uptake, albeit in the presence of water vapors.>** The numbers
of missing-linker and compensating-linker defects in UiO-67
materials were estimated by TGA and "H NMR, respectively.
The highest toluene capture (480 mg g ') was found with the
UiO-67-BA due to its highest missing linker defects (~ 3.4) and
higher compensating linker defects, which displayed 2-folds
higher than to conventional UiO-67 (240 mg g ). Adsorption
mechanisms via density functional theory (DFT) calculations
were proved that the cooperation effects between n—-n, OH-CH3,
and OH-n hydrogen bonding improved toluene adsorption,
and OH-n was the most substantial interaction.

In another related precedent, Zhang and coworkers have
evaluated the effects of the molar ratio of Zrg node : BPDC: BA
modulator (1:1:X (X = 0, 3, 6, 10, and 14)) on defect density
within UiO-67, named as 67-ben-X.>*> They then examined the
effects of defects on VOC uptake capacity and kinetics. The
VOCs examined included such as toluene, acetone, benzene,
and ortho-, meta-, and para-xylene, and it was found that
UiO-67-BA-10 (67-ben-10) achieved the highest adsorption capa-
cities. Theory-based comparisons between uptakes of various
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VOCs yielded results qualitatively consistent with experiments,
and in line with expectations based on differences in the
polarizability and molecular dimensions of VOCs.

Phthalic acid esters are a class of endocrine-disrupting che-
micals (EDCs), which have received growing attention in recent
years due to their high demand in plastic products.”’*>"® It is
crucial to eliminate such EDCs from water because of their
harmful effects on humans and aquatic life through contami-
nated potable water. In this context, Liu and coworkers have
reported the use of HCI and different amounts of BA as mod-
ulators to adjust the quantity of missing-linker defects in UiO-67,
as denoted UiO-67-xBA (x represented the molar ratio of BA to
ligands).>*® Then, the defective UiO-67 structures were tested for
the adsorptive removal of dimethyl phthalate (DMP, the molecu-
lar size is 7.8 x 6 A) and phthalic acid (PA, the molecular size of
PA is about 6 x 6 A) in water. UiO-67-30BA [calculated molecular
formula: ZrgO4(OH)4(BPDC), o(H5C600); 6Cly.4(OH),0] revealed
the highest surface area as compared to those of UiO-67-3BA,
Ui0O-67-10BA, and UiO-67 (BET surface area = 1810 m> g~ ', pore
volume 0.62 cm® g~ '). The use of BA not only enhanced the
crystallinity and the porosity of the UiO-67 but also could main-
tain almost the quantity of benzene rings in UiO-67 and n-n
interactions as the result of the BPDC linker replacement with BA
during formation of defects in MOFs. Interestingly, UiO-67-30BA
with the highest defects indicated high PA and DMP adsorption
uptake in comparison to that of the others (equilibrium times for
uptake of PA and DMP on the MOF were about 1 and 1.6 h,
respectively). In addition, diffusion and access of molecules to
pores can affect the kinetics and efficiency of the adsorption
process. It was found that electrostatic and n-n interactions were
enhanced between PA and UiO-67, while in the adsorption of
DMP, n-r interactions were important.

A facile etching method with monocarboxylic acids (HAc,
TFA and TCA) was reported for the induction of defective sites
into UiO-66 for the efficient removal of PA and DMP from
aqueous solutions."®® Compared to UiO-66, defective UiO-66
solids showed increased surface area and pore volume, due to
the introduction of the mesopores to the framework, and
thereby, enhanced the adsorption capacity for PA and DMP
(18.05% up of PA and 41.59% up of DMP to UiO-66). Among the
prepared MOF materials, UiO-66-1.6HAc (1.6 refers to concen-
tration of HAc of 1.6 mol L™ ') and UiO-66-0.2TCA with mediate
defect exhibited, respectively, the largest pore volume and the
highest specific surface area.

Tacomi and coworkers reported a combined computational
and experimental study on the adsorption of C; hydrocarbons
(propane and propylene), in a defective Zr-fumarate MOF (MOF-
801).”"” Defective Zr-fumarate-MOF was obtained by adding HFo
(100 equiv.) as a modulator to the MOF precursors under a
hydrothermal condition. The defective sample showed the appear-
ance of new pores (~1-2 nm) larger than those of tetrahedral and
octahedral cages (0.5-1.0 nm). In this work, the presence of
missing-linker defects indicated a slight effect on the equilibrium
adsorption behavior of C; hydrocarbons. This is more likely the
result of the small size of the fumarate linker which after its
removal or its replacement with formate cannot create significantly

6264 | Chem. Soc. Rev,, 2024, 53, 6244-6294

View Article Online

Review Article

perfect mi_1 ml_2_par
ml_2 90 ml_2_180 ml_4

mc_1_8

g

mc_3_16

mc_1_4

Fig. 8 Depiction of (a) missing-linker defects (ml is referred to missing
linker, followed by the number and, where applicable, the relative positions
where linkers were detached) and (b) missing-cluster defects and relating
supercells (mc_1_4, mc_3_16, mc_1_8, and mc_1_16 (mc = missing
cluster) stand for defects with 1/4, 3/16, 1/8, and 1/16 of the total number
of clusters removed). Reprinted with permission from ref. 247 Copyright
2019 American Chemical Society.

larger pores in the framework. Dramatically, the experiments were
simulated by a model of 1/8 of missing-clusters in the MOF (Fig. 8).
It is interesting to note that TGA and "H NMR proved ineffective
for distinguishing between missing-linker and missing-cluster
defects. However, the XRD patterns supported the presence of
missing-cluster defects. The thermodynamic propane-propylene
separation data indicated that the existence of defects, mostly,
resulted in an unexpected change in the selectivity from propylene
to propane, when compared with that of observed in the pristine
structure. The pristine structure was selective for propylene, based
on the diffusion and size exclusion (kinetic diameter of propylene
and propane are 0.40 nm and 0.43 nm, respectively).

2.1.2. Adsorption-based remediation of water contami-
nated by inorganic species. Table 2 and the following text
include the reported defective Zr-MOF-based adsorbents for
the removal of inorganic species in detail.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Defective Zr-MOFs for the adsorption of inorganic species in aqueous systems

View Article Online

Chem Soc Rev

Strategy for defect

BET surface

Pore size (nm)/pore

Pollutant (or analyte)/
adsorption capacity

Defective Zr-MOF formation area’ (m” g ") volume® (ecm®¢™") (mgg™) Selectivity Ref.
Ui0-66-1 HAc-modulated synthesis 750 1.41/0.42 Phosphate/415 Phosphate over interfering 279
Ui0-66-2 860 1.47/0.46 Phosphate/326 ions/molecules
UiO-66-3 1600 1.54/0.51 Phosphate/286
HCI-UiO-66 HCl-modulated synthesis 1554 <2 nm/— Phosphate/1.60 (mmol g~ ') Phosphate over interfering 280
HCI-UiO-66-NH, 1255 <2 nm/— Phosphate/0.70 (mmol g~ ') ions/molecules
HP-UiO-OA Template-assisted strategy 650 2.5-16/0.51 Phosphate/190 Phosphate over competi- 281
HP-UiO-BA Butyric acid-modulated 950 < ~8/0.42 Phosphate/80 tive anions/molecules
synthesis
HCI-UiO-66 HCl-modulated synthesis 1650 1.2-1.6/0.68 Arsenate (As(v))/~100 (3  Anionic As(v) oxyanions 282
As(v) per Zre node) over As(u)
HCI-Ui0-66(SH), HCl-modulated synthesis 750 1.2-1.6/0.32 As(m)/10 (0.26 As(m) per Zrg —
node); As(v)/40 (1 As(v) per
Zre node)
UiO-66-36TFA TFA-modulated synthesis 1690 1.5 and 2/0.52 As(v)/200 As(v) over competitive 186
anions
HP-UiO-66-40%  Mixed linker and post- 550 <10/0.40 As(v)/250 As(v) over interfering 283
thermolysis anions
HP-Ui0-66-30% 715 <10/0.50 As(v)/210 —
HP-Ui0O-66-0% 830 <2/0.44 As(v)/84 —
Fe-UiO-66-M BA and post-synesthetic Fe 980 5.35/0.72 As(v)/340 — 284
incorporation
UiO-66-HCl HCl-modulated synthesis 1500 0.8 and 1.2/0.75 Se(vi) oxyanions/87 — 192
UiO-66-12TFA TFA-modulated synthesis 1530 0.8 and 1.2/0.61 Se(vi) oxyanions/63
UiO-66-36TFA TFA-modulated synthesis 1255 1.0 and 1.2/0.64 Se(vi) oxyanions/55
UiO-66-Ac HAc-modulated synthesis 1320 0.8 and 1.8/0.50 Se(vi) oxyanions/46
PCN-134 Mixed linker and 1950 — Cr(v1)/0.19 (mmol g™ %) Cr(vi) over interfering 285
BA-modulated synthesis anions
UiO-66-def HCl-modulated synthesis 1165 — Cr(v)/22 — 286
Ui0-66-(OH),-def — — cr(wi)/75 —
U-OCI-Ti ZrOCl,-8H,0 as the pre- 460 >2.0/— Cr(v)/21 — 287
cursor and post incorpora-
tion of titanium
Ui0-66-20D BA-modulated synthesis 1730 ~1.0-2.1/0.84 U(v1)/350 U(v1) over competing metal 288
HP-UiO-66-35 DDA-modulated synthesis 705 15.2/— U(v)/120 ions 289
HP-UiO-66-15 780 11.5/— U(v1)/1200
M808-4 Mixed linker and HFo- 770 ~3.29/0.45 U(v)/418 U(v1) over competing metal 290
modulated synthesis ions
M808-1 875 ~2.55/0.53 U(v1)/318 —
Zr-MSA-MA MA-modulated synthesis 175 3.8/0.93 Hg(u)/715 Hg(u) over competing 193
metal ions
UiO-66-SH BA-modulated synthesis 1570 0.5-2.0/— Hg(u)/785 Hg(u) over competing 291
and post treatment with metal ions
HCI and mercaptoisobu-
tyric acid
UiO-66(A) HCl-modulated synthesis 1050 ~1.0 and 1.5/0.75 Pt(v)/144 — 292
UiO-66(B) HCl-modulated synthesis 680 ~1.0 and 1.5/0.82  Pt(1v)/100 —
UiO-66 HCl-modulated synthesis 1510 ~1.1 and 1.6/0.63  Pd(u)/105 Pd(u) over competing metal 219
ions
UiO-66-TFA TFA-modulated synthesis — — Sb(v)/380 — 293
UiO-66-BA BA-modulated synthesis =~ — — Sb(v)/306
UiO-66-HAc HAc-modulated synthesis — — Sb(v)/197
UiO-66-1:1-120  Altering the concentration 1147 —/0.31 Pb(m)/125 Pb(u) over competing metal 178
Ui0-66-1:1-120  of the linker and synthetic 1060 —/0.28 Pb(u)/110 ions
UiO-66-1:2-120 temperature 1456 —/0.39 Pb(u)/175
Ui0-66-1: 2-150 1240 —/0.53 Pb(1)/150
SS-NH,-UiO-66-5 Seignette salt (SS)- 125 26.0-50.0 and Pb(u)/186 Pb(u) over competing metal 294

“ Dash indicates that values were not reported.

Due to the serious problems of inorganic pollutants consist-
ing of metal and non-metal species that could affect human
health and the environment, removing them from contami-
nated water is require

Gu and coworkers synthesized UiO-66 materials with differ-
ent sizes and morphologies by changing both the ratio of HAc

modulated synthesis

d 295-299

This journal is © The Royal Society of Chemistry 2024

50.0-120/0.094

ions

as a modulator and reaction time toward a highly efficient
adsorbent for the removal of phosphate from water.>”® When
the amount of HAc and reaction time are increased, the particle

size, BET surface area, and pore size of UiO-66 were notably

Chem. Soc. Rev., 2024, 53, 6244-6294 |

increased, which is caused by the missing-linker defects. It was
indicated that UiO-66 (UiO-66-1) with the smallest size and
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lowest surface area exhibited the fastest uptake rate and high-
est adsorption capacity towards phosphate capture. This indi-
cated that the exchange and replacement of BDC linkers with
phosphate on Zrg-nodes is more important than the interaction
between defect sites, from larger specific surface area, and
phosphate. It was also concluded that HAc, contributing to
the framework formation, is not able to create tremendously
extra adsorption sites for coordination as increased further.
In another similar work, the adsorptive removal of phos-
phate from water by using high-defect-density (prepared with
HCI as a modulator) versus low-defect-density (prepared with
HAc as a modulator) versions of UiO-66 and UiO-66-NH, was
explored.”®® As one might anticipate, the affinity of HCI-UiO-66
for phosphate exceeded that of HAc-UiO-66, and similarly the
affinity of HCIl-UiO-66-NH, for phosphate exceeded that of HAc-
UiO-66-NH,. In water at pH 7, the dominant form of phosphate
is H,PO,"". The authors find that phosphate adsorbs at
missing-linker defect sites via displacement of node aqua (and
terminal hydroxo) ligands. Once these sites are filled, however,
phosphate displaces the MOF linkers (Fig. 9), as evidenced, in
part, by leaching of linkers into solution. The enormous affinity
of phosphate (and to a lesser extent, carbonate and hydroxide)
for oxy-zirconium nodes, and the ensuing framework degrada-
tion, is an Achilles’ heel for otherwise robust Zr-MOFs. Notably,
Lin and co-workers showed that phosphate displacement of
organic linkers (via a process they termed “topotactic ligand

}{: Negative 3{
H,PO, o

Positive

Cluster
Without Defect

Cluster
With Defect

View Article Online

Review Article

extraction”) can be used as an advantage to form a porous
crystalline oxy-zirconium-phosphate solid displaying admirable
affinity for actinide ions in aqueous solutions.*

UiO-type MOFs displaying hierarchical porosity (HP-MOFs)
are inherently defective, especially with regard to missing clusters.”®'
In this aspect, a template-assisted strategy was employed for HP-
MOFs by ordering the type and number of defects by utilizing
monocarboxylic acids with varying chain lengths as modulators
(Fig. 10). The introduced aliphatic acids with various chain lengths
(C1-C8) and higher pK, values behave as capping agents to pre-
coordinate on the hexa-zirconium clusters. The increased alkyl chain
length provides a strong steric encumbrance and limits the replace-
ment of such monocarboxylic acids by the BDC linker, resulting in
the generation of larger pores with abundant defective sites upon the
subsequent activation process. Further, as the chain length is
increased, the defect density is also increased. HP-UiO-66(Zr) showed
higher uptake capacity and faster sorption kinetics than the pristine
UiO-66(Zr). Among various HP-MOFs tested, the HP-UiO-66-OA
(OA = octanoic acid) afforded an adsorption capacity of 190 mg
phosphate per g, which is 4.8 and ~2 times greater than those
found for pristine UiO-66 and UiO-67."°

DFT was used to predict and interpret the influence of
defects and node-metal-ion identity (Hf, Zr, or Ce) on phos-
phate binding. Defect-containing versions of UiO-66 were
found to be superior to idealized defect-free versions. Binding
strength was calculated to vary in the order Hf > Zr > Ce.**"

OH,*
Exchange

Linker
Exchange

Electrostatic attraction and hydrogen bond

Fig. 9 Phosphate adsorption on nodes of linker-defective UiO-66. Binding at site A entails displacement of node aqua and terminal-hydroxo ligands
(rather than pairs of aqua ligands, as sketched). At site B, phosphate binds via displacement of carboxylate-terminated linkers. Reprinted with permission

from ref. 280 Copyright 2021 Elsevier.
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Fig. 10 Schematic of stages in the formation of (a) pristine UiO-66(Zr) and (b) defective HP-UiO-66-MA. Reprinted with permission from ref. 281

Copyright 2021 American Chemical Society.

In a related study, Audu et al. described an HCl-modulator
approach to the synthesis of a series of UiO-66 samples of
tunable crystallite size and missing-linker defect density,***
such that defect densities a large as 3 per node could be
obtained (versus ~1 per node for samples synthesized by using
HAc as a modulator, HAc-UiO-66|,4/1,). The higher defect
densities for HCI-UiO-66 samples translated to larger pores,
as well as greater numbers of potential binding sites for oxy-
As(v) species. As a result, the HCI-UiO-66 showed higher uptake
and faster adsorption of As(v) than the largely defect-free HAc-
UiO-66. The findings suggest that both the particle size and
defect density of Zr-MOFs can play key roles in As(v) adsorption.
The missing-linker sites of Zrs nodes are known to adsorb the
As(v) oxyanions over the formation of Zr-O-As bonds (Fig. 11).
For capture of oxy-As(m) species, an HCI-UiO-66 derivative
featuring thiolated linkers proved effective. Notably, the persis-
tence of missing-linker defects rendered the derivative func-
tional for simultaneous capture of As(m) and As(v) species.

Assaad and coworkers described the suitability of defect-
engineering of UiO-66 for arsenate (AsO;*~, As(v)) removal from
aqueous media.'*® UiO-66 MOFs with different densities of defects
were synthesized solvothermally by varying the type and the amount
of the modulator (HAc or TFA). The density of defect, surface area
and porosity of UiO-66 were increased as the acidity and amount of
the modulator were increased. As a result, UiO-66-36TFA (36 means
36 equiv. of TFA) with the highest free adsorption/Lewis acid sites
presented the highest adsorption uptake about 200 mg g " at pH 7,
when compared to that of other samples reported in this work
synthesized with less equivalents of TFA.

In another study, Xu et al. synthesized a hierarchically
porous UiO-66 (HP-UiO-66) with tunable oxygen vacancies/

This journal is © The Royal Society of Chemistry 2024

defects and mesopores via facile selective ligand thermolysis
of a series of UiO-66-X% (X%, ratio by mass of NH,-BDC: total
ligand, X = 0-40).®> NH,-BDC as thermolabile ligands were
selectively decomposed by adjusting the temperature, leading
to generation of a large number of oxygen vacancies and
abundant zirconium CUS sites in the defective MOF. As a
result, the mesopores HP-UiO-66 (mesopore value = 61%) was
obtained, reaching an exceptional As(v) capture capacity of up
to 250 mg g~ " under neutral pH at a fast rate, and culminating
in the formation of Zr-O-As bonds. Similarly, a mesoporous
MOF, Fe-UiO-66-M (M stand for mesoporous) was synthesized
with the high surface area of 980 m> g~', medium pore size of
~5.35 nm and particle size of ~25 nm.”®* The adsorption
capacity of Fe-UiO-66-M was examined in the removal of As(v)
under a wide pH ranges between 1-11. The experimental
outcomes exhibited that As(v) adsorption uptake reaches to
340 mg g~ with the extraction efficiency of 94% at pH 3 under
the optimized conditions. The adsorption capacity of As(v) with
Fe-UiO-66-M MOF outperformed the reported adsorbents in the
literature like Fe/Mg-MIL-88B,*** Fe;0,@Ui0-66,** and MIL-
100 (Fe).*** The enhanced behavior of Fe-UiO-66-M MOF is
evidently a result of the mesostructured crystalline structure
which facilitates diffusive transportation. Furthermore, defec-
tive sites favored the electrostatic interaction and the formation
of As-O-Zr and Fe-O-As bonds within the framework.

It is worth mentioning that the abundant CUS sites in
defective Zr-MOFs and relevant materials play an important
role in the adsorption of As(v) and As(m), and this effect is
crucial even after converting the defective Zr-MOF into MOF-
derived tetragonal zirconium oxide.**® Such displaceable and
terminal -OH/H,O pairs on the nodes of Zr-MOFs are also

Chem. Soc. Rev,, 2024, 53, 6244-6294 | 6267
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Fig. 11 Structural scheme of ideal and missing-linker defective UiO-66, with either 12-coordinated ideal [ZrgO4(OH)4(-CO5)1o] or defective
[Zr604(0OH)x(-CO,),] nodes. Reprinted with permission from ref. 282 Copyright 2016 Royal Society of Chemistry.

capable of adsorbing oxyanions (selenite (SeO;>~) and selenate
(Se0,>7)), as demonstrated by Howarth et al.>*°

Li et al. synthesized different types of Zr-MOFs using the
modulator-assisted strategy to clarify the effect of different
defects and “capping” ligands on the adsorptive removal of
Se(vi) oxyanions.'®> The use of HAc and HCl as modulators
resulted in the production of Zr-MOFs with missing-linker
defects including UiO-66-HAc, UiO-66-HCl and UiO-67-HCI.
Whereas, DIF and TFA (sometimes also abbreviated as Trif)
gave Zr-MOFs with missing-cluster defects including UiO-66-
36DIF, UiO-66-12TFA (the amount of added TFA; 12 equiv.) and
Ui0-66-36TFA (36 equiv. TFA used) (Fig. 12).>*'°> Impressively,
UiO-66-HCl exhibited a superior Se(vi) adsorption uptake of
87 mg g ' than NU-1000 (79 mg g ', including 8-connected
Zrs nodes and pore diameter of 1.2 and 3.1 nm), MOF-808
(60 mg g~ * with 6-connected Zrs nodes and pore diameter of
1.84 nm), UiO-66-12TFA (63 mg g~ '), UiO-66-36TFA (55 mg g~ ),
Ui0-66-HAc (46 mg g '), and defect-free UiO-66 (34 mg g~ with
pore diameter of ~0.7 and ~0.8 nm), indicating that the
modulator-assisted strategy can be a vital tool to create proper
defects in Zr-MOFs and expand their aperture sizes to form extra
binding sites for oxyanions.'®” The increase in defect concen-
tration and pore spacing values associated with the decrease in
the particle sizes are responsible for the high performance of

6268 | Chem. Soc. Rev., 2024, 53, 6244-6294

the HCl-modulated MOF. In addition, smaller capping ligands
(HO™, CI, or H,0) on defect sites of Zrs-nodes in HCI-UiO-66
could more easily be exchanged by Se(vi) oxyanions in contrary
to the monocarboxylic acid ligands.

Zhou and coworkers have reported thermodynamically favored
construction of mixed-linker Zr-MOFs, PCN-133 (ZrsO4/OH],-
[BTB],[DCDPS];, BTB = benzenetribenzoate, DCDPS = 4,4'-
dicarboxydiphenyl sulfone) and PCN-134 (ZrsO4 OH]s[H,O],-
[BTBJ,[TCPP], TCPP = tetrakis(4-carboxyphenyl)porphyrin), in
which the density of structural defects and adsorption perfor-
mance of MOFs could be considerably adjusted by tailoring
missing auxiliary linkers (TCPP and DCDPS) and BA modulating
reagent during the MOF assembly.>®® For example, PCN-134
with a TCPP ratio of 25%, PCN-134-25% TCPP, displayed the
highest N, uptake, while PCN-134-22% TCPP indicated the
highest adsorption of Cr,0,>~ (0.19 mmol g~ within 10 min)
comparing with those of the other PCN-134 MOF. The superior
performance of PCN-134-22% TCPP was a result of a strong
correlation between stability, porosity, and defects. The term-
inal hydroxyl or aqua groups on missing-linker defect sites acted
as coordinating sites for dichromate capture (Scheme 4).

In 2020, Saiz et al. clarified that the introduction of hydroxyl
and amine functionalities on organic linkers could act syner-
gistically with the missing-linker defects in UiO-66 derivatives

This journal is © The Royal Society of Chemistry 2024
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Scheme 4 Proposed adsorption pathway of dichromate onto PCN-134.28°

to accelerate both adsorption and reduction of Cr(vi) species in
aqueous solutions.”®® The defective Zr-MOFs (UiO-66, UiO-66-
(OH), and UiO-66-NH,) were prepared through adding concen-
trated HCI as a modulator during the synthetic process.

Feng et al. demonstrated that defect density, surface area,
pore size, particle size and adsorption performance of UiO-66-
NH, towards Cr(vi) can be precisely tuned, in part by using
ZrOCl,-8H,0 in place of ZrCl, as synthetic reagent and the
post-synthetically incorporated Ti(iv).>®” The use of ZrOCl,-8H,0
as the precursor could generate hexa-zirconium nodes in the
MOF that are not fully coordinated by twelve linkers. Although
described as Ti(wv) substitution for Zr(wv), incorporation of Ti(wv) is
better characterized as grafting to intact hexa-zirconium-oxy
nodes.”**?% Under optimal synthetic and post-synthetic condi-
tions, the obtained UiO-66-NH,(Zr/Ti) (U-OCI-Ti) material pos-
sessed smaller particle size, higher defect density, and greater
Cr(vi) uptake compared to the conventionally synthesized UiO-66-
NH,. XPS measurements appear to implicate both the amino
substituent and the node-grafted titanium ion in binding Cr(vi).
Curiously, irradiation with blue light engenders reduction of the
notoriously carcinogenic Cr(vi) to much less dangerous Cr(im).
The basis for light absorption is linker-localized electronic excita-
tion of the yellow-appearing NH,-BDC component of the MOF. A

This journal is © The Royal Society of Chemistry 2024

plausible chromium reduction scheme is electron-transfer from
the photo-excited linker to the grafted Ti(iv) ion to yield Ti(m),*"”
which in turn, reduces the adsorbed chromium ion by one
electron. Prolonged irradiation can lead to the repetitive electron
transfer to Ti(iv) and then to chromium until Cr(um) is obtained.
Somewhat puzzling is the absence of reversal of the reduction
process via back electron transfer to the light-absorbing linker.
Presumably residual benzoate (modulator), methanol (from sam-
ple rinsing), or some other species is functioning as a sacrificial
oxidant in the photo-driven scheme of chromium reduction.
Yuan and et al. described the relationship between defect
engineering in UiO-66 MOF and adsorption of U(vi) ions in
acidic media.*®® Missing-linker defects, the number of active
Zr-OH sites, BET surface area, pore volume and sorption
capacity of MOFs (denoted as UiO-66-XD, XD = different
equivalents of BA with respect to BDC linker) were greater than
before with increasing BA concentration. Of the various exam-
ples examined, UiO-66-20D (20 equivalents of BA with respect
to BDC linker) yielded the largest BET surface area and pore
volume as well as the highest capacity for the uptake of U(vi).
Yin and collaborators solvothermally synthesized a hier-
archically mesoporous UiO-66 (HP-UiO-66) by employing DDA
as a synthetic modulator.”®® Compared to the conventionally

Chem. Soc. Rev,, 2024, 53, 6244-6294 | 6269


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs01057k

Open Access Article. Published on 14 May 2024. Downloaded on 11/9/2025 7:26:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

a’

0 5 10 15 20 25 30
Adsorption time (day)

Fig. 13
seawater. Reprinted with permission from ref. 290 Copyright 2022 Elsevier.

synthesized UiO-66, HP-UiO-66-35 (obtained by using a 35:1
molar ratio of DDA : ZrCl,) offers more defects and significant
numbers of mesopores. HP-UiO-66-35 displayed a maximum
U(v) adsorption capacity of around 1220 mg g ' and a rapid
approach to adsorption equilibrium (~2 min). At pH = 8 (roughly
the pH of seawater), with an initial solution U(vi) concentration of
100 mg L " (i.e. 100 ppm (parts per million)) and a modest excess
sorbent, the authors found that 87% of the dissolved U(vi) could
be captured by HP-UiO-66-35 (and therefore leaving behind 13
ppm). The nominal concentration of U(vi) in seawater is con-
siderably lower, ~3.3 ppb (parts per billion)**® - underscoring
the magnitude of the challenge of direct extraction from sea-
water. Notably, at pH = 8, in the absence of dissolved CO,/HCO; ",
the dominant forms of dissolved U(vi) are (UO,);(OH)s" and
(U0,)4(OH)," (i.e. cationic clusters), and the MOF is anticipated
to carry a net negative charge. Thus, the clusters would be similar
in size to the apertures of defect-free UiO-66, resulting in either
size exclusion from, or very slow transport through, the MOF
interior. One might expect the introduction of hierarchical
mesoporosity, to greatly enhance the kinetics of U(vi) uptake,
and indeed, this is the case.

In another work, a series of MOF-808 solids were prepared
with adjustable missing-linker defects via the manipulation of
the concentration of the carboxylic acids of BTC and BDC.>*°
Among these solids tested for the adsorption capacity, MOF-808
with the highest defect density, MOF-808-4, exhibited selective
extraction of U(vi) in the presence of coexisting competitive metal
ions in seawater. Interestingly, MOF-808-4 showed remarkable
U(vi) extraction activity in real seawater with an uptake value of
5.8 mgg " in 28 days, which is ~ 10 times higher than that found
for vanadium (Fig. 13). These adsorption experiments indicate
the existence of an abundance of labile node coordination sites
formed during the creation of defects. The solid was used for five
cycles with no significant loss of adsorption activity.

In a recent study, Zr-MSA-MA (MSA = mercaptosuccinic acid)
was synthesized by using MA as the modulator (Fig. 14)."%® 1t
should be noticed that the topology and diffraction patterns of
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Zr-MSA MOFs are similar to those of UiO-66. One of the
advantages of using MA as the modulator compared to HAc
and HFo is that the former provides a high density of binding sites
along with the creation of defective sites. Under the optimized
reaction conditions, Zr-MSA-MA-1 showed a high adsorption capa-
city of 715 mg g~ for Hg(n), which is superior to other MOF-based
adsorbents such as thiol-functionalized NU-1100 (322 mg g~ ),*»
SH-Fe;0,@Si0,@Ui0-66 (282 mg g '),*'° and UiO-66(SH),
(236 mg g~ ").>'" This superior performance of this MOF is due to
strong chemical bonding between Hg>" and -SH groups.

In another effort, at first, a defective UiO-66, was achieved by
using a modulator synthetic strategy with BA (as a crystal
growth modulator) and HCI treatment, then post-modified with
3-mercaptoisobutyric acid to give thiol-functionalized UiO-66,
UiO-66-SH, through reaction between the formed defect sites
and carboxylic group of MIA (Fig. 15).>° Comparing to the
pristine UiO-66, the obtained UiO-66-SH showed a high BET
surface area of 1570 m> g~ and was applied for fast (20 min)
and selective adsorption of Hg(u) ions from aqueous media,
presenting a high adsorption capacity of 785 mg g~ " at pH 4. In
addition, the respective MOF showed a high adsorption toward

Simultaneous introduction of
defects and high-density -SH

4 )

ZroCl,
¥ sy

O Zr-node /- MSA

In-sit
nHS|ui y

2

-
P

-
A

Zr-MSA-MA

Fig. 14 Schematic presentation of the Zr-MSA-MA framework for the
extraction of mercury ions. Reprinted with permission from ref. 193
Copyright 2023 Elsevier.
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Post-synthetic exchange (PSE)

2=

Terephthalic acid
Fig. 15

organic mercury species (methylmercury, ethylmercury, and
phenylmercury).

In 2019, Lin and coworkers synthesized a defective UiO-66
with 10-connected Zr nodes and a correspondingly large num-
ber of potentially reactive Zr sites (Zr-OH/H,0) using a modu-
lator synthetic approach by varying amount of concentrated HC1
and then applied it for adsorption and recovery of Pt(iv) anions
from acidic media (pH = 1).>%*> The optimized Ui0-66 (UiO-66(A))
was shown to have the most rapid uptake and highest Pt(iv)
adsorption capacity (~144 mg g~ ). The favorable behavior was
attributed to either local electrostatic attraction (PtCls> Zt**) or
to node-based substitution of nonstructural, terminal-hydroxo
ligands by PtCls>". Although the pKj of the terminal hydroxo
ligand has not been reported, available results for other
Zr-MOFs suggest that at pH = 1,”* a significant fraction of the
hydroxos may convert to aqua ligands, leaving the framework
with a net positive charge and an ability to bring in charge-
compensating anions (such as PtCls>") via ion exchange.

Similarly, a defect-engineering of UiO-66 structure has
exhibited superb adsorptive affinities for Pd(n) (105 mg g )
from acidic aqueous solutions, which is lower than that of
MOF-808 containing more terminal OH/H,O ligands or other
(formate/chloride) occupying ligands on the Zr, clusters.”™ In
another similar work, a series of UiO-66-X (X: HAc, BA, TFA)
solids (Fig. 16) were obtained by using HAc, BA, and TFA as
modulators, and their adsorption behavior is tested with Sb(v)
removal.>®® A battery of characterization techniques like XRD,
TGA and EPR indicated the existence of defective sites in UiO-
66-X solids. The experimental results indicated that the adsorp-
tion of Sb(v) with UiO-66-HAc (or here as UiO-66-AA), UiO-66-BA
and UiO-66-TFA increased by 54%, 140% and 198% compared
to the pristine UiO-66. The superior activity afforded by UiO-66-
TFA is ascribed due to the presence of most defective sites and
lower adsorption energy and higher charge transfer as evi-
denced by DFT calculations.

This journal is © The Royal Society of Chemistry 2024

Benzoic acid

UiO-66-SH

Zrg cluster
HS/\HLOH

3-Mercaptoisobutyric acid

Illustration of the synthetic scheme for the preparation of UiO-66-SH.2%!

Wang and co-workers have reported the synthesis of two
series of defective UiO-66 MOFs by varying the concentration of
linker and adjusting the temperature of the reaction.'”® The
synthesized samples were designated as UiO-66-M/L-x, where
M/L represents the Zr/BDC ratio and x stands for the tempera-
ture during the synthesis. Results summarized in Fig. 17 point
to modest increases in Pb(u) sorption capacity and in Pb(u)
binding constant with increasing fraction of defects. The
enhancements might reflect an increased capacity of the MOF
to engage in cation-exchange, or the enhancements might be
due to grafting of lead ions to nodes at defect sites. Also aiming
for removing Pb(u) from wastewater, in another recent study,
SS-NH,-UiO-66-X materials (SS: Seignette salt/potassium
sodium tartrate) were synthesized by using different concentra-
tions of SS (X: SS mmol per 100 mg of NH,-UiO-66) to alter the
porosity and manipulate the adsorption capacity of UiO-66-
NH,. The primary structural consequences of SS introduction
appear to be: (a) MOF etching to create mesopores as large as
50 nm, and (b) an increase in the number of missing-linker
defects. Notably, MOF crystallinity was retained. Among the
obtained materials, SS-NH,-UiO-66-5 exhibited the highest
adsorption capacity and fastest kinetics for Pb(u) uptake. The
beneficial effects were attributed to increases in the relative
number pore dimension and to chelation of Pb(u) by a linker-
pendant amine and a node-sited terminal (hydr)oxo ligand.
Interestingly, the possibility of coordination of Pb(u) onto
oxygen-rich, node-grafted tartrate ions, perhaps in tandem with
a linker amino substituent, does not seem to have been con-
sidered. The maximum adsorption uptake of SS-NH,-UiO-66-5
was found to be 186 mg g~ * at pH = 5.46, which was ~ 34-fold
higher than that of ideal NH,-UiO-66.%*

2.1.3. Detoxification and sorptive removal of chemical
warfare agents. Chemical warfare agents (CWAs) are com-
pounds that, based on their toxicity, can incapacitate, or kill
humans. Broadly, they comprise nerve agents, blistering agents

Chem. Soc. Rev,, 2024, 53, 6244-6294 | 6271
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Fig. 17 The relationship between the defect density and Pb?* removal (a) and (b). Reprinted with permission from ref. 178 Copyright 2021 American

Chemical Society.

such as sulfur mustard, and misappropriated industrial che-
micals such as chlorine and ammonia. The use of sulfur
mustard and Cl, as CWAs dates to WWI. Their use as weapons
is banned by international convention. Nevertheless, all three
types have since been deployed for harm toward humans. The
relevance of defective, high internal surface area MOFs to
protection against CWAs is their potential for: (a) reversible,
high-capacity, sorptive capture, (b) irreversible reactive sorptive
capture, and/or (c) catalysis of degradation reactions.

Among the most toxic CWAs, organophosphorous nerve
agents receive considerable attention. They can irreversibly
inhibit acetylcholinesterase (AChE), an enzyme that accelerates
hydrolysis of acetylcholine in the nervous system. AChE inhibi-
tion results in buildup of acetylcholine, leading to an inability to
relax contracted muscles, including pulmonary muscles, and,
consequently, rapid and severe incapacitation or death.***?'?
Scheme 5 shows examples of agents, as well as simulants, i.e.

6272 | Chem. Soc. Rev,, 2024, 53, 6244-6294

much lower toxicity analogues that display degradation kinetics
and mechanistic pathways similar to real agents when treated
with degradation catalysts. Thus, as a leaving group during
hydrolysis (i.e., degradation) the nitrophenoxide group in DMNP
and DENP is a remarkably good kinetic mimic for fluoride in GB
and GD. While exposure to DENP in small quantities is relatively
safe for humans, the compound is an effective and widely used
agricultural insecticide, where it is known as paraoxon. (“Oxon”
signifies that the compound contains a P—O bond). Agricul-
tural runoff can lead to surface and ground water contamina-
tion with paraoxon, and a need for remediation.*'*

Catalytic degradation of nerve agents and simulants by
Zr(v)-containing MOFs*'>315732% g centered almost entirely
on Lewis-acid activation (i.e. weakening) of P-X bonds, where
X" is a leaving group, and activation is accomplished via the
intermediacy of a Zr(v)- - -O=P interaction (i.e., via simulant (or
agent) sorption or weak coordination); see step 1 below. Beyond

This journal is © The Royal Society of Chemistry 2024
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Scheme 5 Examples of nerve agent-type CWAs and their simulants: Tabun (military designation: GA; ethyl dimethylamidocyanophosphate), sarin
(military designation: GB; Trilone 46, O-isopropyl methylphosphonofluoridate), soman (military designation: GD; pinacolyl methylfluorophosphonate),
venomous agent X (VX; O-ethyl S-[(2-diisopropylamino)ethyl] methylphosphonothioate), DMMP (dimethyl methylphosphonate), DIFP (diisopropyl-
fluorophosphate), DCP (DECP, diethylchlorophosphate), DMNP (methylparaoxon, dimethyl-4-nitrophenylphosphate), and DENP (paraoxon, diethyl-4-

nitrophenylphosphate).

this, however, there is considerable confusion in the extent
literature regarding mechanistic details and the identity and
nature of rate-determining steps. Hydrolysis occurs via nucleo-
philic attack of the P-X bond, where the nucleophile in aqueous
solutions is either hydroxide ion or water; see steps 2A & B.
Solvent-assisted product desorption then resets the system and
enables catalytic cycling; see steps 3A & B in the overall scheme
below (Scheme 6). For simplicity, the scheme omits diffusive
transport of reactants to active sites on or within the MOF
crystallite - a step that, in principle, could be rate-limiting,****>>
especially for larger MOFs crystallites and/or for catalytic MOFs
featuring comparatively small apertures and channels.

Notably, because it would lack open coordination sites, a
hypothetical, defect-free 12-connected Zr-MOFs, such as UiO-66
or one of its many congeners and derivatives, would be incap-
able of functioning as an array of Lewis acids and catalyzing
hydrolytic degradation of simulants or agents. Further, UiO-66,
with its comparatively small apertures, lacks the ability steri-
cally to admit DENP and DEMP to the MOF interior, although
reactants such as GB likely can permeate the MOF. To engender
or enhance permeability toward reactants, missing-linker or
missing-node defects are required. To engender catalytic activ-
ity, missing-liker defects are required, as these provide a basis
for reactant to access to the Lewis acid sites (Zr(wv) sites). In
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Scheme 6 Degradation pathways for nerve agents or simulants by Zr(iv)-containing MOFs.
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general, in the case of UiO-66s, the adsorption and degradation
performance can be tuned by controlling the defect density in
the structure.

An important question is “what is present when linkers are
missing?” In dry samples, coordination sites could be occupied by
modulators, or, if modulators are removed by conventional treat-
ment with hot DMF + aqueous HCI, they will be largely supplanted
by ligated formate, generated via the decomposition of DMF.”
Soaking MOFs for several hours in water often is sufficient to remove
formate and replace it, at least nominally, with a terminal aqua,
hydroxo ligand pair. In practice, most aqua ligands are deprotonated
at pH 7 and the framework acquires an overall negative charge.
Heating dry samples in vacuum can remove formate, or modulators
such as trifluoroacetate,"®” as the corresponding conjugate acid,
where the needed proton for molecular charge neutralization and
volatilization can be recruited from p,;-OH moieties on the node.
Depending on the temperature, however, heating can engender node
restructuring, as shown by Chapman, et al.>***

Lewis acid catalysis of agent or simulant hydrolysis starts, as
shown in Scheme 7, by displacement of an aqua ligand from the
node; linkers and terminal hydroxo ligands are effectively sub-
stitution inert (although terminal hydroxo ligands can be tran-
siently protonated to yield substitution-labile aqua ligands). As
the solution pH increases, the availability of displaceable aqua
ligands systematically decreases. At pH 5.5 roughly half the
expected aqua ligands are present (with the other half deproto-
nated and, therefore, refractory toward displacement). At pH 10,
however, only about 1 node in 60,000 presents a displaceable
aqua ligand; see Scheme 7.%** Consistent with this picture, Katz
and co-workers observed that the rate of hydrolysis of DMNP by
defective UiO-66 systematically decreases as the pH increased
from 8.8 to 10.2; see Fig. 18.** From the rate modulation they
concluded that step 1 in the mechanistic Scheme 6 is rate-
determining.

When step 1 is fast, step 2 can influence the rate. In
isolation, the rate depends directly on the concentration of
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Fig. 18 Hydrolysis rate of DMNP, as a function of time and pH for
defective UiO-66 as the catalyst. Reprinted with permission from ref.
324 Copyright 2015 American Chemical Society.

the nucleophile. If water were the nucleophile, the concen-
tration would be unchanged with pH. For solution-phase
hydroxide as the nucleophile, however, the nucleophile concen-
tration (activity) will increase ten-fold for each unit of increase
of pH. Counterbalancing this contribution is a ten-fold
decrease in available aqua sites per unit increase of pH. If no
other pH-influenced effects are important, the observed rate
should be nearly pH independent when step 2 is rate-
determining. For NU-1000 as the catalyst, the observed rate is
indeed nearly independent of pH. From this finding and
others, Liao, et al concluded that the nucleophile for Zr-
MOF-catalyzed hydrolysis is solution-phase hydroxide and that,
for NU-1000, step 2 is rate determining.”**

Finally, Liao and co-workers observed that successive half-
lives for simulant hydrolysis are successively longer.>*® For a
pseudo-1st-order reaction, successive half-lives should be iden-
tical. By closely examining initial rates, the authors were able to

S

~=

Paraoxon binding

Scheme 7

®
Decrease pH (+ H)

No paraoxon binding

Illustration of pH dependence of composition of node ligands at missing-linker site. DMNP can bind to Lewis-acidic Zr(v) only at aqua

coordination sites. Although not significant here, the four bridging hydroxos should be shown as deprotonated at pHs where catalysis can be

observed. 324
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establish that the cause of the progressively increasing half-
lives is product inhibition. The oxy, methoxy phosphorous
product is anionic and displays a greater affinity for the node
than does simulant. Even so, they were able to observe tens to
hundreds of turnovers, establishing that hydrolysis of DMNP in
aqueous solution is catalytic.

In contrast, experiments run in high-vacuum have typically
yielded only a single hydrolytic turnover - consistent with the
absence of a reservoir water, and therefore hydroxide.**¢>*”
Interestingly, measurements made in humid atmospheres,
sufficient to fill MOF pores with water, similarly have yielded
only about one turnover. This peculiar result can be under-
stood, at least qualitatively, by considering concentrations of
relevant species. An upper limit for catalytic sites is one per
missing-linker - roughly 4 per node for a UiO-type MOF having
a high density of defects. This density of active sites in the
candidate catalyst translates to a concentration of roughly 2 M -
meaning that a single catalytic turnover would yield roughly
2 M of catalyst-inhibiting, anionic product. From the few
available measures, binding constants for DMNP and Sarin
hydrolysis products on Zr-MOF nodes range from about 10 to
140 M~'.**® On this basis, a 2-M solution of pore-confined
hydrolysis product, with no external reservoir for product
dilution, can be expected to severely inhibit the catalyst and
nearly completely arrest reaction progress after 1 turnover.

Katz and co-workers®'* showed that by including HCI in
solvothermal syntheses, the density of missing-linker defects
for UiO-66, UiO-67, and various derivatives, could be reliably
increased to ~2 per node, corresponding to an average con-
nectivity of 8; see also, earlier work by Voertmele, et al.,*®’
specifically for UiO-66 (Note that one missing linker opens
potential sorption or reaction sites on two nodes). Conversely,
Shearer, et al. showed that missing-linker defects for UiO-66
could be systematically decreased by raising the synthesis
temperature and increasing the ratio of linker to Zr.”® A salutary
outcome is a very sizable increase in thermal stability.

Capitalizing on these observations, Peterson et al. evaluated
the influence of missing-linker defects within UiO-66-NH, for
capture and/or detoxification of the following CWAs and simu-
lants: chlorine gas, 2-chloroethyl ethylsulfide (2-CEES or CEES;
a simulant of sulfur mustard, yperite or HD agent) vapor,
Soman, DMNP, and VX.>*® They examined samples of UiO-66-
NH, offering “low,” “medium,” or “high” densities of missing-
linker defects. Results exhibited that different amounts of HCI
modulator and synthesis temperature resulted in differences in
particle size and defects density, thus affecting the porosity,
surface area, and the density of amino groups, giving low,
moderate, and high-defect density MOFs. It was shown that
the presence of more defects in UiO-66-NH, resulted in more
active sites and larger pores for accommodation and hydrolysis
of nerve agents, but an optimum defect is needed for chemicals
requiring amino-linker functionality for their removal. Consis-
tent with Table 3, they found that the extent of uptake of targets
featuring small kinetic diameters is little affected by varying the
density of missing linkers. For targets subjected to hydrolytic
degradation, a figure-of-merit is the time required to degrade

This journal is © The Royal Society of Chemistry 2024
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Table 3 Limiting loading of Cl, and CEES, and half-life for hydrolysis of

DMNP, GD, VX, for samples of UiO-66 featuring low, medium, or high
densities of missing-linker defects®2®

Loading® (mol kg ™) t1/> (min)
Defects Cl, CEES DMNP GD VX
Low 2.0 4.2 495 385 770
Medium 5.6 4.4 24 25 670
High 5.1 5.1 20 19 31

¢ Cl, and CEES loading show about 15 and 25% standard error.

half the amount initially present. For both DMNP and GD (see
structures above), changing the density of defects from “low” to
“medium” has an enormous effect, accelerating the degradation
rate by ~ 15 to 20-fold; but, further increasing the defect density
elicits only marginal additional acceleration. DMNP and GD are
size excluded by MOF apertures lacking defects. Consequently, at
low defect density, catalysis is largely restricted to the outermost
portions of each MOF crystallite. Slightly more sterically demand-
ing than DMNP and GD is VX. Substantial rate acceleration for VX
is attained only for samples offering “large” densities of defects
(defined as roughly 4 defects per node). Evidently, with “med-
ium” levels of defect density, rapid admission of VX to the MOF
interior and its bounty of active sites does not occur.

In 2018, Blzek and coworkers proposed that the in situ for-
mation of defects, not formerly existent in the UiO-66 structure,
can form in water through the cleavage of Zr-carboxylate bonds
with linker/modulator, and thereby, new catalytic sites on Zr-nodes
are formed. These sites are posited to be effective for degradation
of DMNP.** Arguably, this important point, ie. the creation of
catalytically active sites via water-assisted displacement of
carboxylate-anchored modulators, is implicit in the majority of
studies of simulant hydrolysis in liquid-water microenvironments.

Momeni and Cramer studied computationally the effects
number and morphology of defect sites on the performance of
various Zrg and Zr;, MOFs (UiO-66, and also MOF-808 and NU-
1000) for detoxification of sarin nerve agent.>'° They found that
increasing the number of missing-linker defect sites enhances
overall catalytic hydrolytic activity. In addition to the obvious
consequence of boosting the number of active sites, the
presence of increasing numbers of defects engendered favor-
able hydrogen-bonding interactions and favorable reactant
orientations relative to active sites.

In related work, Harvey et al. investigated computationally
the impact of missing-linker defects in UiO-66s on binding of
CWA simulants DECP, DIFP, and GB and inferred that Zr-OH
and p3-OH acted as contributing binding sites for the
chemicals.?*® While this inference may well be correct in the
absence of significant amounts of adsorbed water or methanol,
the four p;-OH moieties are deprotonated and, therefore,
unavailable in the presence of water if the pH is above ~4
(i.e. pK, = ~3.3).%°* The pK, of aqua ligands, however, is around
5.5 — meaning that these will have been largely converted to
additional terminal hydroxo ligands at pH 7.

Hwang et al. synthesized and investigated, for adsorption of
DMMP, a set of zirconium-BTC-based MOF-808 samples
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featuring formate (F), propionate (P), and valerate (V) as charge-
balancing ligands (CBLs) (Fig. 19)."*® Breakthrough experiments
showed that despite the lower porosities of MOF-808-P (R = C,Hs;
BET surface area 1525 m* g~ ', pore volume 0.62 cm® g%, pore size
<1.6 nm) and MOF-808V (R = C,Ho; BET surface area
1260 m”> g, pore volume 0.72, pore size <1.7 nm), relative to
MOF-808-F (R = H; BET surface area 1800 m”> g, pore volume
0.76, pore size ~1.4-2.2 nm), the capacities of the former for
uptake of DMMP are ~ 2.6-fold larger. The authors concluded that
open Zr Lewis acid sites at defect sites play a crucial role in the
adsorption of DMMP. Note that if CBLs are fully retained as
secondary ligands on the node, Lewis acidic Zr(w) sites will be
exposed to DMMP only if a bidentate CBL (or linker) carboxylate
protonates and becomes monodentate. The available evidence
strongly suggests that this indeed does happen with propionate
and valerate CBLs, as sketched in Fig. 19; also see the work by
Rayder, et al.>*° The authors also inferred that Bronsted acid sites
(u3-OH, OH) may facilitate DMMP sorption.**'*® For solution-
phase studies, Brgnsted sites may well be important at some
pHs, the bridging hydroxo units should be largely deprotonated
at pH 7. The circumstances are more complex, however, for vapor-
phase uptake, especially if the vapor includes water."*® Notably, the
authors found that DMMP capacity loss due to competitive
adsorption of water at 15% humidity was relatively unimpor-
tant. In a related study, albeit with NU-1008 rather than MOF-
808-X, Wang, et al. found that co-adsorption of water consider-
ably accelerates diffusive transport of water — a desirable out-
come for practical applications.**"

Cho et al. suggested that the number of defects and particle
size of UiO-66 can be altered by altering the concentrations of
synthesis reagents.**! The use of HCl modulator during MOF
synthesis and the lowest DMF solvent level afforded the smal-
lest spherical particle size (100 nm) and highest defect density
(1.8 missing-linker per cluster) and pore volume (0.54 cm® g™ %),
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namely UiO-66S, which in combination with 4-ethylmorpholine
as an organic base showed > 2-fold higher catalytic activity (¢1/,
= 0.3 min, turnover frequency (TOF) = 0.5 s~ ') for hydrolytic
degradation of DMNP. Note that while reaction half-lives, ¢,,,
are useful for comparing catalysts within a given study, com-
parisons between studies can be complicated by the anticipated
dependence of ¢;,, on the amount of catalyst present. Indeed,
increasing or decreasing the amount of catalyst present is a
convenient way of shifting the reaction time into a regime
where it is easily measured. Comparisons of turnover frequen-
cies (TOFs) on a per-active-site or per-node basis, i.e. normal-
ized comparisons, are typically more useful.

The Bandosz group observed that when CEES is delivered via
the vapor phase, dehydrohalogenation and partial oxidation are
the main mechanisms for detoxification over defective UiO-66,
whereas hydrolysis is the most important pathway when liquid
CEES is degraded (Scheme 8).>*?

Mondloch and co-workers described, for thermally treated
and fully dehydrated NU-1000, a distinctly different type of
effect that, nonetheless, is relevant to both catalytic and stoi-
chiometric inactivation of chemical threats.*'® Further structu-
rally assessed by Chapman and co-workers,*® the thermally
generated defect is neither a missing-linker nor a missing-
node. Instead, it is a symmetry-lowering distortion of the
dehydrated Zry(pi5-0)s®" core of the MOF node to yield Zr(ps-
0),0%". Notably, the distortion persists even after MOF immer-
sion in water and node rehydration. As illustrated in Fig. 20, the
distorted site, with its structural void,>>*"" superficially resem-
bles an oxygen vacancy of the sort that can be generated on or
in zirconia via heating at very high temperature in a reducing
atmosphere.**® The thermally disordered MOF node, however,
retains a full complement of oxygen atoms and displays no
evidence of vacancy-initiated reduction of Zr(v) to Zr(m) or
Zr(un). A further consequence of irreversible node distortion
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e (l)l onod.entalc ~>/R
( OH ( \ Lewis site OH CBL site &
5 /O | H_o /
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Fig. 19 Candidate adsorption sites for vapor-phase DMMP on MOF-808-X (X = F, P, and V). The drawings are simplified to omit coordinated linkers and
bidentate CBLs. Reprinted with permission from ref. 146 Copyright 2018 Elsevier.
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Fig. 20 Stepwise thermal dehydration and symmetry-lowering distortion of the node of modulator-free NU-1000.

(defect formation) in NU-1000 is a ca.10-fold enhancement in
the rate of degradative, catalytic hydrolysis of the agent simu-
lant, DMNP.?'° The chemical basis for the rate enhancement
has yet to be established. Distortion driven enhancement of
active-site Lewis acidity, however, is a probable contributor.

The irreversible node distortion culminates in the presenta-
tion of highly Lewis acidic Zr(wv) sites and a highly Lewis basic site
in the form of a terminal oxo ligand. These sites are proximal and
can act in concert to accomplish irreversible capture of ammonia,
a potential industrial chemical threat, by splitting it into NH,
and H', with the former bridging a pair of Zr(v) ions and the
latter converting the terminal oxo ligand to a terminal hydroxo.***
It is reasonable to expect that disordered nodes in Zr-MOFs will
prove capable of immobilizing and degrading other chemical
threats via similar heterolytic bond-splitting.

This journal is © The Royal Society of Chemistry 2024

2.2. Energy-related applications

2.2.1. Photocatalytic energy conversion. One of the most
attractive energy-related applications is photocatalysis, which
can be used to produce molecular hydrogen from water or
convert carbon dioxide into energy-storing chemical products,
where the needed photons are supplied by sunlight.***?%¢ As a
practical matter, this usually means collecting photons in the
visible part of the solar spectrum, as the flux of UV photons is
too low to engender much conversion of solar energy to stored
chemical energy, while the energy of infrared photons is gen-
erally too low for electronic excitation of a MOF or an appended
molecular chromophore. Since photocatalysts are usually
required for such processes, researchers are facing challenge
to design and synthesize efficient, stable and cost-effective
photoactive materials for large-scale solar energy utilization."*®
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The modularity of MOFs makes them promising candidates for
photocatalytic applications. In addition, the highly porous and
interconnected framework structures of MOFs are expected to
allow the incorporation of highly dispersed catalytic sites with-
out causing severe agglomeration.>®” Owing to the exceptional
chemical stabilities of Zr-MOFs in aqueous solutions, these
robust frameworks, including UiO-66 and its derivatives parti-
cularly, have been intensively studied as photocatalysts for
hydrogen evolution, CO, reduction, water oxidation, and the
transformation of organic molecules that usually need to be
operated in aqueous solutions.*>*® Thus, the defect engineering
becomes one of the useful tools to design efficient Zr-MOF-
based photocatalysts, arguably (however, see end of section) by
tuning the electronic structure of UiO-66 with the help of
missing-linker/missing-cluster defects®****° or by installing cat-
alytic metal-ion-based electron acceptors or donors on the
defect sites of UiO-66.

For example, Gascon et al. reported that after installing
reducible Ti(v) on defect sites in NH,-UiO-66, the obtained
functionalized Zr-MOF exhibited photocatalytic activity for
evolution of molecular hydrogen (Fig. 21(a))."*® With 30 mg of

NH,-UiO-66(Zr)
ith grafted Ti(lV)
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the Ti-installed NH,-UiO-66 dispersed in the mixture of acet-
onitrile, water and triethylamine, a hydrogen production rate of
0.192 pmol h™' was achieved under illumination, and the Zr-
MOF could preserve its crystallinity after the photocatalysis. A
systematic experimental study was demonstrated by Jiang,
Zhang and coworkers to probe the effect of structural defect
present in NH,-UiO-66 incorporated with Pt NPs on the result-
ing photocatalytic activity for hydrogen evolution reaction
(HER) (Fig. 21(b))."®° These findings suggested that even
though more defects present in the Zr-MOF result in a higher
specific surface area, there is an optimal degree of defects to
achieve the highest photocatalytic activity after incorporating Pt
NPs. Owing to its fastest relaxation kinetics and highest charge-
separation efficiency, the optimal MOF-based photocatalyst
with moderate structural defects, Pt@UiO-66-NH,-100, could
achieve a hydrogen production rate of 381.2 umol g~* h™*
under illumination in the presence of triethanolamine (TEOA)
as the sacrificial agent. The Pt@UiO-66-NH,-100 was reported
to achieve almost the same hydrogen production rate after ten
cycles of two-hour photocatalytic experiments, and the crystal-
linity of the MOF was unchanged after 48 h of the long-term

(c)
/ °=$ s=® seaz L, "t. \:

ZrgO4(OH),

I missing-linker defect ]

v’Promotion of Linker-to-Cluster charge transfer

vSuppression of H,0, decomposition

Fig. 21 Schematic representations of the (a) defective NH,-UiO-66 installed with Ti(iv) for photocatalytic HER, reprinted with permission from ref. 136
Copyright 2017 American Chemical Society, (b) Pt NPs confined in the defective NH,-UiO-66 for photocatalytic HER, reprinted with permission from ref.
199 Copyright 2019 John Wiley & Sons, (c) defective Zr-MOFs for modulating the activity toward photocatalytic CO, reduction, reprinted with permission
from ref. 341 Copyright 2021 American Chemical Society and (d) missing-linker defects in NH,-UiO-66 for boosting the photocatalytic activity to
produce hydrogen peroxide from oxygen gas, reprinted with permission from ref. 342 Copyright 2021 American Chemical Society.
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reaction. On the other hand, the Ti-loaded NH,-UiO-66 was also
used as the photocatalyst to reduce Cr(wv) to Cr(ur) under visible
light, as reported by Yao et al.*®”

In addition to HER, the conversion of CO, into valuable
chemicals and fuels by using solar energy is another crucial
solar-to-fuel photocatalytic route which is promising to address
both the global warming and increasing energy demand.**®
Recently, MOFs have received great attention as photocatalysts
for CO, reduction due to their electronic structures, excellent CO,
adsorption capacities (at least in the gas phase), and tailorable
light absorption capabilities.*** The chemically robust Zr-MOFs
thus also became attractive candidates for such a photocatalytic
process, and the defect engineering in UiO-66 and its derivatives
may also play an important role to turn the resulting photocatalytic
activity. For example, Zhu, Fan and coworkers created defects in
NH,-UiO-66 by tuning the crystallization temperature in the
presence of concentrated HCI as the modulator.*** As a result,
the defective NH,-UiO-66 synthesized at 473 K could convert CO,
into formate with a production rate of 129.8 pmol ¢ * h™* under
illumination in the presence of TEOA in CO,-purged acetonitrile,
which is much higher than that achieved by using the defect-free
MOF (24.6 umol g~ ' h™"). The defective NH,-UiO-66 was also
recycled and reused for five cycles of the photocatalytic experi-
ments, and it was found that the production rate of formate is
almost the same during the five cycles of experiments, and the
crystallinity of the MOF could be well preserved. Recently, Sun, Ma
and coworkers further performed a systematic study to investigate
the effects of modulator used to create defects and the length of
linkers on the resulting photocatalytic activity for CO, reduction of
the UiO-based Zr-MOF series.**" Both the type of defects and the
length of linkers were found to remarkably change the absorption
energy of the Zr-MOFs, which results in the distinct photocatalytic
activity of these defective Zr-MOFs for CO, reduction. In the
solvent-free system under illumination with the addition of TEOA,
the UiO-66-NH,-2ABA synthesized by using 3,5-diamino-benzoate
as the modulator was found to be capable of converting CO,, into
CO with a production rate of 17.5 umol g~ * h™", which is higher
than those achieved by the UiO-66-NH,, synthesized with BA as well
as both defective UiO-67 and UiO-68 with larger pore sizes
(Fig. 21(c)). The UiO-66-NH,-2ABA was subjected to six cycles
of the five-hour photocatalytic tests, and it was found that the
CO production rate is almost the same for every cycle. The
crystallinity of the MOF was still observable after the solvent-free
photocatalytic reaction. Another study from the same research
group showed that in the solvent-free system with TEOA, UiO-
66-NH, samples featuring ligand vacancies could achieve a
much higher photocatalytic activity for converting CO, into
CO (30.5 pmol g ' h™") compared to those with modulator-
capped defective sites and missing-cluster defects.**’

In addition to photocatalytic hydrogen evolution and CO,
reduction, another notable example is the use of defective
Zr-MOFs for the photocatalytic production of hydrogen per-
oxide from the oxygen gas, demonstrated by Yamashita et al.***
The authors found that when more missing-linker defects are
present in NH,-UiO-66, the decomposition of hydrogen perox-
ide could be suppressed, resulting in the increase in the net

This journal is © The Royal Society of Chemistry 2024
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production rate of hydrogen peroxide during the photocatalytic
process (Fig. 21(d)). With 1 mg mL™" of the optimal defective
NH,-UiO-66 dispersed in the mixture of acetonitrile and TEOA,
a H,0, production rate of 120.7 umol h™' L™ could be
achieved, which is 2.3 times higher than that achieved by the
pristine NH,-UiO-66. Both the crystallinity and morphology of
the defective NH,-UiO-66 could be well preserved after the
photocatalysis. This work points to the importance of defect
engineering in Zr-MOFs for such an eco-friendly and safe
approach to produce hydrogen peroxide.

Finally, while several studies have posited linker-to-cluster
(Zr) charge transfer as the basis for light absorption and/or light-
initiated charge separation, most computational studies have
concluded that the empty 4d orbitals of Zr(v) are too high in
energy to be populated either directly or indirectly via absorption
of visible light.>***® Instead, absorption is ascribed computa-
tionally to linker-localized transitions, most notably with amino-
functionalized linkers (blue-light absorbers that render MOFs
yellow). Computations appear to support this picture, even when
defects shift the energies of empty states.

Seemingly at odds are EPR signals that conceivably could be
assigned to formation of Zr(u). Remarkably similar signals have
been observed, however, for O, when the ion is adsorbed/ligated
either to exposed Zr(iv) coordination sites on MOF nodes, or on
similar sites on zirconia.>****° Electron-transfer from photo-
excited linkers to even trace amounts of O, might be expected to
yield easily observable EPR signals due to adsorbed superoxide
anion. Note that exposure of Zr(w) sites to ligation of O, becomes
increasingly more likely as the density of missing-linker defects
increases. Finally, in interpreting photocatalytic responses from
Zr-MOFs, it may be important to consider the possibility of hole or
electron transfer from photoexcited linkers to putative charge
scavengers (ascorbate, triethanolamine, triethylamine, formate,
etc."®), rather than directly to intended reactants. Regardless of
how scavengers capture charges, a not uncommon occurrence is
for the fragmenting scavenger to yield a high-energy radical that
can transfer an additional charge - effectively yielding down-
stream a two-electron (or hole) conversion of a target such as CO,,
based on absorption of one photon.>*'** Related thermally
driven electron-transfer reactions involving often overlooked
species like node-ligated formate have been shown to initiate
otherwise puzzling “autocatalytic” metal-ion to zero-valent metal
cluster reduction reactions.>>*

2.2.2. Electrochemical applications. Electrochemical pro-
cesses cover a broad range of energy-related and environmental
applications. For example, electrochemical water splitting as well
as the photoelectrochemical systems coupled with photocatalysts
can produce molecular hydrogen from water,*** and the electro-
chemical reduction of CO, can convert the greenhouse gas into
useful fuels with the use of electricity.>>® In addition, the rever-
sible electrochemical reactions along with the adsorption/
desorption or intercalation/deintercalation of ions coming from
the electrolyte are the working principles of supercapacitors and
batteries, which have been utilized as energy-storage devices in
our daily life.*>” The electrochemical reduction of oxygen is the
crucial half reaction in fuel cells and a range of metal-air
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batteries.>>%2°

On the other hand, electrochemical sensors allow
the facile detection of ionic species from aqueous samples and
the easy fabrication of portable sensing devices,**° which are also
quite important for environmental monitoring. It is thus crucial
to develop electrochemically active materials, either electrocata-
lysts capable of selectively facilitating the desired reaction or
materials with high capacity for charge storage and good rever-
sibility, for enhancing the performance of these electrochemical
devices.

Owing to their exceptional chemical stabilities in aqueous
solutions over a wide range of pH,**' % (albeit, not highly alkaline
solutions), Zr-MOFs have been considered as attractive candidate
materials for various electrochemical applications that require
aqueous media such as electrocatalysis, electroanalytical systems
and supercapacitors.*®*>% However, the electrically insulating
nature of most MOFs significantly limits their direct use for
electrochemical and electronic applications.***** Thus, to utilize
Zr-MOFs as the active materials located near the electrode surface
for certain electrochemical applications, long-range charge-
transport pathways during the electrochemical processes are
necessary; “redox hopping” thus has become the most common
charge-transport pathway in Zr-MOF thin films.?®>*7°37 As the
hexa-zirconium nodes are redox-innocent, to render the electronic
conduction via redox hopping in Zr-MOFs, the redox-active moi-
eties need to be either present in the organic linker or installed on
the node.*”* Thus, for UiO-66 and its derivatives, which are
commonly reported Zr-MOFs but constructed from redox-inactive
organic linkers, their missing-linker or missing-cluster defects
become advantageous for immobilizing the redox-active species
in order to facilitate the charge hopping in MOF which is required
for electrochemical processes.

For example, Hupp et al. reported the installation of a redox-
active ferrocene derivative on the missing-linker defects of UiO-66,
and the resulting functionalized UiO-66 could show electro-
chemical activity relying on the redox hopping between the
coordinated ferrocene moieties.*’* In addition, Tang and
coworkers demonstrated the incorporation of polysulfides on
the defect sites of Ui0-66.*”> The authors further installed
polysulfides within defective UiO-66 crystals interconnected
by electrically conductive carbon nanotubes, and the obtained
redox-active sulfur-loaded MOF-based composites could be
applied for lithium-sulfur batteries to achieve an initial capa-
city of 925 mA h g " at 0.5 A ¢” ' and a very low fading rate of
0.071% per cycle at 1 A g~ " over 800 cycles.>”> Similarly, the
defective UiO-66 was also applied for lithium-sulfur batteries
by coordinating the lithium thiophosphate on the terminal
-OH/H,O0 sites presented in the framework, as demonstrated by
Thoi and coworkers.>”® The same group has also reported the
lithiation of defective sites in UiO-66 for the application in
lithium-sulfur batteries (Fig. 22(a)).?”” With the lithiated defec-
tive UiO-66 as the additive in the cathodes for lithium-sulfur
batteries, an average maximum capacity of 1272 mA h g~ was
achieved, which is higher than those achieved by the batteries
with the defective UiO-66 (918 mA h g~') and lithiated less
defective UiO-66 (1050 mA h g ') as additives. Hod et al.
showed that the defective sites of UiO-66 could be used to
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immobilize redox-active Hemin, and the redox-hopping rate
was found to be highly tunable by changing the density of defects
in the parent UiO-66 framework.>”® As Hemin can catalyze oxygen
reduction, the defective UiO-66 functionalized with Hemin was
applied for electrocatalytic oxygen reduction (Fig. 22(b)). Further
axial coordination of the electron-donating 2-methylimidazole on
the Hemin immobilized in UiO-66 was found to accelerate the
charge hopping rate and thus enhance the electrocatalytic activity
for oxygen reduction, as demonstrated in another study pub-
lished by the same group.’”® The study also reveals that the
Hemin-functionalized defective UiO-66 could exhibit a stable
electrocatalytic activity for oxygen reduction in the acetonitrile-
water cosolvent electrolyte for four hours, and the morphology of
the Zr-MOF was found to be barely altered.

In addition to the installations of organic moieties and
polysulfides, the redox-active metal ions could also be immo-
bilized on the missing-linker defect sites of Zr-MOFs. For
example, Kung et al. demonstrated the solution-phase post-
synthetic decoration of redox-active Mn(u) ions on the terminal
-OH/H,0 sites presented in defective UiO-66 nanocrystals to
engender node-to-node redox hopping.*®' Since redox-active
manganese species are widely utilized as pseudocapacitive mate-
rials, such Mn-decorated UiO-66 nanocrystals could be applied
for aqueous-based supercapacitors after being composited with
electronically conductive nanocarbon.*®" A similar approach was
used to immobilize redox-active Ir(w)/Ir(v) ions in defective
Ui0-66,°*> and the resulting functionalized Zr-MOF could be
utilized in the electrochemical detection of nitrite in aqueous
solutions,*® as demonstrated by the same research group. With
the iridium-functionalized defective UiO-66 as the electrocatalyst,
a sensitivity of 168.8 pJA mM ' ecm 2 and a limit of detection of
0.41 pM were achieved for detecting nitrite in a weakly acidic
HClO,4/NaClO, aqueous electrolyte (pH = 5). Since such iridium-
based species are capable of electrocatalyzing the oxidation of
water to molecular oxygen, the important half reaction of water
splitting, in acidic electrolytes, and Zr-MOFs are chemically stable
in strong acids, UiO-66 nanocrystals grown on conductive carbon
nanotubes with the iridium sites coordinated on the missing-
linker defects were applied for the electrochemical conversion of
water into oxygen gas (Fig. 22(c)).***%* The optimal nanocompo-
site with iridium-functionalized defective UiO-66 and carbon
nanotubes could achieve a current density of 10 mA cm > for
oxygen evolution with an overpotential of 430 mV. The study also
found that both the crystallinity and morphology of the defective
UiO-66 are unchanged after the electrocatalytic oxygen evolution
in the aqueous electrolyte containing 0.1 M of HCIO,. It should
be noted that in addition to the defect sites in UiO-66, the
defective cavities caused during the activation of other Zr-MOFs
may also play a role in confining the electrochemically active
metallic NPs inside. For example, the mesoporous cavities in a
porphyrinic Zr-MOF, NU-902, were utilized to confine silver
NPs with the size of around 3 nm that are capable of electro-
catalytically oxidizing nitrite ions.?**

Apart from the immobilization of redox-active or catalyti-
cally active sites on the defects of Zr-MOFs aiming for electro-
chemical applications, recently, a few studies have attempted to

This journal is © The Royal Society of Chemistry 2024
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Fig. 22 Schematic representations of the (a) lithiation of defective UiO-66 for lithium—sulfur batteries, reprinted with permission from ref. 377 Copyright
2019 American Chemical Society, (b) installation of electrocatalytic Hemin in defective UiO-66 for oxygen reduction, reprinted with permission from ref.
378 Copyright 2019 American Chemical Society, (c) installation of electrocatalytic Ir(in)/Ir(iv) sites on the missing-linker defects of UiO-66 for
electrocatalytic water oxidation, reprinted with permission from ref. 380 Copyright 2019 Elsevier and (d) use of defective UiO-66 membrane deposited
on the silver electrode to modulate the selectivity toward electrochemical CO, reduction, reprinted with permission from ref. 168 Copyright 2019 John

Wiley and Sons.

utilize the defects in MOFs to directly adjust the chemical
environments near the electrode surface to further modulate
the selectivity of complicated electrochemical reactions occur-
ring on the underlying electrode. Since the defective MOF here
only plays the role similar to a porous “sieve’”” without providing
any active site for electrochemical reactions to occur, the
electrical conductivity of MOF is no longer necessary in such
systems.’® The first example of such concept was demon-
strated by Hod and coworkers.'®® In this work, the porous
and continuous UiO-66 membrane with enriched missing-
cluster defects was grown on the surface of silver electrode that
is electrocatalytic for converting CO, into CO, and the authors
found that with the help of the electrically insulating defective
UiO-66 coating, the selectivity toward CO, reduction against the
competing hydrogen evolution occurring on the silver surface
can be largely improved owing to a second-sphere effect
(Fig. 22(d)). With the optimal defective UiO-66 membrane, the
selectivity toward CO could reach 79% at —0.8 V vs. reversible

This journal is © The Royal Society of Chemistry 2024

hydrogen electrode (RHE), much higher than that achieved by
the bare silver electrode (43%). The authors then further post-
synthetically coordinated the positively charged 3(carboxypro-
pyl)-trimethyl-ammonium in the defective UiO-66 to provide
the electrostatic repulsion to protons, the reactant of hydrogen
evolution; the selectivity of CO, reduction toward the formation
of CO could thus be further enhanced to 89% at —0.8 V vs. RHE.
A similar concept was utilized in electrochemical sensors; the
missing-linker defects of UiO-66 were used to selectively adsorb
the targeted analytes, dopamine (DA), in order to boost the
selectivity of the DA sensor against other interferents, as reported
in a recent work by Kung et al.**® Very recently, the same concept
of utilizing defective Zr-MOF to modulate the microenvironment
near the electrode/catalyst surface was also applied to electro-
catalytic reduction of nitrate to generate ammonia, as demon-
strated by Yan and coworkers. To electrochemically convert
nitrate ions present in wastewater into ammonia, an eight-
electron process with nine involving protons is required. It was
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found that with the defective UiO-66 coated on the surface of a
CuZn-based electrocatalyst, selectivity toward producing ammo-
nia against the formation of unwanted nitrite can be facilitated
with the help of terminal carboxylic acid groups present in the
defective MOF to provide sufficient protons to the catalyst
surface.*®” At an applied potential of —1.0 V vs. RHE, the defective
UiO-66-coated CuZn could achieve a faradaic efficiency of 91.4%
for converting nitrate into ammonia, which is obviously higher
than that achieved by the bare CuZn (30.6%). The selectivity of
the reaction was found unchanged after ten cycles of the electro-
catalysis, and both the crystallinity and morphology of the
defective UiO-66 could be preserved after the reaction.

Another noticeable electrochemical application of Zr-MOFs
is the use of such materials as proton conductors, which can be
further served as solid-state electrolytes of fuel cells. Compared
to the commonly used Nafion and polymer-based proton con-
ductors, proton-conducting MOFs are more structurally char-
acterizable and have the opportunity to conduct protons at a
low relative humidity (RH).>*® The porous and water-stable
characteristics of Zr-MOFs allow them to be deployed as robust
proton-conducting materials.>****® Thus, several researchers
have focused on imparting acidity to the pores of Zr-MOFs by
using linkers possessing pendant moieties such as nonstruc-
tural carboxylates, amines, phosphonates, or sulfonates, in
order to design a range of highly proton-conducting Zr-
MOFs.*®® However, the effect of defects present in Zr-MOFs
on the resulting proton conductivity have only rarely to be
investigated. Kitagawa et al. prepared various UiO-66 materials
with different degrees of missing-linker defects to investigate
the effect of defect density on proton conductivity.** The
proton conductivity was reported to increase by nearly three
orders of magnitude to 7 x 10 S em ™" at 65 °C and 95% RH.
The crystallinity of the defective UiO-66 could be preserved after
both the pelletizing process and the impedance measurements
operated at high RH. The Lewis acid sites provide binding sites
for water molecules which facilitates the proton transport
together with the increase in proton mobility due to increased
pore volume. Another noticeable example was recently reported
by Qu and coworkers, who synthesized the xerogels containing
a defective Zr-MOF, MOF-801, for developing anhydrous proton
conductors.**! The findings suggested that with defects present
in MOF-801, the proton conductivity of the resulting xerogel
could be enhanced owing to the structural changes of water
clusters; an anhydrous proton conductivity of 3.6 x 107> S
cm ™' at 40 °C was achieved with the use of defective MOF-801
xerogel.** Another recent example demonstrated by Matoga
and coworkers investigated the effect of missing-linker defects
present in a sulfonate-containing two-dimensional (2D)
Zr-MOF, JUK-14, on the resulting proton conductivity.’?>
The findings suggested that with missing-linker defects in the
2D Zr-MOF, higher proton conductivity values can be
achieved at 60% and 75% RH compared to those achieved by
the defect-free 2D MOF. The 2D Zr-MOFs reported here were
also found to keep their structural integrity after the impedance
measurements under a wide range of RH between 30%
and 90%.
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2.3. Other relevant applications

Membranes are valuable candidates for sustainable energy and
environment and hold great promise for clean energy technolo-
gies. This section documents some applications of defective
Zr-MOFs in developing membranes and optical sensors. Com-
posite membranes with defective MOFs are one of the emerging
fields of MOF modification for diverse applications, however, so
far this field has not been extensively investigated. Lyu et al.
computed potential utility of defective UiO-66 comprising differ-
ent types (missing-linker or missing-cluster), density and unsa-
turated Zr sites compensated by modulators during the MOF
synthesis such as chloride, hydroxide or monocarboxylates
including formate, acetate, and trifluoroacetate (Fig. 23).>%

The studies show that UiO-66-containing membranes with
high performance, in terms of water permeability and salt rejec-
tion, can be obtained by adjusting pore size and water affinity.
Compared with a nominally defect-free membrane, the missing-
cluster membrane obtained via trifluoroacetate was shown to have
a higher water permeability (800 L m~> h™") with salt rejection of
>99%. In addition, desirable water intrusion behavior of defective
samples can be improved by presenting hydrophilic compensating
ligands. This work opens the possibility of MOF defect engineering
as emerging reverse osmosis membranes in desalination, lowering
energy and operating costs.

Zhang et al. investigated effects of crystal size and missing-
linker defects on optical sensing performance for chemical
vapors and found that the small particle size with a high
loading of defects increased the sensitivity and decreased the
response time and recovery time of the MOF-based sensor.***

In a recent study, Liu and co-workers showed that robust
membranes for dye-exclusion from permeating water could be
fabricated via seeded growth of polycrystalline MOF-801 on the
exterior of a porous alumina tube (Fig. 24).>°> The membrane
exhibited admirable rejection of a molecular probe dye (rejec-
tion rate >99.50%), while achieving admirable water flux
>31Lm >h ™" bar . The authors reasoned that the flux could
be boosted by increasing the density of missing-linker defects
(by 2.6-fold) through varying the concentration of HFo used for
synthesizing the MOF. A ca. 20% increase in flux was indeed
found; but, it was accompanied by a ca. 3-fold increase in
amount of dye transmitted. Clearly, however, the integrated
assembly approach highlighted in Fig. 24 shows promise.

3. Conclusions and outlook

With their exceptional chemical and thermal stability, Zr-MOFs
have been widely examined for various energy-related and
environmental applications requiring aqueous media or high-
temperature conditions. Although there is already a high
structural diversity for Zr-MOFs, the introduction of modulable
defects on the hexa-zirconium clusters of the MOFs further
increases the structural flexibility and chemical functionality of
Zr-MOFs. Taking the most commonly reported defective
Zr-MOF, UiO-66, as an example, the proportion of defects can
be broadly tuned without altering its main crystalline structure.

This journal is © The Royal Society of Chemistry 2024
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Fig. 23 Depiction of (a) defect-free and (b) and (c) defective UiO-66 frameworks, having two missing linkers and one missing cluster, respectively. (d)—
(h) Representation for compensating the unsaturated metal sites created by the defects, one defect center (i.e., two unsaturated Zr atoms) coordinated
with various ligands. Color code: carbon, gray; hydrogen, white; oxygen, red; zirconium, cyan; chlorine, green and fluorine, magenta. (i) Water
permeability and salt rejection of both defect-free and defective membranes. The concentration of BDC vacancies is displayed in the figure, changing
from 1/8 to 1/4 to 1/2 (i.e., missing-cluster structures), which are related to 3, 6, and 12 linkers missing per unit cell, respectively. Reprinted with

permission from ref. 393 Copyright 2019 American Chemical Society.

These sites can serve as the active sites to adsorb organic pollu-
tants or inorganic targeted ions, which could be utilized in
removing pollutants from environmental samples. By exposing
Zr(wv) sites to candidate reactants, missing-linker defects enable
node-based Lewis-acid catalysis - most notably for detoxification of
chemical warfare agents, as well as for chemically related pesti-
cides in water. In addition, defects can be used as grafting sites for
post-synthetic installation of photosensitizing moieties, specific
molecular catalysts, single-metal-atom catalysts, or other desirable
chemical moieties. A broad and well-established, positive feature
of post-synthetic modification is that it allows framework tailoring
to be accomplished under chemical conditions that differ from
those of the parent synthesis. Post-synthetic installation of redox-

This journal is © The Royal Society of Chemistry 2024

active sites at defect sites can be exploited to engender charge-
hopping-based, electrical conductivity, that, in turn, enables
otherwise-insulating Zr-MOFs and their composites, to be
deployed in electrochemical energy storage and conversion
schemes. An arguably underexplored notion, that can be useful
for engendering greater overall electrical conductivity, is to inte-
grate frameworks with electronic conductors such as carbon
nanotubes. An open challenge or opportunity here is to achieve
precise chemical and geometric control over integration and co-
location of defect-containing Zr-MOFs and electronic conductors.
Finally, by supporting nonstructural, Brensted-acidic oxy-ligands,
defect sites on nodes can enhance proton conduction, and more
generally, ion conduction, by frameworks.
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Missing-node and missing-linker defects, especially if peri-
odically sited, can provide MOF-interior access to molecules that
would otherwise be sterically excluded. Conversely, access can be
restricted by grafting to missing-linker defects, species that
exclude specific guest molecules sterically or that select (or
exclude) guests based on favorable (or unfavorable) aperture/
guest or pore/guest hydrophobic, hydrophilic, London dispersion
or coulombic interactions, including pH-tunable interactions.

Chemically intriguing, but, thus far, under-explored are
framework-topology-specific, node-distortion defects. The few
available studies point to irreversibly enhanced Lewis acidity
(and basicity), and, in turn, enhanced condensed-phase catalytic
activity for hydrolysis reactions. In the absence of solvent, effect
formation is accompanied by symmetry-lowering decreases in
Zr(wv) coordination number, and sufficient enhancement of Lewis
acidity and basicity to engender heterolytic cleavage of N-H, S-H,
and other covalent bonds, concomitant with grafting of the
resulting fragments to the distorted node. Thus, defects formed
by node distortion can serve to capture and degrade unwanted
volatile chemicals. While little explored, they also should, via the
same chemistry, be capable of enabling persistent functionaliza-
tion of Zr-MOF nodes via otherwise weak sulfur-zirconium and
nitrogen-zirconium bond formation. In turn, this chemistry may
open up new several potential applications.

Certain desirable properties scale with the density of struc-
tural defects; the density of defects, however, has an upper limit.
Clearly useful strategy would be synthetic methods that permit
defect densities to be tightly controlled and that permit defect
densities to be increased, without sacrificing MOF porosity or
crystallinity. Conceivably, the use of larger clusters as node
cores - for example, Zr;,0,, in place of ZrsOg - could be turned
to advantage in controlling or enhancing the density and/or
catalytic activity of missing-linker defects.'***°® Alternatively,
repetitively grafting additional, non-structural Zr(v) ions or
entire pre-formed clusters, onto defect-presenting nodes might
well prove effective for boosting the density of desired missing-
linker-like sites.

6284 | Chem. Soc. Rev., 2024, 53, 6244-6294

The chemical-stability limitations of carboxylate-based
Zr-MOFs themselves should be considered. In highly alkaline
aqueous solutions and in solutions containing strongly coordinat-
ing ions (e.g, phosphate, carbonate and their conjugate acids),
these materials are susceptible to degradation, including loss of
crystallinity, loss of porosity, and even partial dissolution and loss
of linkers. Degradation is driven by substitutional displacement of
linker termini (carboxylates) from Zr-nodes. In certain contexts -
most notably, intentional post-synthetic alteration of framework
composition via solvent-assisted linker exchange - the suscepti-
bility of carboxylates to displacement is a functional asset. Cur-
iously, a closely related problem has been encountered with liquid-
junction type, dye-sensitized solar cells (DSCs), where dyes are
anchored via carboxylate termini to materials such as TiO,. For
DSCs, dye loss has been suppressed by: (a) atomic-layer-deposition
(ALD) of alumina or titania such that the added inert metal-oxide
enshrouds carboxylates, thereby physically preventing their displa-
cement from the underlying TiO, surface,**”*?® (b) similar block-
ing and encapsulation via self-limiting, conformal growth of sub-
nanometer silica coatings,®” and (c) use of much more strongly
adhering phosphonate groups in place of carboxylates as dye
anchors.® To our knowledge, neither node-centric ALD of pro-
tective metal oxides nor self-limiting growth of protective silica has
been used to suppress chemical degradation of Zr-MOFs, although
either or both would appear to be feasible if they can be
implemented without too great loss in framework porosity. A
handful of examples of phosphonate-based Zr-MOFs has been
described.*”""*%* These materials indeed do tend to display much
greater chemical stability when challenged by strongly coordinat-
ing oxy-anions. Unfortunately, the apparent irreversibility of node-
linker bond formation (with phosphonates) tends to yield amor-
phous frameworks, typically of low porosity. A general solution to
the chemical degradation problem, whether via an advance in
phosphonate-enabled synthesis of porous, crystalline MOFs, or via
another approach, would substantially broaden the application of
defect-containing Zr-MOFs - especially in the realm of electroche-
mically driven energy conversion where, for example, hydroxide

This journal is © The Royal Society of Chemistry 2024
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and bicarbonate may feature prominently in aqueous electrolytes
for oxygen evolution and carbon dioxide reduction. Regardless, we
suggest that increased understanding of the chemical nature and
promise of defects, together with enhanced control over their
density and siting, will translate to increasingly sophisticated
and/or useful demonstrations of applications, especially applica-
tions directed toward challenging energy- and environment-related
problems.

Finally, advances in the techniques that are capable of
characterizing defects in MOFs, including the real-time observa-
tion of defect formation, will further enhance our understand-
ing of defect structure, defect siting, and defect evolution.*”***
Overall, we believe that more and more opportunities in utiliz-
ing defective Zr-MOFs and related materials in energy-related
and environmental applications will emerge, and these materi-
als will be integrated into practical devices or units in the near
future.
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