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Defect-containing metal—organic framework
materials for sensor applications
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Defective metal—organic framework (MOF) materials exhibit remarkable potential across diverse fields such
as adsorption, electrocatalysis, and electrochemical sensors due to their exposed massive active sites,
defective microstructure, exceptional porosity, substantial specific surface area, and unoccupied metal
ligand sites. Herein, the working principles of defect construction, defect mechanism, and defect
application of MOFs are first briefly summarized. Therefore, this review enables researchers to be
inspired to design defective MOFs for electrochemical sensor applications, which is analyzed to establish
a relationship between defect construction, electronic structures, and electrocatalytic performance. To
address the current challenging issues of electrochemical sensors, various emerging defect strategies are
finally prospected and potential avenues for utilizing defects to enhance sensor technologies are pointed

rsc.li/materials-a

1. Introduction

In recent years, MOFs have gained widespread attention for their
distinctive mechanical, electrochemical, and optical properties,
which make them highly promising for various applications,
including water electrolysis for hydrogen production, electro-
chemical sensors, and supercapacitors.™ Since Yaghi et al®
discovered MOFs in 1999 (Fig. 1b), MOFs have garnered wide-
spread attention among researchers due to their outstanding
characteristics, including large specific surface area, tunable
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out, providing valuable references for future research.

pores, designable crystal structures, and abundant active sites.®
Despite their remarkable properties, MOFs face numerous limi-
tations in electrochemical sensor applications due to their ordered
crystalline framework, consisting of metal ions and organic
ligands, which can limit MOF adaptability to diverse analytes and
sensing conditions, reducing their versatility.” Furthermore, pris-
tine MOFs lack intrinsic active sites and constrain the electro-
chemical sensitivity, particularly in detecting low-concentration
analytes or achieving rapid responses.”” To address these limita-
tions and enhance the sensing capabilities of MOFs, researchers
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have explored various modification methods, including function-
alization with different organic groups, metal doping, incorpora-
tion of guest molecules, and defect engineering strategies.’®
Functionalization with organic groups, such as carboxylic acids or
amine groups, can introduce additional functional sites on
surfaces of MOFs, thereby improving their interactions with target
analytes. Metal doping involves the substitution of some metal
ions within the MOF framework with others, resulting in alter-
ations to the electronic structure and enhanced reactivity. The
incorporation of guest molecules into MOF pores creates specific
binding sites for analytes, thereby enhancing selectivity. Among
these strategies, defect engineering,* as depicted in Fig. 1a, has
increasingly gained researchers' favor over other modification
methods, which not only provides much more active sites
compared with alternative approaches,” but also stands out in
electrochemical performance due to its precision, controllability,
and wide applicability.” Defect engineering has attracted
increasing attention from researchers in various applications such
as adsorption, electrocatalysis, and electrochemical detection and
has gradually become the preferred choice for MOF modification.

Active defects in MOFs are distinct from the reconstruction
process caused by external factors, or internal structural instability
in the coordinated environment. These defects are intentionally
introduced into MOFs through deliberate and precise design and
control. Defective MOFs can be categorized into two main types:
metallic defects, which involve the absence of a metal cluster or the
substitution of certain metal ions with others in the framework,>
and conversely, ligand defects,"*** which occur when organic
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ligands are absent or replaced by other small molecules.>**® This
approach revolves around introducing controlled defects, which
play a pivotal role in finely tuning structural,® electronic,* and
various other characteristics of MOFs.****” Defective MOFs present
several advantages: (1) expanded surface area and reactivity: defect
engineering significantly provides additional adsorption and active
sites for target ions to interact with due to the enhanced surface
area, which facilitates a more efficient adsorption process;"*™* (2)
abundance of anchoring sites: these additional anchoring sites
enable the loading of a greater variety and quantity of MOFs,
contributing significantly to enhanced sensing performance;'*" (3)
expanded sensing range: defects in MOFs significantly alter
atomic-level structure-property relationships.’®** The presence of
defect sites dramatically enhances the permeability of guest
molecules,”?® including large organic species, through the MOF
framework.>?* Furthermore, defects enhance charge transport
properties of MOFs, further improving their sensing
capabilities.***

Researchers have increasingly employed defect engineering
strategies to enhance MOFs' performance across various
applications."**** However, compared with gas adsorption and
electrocatalytic reactions, the use of defect MOFs in sensor
applications has received less attention.'****° In this review, we
focus on the recent developments in using defective MOFs for
optical and electrochemical sensors. The definition, advantages
and creation of defectives are summarized. In addition,
a comprehensive survey of defective MOF applications for
sensors is provided. The design and the primary limitations of
defective MOFs for sensor applications, as well as potential
avenues for future resolution are analyzed and studied. This
review intends to explore potential development prospects of
defective MOFs and their derivatives in the field of sensors.

2. Construction and characterization
of defective MOFs

Defect engineering can lead to increased adsorption sites,*®**
improved catalytic performance,* and enhanced sensor sensi-
tivity,"* and there are many ways to introduce defects into the
MOF lattice.
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Fig.1 (a) The number of published research articles for the application of defective MOFs in sensing, catalysis, and adsorption fields (data source:
Web of Science, retrieved: August 20, 2023). (b) Development of defective MOFs, MOF-5, reproduced with permission.> Copyright, 1999, Nature.
Defect schematic, reproduced with permission.°® Copyright, 2023, Elsevier. Defective UIO-66, reproduced with permission.**2 Copyright, 2015,
Wiley-VCH. Constructing defect MOFs via diverse approaches, reproduced with permission.*** Copyright, 2017, Elsevier. Catalytic applications of
defective MOFs, reproduced with permission.*** Copyright, 2019, Wiley-VCH. And a defective MOF sensor, reproduced with permission.®*

Copyright, 2023, Elsevier.

With the continuous development of defect engineering for
MOFs, the theory of defect construction has become more and
more refined. These classifications can be broadly categorized
into “de novo synthesis (DNS)****” and “post-synthetic treatment
(PST).>***” Recent cases of using DNS and PST to construct
defective MOFs are shown in Table 1.

2.1 DNS

2.1.1 Defect engineering via carboxylic acid modulation.
Carboxylic acids including acetic acid (AA),* benzoic acid (BA),*
difluoroacetic acid (DFA),*® trifluoroacetic acid (TFA),"”® and

40 | J Mater. Chem. A, 2024, 12, 38-58

others are frequently employed as modulators to introduce
defects in MOFs. The acid modulation reaction commences
with the rapid formation of metal clusters, initially capped by
a soluble, distinct modulator. These clusters are subsequently
orchestrated into the final 3D structure through reversible
ligand exchange with covalently linked acids.*** In this
process, the applied modulators actively participate in the
reaction and become integrated into the resultant MOF struc-
ture, giving rise to the emergence of structural defects. However,
in specific scenarios, these defect-inducing modulators can be
eliminated post-synthesis through thermal activation, thereby
unveiling the exposed metal sites of the Lewis acid.”* Shearer

This journal is © The Royal Society of Chemistry 2024
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Table 1 Synthesis methods and applications of recently defective MOFs
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Defect name Typical strategies Defect construction methods Application areas References
UIO-66 DNS Mixed linker Electrode 120
MOF-74 DNS Mixed linker CO, capture 123
UI0-67 DNS Modulation method Gas adsorption 119
MOF-801 PST Solvent-assisted linker exchange Hydrogen restore 121
ZIF-8 DNS Modulation method Sensor 122
HKUST-1 PST Post-synthetic heat treatment Catalytic conversion 118

et al.> explored the impact of carboxylic acid modulators on
defect formation within UiO-66. The differences in the structure
and composition between the ideal UiO-66 unit cell and those
exhibiting missing cluster/linker defects, resulting from the
modification, are depicted in Fig. 2a. Their findings revealed
that the predominant defect type was cluster defects, and these
defects could be controlled by adjusting the acidity and
concentration of the modulators.

Feng et al.>® team corroborated the previous research on
defect synthesis using a modulator approach, employing r-
proline to synthesize UiO-66 and introduce chiral active sites.
Fig. 2b illustrates this process. The modified Zr-MOFs displayed

enhanced catalytic activity and diastereoselectivity in aldol
reactions, partially attributed to the introduced defects within
the MOFs. Peng et al.*” emphasized the vital role of the modu-
lator approach. They successfully synthesized highly defective
UiO-66 by incorporating monocarboxylic acids, partially
replacing linkers. Subsequent high-temperature treatment
removed modulators, creating multiple open sites within the
MOF structure. These defect-induced enhanced adsorption
properties effectively removed antimony from real water
samples (Fig. 2c).

2.1.2 Defect generation via mixed-linker architectures. The
mixed linker approach, also a widely adopted strategy in the
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Fig. 2 (a) Synthesis of UiO-66 using L-proline as a modulator. Reproduced with permission.®> Copyright, 2018, Elsevier. (b) Varied adsorption in

defect MOFs with different modifiers. Reproduced with permission.>®* Copyright, 2022, Elsevier. (c) Differences in ideal vs. defective UiO-66 unit
cells. Reproduced with permission.#” Copyright 2016, American Chemical Society.
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DNS methods,” involves directly combining two or more
organic ligands as precursors during synthesis.*® This concise
and versatile method allows for the intentional introduction of
defects, offering new possibilities for tailoring material
properties.>”"°

Using a mixture of ligands, Epp et al.*® synthesized Ru-based
MOFs and subsequently explored defect formation in MOFs
initiated by crystal growth rates during different synthesis
procedures. They systematically investigated the impact of
these defects on the structure, morphology, and properties,
including catalytic performance, while also studying how
various synthesis methods influence the morphologies of
MOFs. The change in catalytic properties after the introduction
of defects is shown in Fig. 3a. Fan et al.>* applied a mixed-linker
defect engineering technique to synthesize Cu(i)-enriched
MOFs of the Cu-BTC type. During synthesis, they substituted
a portion of the parent linker with truncated pyridine-3,5-
dicarboxylate, creating Lewis basic pyridyl sites and reducing
carboxyl coordination sites. This modification resulted in the
formation of mixed-valence Cu(1)-Cu(u) paddlewheels within
the defect-engineered CuBTC structure (Fig. 3b). In another
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study, Yu and colleagues® used a mixing ligands strategy with
Zn”" ions, yielding MOF-derived ZnO nanoclusters with tunable
surface oxygen vacancies through annealing. Their findings
suggest that coordinate competition can introduce additional
unsaturated metal sites in MOFs, resulting in more oxygen
vacancies in derived materials. Creating defects in MOFs by
mixing the original linker with a second lower-topology linker is
a common construction method. Villajos J. A., et al.®* used this
approach to synthesize MOFs-74. Higher pK, and an increased
modulator concentration resulted in more defects, providing
a simple way to introduce functional sites. As shown in Fig. 3c,
a combination of three ligands effectively bound Co ions in the
synthesized Co-MOFs-74, generating numerous defects within
the material. Therefore, it is an effective means to improve the
catalytic and detection performance of MOFs by optimizing
ligands.

2.1.3 Defect generation via rapid synthesis. The utilization
of rapid crystallization techniques, namely microwave-assisted
synthesis and high precursor concentration, holds the key to
promoting swift MOF crystal formation and effectively intro-
ducing defects. These approaches play a crucial role in
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Fig. 3 (a) Schematic illustration of the mixed-linker approach. Reproduced with permission.®® Copyright, 2021, Royal Society of Chemistry. (b)
Defective HKUST-1 synthesized via the mixed-linker approach. Reproduced with permission.>* Copyright, 2020, Wiley-VCH. (c) Generation of
structural defects in a MOFs-74 structure by partial linker substitution. Reproduced with permission.®2 Copyright, 2019, Frontiers.
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facilitating rapid crystallization while enabling the controlled
generation of defects within the MOF crystals.®® Chaemchuen S.
et al.* further corroborated this notion, as they emphasized the
importance of defect formation induced by the synthesis
procedure in MOFs, which delved into the influence of crystal-
lization rate on MOF morphologies and properties, validating
the pivotal role of rapid crystallization techniques such as
microwave-assisted synthesis and high precursor concentration
in enabling controlled defect generation within MOF crystals.
As depicted in Fig. 4d, due to the brief synthesis time and rapid
reaction rate of microwave-assisted hydrothermal synthesis,
certain metal clusters and ligands fail to connect, resulting in
the formation of numerous defects highlighted in yellow.
Karimi et al.®® recently harnessed ultrasonic radiation to
synthesize Ce-UiO-66 MOFs with substantial defects, a key
factor in enhancing their catalytic performance. Fig. 4b offers
a concise overview of these two distinct synthesis methods. The
selection of a specific synthesis technique significantly impacts
crystal size and defect formation. Crystallization from a quies-
cent solution tends to produce more extensive crystals, while

View Article Online

Journal of Materials Chemistry A

agitation can result in smaller crystals with increased defect
density. These factors underscore the importance of method
choice in tailoring MOF properties for optimal performance.®

Rapid synthesis of defective MOFs using solvent-free
methods has been favored due to their greenness and
rapidity. Ye et al® introduced an environmentally friendly
method for rapidly synthesizing solvent-free bimetallic UiO-
66(Hf-Zr) MOFs, which exhibited highly dispersed Hf/Zr-OH
defect sites. Theoretical calculations showed that rapid
synthesis led to an increase in defects (Fig. 4a). The high-
concentration, solvent-free synthesis conditions could also be
one of the contributing factors to the increased defect forma-
tion. Jerozal et al.*** demonstrated that UIO-66 based on Zr or Hf
can autonomously assemble in high-concentration solutions
(Fig. 4c). Moreover, in comparison to traditional synthesis
methods, the resulting MOFs exhibited a higher prevalence of
valeric acid defects. In addition, the fast crystallization time
may lead to the assembly of incomplete MOF products, which
are inherently more defective than MOF crystals synthesized by
slow reactions.®®
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Fig. 4 (a) The difference in Gibbs free energy at different synthesis speeds. Reproduced with permission.®” Copyright, 2021, Elsevier. (b)
Differential SEM characterization of Ce-UiO-66 synthesized via reflux and sonochemical methods. Reproduced with permission.®®> Copyright,
2021, Elsevier. (c) Varied characterization and performance in high-concentration synthesis. Reproduced with permission.*®* Copyright 2022,
American Chemical Society. (d) Schematic: fast microwave synthesis of defective MOFs. Reproduced with permission.®* Copyright, 2017,

Elsevier.
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2.2 PST

2.2.1 Defect generation via the solvent-assisted linker
exchange method. Constructing defects through PST represents
a compelling alternative approach. Various methodologies have
been successfully employed to introduce mesoporous charac-
teristics into MOFs. Various techniques are employed,
including stepwise ligand exchange, chemical etching, thermal
decomposition, and phase transformation.®® Among these,
solvent-assisted linker exchange (SALE)” is a prominent and
well-established post-processing strategy (Fig. 5d), which
essentially involves the substitution of MOF linkers with suit-
ably modified or catalytic precursor linkers, subsequently
immersed in an appropriate solvent.” Kang et al.”*> successfully
synthesized mesoporous Cu(u)-MOFs, MFM-100, using the
SALE method. Scanning electron microscope images (Fig. 5b)
clearly illustrate that the morphology of the standard MOFs
synthesized significantly differs from that of the MOFs treated
with the SALE method. This research employed the SALE
method to intentionally introduce crystal defects, emphasizing
their role in reshaping the MOFs' structure. As a result, the
modified MOFs exhibited exceptional catalytic activity in
alcohol oxidation, yielding both high yields and stability.
Shearer et al.”® employed the SALE method to synthesize highly
porous and defective UiO-66 MOFs. They also introduced the
monoethanolamine moiety into the framework through post-
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synthetic treatment, replacing bulky benzoate ligands with
formate, as depicted in Fig. 5a.

Sanchita Karmakar et al'® utilized the SALE method to
synthesize defective MOF-808-PBA. This intricate integration of
methyl viologen generated a sophisticated donor-acceptor
composite, akin to an artificial “special pair” at the molecular
level (Fig. 5c). This approach allowed for the creation of
a unique and advanced molecular structure. Jiang et al.'°®
introduced a groundbreaking solvent-free and environmentally
friendly approach called mechanochemistry-assisted linker
exchange (MALE) for post-synthetic modification of MOFs. This
innovative method, conducted at room temperature, offers
a sustainable alternative to the commonly employed SALE
technique. Demonstrated by the efficient exchange of linkers in
ZIF-8 using the imidazole-2-formaldehyde (Im-CHO) ligand
(Fig. 5e), MALE showcased remarkably faster and more efficient
reaction rates compared to traditional SALE. The versatility of
the MALE method extended to UiO-66 and diverse functional
ZIF-8 analogs, exemplified by ZIF-8/Br, ZIF-8/CF;, ZIF-8/CH,OH,
ZIF-8/Cl, and ZIF-8/Et. Notably, ZIF-8/CF; exhibited enhanced
kinetic gas separation performance for C3Hes/C3Hg mixtures.

2.2.2 Defect generation via the acid etching method. One
method of treating MOFs to introduce defects through acid or
base treatment is known as the post-synthetic acid-base treat-
ment approach. In a similar vein, Yang et al.”* employed the
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Fig. 5 (a) Molecular structure of defective MOFs with L-serine ligand substitution. Reproduced with permission.”> Copyright 2016, American

Chemical Society. (b) Differences in SEM images of MOFs under different synthesis conditions. Reproduced by permission.”? Copyright, 2019,
Nature. (c) Constructing MOF-808-PBA as the donor, exchanging linkers, and adding MV as the electron acceptor for MOF-808-PBA-MV.
Reproduced with permission.*®> Copyright, 2023, Nature. (d) Crystal generation: common MOFs (above) vs. SALE method (below). Reproduced
with permission.*** Copyright 2022, American Chemical Society. (e) Schematic diagram of the MALE method. Reproduced with permission.1°¢
Copyright, 2023, Elsevier.
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monocarboxylic acid etching strategy to introduce defect engi-
neering in Zr-based UiO-66 MOFs, transforming them into
hierarchical porous counterparts. This defect engineering
process, illustrated in Fig. 6a, evolves with different etching
times, removing partial ligands and metal clusters to create
mesopores within the MOFs. The precise control of MA
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concentration and reaction temperature allows tailored
manipulation of textural attributes such as pore size distribu-
tion, surface area, and pore volume. These hierarchically porous
MOFs, a product of defect engineering, inherit the exceptional
stability of UiO-66 and exhibit remarkable adsorption behavior
toward enzymes of varying sizes.
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2.2.3 Defect induction via thermal treatment. Thermal
treatment is another commonly used method for constructing
defects. Szanyi and collaborators”™ ascertained that through
postsynthetic thermal treatments, Cu(u) dimers within the
HKUST-1 framework can undergo reduction to Cu(r). This
transformation engenders the formation of defects, resulting in
the coexistence of Cu(1) and Cu(u) entities within the hybrid
architecture. Moreover, these processes augment the pop-
ulation of active sites within the material, leading to enhanced
catalytic performance. Furthermore, alongside alterations in
the metal clusters, thermal treatment frequently induces
modifications in the ligand constituents within the MOF
structure, consequently giving rise to the emergence of struc-
tural defects. Liang et al'® introduced defects into a poly-
oxometalate-based MOF through controlled thermal treatment
(Fig. 6b). This defect engineering resulted in the creation of
Lewis acid sites at metal nodes and Lewis base sites on the
polyoxometalate's surface. These structural modifications,
made possible by the compatibility between the poly-
oxometalate and MOF, had a significant impact. The resulting
MOF, strategically endowed with defects, exhibited a substan-
tial improvement in catalytic activity in acetylene semi-
hydrogenation. This enhancement can be attributed to the
synergistic effects of these defects. Wang et al.”® innovatively
introduced tunable coordinative defects in UHM-3 surface-
mounted MOFs. Using a room-temperature liquid phase
epitaxy method, they created highly homogeneous UHM-3 MOF
thin films on a solid substrate with minimal defects. Subse-
quently, controlled thermal post-synthetic treatment induced
Cu(r) defect sites, strategically enhancing MOF properties
(Fig. 6¢). In a similar study, Feng et al.**® employed thermal and
post-synthetic treatments to enhance the catalytic performance
of UiO-66 by introducing defects into the framework. Through
controlled heat treatment and treatment in H,SO,, they created
a highly defective UiO-66 material, denoted as HI-UiO-66-SO,
(Fig. 6d). This synthesis maintained a three-dimensional UiO-66
network, with the highest defect concentration also correlating
with the highest stability. The highest defect concentration not
only exhibited superior stability but also demonstrated
outstanding catalytic performance.

2.2.4 Defect introduction via the ultrasonic-assisted
method. In a study by Massahud and colleagues,'” they
explored the manipulation of MOF properties through defect
engineering. However, achieving defects in ZIF-8 is challenging
due to its stability. The researchers found that applying high-
frequency hybrid acoustic waves in a liquid pressure medium
can induce permanent structural changes in ZIF-8 crystals. This
process enhances the diffusive transport of guest molecules,
expanding the pore framework and creating defects (Fig. 6e). It
demonstrates the potential for tailored defect engineering in
MOFs through acoustic exposure time and practical application,
including solvent-assisted ligand exchange for various crystal
sizes, while preserving framework porosity and structural integ-
rity. Building upon the concept of manipulating MOFs through
defect engineering, a subsequent breakthrough study by Zheng
and team™* delved into the realm of precisely tuning catalytic
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properties using innovative techniques. They explored the fasci-
nating realm of defect engineering within MOFs to precisely tune
their catalytic properties. To achieve precise defect control, they
employed a cerium-based MOF (CeTCPP) decorated with gold
nanoparticles. Ultrasound irradiation of these gold nanoparticles
selectively converted one-third of the original Ce*" nodes into
Ce", inducing structural irregularities in the CeTCPP-Au frame-
work. This reconfiguration hindered electron-hole recombina-
tion, ultimately enhancing the production of reactive oxygen
species. These favorable defects improved the selectivity against
Staphylococcus aureus and Escherichia coli, showing promise for
osteomyelitis therapy (Fig. 6f).

DNS is the method that involves the incorporation of active
sites directly into the MOFs' structure during the synthesis
process. This is achieved by introducing unstable small mole-
cule ligands that can be easily removed before catalysis, leaving
behind coordinated unsaturated metal ion centers. DNS is
known for its convenience, as it streamlines the process of
introducing defects during MOF formation. It is particularly
useful when specific defect types or configurations are desired.
However, one limitation of DNS is that it may lack precise
control over the final configuration of the defects, and the
outcome can sometimes be unpredictable.”

In contrast, PST is an approach that aims to introduce
defects or functional groups after the MOFs' formation. This is
achieved by employing various techniques under extreme
conditions, such as harsh washing, ball milling, acid treat-
ments, or plasma treatment. PST provides a high degree of
control over the type and location of defects introduced into the
MOFs. It allows for tailored defect engineering while preserving
the original MOF structure and stability. PST is particularly
effective when precise control over defect characteristics is
essential for specific applications.

Both DNS and PST have their merits and considerations. The
choice between them depends on the specific application and
the desired level of control over defect characteristics in the
MOFs. DNS offers convenience during MOF synthesis, while
PST provides precision in defect engineering. Understanding
the mechanisms underlying these synthesis methods is crucial
for advancing research on MOF synthesis.

2.3 Characterisation of defective MOFs

To attain a comprehensive understanding of the defect coor-
dination environment within MOFs, it is imperative to provide
a detailed overview of characterization techniques. These tech-
niques play a crucial role in revealing valuable insights into
various aspects of defect sites, including their type, location,
and quantity."* Various techniques have been employed to
detect defects in MOFs, primarily including X-ray diffraction
(XRD), high-resolution transmission electron microscopy
(HRTEM), thermal gravimetric analysis (TG), nuclear magnetic
resonance (NMR), Fourier transform infrared spectroscopy
(FTIR), electron paramagnetic resonance (EPR), and more.
XRD is a key technology for identifying lattice defects in
MOFs, used to detect anomalies such as vacancies, dislocations,
or other lattice irregularities. This method hinges on analyzing

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) XRD images with some missing linker defective UiO-66. Reproduced with permission.*?> Copyright, 2019, Elsevier. (b) An NMR map of
MOF-74 in the presence of a formate deficiency. Reproduced with permission.*?” Copyright, 2023, Nature Communications. (c) EPR spectra of
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Reproduced with permission.*?® Copyright, 2023, Elsevier. (f) TGA plots of body weight loss by UiO-66, UiO-66-TFA, and UiO-6-6-HCL

Reproduced with permission.*?® Copyright, 2023, Elsevier.

the diffraction patterns arising from X-ray interactions with the
crystalline matrix of MOFs. Perturbations in these patterns due
to lattice defects are discernible through meticulous analysis.
Zhang et al., employed XRD to detect missing linker defects in
modified UiO-66, which was evidenced by the deviation in
diffraction patterns, most notably a broad peak at 26 = 5-7 °C,
divergent from that of standard UiO-66, as elucidated in
Fig. 7A.'>

NMR spectroscopy serves as a robust tool for detecting and
quantifying molecular-level defects in MOFs, particularly in
discerning variations in functional groups and linkers. Anom-
alies in the NMR spectrum, such as shifts in peak positions,
indicate the presence of defects. In recent research, Fu et al.
leveraged solid-state 2H NMR on MOF-74, uncovering formate
defects originating from DMF. This was inferred from a distinct
broad 2H quadrupolar pattern, as delineated in Fig. 7B.**”

EPR spectroscopy is instrumental in the identification of
paramagnetic defects, such as unpaired electrons or oxygen
vacancies within MOFs. EPR mainly determines the formation
of defects via the interaction strength between magnetic
moment and electromagnetic radiation. Peng et al. utilized EPR
to probe oxygen vacancies in MOFs, observing symmetrical
signals around 3510 G in UiO-66-TFA, the hallmark of oxygen
vacancies, as depicted in Fig. 7C."

This journal is © The Royal Society of Chemistry 2024

HRTEM offers a profound visualization of the microstruc-
ture of MOFs, including explicit characterization of lattice
defects. It provides high-resolution imagery that elucidates the
location, morphology, and density of defects. Chen et al
utilized HRTEM to examine ZIF-7 samples, unearthing voids
indicative of structural defects, as shown in Fig. 7D.**®

FT-IR spectroscopy is a pivotal method for detecting struc-
tural defects in MOFs by scrutinizing vibrational modes. Alter-
ations in the FT-IR spectrum, such as the broadening or shifting
of peaks, are suggestive of defects. Kar et al. compared the FT-IR
spectra of UIO-66 and UIO-66def, which revealed marked
discrepancies, particularly in the -CO stretching peak at
1663 cm™ ', indicative of structural defects, as evidenced in
Fig. 7E."*

TGA is an essential technique for identifying defects in
MOFs, achieved by analyzing weight loss patterns correlated
with defect density. It methodically tracks weight loss during
thermal treatment, with deviations from expected patterns
signaling the presence of defects. Peng et al. employed TGA to
evaluate the thermal stability of MOFs, which indicated the
higher incidence of ligand defects in UiO-66-TFA compared to
UiO-66-HC], as illustrated in Fig. 7F."*°

Beyond the primary characterization techniques outlined
earlier, an array of supplementary methods stands to augment
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our comprehensive understanding of defects in MOFs. These
additional techniques include high-resolution neutron powder
diffraction (HRNPD),"*® electrospray ionization mass spec-
trometry (ESI-MS),** atomic force microscopy (AFM),"*? and
confocal fluorescence microscopy (CFM),*** alongside the stra-
tegic integration of multiple approaches. Each of these methods
provides distinct and invaluable insights into the nature,
distribution, and typology of defects within MOFs, thereby
enriching our understanding of their structural complexities.

At its core, the characterization of structural defects in MOFs
is a multifaceted task that demands the deployment of a diverse
spectrum of analytical tools, each grounded in unique opera-
tional principles. By harnessing the strengths of these primary
and supplementary techniques, researchers are equipped to
construct a holistic view of defective MOF architectures. This
enriched perspective is pivotal in demystifying the intricate
ways in which defects influence the properties and applications
of MOFs, thereby catalyzing progress in the realm of MOF
research.

3. Defective MOFs: advancing sensor
innovations

Introducing defects into MOFs has become an effective strategy
for improving their detection performance. This seemingly
counterintuitive approach is underpinned by a range of intri-
cate mechanisms that collectively contribute to the improved
sensing capabilities of these materials.”® Defect sites can
introduce additional active sites that increase the material's
capacity for adsorption and reactivity with the target molecule,
thereby enhancing its performance. However, it is important to
acknowledge that these defect sites may also lead to structural
instability in the material, which can reduce its overall dura-
bility and long-term viability.” Researchers must carefully
balance the trade-off between the performance improvements
gained through defect engineering and the potential conse-
quences of structural instability.

Defects in MOFs can create localized disruptions in the
regular crystalline structure, leading to a myriad of effects that
synergistically amplify detection performance.®® One key
mechanism is the increased availability of active sites. Defects
often create vacant sites or unsaturated metal centers, serving
as preferred binding sites for target analytes. This enhanced
availability of binding sites facilitates a higher degree of inter-
action between MOFs and analyte molecules, leading to
heightened sensitivity in detection. Furthermore, defects can
significantly alter the surface properties of MOFs. These struc-
tural irregularities translate into a larger surface area, effectively
providing more room for molecules to adsorb and participate in
chemical reactions. As a result, MOFs with defects can accom-
modate a larger quantity of analytes, leading to amplified
signals and improved detectability.**

The introduction of defects can also influence the diffusion
kinetics of molecules within the MOF framework. Defects can
create more accessible diffusion pathways, enabling faster and
more efficient movement of analytes to active sites.*” This
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streamlined diffusion enhances the response time of the
sensing process, allowing for rapid and accurate detection.
Another critical aspect is the modulation of electronic proper-
ties.®* Defects can introduce energy levels within the MOFs'
electronic band structure, leading to altered charge transfer and
electronic interactions.*® These changes can enhance the
affinity of the MOFs for specific analytes, resulting in increased
selectivity and sensitivity.*®

However, it's essential to note that defects can induce
structural strain, which imparts mechanical flexibility to MOFs.
While this flexibility can enable conformational changes upon
analyte binding, leading to a measurable signal change that is
essential for certain sensing mechanisms, it can also contribute
to the overall structural instability of the material. This poten-
tial instability may limit the material's long-term viability and
durability.*®

Importantly, defects can be tailored and engineered to elicit
specific responses to target analytes.*””*® Through deliberate
defect design, researchers can customize MOFs for diverse
applications, spanning environmental monitoring to medical
diagnostics. In conclusion, the introduction of defects in MOFs
represents a sophisticated approach to boost detection perfor-
mance, but it should be approached with careful consideration
of the potential trade-offs. Through mechanisms such as
increased active sites, enhanced surface area, altered diffusion
kinetics, and modified electronic properties, defects synergis-
tically enhance the interactions between MOFs and analytes.
This results in improved sensitivity, selectivity, and response
time, making defect-engineered MOFs highly promising for
advanced sensing technologies.

3.1 Advanced biosensing

Biological molecules are fundamental building blocks that
underpin the complexity and functioning of living organisms.
Understanding and analyzing these molecules are crucial for
various scientific disciplines, from medicine and biotechnology
to environmental monitoring and food safety. As the intricacies
of biological processes continue to be unraveled, the need for
sensitive and specific detection methods becomes increasingly
apparent. Biosensing, which accurately detects and quantifies
biological molecules, is now vital in modern research and
applications. Defective MOFs have garnered significant atten-
tion due to their substantial specific surface area, rendering
them promising candidates as carriers for nanocrystal immo-
bilization, thus emerging as prospective materials for the
detection of small biological molecules.

Tian et al.”® utilized a diverse ligand synthesis approach to
create an efficient electrochemical autosensing method for
Staphylococcus aureus detection. They employed mixed ligands
to synthesize copper-based metal-organic frameworks encap-
sulated with Cu,O nanocrystals (ML-Cu,0@Cu-MOFs). These
nanospheres, featuring multiple Cu valence states and a defect-
rich crystal structure, exhibited high catalytic activity for thia-
mine hydrochloride and hydrogen peroxide (H,0,) assays. The
sensor demonstrated low detection limits for thiamine hydro-
chloride and H,0,, along with robust stability and

This journal is © The Royal Society of Chemistry 2024
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reproducibility (Fig. 8d). This biosensor based on ML-
Cu,O@Cu-MOFs offers a promising approach for foodborne
bacteria analysis and food safety assessment. Lu et al.'*> devel-
oped a fluorescence-based method for quantitative chloram-
phenicol (CAP) detection using Cu/UiO-66, a bimetallic organic
framework nanomaterial. Fig. 8a illustrates the concept of
performance improvement before and after defect introduction.
They employed double-labeled aptamers of CAP with phosphate
and the fluorescent dye 6-carboxy-x-rhodamine (ROX). In the
absence of CAP, Cu/UiO-66 quenched ROX fluorescence via
photoinduced electron transfer. However, the presence of CAP
induced a change in the aptamers’ spatial structure, leading to
ROX fluorescence recovery. This method demonstrated high
sensitivity, selectivity, and a low detection limit of 0.09 nmol
L', enabling precise CAP quantification. Enzyme immobiliza-
tion enhances enzyme stability and activity by affixing them to
a carrier. This technique improves biosensor sensitivity in
complex environments, expanding its effectiveness in detecting
a wider range of analytes (Fig. 8c depicts common methods of
immobilizing enzymes using defective MOFs). However,
conventional carrier materials might encounter limitations in
certain scenarios, where in this interdisciplinary field, defect-
engineered MOFs are emerging as a novel class of materials.
In a related study, Feng et al.** present an innovative dynamic
strategy for enzyme immobilization within MOFs to address
challenges in industrializing bioactive molecules. This
approach leverages enzyme-mediated MOF dissociation, with
enzymes acting as “macro ligands,” competing with original
ligands. This competition triggers metal cluster release within
MOFs, generating defects and facilitating gradual enzyme
transport from surface to interior. Consequently, various
enzymes can efficiently immobilize within MOFs, creating
composites with robust enzymatic activities, protection, and
high reusability (Fig. 8b). This method revolutionizes enzyme
immobilization and enables efficient multienzyme bioreactors
for cascade reactions. Meanwhile, in another sensor study that
investigated enzyme concentration, Shao and colleagues'*
demonstrated a novel approach to tackle the challenges of
conductivity and emission efficiency in MOFs, which often limit
their effectiveness in electrogenerated chemiluminescence
(ECL) sensing applications. They achieved this by ingeniously
combining an electroactive linker (H,-TCPP) with an ECL-active
electrogenerated chemiluminescence linker (H,-TBAPy),
resulting in the creation of mixed-linker defective ML-MOFs
with significantly enhanced photoelectrochemical activity
(Fig. 8e). Notably, the leading ML-MOF variant, denoted as M6-
MOFs, exhibits a remarkable 15.4-fold improvement in ECL
performance compared to single-linker MOFs. Equally impres-
sive is the M6-MOFs' ECL efficiency, which boasts a remarkable
73-fold enhancement over commercial Ru(bpy);>". This excep-
tional enhancement is attributed to the synergistic interplay
between the two distinct linkers. Remarkably, researchers
leverage M6-MOFs as a potent ECLphore, showcasing their
capacity for sensitive and selective a-glucosidase detection. The
applicability of this system extends to human serum samples,
offering promising practicality. This work not only pioneers the
advancement of MOFs' conductivity and ECL efficiency through
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strategic linker amalgamation and bandgap manipulation but
also underscores the immense potential of defect-engineered
MOFs for advanced ECL sensing applications.

3.2 Enhanced chemical sensing

Chemical molecules, both natural and synthetic, surround us in
our daily lives and profoundly impact human health and the
environment. The potential hazards posed by these molecules
demand vigilant monitoring and accurate detection methods.
Analyzing and identifying harmful chemical species is critical
for ensuring public safety, environmental preservation, and the
quality of various products. As scientific knowledge continues to
evolve, the need for enhanced chemical sensing technologies
becomes increasingly apparent. These innovative sensing
methods hold the key to more effectively and efficiently
detecting hazardous chemicals, leading to improved risk
assessment, timely interventions, and better mitigation
strategies.

Sha and his team®* (Fig. 9b) focused on constructing defect-
engineered MOFs with histidine-functionalized active sites
(His-MIL-101) by the missing linker strategy. His-MIL-101 with
a histidine unit in the iron active site exhibited double the
peroxidase-like activity of parent MOFs. The introduction of
histidine increased the specific surface area and provided an
optimized electronic structure for active sites, promoting the
generation of active intermediates (hydroxyl radicals). A His-
MIL-101-based colorimetric biosensing platform was designed
to accurately detect metallothioneins, demonstrating a wide
detection range from 20 nM to 50 uM and a low detection limit
of 10.49 nM.

Researchers led by Wu developed high-performance
humidity sensors using ionic liquid-modified MOF-derived
polymer films.*

The preparation of the material and the mechanism of
humidity detection are shown in Fig. 9c. By introducing defect
engineering, they uniformly incorporated the ionic liquid
ligand into the frameworks of UIO-66, resulting in a significant
enhancement of hydrophilicity in the sensing materials. These
defects enhanced adsorption and desorption properties,
enabling the synthesis of functional MOF-based films via in situ
photoinduced thiol-ene click reactions. The humidity sensor
excelled in the 5% RH - 30% RH range, showing minimal
hysteresis (approximately 0.2% RH) and rapid response/
recovery times (0.6 s/1.7 s). Missing-linker defects facilitate
analyte desorption kinetics, resulting in faster sensor recovery.
Zhang et al.*® developed a method to fabricate microporous
MOFs as efficient chemical sensors. They assembled UiO-66
crystals with controlled sizes and introduced missing-linker
defects to create MOF optical sensors with adjustable optical
properties. The sensors displayed rapid response (2.00 s) and
short recovery times (3.00 s) to ethanol vapor. Mesoporous
features significantly improved sensitivity (~24.6% for satu-
rated ethanol vapor), response speed (~42.9%), and recovery
speed (~59.7%) compared to dense counterparts. Crystal size
mildly influenced response speed but had a more profound
effect. Crystal sizes mildly influence response speed but

This journal is © The Royal Society of Chemistry 2024
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allothionein detection. Bottom: Synthesis of His-MIL-101. Reproduced with permission.®* Copyright, 2022, Elsevier. (c) Top: Humidity sensing
mechanism. Bottom: MOF-based polyelectrolyte synthesis. Reproduced with permission.®> Copyright, 2022, Elsevier.
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profoundly affect it. Similarly, under the guidance of defect
engineering, Kang and their colleagues® successfully synthe-
sized highly stable 3D MOFs, namely DUT-67(Hf) and DUT-
67(Zr), through a solvothermal reaction. These defect-rich
MOFs demonstrated excellent proton conductivities and were
employed as highly sensitive room temperature sensors for
detecting ammonia. Under various relative humidity conditions
(68%, 85%, and 98% RH), the sensors exhibited remarkable
stability and sensitivity in the detection of volatile amine gases,
with impressive detection limits of 0.5 ppm for methylamine,
dimethylamine, and trimethylamine. Furthermore, derivatives
of defect-rich MOFs have also exhibited exceptional sensing
performance. For instance, Hu et al®' created a defect-rich
Co(OH), nanoenzyme sensor from MOF-derived cobalt via
a room-temperature reaction and chemical etching with
dielectric barrier discharge microplasma (Fig. 9a). It displayed
superior catalytic activity for thiamine hydrochloride and
hydrogen peroxide (H,O,) assays, with detection ranges of
0.0006 mM to 2.75 mM for thiamine hydrochloride and
0.001 mM to 5.5 mM for H,0,. The sensor also achieved low
limits of detection at 14 nM for thiamine hydrochloride and
93 nM for H,0,. Its long-term durability exceeded 25 days,
maintaining high sensitivity for TCL and H,0, assays.

3.3 Environmental sensing

The environment, with its intricate web of ecosystems and
natural processes, serves as the life-supporting foundation of
our planet's biosphere. It sustains an incredible diversity of
living organisms and provides vital resources essential for
human well-being. However, in recent times, escalating
anthropogenic activities have posed unprecedented challenges
to environmental integrity, necessitating a deeper under-
standing and effective monitoring of environmental changes.
By harnessing innovative sensing technologies, we can gain
invaluable insights into environmental parameters, assess
ecosystem health, and devise informed strategies for conserva-
tion and sustainable resource management. Defect-rich MOFs
may help mitigate pesticide residue's environmental impact on
human health.

Yan et al®® conducted a study involving the creation of
a hierarchically porous enzyme@peptide-directed metal-
organic framework nanoarchitecture (Fig. 10a). This unique
nanostructure was achieved through the introduction of a y-
poly(i-glutamic acid) (PLGA) peptide surface modifier, resulting
in both morphological evolution and the formation of defect
structures. This modified MOFs-P exhibited expanded pore
sizes, providing ample space for enzyme immobilization and
facilitating improved substrate diffusion and material
communication. These enzyme@peptide-directed MOFs-P
played a pivotal role in the development of a plasmonic
immunosensor designed for the highly sensitive detection of
the imidacloprid pesticide. The enzyme@peptide-directed
plasmonic immunosensor exhibited an impressive response
and unparalleled selectivity, surpassing traditional immunoas-
says by a factor of 1000 in terms of sensitivity. Furthermore, the
researchers employed a color-based detection method for rapid
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and precise concentration determination, with the imidaclo-
prid pesticide as the model target. This innovative approach
yielded a distinct blue-to-red color shift, enabling precise
quantitative analysis through a smartphone-based homemade
device and image-processing algorithm. This investigation has
significant implications for the advancement of size-controlled
nanoarchitectures in cutting-edge biosensors. Fu et al®* re-
ported their findings on the synthesis of defective copper-based
metal-organic frameworks (Cu-MOFs) achieved by reacting
Cu”" ions with 1,3,5-benzene dicarboxylate linkers in the pres-
ence of acetic acid (Fig. 10c). These defective Cu-MOFs exhibited
enhanced pesticide adsorption kinetics and greater adsorption
capacities compared to their pristine counterparts. The
researchers developed an efficient dispersive solid-phase
extraction method known as Cu-MOFs-6, designed specifically
for the rapid extraction of pesticides from food samples. This
method allowed for wide-range pesticide detection, boasting
low detection limits (ranging from 0.0067 to 0.0164 ug L") and
impressive recovery rates (ranging from 81.03% to 109.55%) in
spiked samples. Their innovative approach addresses the
pressing need for efficient pesticide detection in food safety
applications. Li and his team®® conducted comprehensive
research on two distinct MOFs, denoted as MOF 1 and MOF 2,
each containing an excess of either formic acid or benzoic acid,
respectively (Fig. 10b). These MOFs served as versatile platforms
with multifaceted functionalities, including sensing, adsorp-
tion, and catalytic reduction of chromium Cr(vi) ions. MOF 1,
characterized by its fluorescence sensing and impressive Cr(vi)
adsorption capabilities, exhibited an ultralow detection limit of
0.0176 ppm and a robust saturated adsorption capacity of
145.77 mg g '. On the other hand, MOF 2 excelled in the
photochemical removal of Cr(vi), achieving a remarkable
reduction efficiency of 98.05% within just 70 minutes, main-
taining an impressive 92.21% efficiency even after five consec-
utive photocatalytic cycles. This research showcases the
adaptability of defect-rich MOFs for diverse environmental
applications, offering a promising solution to environmental
pollution challenges.

3.4 Biomedical sensing and health monitoring

The human body is a remarkable ecosystem consisting of
complex biological molecules, each playing a crucial role in
maintaining health and homeostasis. From DNA and proteins
to hormones and metabolites, these biomolecules orchestrate
intricate physiological processes essential for our well-being. As
the understanding of human biology advances, so does the
recognition of the importance of continuous health monitoring.
Timely detection of changes in biomolecular profiles can serve
as a valuable indicator of potential health issues, allowing for
early interventions and personalized healthcare approaches.
Biomedical sensing is crucial for precise biomolecular
analysis. The use of defect-rich MOFs to load photosensitive
materials for small biomolecule detection has gained recent
attention. For instance, Wang et al.'® introduced a turn-on
photoelectrochemical biosensor for highly sensitive protein
kinase activity analysis and inhibitor evaluation, relying on
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Fig. 10 (a) Enzyme@MOFs-P plasma immunosensor: defects, mechanism, and performance. Reproduced with permission.®® Copyright, 2023,
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Copyright, 2021, Royal Society of Chemistry. (c) Top: SEM images for Cu-MOF-0, Cu-MOF-6, and Cu-MOF-12. Bottom: Electron density maps
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MOFs' surface defect recognition and multiple signal amplifi-
cation (Fig. 11b). They employed Zr-based UiO-66 MOFs with
surface defects, accommodating [Ru(bpy);]** photoactive dyes
in their pores. These MOFs were linked to a phosphorylated
Kemptide-modified TiO,/ITO electrode through chelation.
Under visible light irradiation, excited electrons from
[Ru(bpy);]*" in UiO-66 pores are injected into the TiO,
conduction band, generating photocurrent for kinase activity
detection. Defective UiO-66's large surface area and high
porosities increased [Ru(bpy);]** and enhanced the photocur-
rent, enabling sensitive photoelectrochemical analysis with
a detection limit of 0.0049 U mL ™" (S/N = 3). It was used for
kinase inhibitor evaluation and PKA activity detection in MCF-7
cell lysates, promising clinical diagnosis and drug discovery. A
carbon dot (CD) material derived through MOF calcination is
also widely used for biosensors. Li et al'** developed
CDs@MOFs composites via MOF self-carbonization using UiO-

This journal is © The Royal Society of Chemistry 2024

66 type MOFs (UiO-66N) as platforms. They obtained near
defect-free and defect-containing UiO-66N through the sol-
vothermal reaction, with defects favoring self-carbonization.
CDs@MOFs composites exhibited exceptional luminescence
sensing for picric acid, with a high quenching constant (KSV =
4.0 x 10° M) and a low limit of detection (LOD: 6.54 x 10~/
M).

Electrodeposition is an important method for enhancing the
sensing capabilities of defect-rich MOFs. Chang et al'®
designed electrode materials for electrochemical dopamine
(DA) sensing, even in the presence of interferents such as AA
and uric acid (UA). They synthesized nanoporous zirconium-
based MOFs, UiO-66, with tunable missing-linker defects. A
thin film of defective UiO-66 deposited on the electrode surface
significantly amplifies the electrochemical sensing signal for
DA. This signal enhancement is attributed to the hopping-based
electrochemical process of irreversibly adsorbed DA in the
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Copyright, 2020, Nature. (c) Synthesis & microdialysis-electrochemical UA detection with ZIF-1-Co-10 mg cysteine. Reproduced with
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defective MOFs. By using defective UiO-66 as a signal amplifier
cast on a graphene oxide (GO) modified electrode, they achieved
higher sensitivity (6.4-fold), lower limit of detection (0.23-fold),
and better selectivity towards DA against AA and UA (2.6-fold
and 1.2-fold, respectively) compared to a GO thin film (Fig. 11a).
This approach enhances the sensing performance of electro-
chemical systems for DA detection. In the study conducted by
Guoyuan Ren and colleagues® (Fig. 11c), the focus is on
enhancing the sensing performance of artificial nanozymes
through the manipulation of structural defects in MOFs. The
goal is to enhance the catalytic efficiency of nanozymes for
accurate biomolecule analysis, addressing limitations such as
the high cost and poor stability associated with natural
enzymes. Their approach involves using structural defects in

54 | J Mater. Chem. A, 2024, 12, 38-58

MOFs to regulate the catalytic efficiency of nanozymes. By
introducing defects into a Co-containing zeolitic imidazolate
framework (ZIF-.-Co) through cysteine doping, catalytic prop-
erties are significantly enhanced. Activities such as ascorbate
oxidase-like, glutathione oxidase-like, and laccase-like improve
over 5, 2, and 3 times, respectively. This improvement can be
attributed to sulfur doping disrupting the cobalt-nitrogen
equilibrium, enhancing oxygen adsorption and oxidase-like
activity. The significance lies in potential sensing applica-
tions. Advanced ZIF-L.-Co nanozymes are employed in a micro-
reactor integrated into an online electrochemical system. This
system eliminates interfering compounds, enabling continuous
monitoring of uric acid changes in rat brains after ischemia-
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reperfusion injury. This demonstrates the practical utility of
defect-tuned nanozymes in biomedical sensing applications.

4. Conclusion and outlook

Defect engineering in MOFs has emerged as a transformative
strategy to enhance material properties and tailor their appli-
cations across diverse fields. The deliberate introduction of
defects offers remarkable opportunities for tuning the struc-
tural, electronic, and surface characteristics of MOFs. Control-
ling defects in MOFs can effectively enhance their adsorption,
catalytic conversion, and degradation performance toward
pollutants. This paper provides an overview of the distinctions
between defective MOFs and regular MOFs and further
discusses synthesis methods, specific classifications, and
reasons for application, as well as the pros and cons of the DNS
and PST for defect engineering in MOFs. Meanwhile, the char-
acterisation of defects in some MOFs is presented. Additionally,
the study analyzes synthesis methods and performance modu-
lation strategies for defect-engineered MOFs, along with the
current applications of defect-rich MOF sensors in areas such as
biosensing, chemical sensing, environmental monitoring, and
health diagnostics.

In summary, the development of defect-engineered MOFs
has ushered in a new era of understanding regarding the types
and concentrations of defects in these materials. This progress
is driven by a combination of precise synthesis techniques and
cutting-edge characterization tools. Advanced methods such as
HRTEM and HRNPD have allowed us to examine defects in
unprecedented detail. Emerging techniques, including AFM,
CFM, and others, are expanding our ability to study beam-
sensitive MOF materials. These advancements in characteriza-
tion techniques are poised to enhance our comprehension of
defects and enable precise quantification.

Controlled synthesis techniques, exemplified by the devel-
opment of ordered defects in specific MOFs, have brought us
closer to the prospect of a universal approach for generating
defects. However, it's essential to recognize that when defect
engineering offers ways to adjust structural and functional
properties, it often involves a trade-off with structural stability.
Striking the balance between performance enhancement and
stability remains a critical challenge in the design and cus-
tomization of materials through defect engineering.

The complexity of defects, including their spatial distribu-
tion and the proportions of different defect types, presents
a central challenge in defect engineering. Herein, computa-
tional chemistry emerges as a valuable tool for deciphering the
intricate relationship between defects and material properties.
Computational methods, such as density functional theory
(DFT), are likely to play a more targeted role in the design of
defective MOFs for specific applications, guiding experimental
synthesis and characterization. The future of defect engineering
may see a deliberate integration of computational tools to
predict mechanical stability, catalytic mechanisms, and other
aspects related to defective MOFs.

To effectively tailor defect-rich MOFs for specific sensing
tasks, achieving precision in controlling defect formation and
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concentration stands as a challenging yet indispensable objec-
tive. Fine-tuning these attributes can yield MOFs with unpar-
alleled sensitivity and selectivity, enhancing their effectiveness
as sensors. Looking ahead, the synthesis landscape is poised to
evolve. Ongoing exploration into advanced synthesis methods,
combined with a refined understanding of how structural
intricacies correlate with material properties, will undoubtedly
lead to groundbreaking progress in defect-based MOFs. The
integration of advanced materials such as defective MOFs and
sensor technologies holds the promise of reshaping sensing
paradigms. By strategically combining the distinctive attributes
of defect-rich MOFs with synergistic components, we are on the
path to engineering sensors that exhibit exceptional accuracy,
responsiveness, and robustness across diverse applications.
Furthermore, as researchers continue to forge ahead with
determination, pioneering novel synthesis pathways and
unraveling the underpinnings of MOFs' functionality, it appears
that this field is destined for transformative leaps.
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