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Abstract

:

Metal-organic frameworks (MOFs) have attracted great attention for their applications in chemical sensors mainly due to their high porosity resulting in high density of spatially accessible active sites, which can interact with the aimed analyte. Among various MOFs, frameworks constructed from group 4 metal-based (e.g., zirconium, titanium, hafnium, and cerium) MOFs, have become especially of interest for the sensors requiring the operations in aqueous media owing to their remarkable chemical stability in water. Research efforts have been made to utilize these group 4 metal-based MOFs in chemosensors such as luminescent sensors, colorimetric sensors, electrochemical sensors, and resistive sensors for a range of analytes since 2013. Though several studies in this subfield have been published especially over the past 3–5 years, some challenges and concerns are still there and sometimes they might be overlooked. In this review, we aim to highlight the recent progress in the use of group 4 metal-based MOFs in chemical sensors, and focus on the challenges, potential concerns, and opportunities in future studies regarding the developments of such chemically robust MOFs for sensing applications.






Keywords:


cerium-based MOF; electrochemical sensor; gas sensor; hafnium-based MOF; optical sensor; resistive sensor; titanium-based MOF; zirconium-based MOF












1. Introduction


The sensitive, selective, and accurate detection of various environmental pollutants in the gas, vapor, and liquid phase is a very important task for environment monitoring, food safety, medical diagnosis, occupational safety, toxic/hazardous chemical management, and industrial process management [1,2,3]. Most of the commercially available sensors utilize inorganic-based semiconductors or organic polymers as active materials, which can react or absorb the targeted analyte. During this process, rapid changes in photophysical, electrical, or mechanical properties of these materials are of interest for a good performing sensor. The degree of the changes usually depends on the concentration of analytes and various physical and chemical characteristics of both the analytes and the active materials, such as electron accepting-donating ability, acidity or basicity, permeability, hydrogen bonding ability, electrostatic interaction, and π-π stacking (See Figure 1) [1]. Detection of ultra-trace level analytes with a high sensitivity and a high accuracy towards a range of environmental and biological samples is usually essential for an efficient sensor and its commercialization. In addition, the design of portable, easy-to-handle, fast, inexpensive, and highly sensitive devices is also needed for the development of commercially available chemical sensors [1,3].



In this regard, as a relatively new class of potential active materials for chemical sensors, metal-organic frameworks (MOFs), also known as porous coordination polymers (PCPs), have been intriguing, and frequently applied by several research groups. MOFs are an emerging class of nanoporous materials that are constructed from metal-based nodes and organic linkers [4,5,6]. Compared to other categories of nanoporous materials such as carbons, mesoporous silica, and zeolites, MOFs possess several unique characteristics including regular pore size, interconnected porosity, ultrahigh specific surface area, and tunable chemical functionality within the entire porous framework. Such appealing features have rendered the developments of various MOF structures and MOF-based materials for a range of applications such as gas storage [7,8], separation [9,10], catalysis [11,12,13,14], drug delivery [15,16], energy storage [17,18,19], energy conversion [20,21], and optoelectronic devices [22,23] over the past two decades. As a variety of chemically active units for sensing purposes can be incorporated within the entire framework structure by either selecting the proper building blocks for synthesizing MOFs or performing post-synthetic modifications (PSM) [24,25], and the interconnected porosity of MOFs is expected to provide a facile mass transport of the targeted molecules within the entire framework, the use of MOFs for chemical sensors has attracted great attention [1]. However, most MOFs show relatively poor chemical stabilities in water compared to other nanoporous materials [26,27], which strongly limits the use of pristine and structurally robust MOFs in sensing applications for environmental or biological samples in early years.



To tackle the challenge for utilizing pristine MOFs in environmental or biological sensing purposes, the development and use of chemically robust MOFs, especially those highly stable in water, are thus required. Utilizing high-valent metal ions and carboxylate-based linkers to construct MOFs is one of the popular methods to increase the stability of MOFs [26,27]. High-valent metal ions contain high charge density, which helps to form strong metal-to-ligand bonds when the same linkers and coordinating topology are presented. Moreover, high-valent metal ions need more linkers to coordinate for the overall charge balance, which repeals the attack of the guest molecules like water; this characteristic results in the formation of highly stable MOFs [27,28,29]. Such causes thus motivated the design and synthesis of highly stable group 4 metal-based MOFs. Group 4 metal-based MOFs belong to the frameworks constructed from the nodes composed of high-valent metal ions, e.g., Ti(IV), Zr(IV), Hf(IV), or Ce(IV), and usually carboxylate-based linkers. Owing to their exceptional chemical stabilities in water under a wider range of pH [27,28,30], such MOFs are considered as attractive candidates for chemical sensing purposes. The first Zr(IV)-based MOF (Zr-MOF), UiO-66 (UiO = University of Oslo), was discovered by Lillerud et al. in 2008 and has also been known for its exceptional thermal and chemical stabilities [31]. In UiO-66, the secondary building unit (SBU) consisting of Zr6O4(OH)4 is bonded with twelve 1,4-BDC (BDC = benzene-dicarboxylate) ligands to form a framework with the face-centred cubic (fcu) topology. Since then, a large number of Zr-MOFs possessing various coordinating topologies, pore sizes, and unique chemical functionalities have been designed and synthesized [32]. Zirconium and hafnium belong to the same group in the periodic table with the similar electronic configurations (d0) and closely identical ionic radius owing to f-block contraction. Therefore, Hf(IV)-based MOFs (Hf-MOFs) usually show similar physical properties and structures compared to their Zr-based isostructural MOFs synthesized in a same reaction condition. Such isostructural Hf-MOFs can be usually synthesized under a similar synthetic environment by replacing Zr4+ metal ions with Hf4+ ions [33]. Hf-MOF is more stable compared to Zr-MOF due to the highest Hf-O bond strength compared to Zr-O. The dissociation enthalpy of Hf-MOF is 802 kJ mol−1, which is higher than Zr-MOFs (776 kJ mol−1) [30]. The first Ti(IV)-carboxylate-based MOFs (Ti-MOFs), MIL-125(Ti), was reported in 2009 by Férey and coworkers [34]. However, since Ti4+ shows completely distinct electronic configuration and ionic radius compared to Zr4+ and Hf4+, the number of reported Ti-MOFs with permanent porosity is still quite limited compared to those of Zr-MOFs and Hf-MOFs. Though cerium does not belong to the group 4 metals in the periodic table, Ce(IV)-based MOFs (Ce-MOFs) emerging in recent years are known to possess the comparable chemical stabilities of Zr-MOFs in water and the redox activity of their metal-based nodes [35,36]. Owing to the same electronic configuration (d0) of Ce4+ compared to those of Zr4+ and Hf4+, the isostructural Ce-MOFs, such as Ce-based UiO-66, have been widely reported in literature [35,37,38]. The historical progress in the design, synthesis, and resulting crystalline structures of these group 4 metal-based MOFs can be found in detail in some recent review articles [28,32,36]. As these group 4 metal-based MOFs are water-stable, the use of such MOFs for multiple types of chemical sensors operated in aqueous environments, such as optical sensors, electrochemical sensors, and resistive sensors, has been widely reported since 2013 (see Figure 2). Although significant efforts have been made in this subfield in recent years, some challenges and concerns are still there and sometimes they might be overlooked. In this review, we aim to highlight the recent progress in the use of group 4 metal-based MOFs in chemical sensors especially with the focus emphasized on the challenges, potential concerns, and opportunities in future studies for the developments of such chemically robust MOFs for sensing applications.




2. Synthesis and Characterizations of Group 4 Metal-Based MOFs


Most group 4 metal-based MOFs are usually synthesized by solvothermal methods. In such processes, the organic ligand or linker and metal salt are dissolved in a solvent within a Teflon-lined autoclave or a glass vial, and the resulting mixture reacts at a definite temperature to yield the solid MOF crystals. The porous MOF solid can be obtained after successive washing with the solvent used during MOF growth followed by the proper solvent exchange before drying to activate the MOF [39]. However, owing to the strong metal-oxygen bonds presented in these group 4 metal-based MOFs, the directly synthesized MOFs usually exhibit poor crystallinity due to the rapid nucleation process. In this regard, modulated synthesis is commonly used for the preparation of group 4 metal-based MOFs [28]. A modulator with the identical chemical functionality as the organic linker is introduced during MOF growth to slow the interaction between the metal ions and organic linkers in order to get the well crystalline frameworks. Commonly used modulators for synthesizing carboxylate-based group 4 metal-based MOFs include formic acid, acetic acid, benzoic acid, and trifluoroacetic acid. As the synthetic strategies and structures of these MOFs are not the main focuses of this article, the details regarding the design and synthesis of various group 4 metal-based MOFs can be found in previously published review articles [28,30,32,36].



For the common characterizations of MOFs, X-ray diffraction (XRD) is generally used to probe the crystallinity of a MOF. By comparing the experimental powder or thin-film XRD pattern with the simulated pattern obtained from the single-crystal diffraction data, the crystalline phase of the MOF sample can be determined. However, it should be noted that the purity of a MOF cannot be verified solely by XRD, as the amorphous phase in the sample is not detectable by XRD. Gas adsorption-desorption experiments are usually conducted to gauge the porosity of a MOF, and the surface morphology as well as the uniformity of the MOF sample can be characterized by electronic microscopes. Details regarding the use of various techniques to characterize MOF materials is beyond the scope of this article and can be found in previously published work [40,41].




3. Chemical Stabilities of Group 4 Metal-Based MOFs toward the Use in Chemosensors


Before the use of a MOF for a targeted sensing application, it is crucial to ensure the structural integrity of the MOF in the environments for that sensing purpose. Otherwise, the structural degradation of the framework during the sensing operations may result in the unstable or less reproducible performances of the obtained chemosensor. Moreover, some MOFs can also encounter structural degradation and become MOF-derived materials during exposure to the environments used for applications, which results in the use of MOF-derived metal oxides or hydroxides as the active materials rather than the real structurally well-defined MOFs [42,43,44]. Such instability of MOFs during applications becomes more difficult to distinguish in the electrochemical sensing systems since the structural degradation of MOFs and the formation of MOF-derived materials may solely occur on the surface [45]. As mentioned in the previous section, group 4-metal-based MOFs are generally stable in water, which makes them desirable as chemosensors in aqueous media. The strong coordination between the M(IV)-based clusters and carboxylate groups of the linkers renders these MOFs highly stable in acidic solutions [28]. Thus, several commonly reported Zr-MOFs and Ti-MOFs such as UiO-66 and its derivatives [46], MOF-808 [47], PCN-222 (also known as MOF-545) [48,49], NU-1000 [27,50], and MIL-125(Ti) [34] show similar chemical stabilities in aqueous solutions with the pH ranging from 1 to around 9-11. It was even reported that a Zr-MOF, PCN-222/MOF-545, can show structural integrity after treating with concentrated hydrochloric acid [48]. For Ce-MOFs, the similar but slightly less chemical stabilities compared to their Zr-based isostructural frameworks in acidic aqueous solutions were also reported [35,51]. Frameworks like Zr-MOFs can even maintain their crystalline structures after exposure to H2S gas [52,53], indicating the feasibility of utilizing such MOFs for reductive gas sensors. However, the replacement of the carboxylate-based linkers by OH− ions can occur within these group 4 metal-based MOFs in strong alkaline solutions, which results in the degradation of these MOFs in base solutions [27,28]; such degradations usually cause the evolution of MOF-derived metal oxides or hydroxide species. As some chemosensors need to be operated in alkaline solutions, the chemical stabilities of these group 4 metal-based MOFs under the pH of the sensing environment should be first considered before use.



In addition to the pH values of the sensing environments, another crucial factor to be considered is the stabilities of these group 4 metal-based MOFs in the presence of ionic species. Even though such MOFs are generally stable in water, the presence of strongly coordinated ions in the environments for sensing applications may still result in the degradation of MOFs [27]. For example, phosphate ions belong to one common type of ionic species presented in biological systems, which makes the use of phosphate buffer solutions (PBS) become quite common in the studies of various chemosensors for biological and biosensing applications. However, even under a neutral or low pH, the degradation of such group 4 metal-based MOFs can occur in PBS owing to the strongly coordinating nature of the phosphate ions [27]. Thus, the MOF-derived metal phosphate can be formed in such buffer solutions [54]. Even one of the most stable group 4 metal-based MOFs, UiO-66, was reported to lose around 90% of its porosity after being treated with PBS under a neutral pH [55]. Thus, the chemical stabilities of the selected group 4 metal-based MOF in the buffer solutions required for the targeted sensing operations must be carefully considered if the formation of MOF-derived materials is not desired. A recent study has shown that the Zr-MOFs demonstrate remarkable stabilities in the buffer solutions containing 4-(2-hydroxyethyl)piperazine-1-ethane sulfonic acid (HEPES) or diluted 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS) as well as in the unbuffered sodium chloride solutions [55]. Some early studies as well as our recent work also suggested that the buffer compound possessing a similar chemical structure of HEPES, 3-morpholinopropane-1-sulfonic acid (MOPS), can be used with various Zr-MOFs while keeping the structural integrities of the frameworks [56,57]. Thus, for utilizing group 4 metal-based MOFs in chemical sensors, these buffer solutions are more appropriate compared to the commonly used PBS. Since the chemical stabilities of various structurally distinct group 4 metal-based MOFs within different buffered systems were barely investigated in literature so far, employing characterization methods such as X-ray diffraction, nitrogen adsorption and X-ray photoelectron spectroscopy after the targeted sensing application are recommended in order to ensure the stability of the issued MOFs during the sensing operations.



In the following section, we will introduce the basic principles regarding the rational design of group 4 metal-based MOFs for various kinds of chemosensors, including optical sensors, electrochemical sensors, and resistive sensors. The progress in the developments of these group 4 metal-based MOFs for the use in such chemosensors and the corresponding examples will also be highlighted.




4. Applications of Group 4 Metal-Based MOFs for Chemosensors


4.1. Optical Sensors


Optical chemical sensors rely on the optical changes of the systems upon the exposure to the targeted analytes [58]. As most analytes do not show optical responses by themselves, the use of an active material that can selectively reveal optical changes upon the exposure to the analyte is usually required for the design of optical chemosensors [58]. Depending on the sensing mechanisms, various types of optical responses probed by spectroscopic measurements can be utilized, including infrared (IR) and ultraviolet-visible (UV-vis) absorbance and fluorescence signal. Such optical sensors can be utilized to detect metal ions or organic pollutants in aqueous solutions, monitor the concentrations of biomolecules in biological systems, and detect toxic gases such as H2S and NO2 in gaseous environments. As MOFs in general possess high specific surface area and interconnected porosity, the presence of spatially dispersed active sites immobilized within the entire MOF framework is expected to maximize the amount of accessible active sites within per volume of the material that can be exposed to the analyte molecules coming from the external environment. This attractive characteristic has thus motivated the design and use of MOFs and MOF-based materials for a range of optical chemical sensors since early years [59]. The use of water-stable group 4 metal-based MOFs further facilitated the applications of such MOFs in various optical chemosensors for aqueous samples. Among various types of optical chemosensors utilizing group 4 metal-based MOFs, a majority of examples consist of luminescent sensors. The emission properties of MOFs may be attributed to the (I) ligand-based luminescent, including ligand-to-metal charge transfer (LMCT), metal-to-ligand charge transfer (MLCT), and ligand-localized emission, (II) metal ion-based emission, (III) absorbate-based emission, and (IV) functionalized fluorescent probes within the MOF [60,61]. It should be noted that for Zr-MOFs, Ti-MOFs, and Hf-MOFs, their metal-based clusters show neither significant absorbance within the visible region nor the fluorescent property. Thus, the presence of the optically active moieties within such MOFs by either incorporating them as a part of the organic linkers for MOF synthesis or installing them in the MOF by post-synthetic modifications (PSM) is usually required for use in optical sensors. The following sections will highlight the use of group 4 metal-based MOFs in a variety type of optical sensors. As most of these reported examples utilized Zr-MOFs, the optical sensors using Zr-MOFs will be classified into multiple subsections according to the analytical purposes.



4.1.1. Zr-MOFs for Optical Ion Sensors


Owing to their exceptional chemical stability in water as well as their relatively large pore sizes compared to those of the common ionic species presented in aqueous solutions, Zr-MOFs have attracted great attention for the applications of ion sensors. Due to the d0 electronic configuration of zirconium metal ions, luminescent Zr-MOFs were usually prepared by combining such metal ion-based clusters with the π-conjugated luminescent organic linkers. For example, an luminescent Zr-MOF, Zr6O4(OH)7(H2O)3(BTBA)3 (BUT-39), was synthesized by using a T-shaped π-conjugated ligand 4,4′,4″-(1H-benzo[d]imidazole-2,4,7-triyl)tribenzoic acid (H3BTBA) with ZrCl4 for the selective detection of Cr2O72− in water [62]. BUT-39 was found to exhibit a strong fluorescence emission originated from the linker-centric luminescent properties, and the luminescence significantly decreased in the presence of Cr2O72− ions. In general, there are four possible pathways for the fluorescence quenching in MOFs, including the interaction between organic ligand and analyte, ion exchange between the analyte and central metal ion, competitive absorption of the excitation light between the active material and the targeted object, and the collapse of the framework during sensing [63]. In this case, the competitive absorption and energy transfer between Cr2O72− and BUT-39 are the main causes for the quenching effect on the luminescence of BUT-39 [62]. Similarly, a pyridyl-functionalized Zr-MOF (UiO-66@N) showed an excellent fluorescent sensing ability towards Fe3+ ions with a detection limit of 0.69 ppm following the similar mechanism [64]. Another common type of luminescent organic linkers used in Zr-MOFs belongs to the porphyrins, which have been known for their remarkable fluorescent properties. The free nitrogen in the porphyrin could bind to the guest metal ions, which could result in a decrease in fluorescence upon the exposure to the targeted ions. For example, a porphyrinic Zr-MOF, NU-902, was reported to exhibit significant fluorescence quenching in the presence of cadmium metal ion (Cd2+) with a detection limit of 0.3 ppb; the MOF was further immobilized within a polymeric membrane to develop the sensing devices [65]. Biswas et al. reported a Zr-MOF (DUT-52) constructed from the 1-(2,2,2-trifluoroacetamido) naphthalene-3,7-dicarboxylic acid (H2NDC-NHCOCF3) linker, which showed a highly sensitive and selective turn-on fluorescence toward cyanide (CN−) anion [66]. The H2NDC-NHCOCF3 ligand contains a π-conjugated naphthalene ring and trifluoroacetamido group as the binding sites for CN−. Despite the π-conjugated ring, DUT-52 showed a weak fluorescence due to the presence of the electron-withdrawing trifluoroacetamido group. The strong affinity between CN− and the trifluoroacetamide groups is feasible for the formation of a cyanohydrin adduct through nucleophilic addition. Therefore, photo induced electron transfer (PET) between the electron-withdrawing group and the aromatic system was inhibited. As a result, a remarkable enhancement of the fluorescence intensity was observed. Similarly, Zhou and coworkers developed a turn-on MOF-based sensor for CN− detection by utilizing a MOF (PCN-700) containing anthracene as the fluorophore and hemicyanine as the recognition moiety (Figure 3a) [67]. The hemicyanine moiety could bond with CN− selectively, affecting the energy transfer between the fluorophore and recognize moiety; the turn-on fluorescence was thus observed.



In addition to designing the Zr-MOFs constructed from luminescent linkers, PSM is another straightforward approach for introducing emissive moieties in MOFs. Several organic functional groups like amines, hydroxyl, halides, azides, and imines can be incorporated into the MOF pores through PSM [68]. In this regard, the uncoordinated amine group (–NH2) was usually used for further PSM since it can be easily fitted into different MOFs directly during the MOF synthesis. For example, a commonly seen Zr-MOF, UiO-66-NH2 [46], was frequently used for the preparation of florescence sensors. The π-conjugated aromatic ring itself provides a strong fluorescence emission. Meanwhile, the free amine group can be involved in various chemical reactions to prepare the recognition sites of the guest molecules via PSM. For instance, UiO-66-NH2-SA (SA = salicylaldehyde) was synthesized by incorporating SA within UiO-66-NH2 through a Schiff-base condensation reaction [63]. Bidentate ligand sites (N and O) could be generated in the framework, which could coordinate to Al3+ and show enhanced fluorescence intensity upon the exposure to Al3+ ions. Likewise, Yan et al. introduced imidazole moiety into UiO-66-NH2 (named UiO-66-NH2-IM) via PSM based on a Schiff-base reaction to develop the bifunctional fluorescent probe for the detection of S2O82− and Fe3+ [69]. In addition, Yan and coworkers demonstrated the post-synthetic functionalization of citric acid into UiO-66-NH2 via a condensation reaction. The resulting MOF (UiO-66-NH2-Cit) was employed as a potential luminescent sensor for the detection of NO2− in food preservatives [70]. Another functionalized structurally homologous Zr-MOF, named UiO-66-N3 (Zr6O4OH4(C8H3O4-N3)6), was further post-synthetically incorporated with phenylene acetylene by a Cu-catalyzed click reaction to obtain a triazole moiety-based MOF. The resulting MOF could be utilized in the luminescent detection of Hg2+ owing to the luminescent quenching caused by the coordination of Hg2+ ions on the triazole moiety [71]. It should be noted that beyond UiO-66-type Zr-MOFs, other candidates with distinct topologies and larger pore sizes should also allow the PSM to incorporate structurally well-defined emissive moieties within Zr-MOFs, but reports on the use of such MOFs for ion sensors are still quite limited.



Another common strategy for designing Zr-MOFs to be applied in ion sensors is to encapsulate or embed the fluorophores into the MOF during the MOF growth. With this approach, various fluorophores, such as Rhodamine B (RhB), 7-amino-4-methylcoumarin, resorufin, fluorescin (FL), and eosin Y (EY), can be incorporated into Zr-MOFs [72,73,74]. For example, Wang et al. demonstrated the encapsulation of RhB into a Zr-MOF, UiO-(OH)2, by growing the MOF in the presence of RhB (Figure 3b) [75]. The resulting material (UiO-(OH)2@RhB) was found to show two fluorescence peaks at 500 and 583 nm originated from the MOF linker and RhB, respectively. Due to the binding between the free hydroxyl group of the linker and Al3+ ions, such a duel-emitting composite could be applied for the turn-on ratiometric fluorescent sensor to detect Al3+ with a low detection limit of 10 nM [75]. Similarly, another Zr-MOF incorporated with RhB was also reported to detect Fe3+ ion, nitenpyram (pesticide), and 4-nitrophenol (nitroaromatic explosives) [76]. Zhang et al. also selected a series of Zr-MOFs constructed from naphthalene-based linkers for the encapsulation of RhB to prepare the dual-emissive composites, and such Zr-MOF-based composites were utilized in the detection of Fe3+ and Cr2O72− [72]. In addition to RhB, other dyes were also employed for the similar purpose. For example, 7-amino-4-methylcoumarin and resorufin were incorporated into a Zr-MOF, MOF-801, for the selective detection of Cr2O72− [72]. The fluorescin (FL) incorporated Zr-MOF, FL@UiO-67, was employed for the detection of Al3+ ions with a detection limit of 3.3 nM [73]. A dual-emitting composite, EY@Zr-MOF, was also prepared to detect Fe3+, Cr2O72−, and 2-nitrophenol [74]. It can be found that this technique is effective not only for ion sensors but also for the detection of various organic pollutants, including nitroaromatics and pesticides. Compared to PSM, the encapsulation of fluorophores during MOF growth allows the incorporation of fluorophores possessing larger molecular sizes than the pore size of the MOF. However, the interaction and affinity between the Zr-MOF and the incorporated fluorophore should always be considered with care to prevent the leaching of the luminescent probes during the solution-phase sensing applications.




4.1.2. Zr-MOFs for Optical Sensors toward Organic Pollutants


With increasing concerns for human health, food safety, homeland security, industrial monitoring, and environmental safety, there is a great interest in the fast, accurate, selective, and sensitive detection of various organic pollutants, including nitro explosives (NAEs), poly aromatic hydrocarbon (PAHs), volatile organic compounds (VOCs), organophosphates pesticides (OPPs), endocrine disrupting chemicals (EDCs), and antibiotics. Among various NAEs, 2,4,6-trinitrophenol (TNP), 2,4-dinitrophenol (DNP), 4-nitrophenol (4-NP) are widely used in military goods and industrial chemicals. As the detection of such organic pollutants in aqueous samples is required, the water-stable Zr-MOFs with luminescent characteristics thus became the attractive candidates. It should be noted that the selection of the Zr-MOF with the pore size larger than the targeted analyte is crucial since some organic pollutants, drugs, and antibiotics possess large molecular sizes. The fluorescent active sites within the highly porous MOF are accessible to the analyte molecules only when the facile mass transfer of the analyte through the MOF pore is allowed.



In 2016, Biswas et al. demonstrated the use of a Zr-MOF constructed from the 4,4’-(benzo[c][1,2,5]thiadiazole-4,7-diyl)dibenzoic acid (H2BTDB) linker for the selective luminescent detection of TNP [77]. As shown in Figure 4, the absorption band of TNP overlaps with the emission band of the linker-based fluorophore, which results in the energy transfer from the linker to the analyte and the decreased fluorescence upon the exposure of the MOF to TNP. Additionally, it was reported that the electrostatic interaction between the hydroxyl group of TNP and the nitrogen atoms of the linker might increase the quenching ability. Wang and coworkers also reported a similar electrostatic interaction, where a tetraphenylethene functionalized Zr-MOF could detect both the TNP and DNP in an alcoholic medium [78]. Another early example was demonstrated by Li and coworkers, which showed that two fluorescent Zr-MOFs constructed from 5′-(4-carboxyphenyl)-2′,4′,6′-trimethyl-[1,1′:3′,1′′-terphenyl]-4,4′′-dicarboxylicacid) (H3CTTA) and 6,6′,6′′-(2,4,6-trimethylbenzene-1,3,5-triyl)tris(2-naphthoic acid)) (H3TTNA) linkers could be used to selectively detect TNP and 4-NP due to the energy transfer between the linkers and analytes [79]. Similarly, a recent example also showed that by incorporating the luminescent amine-functionalized carbon quantum dots into UiO-66, the resulting composite could be applied for the selective detection of 4-NP [80]. On the other hand, in a very recent study, Poddar and coworkers demonstrated the use of a UiO-67 derivative constructed from the 2-phenylpyridine-5,4′-dicarboxylate linker in the selective detection of TNP by Raman intensity quenching approaches. Such a new method based on Raman spectroscopy provides the non-invasive and non-destructive techniques in the subfield of MOF-based optical sensors [81].



For the solution-phase optical detection of PAHs, VOCs, pesticides, EDCs, and other small organic hazardous chemicals via using Zr-MOFs, the reported examples are still rare so far. As pyrene belongs to a notable type of fluorophore, a mesoporous Zr-MOF constructed from the pyrene-based linker, NU-1000, was recently reported as the potential fluorescent sensor to detect various PAHs [82]. VOCs are mainly harmful and odorous substances, such as aromatics, hydrocarbons, olefins, and amines. In 2016, Kaskel et al. reported the vapochromic luminescence of a Zr-MOF constructed from the 9-fluoreneone-2,7-dicarboxylic acid linker, DUT-122(Zr), and such luminescent characteristics could be used for sensing non-polar aromatic and non-aromatic solvent vapors [83]. A few studies have also reported the use of Zr-MOFs for the solution-phase detection of VOCs. For example, in 2017, Wang, Li, and coworkers reported the use of a fluorescent UiO-68-type Zr-MOF containing mixed linkers, UiO-68-osdm, for the luminescent detection of dissolved amines; the detection of amines in gas phase by this MOF was also successfully demonstrated [84]. Another notable example is the Eu(III)-incorporated UiO-66-NH2, which was reported to exhibit duel-emitting fluorescent properties and could optically detect formaldehyde in aqueous solutions [85]. Another common hazardous chemical, phenol, was also reported to be detected by an luminescent tetrazine linker-based Zr-MOF owing to the drastically quenched fluorescence upon the exposure of the MOF to the electron-rich phenol [86]. For the detection of pesticides, a very recent study reported by Xing, Chen, and coworkers showed that an eosin Y (EY)-encapsulated Zr-MOF, EY@DUT-52, could be used to detect a range of pesticides in ethanol-based solutions owing to the quenching of energy transfer from the Zr-MOF to EY in the presence of the pesticides [87]. On the other hand, Ruan et al. reported the first example of enzyme-assisted MOF-based fluorescent sensor for EDCs. With the assistance of horseradish peroxidase and H2O2, diethylstilbestrol (DES, a common synthetic estrogen) could be oxidized to a quinone and accordingly detected by the stilbene-based fluorescent Zr-MOF [88].



Luminescent Zr-MOFs have been directly used as the active materials for the detection of various drugs or antibiotics including aspirin, tetracycline, clenbuterol, and chloramphenicol [89,90]. For instance, in an early study, UiO-66-NH2 was reported for the fluorescent detection of aspirin [91]. A common antibiotics tetracycline (TC) can also be recognized as well as removed from the solutions by Zr-MOFs for environmental safety [92]. For example, a sharp luminescence quenching of a Zr-MOF, PCN-128Y, was observed in the presence of tetracycline [93]. The high adsorption of TC in the MOF and the PET process from the MOF linker to TC are both the causes of such a quenching phenomenon. It should be noted that as buffer solutions are usually needed for such sensing purposes, the chemical stability of Zr-MOFs in the selected buffer must be considered, as discussed previously in Section 3.




4.1.3. Zr-MOFs for Optical Sensors toward Biomolecules


Biomolecules including glutathione (GSH), cysteine (Cys), homocysteine, and neurotransmitters such as dopamine play important roles in biological processes occurring in various living organisms. The amounts of such biomolecules beyond limits disrupt the biological process, which is harmful to the body. Thus, it is essential to detect such compounds with a high accuracy. Zr-MOFs and related materials have been directly utilized in the optical detection of biomolecules owing to their well-known chemical stability. However, the use of Zr-MOFs as well as other group 4 metal-based MOFs for such purposes has more challenges and limitations compared to that for the aforementioned sensing purposes, since a range of large biomolecules possess larger molecular sizes than the pore sizes of Zr-MOFs. In addition, the presence of phosphate ions, which is common in several biologically environments, can cause the structural degradation of most Zr-MOFs (see Section 3 for details). With the targeted biomolecules larger than the pore size, only the active sites near the surface of the MOF crystals can be involved in the sensing reaction, rendering the role of the MOF porosity in such sensing processes unclear. Furthermore, the stability of the selective Zr-MOF in the targeted biological samples for sensing must be considered first before use.



In 2014, Jiang et al. first demonstrated the use of a Zr-MOF, UiO-66-NH2, as an effective fluorescent sensing platform to detect DNA [94]. Tris buffer solutions were used to ensure the structural integrity of the MOF, and it was reported that the hydrogen bonding interaction between the amine functional group in MOF and DNA is responsible for such a sensing phenomenon. As UiO-66-NH2 generally shows fluorescence emission around 500 nm and its amine group interacts with some specific analytes strongly, the material has been widely utilized to optically detect a range of biomolecules such as NO [95], dopamine [96], and GSH [96]. On the other hand, another early example demonstrated by Dong, Zhang, and coworkers synthesized the UiO-type Zr-MOFs constructed from the linkers grafted with the maleimide moiety (Mi-UiO-66 and Mi-UiO-67). The exposure of such MOFs to GSH or Cys would cause the chemical transformation of the moiety to its thiol adduct with enhanced fluorescence responses, which renders the use of such MOFs for turn-on detection of GSH and Cys [97]. Based on the same concept, another UiO-type MOF (UiO-68-An/Ma) was recently synthesized (Figure 5) [98]. The MOF contains binary linkers with one fluorophore (anthracene) based linker and another accepter-functionalized linker (maleimide). The system showed weak fluorescence originated from the pseudo-intramolecular PET between anthracene and maleimide. Upon the exposure of the analyte, the maleimide group could further react with thiol compound (2-mercaptoethanol) through the thiol-ene reaction in water medium that can turn on the fluorescence signal.



As mentioned earlier, rather than utilizing the Zr-MOF with fluorescent linkers, another common approach is to incorporate the fluorescent probe or other active species into Zr-MOF by PSM. For example, the carboxymethyl b-cyclodextrin (β-CMCD) was post-synthetically functionalized within a luminescent mesoporous Zr-MOF, NU-1000. Rhodamine 6G (Rh6G) was further incorporated into the resulting NU-1000-CMCD, which caused the inhibition of fluorescence signal due to the energy transfer between NU-1000-CMCD and Rh6G. Such a material was utilized in the optical detection of cholesterol, an essential lipid presented in blood samples, due to the binding of cholesterol with β-CMCD to turn on the fluorescence [99]. On the other hand, Li, Xia, and coworkers demonstrated the incorporation of luminescent Eu(III) sites into a Zr-MOF by PSM, and the obtained material (UiO-66(COOH)2, Zr-MOF: Eu3+) was used for the visual identification of bilirubin (BR) in human serum [100]. Another recent example is regarding the use of PSM performed in a Zr-MOF to detect 2,6-pyridinedicarboxylic acid (DPA), which is a suitable biomarker for the determination of Bacillus species that are related to an acute disease named anthrax. In this work, a Tb(III)-functionalized Zr-MOF, Tb3+@UIO-67, was directly used as the luminescent sensor for DPA, and a low detection limit of 36 nM was achieved [101].



Colorimetric sensors based on Zr-MOFs were also developed for detecting biomolecules. In a recent study demonstrated by Li, Sun, and coworkers, a composite material composed of UiO-66-NH2, gold nanoparticles, and decorated single-stranded-DNA was synthesized and applied for human semen identification [102]; significant color change was observed upon the exposure of the composite material to the proteins presented in semen.




4.1.4. Zr-MOFs for Optical Sensors toward Inorganic Molecules


In an early work published in 2014, the UiO-66 derivative constructed from the dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate linker has been used for the reversible colorimetric sensors toward nitrous gases, as demonstrated by Kaskel et al.; sharp and reversible color changes between pink and yellow were observed during such processes due to the redox activity of the linker [103]. In addition to the detection in gas phase, Zr-MOFs have also been applied for the optical detection of inorganic small molecules such as hydrazine, H2O2, and H2S in aqueous samples. For example, in 2018, Biswas et al. first demonstrated the use of a Zr-MOF, UiO-66-(NO2)2, to detect H2S in HEPES buffer solutions [104]. The -NO2 group presented in the MOF linker could be converted to amine by reacting with H2S, enhancing the fluorescence intensity of the MOF upon the exposure to H2S. A very recent study demonstrated by the same group also reported the similar sensing mechanism occurring in an azide-functionalized Zr-MOF (DUT-52-N3) [105]. It should be noted that since such Zr-MOFs are chemically stable in HEPES buffer solutions and H2S, it was reported that these MOFs can well preserve their crystalline structures after H2S sensing. In addition, colorimetric detection of H2S was also successfully performed by using UiO-66-(NO2)2 under daylight. On the other hand, Cao et al. reported the use of a duel-linker Zr-MOF containing pyrene-based and porphyrin-based linkers to selectively detect H2S and its derivatives (S2−) in the aqueous solutions. The Zr-MOF could show turn-on fluorescence upon the exposure to H2S gas or S2−-containing aqueous solutions [106].



Hydrazine and its derivatives are well-known reagents that can cause severe environmental and health issues. In 2018, Guo and coworkers demonstrated the incorporation of the fluorescent Eu(III) sites into a Zr-MOF, UiO-66-(COOH)2, by PSM, and the resulting material could detect hydrazine hydrate in ethanol solutions [107]; the strong luminescent response originated from Eu(III) sites could be significantly quenched by the analyte. Another example also showed the use of a phthalimide-functionalized UiO-66 for the turn-on detection of hydrazine. The phthalimide group could be converted into the amine group upon the exposure to hydrazine, resulting in the enhanced fluorescent signal [108]. Moreover, such a fluorescent probe successfully detected hydrazine in MDAMB-231 breast cancer cells without cellular cytotoxicity.



Another type of notable inorganic species that can be optically detected by Zr-MOFs belong to reactive oxygen species (ROS), including hydrogen peroxide (H2O2) and superoxide radical anion (O2·−). In 2018, Biswas et al. first demonstrated the use of a boronic acid functionalized Zr-MOF, Zr-UiO-66-B(OH)2, for the fluorometric detection of H2O2 in HEPES buffer medium at pH 7.4 with a remarkable detection limit of 0.015 μM (Figure 6) [109]. In this case, the B(OH)2 groups can react with H2O2, resulting in the formation of -OH groups showing significant emission at 426 nm. The same research group also reported two Zr-MOFs (Zr-UiO-66-NH-CH2-Py and UiO-66-NH–SO2–Ph-NO2) for the fluorometric sensing of reactive superoxide radical anion (O2·−) in aqueous and methanolic medium, respectively [110,111]. Furthermore, UiO-66-NH-SO2-Ph-NO2 also shows fluorescent turn-on properties toward acetylacetone in the organic solutions. Another notable example was reported by Dong, Li, and coworkers, which demonstrated the use of a Zr-MOF constructed from the phenthiazine-decorated benzimidazole bridging dicarboxyl linker (UiO-68-PT) for the optical detection of another ROS, hypochloric acid (HClO) [112]. The phenothiazine moiety of UiO-68-PT showed a sharp white-to-red reversible color change in the presence of HClO (oxidant) and Vitamin C (reductant) in water. Moreover, the authors also demonstrated the fabrication of mixed-matrix membranes (MMM) by using poly(vinyl alcohol) and UiO-68-PT for the easy colorimetric detection of HClO in aqueous solutions.




4.1.5. Zr-MOFs for Optical pH Sensors


Owing to their excellent chemical stability in water within a wide pH range (as mentioned in Section 3), it is feasible to utilize Zr-MOFs in optical pH sensors. Since porphyrin-based linkers can show significant and reversible changes in both absorbance and florescence during the protonation and deprotonation processes, the water-stable porphyrinic Zr-MOFs are considered as attractive candidates for pH-dependent optical sensing. For example, in 2013, Zhou et al. first demonstrated the pH-dependent florescence of a mesoporous porphyrinic Zr-MOF, PCN-225 [113]. It was reported that the fluorescence emission peak of the MOF at around 725 nm can increase with increasing pH values from 0 to 10.2, and such an increase is much more remarkable when the pH is higher than 7. By utilizing the sensitive fluorescent response of such porphyrinic Zr-MOFs for pH sensing in weakly alkaline solutions, Lu et al. also demonstrated the incorporation of rhodamine B isothiocyanates, which possess the fluorescence that can sensitively respond to the pH in acidic solutions, into the MOF to design the dual-emitting pH sensor capable for a wide range of pH [114]. On the other hand, Li et al. first demonstrated the use of a porphyrinic Zr-MOF, PCN-222, for the colorimetric pH sensors in 2014 [115]. The porphyrin MOF was reported to show the reversible changes in color as well as fluorescent signal within the low pH range. Generally, for such a porphyrinic Zr-MOF, a sharp color change from purple to green can be observed when the pH value is reduced to 3, and the distinct color change can occur when the pH value further drops to pH 2 and lower (Figure 7). Very recently, Cabanillas-Gonzalez, Cunha-Silva, Pedrosa, and coworkers also utilized the reversible color change of porphyrinic Zr-MOFs during protonation/deprotonation in the colorimetric sensors for trifluoroacetic acid vapor [116]. In addition to the porphyrinic Zr-MOFs, the PSM of other optically active ligands into Zr-MOFs was also used to design the sensitive pH probes. For example, by incorporating carboxylnaphthofluorescein into a Zr-MOF, NU-1000, the resulting material could be applied for colorimetric pH sensors [117], and by functionalizing indole moiety into UiO-66-NH2, the obtained material could be utilized in luminescent pH sensors [118].




4.1.6. Hf-MOFs for Optical Sensors


As mentioned earlier, Hf-MOFs show similar structures and characteristics compared to Zr-MOFs. Owing to their excellent stability in water, the use of Hf-MOFs in optical sensors in aqueous solutions should be as feasible as Zr-MOFs, but the incorporation of optically active moieties within Hf-MOFs is also required, as the hafnium-based clusters themselves also show negligible absorbance and fluorescence in visible region. Reports on the use of Hf-MOFs for optical sensors are still rare so far, but it should be noted that from the application point of view, the advantages of Hf-MOFs compared to their Zr-based isostructural MOFs should be considered first before the use of Hf-MOFs for optical sensors. For example, as mentioned in Section 1, Hf-MOFs are in principle more chemically stable than Zr-MOFs and Ti-MOFs owing to their stronger metal-oxygen bonds. Thus, the use of Hf-MOFs may be highly desirable if some harsh sensing conditions that structurally damage Zr-MOFs and Ti-MOFs are required.



In 2018, Biswas et al. demonstrated the use of the boronic acid-functionalized UiO-66-type Hf-MOF (Hf-UiO-66-B(OH)2) for the turn-on luminescent detection of common reactive oxygen species (ONOO−) in neutral HEPES buffer solutions with a low detection limit of 9.0 nM [119]. The boronic groups reacted with ONOO− to form hydroxy-functionalized ligands via the oxidative cleavage reaction, which resulted in a turn-on fluorescence emission. The same research group also reported the turn-off fluorometric sensing of free chlorine and the turn-on fluorometric detection of the cyanide ions via utilizing the structurally distinct functionalized Hf-MOFs [120,121]. Another notable example was recently reported by Li, Lu, and coworkers, which demonstrated the use of a Hf-MOF constructed from H4BTTB (4,4′,4′′,4′′′-(pyrazine-2,3,5,6-tetrayl)tetrabenzoic acid) linker, a well-known aggregation-induced-emission molecule, for the detection of Cr2O72− ions in water [122]. Furthermore, Li et al. demonstrated the use of a Hf-MOF constructed from the 4′,4′′,4′′′-(4,4′-(1,4-phenylene)bis (pyridine-6,4,2-triyl))-tetrabenzoic acid linker for the self-calibrating ratiometric fluorescent detection of sulfonic derivative, which was the first example of replacing terminal H2O/OH− groups presented in the MOF structure by an analyte [123].




4.1.7. Ti-MOFs for Optical Sensors


As mentioned in Section 1, Ti-MOFs in general possess quite distinct structures and topologies compared to Zr-MOFs and Hf-MOFs, but they are also chemically stable in water. Thus, some research efforts have also been made to design the Ti-MOFs constructed from or installed with optically active ligands for use in optical sensors, though the examples so far are still rare compared to those based on Zr-MOFs.



For example, in an early study reported by Qian et al. in 2016, nanosheets of a two-dimensional Ti-MOF constructed from the 2,5-dihydroxyterephthalic acid linker, NTU-9-NS, were synthesized and applied for the turn-off luminescent detection of Fe3+ ions in water. The competitive absorption of light source and the interaction between the MOF linker and analyte were reported as the main reasons for such a quenching effect [124]. The similar luminescent detection of Fe3+ ions by another Ti-MOF constructed from the 4,4′,4″-tricarboxytriphenylamine linker, ZSTU-1, was also demonstrated by Guo, Xu, and coworkers in a recent work [125]. On the other hand, as reported by Kansal et al., the Lewis acid-base interaction between Cu2+ ions and the amine groups of a common Ti-MOF, NH2-MIL-125(Ti), could be utilized in the turn-off luminescent detection of Cu2+ ions [126]. In addition to ion sensors, two fluorogenic Ti-MOFs (ZSTU-1 and ZSTU-2) were also applied for the selective turn-off detection of picric acid (PA) against other nitroaromatic explosives in aqueous media [125,127]; the ZSTU-1 was even reported to show the optical sensing ability toward PA vapor. A recent study also reported the direct use of NH2-MIL-125(Ti) for detecting protein kinase A by means of the interaction between the phosphate groups and the MOF [128].




4.1.8. Ce-MOFs for Optical Sensors


MOFs are constructed from Ce(IV)-based clusters as their nodes have been known to show a similar chemical stability in water compared to Zr-MOFs. Furthermore, the characteristics of these Ce-MOFs and their Zr-based isostructural analogs, such as the stability and catalytic activity, are highly tunable by adjusting the Zr-to-Ce ratio of the mix-metal nodes presented in the MOFs [51,129,130,131]. In addition, the presence of cerium within Ce-MOFs results in the Ce(III)/Ce(IV) redox activity of a part of the cerium sites that are uncoordinated with linkers. It should be noted that in principle, the complete reduction of all Ce(IV) atoms in a Ce-MOF to Ce(III) should result in structural degradation; careful characterizations of the Ce-MOF after the sensing operation are thus suggested. Owing to such redox activity and water stability, the design of Ce-MOFs with optically active moieties for sensing applications in aqueous environments should be of interest, and the resulting sensing performance may outperform the corresponding Zr-based isostructural MOFs for certain sensing purposes. However, reports on the use of Ce-MOFs for luminescent or colorimetric sensors are still rare so far.



An early example reported by Qian, Chen, and coworkers in 2017 showed that a Ce-MOF (ZJU-136-Ce) exhibits the turn-on fluorescence signal for the detection of ascorbic acid (AA). The redox reaction between the Ce(IV) sites and AA results in the turn-on fluorescence upon the exposure to the analyte (Figure 8) [132]. A very recent work also showed that the similar turn-on luminescent detection of AA could be achieved by two other structurally distinct Ce-MOFs [133]. On the other hand, the redox activity of Ce-MOFs could result in the inherent oxidase-like activity for sensing purposes. As demonstrated by Biswas, Dhakshinamoorthy, and coworkers, a UiO-66-type Ce-MOF constructed from the 3,4-dimethylthieno[2,3-b]thiophene-2,5-dicarboxylic acid linker could be utilized to oxidize 3,3′,5,5′-tetramethylbenzidine (TMB) or 2,2′-azinobis(3-ethylbenzothizoline-6-sulfonic acid) (AzBTS), which is known as the chromogenic peroxidase reagent [134]. As a result, such a Ce-MOF with a remarkable oxidase-mimic activity could be served as the colorimetric sensing platform for biothiols in acetate buffer solutions [134]. Another notable example was reported by Tan and coworkers, which showed that the catalytic activity for the oxidation of TMB occurring on a Ce-MOF can be inhibited by the addition of single-stranded DNA, and the catalytic activity can be partially recovered upon the exposure to Hg2+ ions that bind to the DNA to generate the double-stranded DNA; the colorimetric sensor for Hg2+ ions was thus established [135].





4.2. Electrochemical Sensors


Electrochemical sensors utilize the changes in potential, current, or resistance associated with the electrochemical reactions occurring on the electrode surface to determine the concentration of the targeted analyte [136]. Compared to the optical chemosensors, electrochemical sensors do not require spectroscopic instruments, which makes it easier to design the small and portable sensing systems. One of the most common commercially available examples of electrochemical sensors are the glucose sensors [137,138]. A thin film of active material is usually coated on the surface of the electrode to further enhance the sensitivity or selectivity of the electrochemical sensor toward the specific targeted analyte [136]; such “modified electrodes” are commonly used in the design of electrode materials for electrochemical sensors [139]. Therefore, the use of MOFs and MOF-based materials as the modified thin films deposited on the electrode surfaces thus became appealing since the highly porous framework immobilized with spatially separated active sites in its pore is expected to further amplify the sensing signal [140]. For amperometric sensors, which belong to one common type of electrochemical sensors relying on the current response measured at a fixed applied potential, their sensing mechanisms usually consist of the electrocatalytic reactions involving the targeted analyte. Thus, the use of MOF-based electrocatalysts that are capable to selectively electrocatalyze the analyte is highly desirable [21,141,142]. Owing to these reasons, the applications of MOFs for electrochemical sensors have been widely reported since 2013 [141,142]. However, as most electrochemical sensors require the use of aqueous electrolytes, the direct use of less stable MOFs might result in the formation of MOF-derived metal oxides or hydroxides on the electrode surface during the electrochemical processes; the water-stable group 4 metal-based MOFs are thus more desirable for such purposes.



4.2.1. Charge Transport in Group 4 Metal-Based MOFs


A key factor that needs to be considered first before the design of MOFs for electrochemical sensors is the charge transport within the selected MOFs [142]. As the electrochemical reactions only occur on the surface, for a porous thin film modified on an underlying electrode such as a MOF thin film incorporated with a high density of active sites, sufficient electronic conduction must be presented between these active sites within the MOF thin film in order to make the electrochemical reaction to occur on these active sites [143]. Thus, without considerable long-range charge transport within the MOF thin film, most active sites immobilized within the framework cannot be involved in the targeted electrochemical reaction. Unfortunately, almost all group 4 metal-based MOFs are electrically insulating [143,144], which makes it very difficult to properly utilize them in electrochemical sensors. Given that, there are several Zr-MOFs and Ti-MOFs that have been reported to show experimentally measurable and semiconductor-like band gaps, such band gaps usually reflect the band positions of the local structure. The long-range electronic conduction within the bulk material of such MOFs is still quite limited as the electrons are highly localized in such frameworks [145,146,147]. Except very limited examples that demonstrated the design and synthesis of electrically conductive Zr-MOFs [148,149,150,151,152], almost all the group 4 metal-based MOFs can only render charge transport via redox hopping in electrochemical systems [143]. The redox-hopping mechanism capable for long-range charge transport was commonly reported in redox-active polymeric thin films [139,153] and has been discovered in group 4 metal-based MOFs since 2013 [154]. With the redox-active unites that possess a similar redox potential and are spatially separated with a close enough distance between each other, charge can be transported via the reversible redox reactions of these active units coupled with the adsorption/desorption of counter ions for charge neutralization under electrochemical operations [155,156,157]. By utilizing such redox-hopping pathways, electrochemically addressable MOF-based thin films with remarkable electrochemical responses can be obtained, even though the bulk MOF shows no intrinsic electrical conductivity [143]. As the nodes of Zr-MOFs and Hf-MOFs are redox innocent, the use of redox-active linkers or the post-synthetical incorporation of redox-active units on the nodes is necessary to render redox hopping in these MOFs. Several studies demonstrated by different research groups have shown the design and synthesis of redox-active Zr-MOFs possessing redox-hopping-based electrochemical activity [56,158,159,160,161,162,163]. Moreover, our recently published work also showed that the redox-hopping charge transport can be observed in a redox-active Ce-MOF with unsaturated hexa-cerium nodes presented in its structure [164]. The similar electrochemical activity of another structurally well-defined cerium-based MOF was also reported by Öhrström et al. in a very recent work [165]. With sufficient charge transport between the active sites within these water-stable MOFs, such MOF thin films should be considered as attractive candidates for electrochemical sensing purposes.




4.2.2. Progress in the Use of Group 4 Metal-Based MOFs for Electrochemical Sensors


As the redox-hopping charge transport was mainly reported for Zr-MOFs, compared to those for Hf-MOFs, Ti-MOFs, and Ce-MOFs, more research efforts have been made to utilize Zr-MOFs and related materials in electrochemical sensors. The first published example regarding the use Zr-MOFs in electrochemical sensors was reported in our early work published in 2015 [166]. In this work, a Zr-MOF constructed from porphyrinic TCPP linkers, MOF-525 [49], was applied for electrochemical determination of nitrite in aqueous KCl solutions. As shown in Figure 9a, charge transport can be facilitated by redox hopping between the porphyrinic units presented within the MOF-525 thin film, and these porphyrinic moieties also play the role as the electrocatalyst to electrochemically catalyze the oxidation of nitrite, which results in the amperometric sensing response [166]. The use of various porphyrinic Zr-MOFs and their nanocomposites for electrochemical nitrite sensors was thereafter demonstrated in several studies [151,167,168,169,170]. As these Zr-MOFs with porphyrinic building blocks can render redox hopping to transport charge, and porphyrins also consist of common electrocatalysts capable for catalyzing various analytes or mediators, such porphyrinic Zr-MOFs have been utilized in electrochemical sensors for a range of analytes in addition to nitrite [171,172,173,174,175,176,177,178,179,180]. For example, in an early example published in 2015, Lei et al. demonstrated the use of another porphyrinic Zr-MOF, PCN-222, to electrocatalyze oxygen reduction in PBS [171]. The electrocatalytic process was further utilized as the electrochemical probe for DNA sensors. The similar electrocatalytic oxygen reduction occurring on various kinds of porphyrinic Zr-MOF-based materials was thereafter utilized to enhance the electrochemical sensing responses for biomolecules such as thrombin [177] and ochratoxin A [178]. One notable example was demonstrated by Zhang and coworkers in 2016, which applied PCN-222 for photoelectrochemical sensors for the first time [172]. In this work, the photoelectrochemical reduction of oxygen catalyzed by the porphyrinic Zr-MOF in the presence of dopamine was reported in HEPES buffer solutions, and the resulting photocurrent can be suppressed after further modifying α-casein on the electrode surface; the label-free photoelectrochemical sensor for α-casein was thus developed [172]. It should be noted that the HEPES buffer solution was used here instead of the commonly used PBS to ensure the structural integrity of the Zr-MOF [55]. A very recent work reported by Fischer, Li, and coworkers also suggested that the porphyrinic Zr-MOF thin films could be applied for the selectively electrochemical detection of nitrobenzene and their derivatives in NaCl solutions [180]. As the redox hopping-based charge transport within such porphyrinic Zr-MOFs is known to be less efficient [166], especially between different MOF crystals, the design of electrically conductive MOF-based nanocomposites with the nanocarbons or conducting polymers to facilitate the interparticle electron conduction can further enhance the sensing performances. Such porphyrinic Zr-MOF-based nanocomposites have been synthesized and utilized in the electrochemical detections for nitrite [167], dopamine [174], luteolin [175], and chloramphenicol [179] in various studies.



In addition to the redox-active porphyrinic Zr-MOFs, several Zr-MOFs constructed from redox-innocent linkers, such as UiO-66, MOF-801, and their composite materials, have been directly applied for the electrochemical sensors toward a range of analytes in PBS [181,182,183,184,185,186,187,188,189,190]. As mentioned previously, PBS may cause the structural degradation of Zr-MOFs to form MOF-derived materials [54,55], for fundamentally probing the electrochemical sensing behaviors of the original Zr-MOF with well-preserved porosity and crystallinity, the use of other buffered systems is necessary. However, the lack of charge-transport pathways within these redox-innocent and electrically insulating Zr-MOFs during the electrochemical operations then becomes the main concern. Functionalizing spatially dispersed redox-active sites within such a redox-inactive Zr-MOF by PSM is one of the solutions to render the hopping-based charge transport during the electrochemical processes without forming MOF-derived materials. For example, in our recent work, a redox-active polyoxometalate, V10O28, was post-synthetically immobilized within the entire framework of a Zr-MOF, NU-902. As illustrated in Figure 9b, the charge hopping by means of the reversible redox reactions of V10O28 was observed during the electrochemical operations in MOPS solutions, and the V10O28 itself was found to act as the electrocatalyst for dopamine oxidation, which was applied for electrochemical dopamine sensors [191]. Similarly, the post-synthetic immobilization of spatially separated Ir(III)/Ir(IV) sites within defective UiO-66 can also render the hopping-based charge transport within this Zr-MOF, and the redox-active iridium sites were found to be capable to detect nitrite in aqueous perchlorate-based electrolytes electrochemically while maintaining the crystallinity of the MOF [192].



On the other hand, another strategy to utilize such structurally robust, porous, but redox-inactive Zr-MOFs for electrochemical sensors is to incorporate other catalytic and electrically conductive materials into the MOF pore. For example, in 2016, Zeng et al. demonstrated the immobilization of AuPd bimetallic nanoparticles within a Zr-MOF, UiO-66-NH2, and the resulting composite material can be used to electrochemically detect nitrite due to the presence of the electrocatalytic nanoparticles (Figure 9c) [193]. The electrochemical sensing experiments were conducted in acetate buffer solutions, where the structure of Zr-MOF can remain intact. Ma, Wang, and coworkers incorporated a conducting polymer, polyaniline, into UiO-66-NH2 by performing the in-situ polymerization of aniline in the presence of MOF crystals, and the Zr-MOF-polymer composite material was applied for electrochemical cadmium ion detection in acetate buffer solutions [194]. A recent study from our group also showed that by electrodepositing metallic cobalt within the pore of thin films of a redox-innocent Zr-MOF, the resulting continuous and pore-confined cobalt can exhibit the electrochemical sensing activity toward H2O2 in the MOPS buffer solutions and outperform the flat cobalt electrodeposited in the absence of Zr-MOF [195].



In an early study demonstrated by Hu et al., the modified electrode of NH2-MIL-125(Ti) was reported to show the photoelectrochemical activity to oxidize Mn2+ and was applied for the determination of Mn2+ in tea samples (see Figure 9d) [196]. The same research group also showed that such a Ti-based MOF can be utilized in the photoelectrochemical detection of clethodim [197]. However, published examples of structurally well-defined Ti-MOFs applied for electrochemical sensors are still quite rare.



Owing to the potential redox activity of their metal-based nodes, Ce-based MOFs have attracted attention for their use in electrochemical sensors in a few studies published recently. Though this is beyond the scope of group 4 metal-based MOFs, the Ce(III)-based MOF, which was synthesized from the Ce(III) precursor, was reported for the use in electrochemical determinations of telomerase [198] and bisphenol A [199], respectively. Very recently, Zhu and coworkers also synthesized a nanocomposite composed of such a cerium-based MOF and carbon nanotubes that is capable of the simultaneous detection of hydroquinone and catechol in PBS [200]. However, the water-stable Ce(IV)-based MOFs with well-defined structures, such as Ce-UiO-66 and Ce-MOF-808, have not been reported for electrochemical sensors yet.





4.3. Chemiresistive Sensors and Others


The chemiresistive sensors rely on the change in the resistance of the active material upon the exposure to the targeted analyte as the sensing signal; such sensors are more frequently utilized to determine the concentrations of toxic gases or the relative humidity in gaseous environments [201,202]. As a decent electrical conductivity is needed, semiconducting inorganic metal oxides, conducting polymers, and carbon-based materials are usually utilized as the active materials in such sensors [201,202,203]. Research efforts have been made to design various electrically conductive MOFs as well as MOF-derived materials for the use in chemiresistive sensors, which can be found in some recently published review articles [204,205]. As mentioned in detail in Section 4.2.1, since almost all group 4 metal-based MOFs are electrically insulating without the presence of electrolytes and applied potential, examples of such MOFs for chemiresistive sensors relying on electronic conduction in MOFs are relatively rare. Without designing the electrically conductive group 4 metal-based MOFs, the role of such MOFs in the application of most resistive sensors usually belongs to the additive to enhance the sensing performances of another active material. However, it should be noted that since some Zr-MOFs have been known to show decent proton conductivity under a high relative humidity [206], the use of such group 4 metal-based MOFs in resistive or capacitive humidity sensors may be feasible, as investigated in one early work published by Ruan, Wen, and coworkers [207].



For chemiresistive gas sensors relying on the electronic conduction occurring in these group 4 metal-based MOFs, the first example was demonstrated by Hupp et al. [208]. The continuous one-dimensional (1D) strands of tin oxide were post-synthetically deposited within the 1D mesoporous channels of a Zr-MOF, NU-1000, by a self-limiting solvothermal installation in MOFs (SIM) technique. As a result, the electrical insulating Zr-MOF can show moderate electrical conductivity after the deposition of tin oxide strands, and the resulting material, named as “Sn-SIM (3 cycles)”, was found to exhibit a significant and reversible change in electrical conductance upon the exposure to the reductive hydrogen gas at room temperature (Figure 10a) [208]. Another example regarding the Zr-MOF-based chemiresistive sensors for hydrogen gas was recently reported by Doan and coworkers [209]. In this work, Pd nanoparticles were post-synthetically installed within the pore of a Zr-MOF, and it was found that the Pd@Zr-MOF can be served as the active material for the chemiresistive hydrogen sensor operated at 150 °C with a remarkable selectivity against other common volatile organic compounds. In addition, Kalidindi et al. reported that UiO-66 and its derivatives can be applied for chemiresistive sensors toward SO2, NO2, and CO2 gases at an operating temperature of 150 °C, though the resistive responses of such Zr-MOFs are still within the range of 10−10 Ohm owing to the low electrical conductivities of these Zr-MOFs [210]. Utilizing MOFs as the additive to composite with the active sensing material may also improve the performances for chemiresistive sensors. For example, mixing UiO-66 crystals with graphene can suppress the resistive sensing responses of the pristine graphene for methanol and ethanol and significantly enhance the response for chloroform gas. Such a Zr-MOF-graphene composite was thus applied for the selective chemiresistive sensor toward chloroform, as reported by Losic and coworkers [211]. In addition to the chemiresistive sensors, another notable example was recently demonstrated by Simchi et al., which is the first study reporting the use of Zr-MOF in piezoelectric sensors [212]. As shown in Figure 10b, UiO-66 was added during the electrospinning fabrication of poly(vinylidene fluoride) (PVDF) nanofibrous membrane to prepare the MOF-PVDF composite membrane, and it was found that the crystallinity of the polymer can be obviously increased with the MOF additive, which results in the better piezoelectric sensing performance of PVDF for arterial pulse monitoring. It is worth noting that all the aforementioned examples are based on Zr-MOFs; the use of Ti-MOFs or Ce-MOFs for chemiresistive sensors or piezoelectric sensors has not been reported yet.





5. Future Outlooks


We have discussed the recent progress in the use of group 4 metal-based MOFs and related materials for various sensing systems such as optical sensors, electrochemical sensors, chemiresistive sensors, and other sensors for a range of analytes. Since these MOFs possess remarkable chemical stability in a range of aqueous solutions, and their relatively large pore sizes and high structural diversity can allow various kinds of PSM to build the spatially accessible active sites with a high density, there are lots of opportunities in the applications of such group 4 metal-based MOFs for chemical sensing purposes. In addition to utilizing the active moieties for sensing purposes as the building blocks to synthesize the MOF structures, the uncoordinated metal-based clusters or defect sites presented within these MOFs can also allow the incorporation of active sites for sensing via PSM, which further increases the possibility to design materials for specific targets. Even though these MOFs are in general considered as the stable MOFs in water, the presence of strong alkaline solutions or strongly coordinated ions with a high concentration may still cause the structural degradation of these MOFs. Thus, the chemical stability of these MOFs during the sensing operations still needs to be considered with care, especially for the analytical systems operated in buffer solutions, which are quite common in biosensing applications. As the systematic studies regarding the chemical stability of various Zr-MOFs, Ti-MOFs, Hf-MOFs, and Ce-MOFs in a range of common buffer solutions are still rare so far, structural characterizations of the MOF after the sensing experiments may be necessary to gauge the structural integrity of the MOF for a new chemical sensing process.



A range of material-design strategies have been utilized to synthesize the optically active group 4 metal-based MOFs for fluorescent and colorimetric detection of various analytes. Given such optical sensing processes do not require long-range transport of electrons within the bulk material, the highly porous and interconnected pore structures of such MOFs incorporated with spatially separated optically active moieties provide the obvious benefits for achieving the sensitive and fast optical responses. With the rational selection of chemical functional groups presented within the entire framework, the resulting group 4 metal-based MOFs should be the potential platforms for the sensitive and selective optical detections of specific analytes including ions, organic compounds, and inorganic small molecules in aqueous solutions. For the optical detection of biomolecules and some drug molecules, the size of the targeted analyte compared to the pore size of the MOF should be considered to ensure the accessibility of the analyte to the internal active sites presented within the framework. As the pore size of such group 4 metal-based MOFs is highly tunable from less than 1 nm to more than 5 nm, pore size of the MOF should play an important role in certain chemical sensing processes. The selectivity may be affected if the pore size of the selected MOF can exclude the penetration of the interferents with large molecular sizes.



Unlike optical sensors, electrochemical sensors based on MOFs face a serious obstacle due to the poor electrical conductivity of most MOFs. The use of MOF-derived carbon or metal oxides for electrochemical sensors can effectively resolve this issue, but such materials lose the regular porosity and tunable intra-framework chemical functionality, which is the main fantastic characteristics of MOFs for sensing applications. As the existed group 4 metal-based MOFs with intrinsic electrical conductivity are still very rare in literature, utilizing redox hopping-based pathways to transport charge within the intrinsically insulating framework during the electrochemical sensing processes is more feasible. Such electrochemically active and water-stable MOFs can be synthesized by using the redox-active ligand as the linker during MOF synthesis, installing the redox-active sites in the MOF via PSM, or incorporating another conducting material with a continuous phase within the pore of the MOF. It should be noted that utilizing the MOF with a high intrinsic electrical conductivity may not always be beneficial for electrochemical sensing purposes, as the highly porous and electrically conductive MOF should provide a huge non-Faradaic current, which is considered as the background signal for amperometric sensors and is not desirable for achieving low limits of detection. The group 4 metal-based MOFs relying on the redox hopping-based charge transport are thus advantageous for such electroanalytical purposes, since such MOFs show negligible current response without applying the potential that initiates the Faradaic reaction.



For resistive and capacitive sensors, the direct use of group 4 metal-based MOFs is even more challenging compared to the electrochemical sensors, as a high electrical conductivity upon the adsorption or desorption of the analyte is usually required. However, more opportunities may be there for the use of such MOFs as the additive during the fabrication of another active sensing material. As mentioned in the previous section, a recent study suggested that the addition of a minor amount of Zr-MOF into the polymer membrane can enhance the crystallinity of the polymer, which can thus improve the piezoelectric sensing performance of the polymer. These chemically robust group 4 metal-based MOFs may play the similar role in other sensing systems in future studies.



Moreover, the next generation of sensors often requires flexibility and conformability without compromising performance [213]. The stability of group 4 metal-based MOFs may provide high compatibility to a wide range of stretchable or conducting polymers to prepare wearables sensors. In addition, the geometrical design of sensors, such as surface roughness and hierarchical structures, can impart enhanced sensitivity and functionality [214]. The fabrication of these highly complex devices can be achieved by advanced processing techniques such as additive manufacturing. Some recent reports have attempted to incorporate MOFs into additive manufacturing [215,216,217]. However, more work is needed to fully explore the emerging properties from the combination of MOFs and additive manufacturing. The potentials of group 4 metal-based MOFs can be further expanded by utilizing their stability and activity in preparing high-performance composite materials. Within such composite materials aiming for sensors, the rigid and highly porous MOF crystals may play dual roles as the active sites for chemical sensing as well as the additive or filler to further enhance certain properties of the polymer matrix.



It should be noted that most published examples reporting the use of group 4 metal-based MOFs in chemical sensors so far only focused on Zr-MOFs. Even though the chemical stability of Ti-MOFs, Hf-MOFs, and Ce-MOFs is in general comparable to that of Zr-MOFs, studies on the use of such MOFs in chemosensors are still relatively rare. Enormous opportunities are thus there for the use of these MOFs in chemosensors. Especially, Ce-MOFs possessing water stability, structural diversity, as well as redox activity may be an attractive platform for a range of chemical sensing purposes. In short, the appropriate design of MOFs-based materials may develop the sensitive and selective chemical sensors for practical applications such as medical diagnosis and environmental monitoring.
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Figure 1. A schematic illustration of the interactions involved in the detection of various analytes. 
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Figure 2. The number of publications reporting the use of Zr-MOFs, Ti-MOFs, Hf-MOFs, or Ce-MOFs for sensors published in each year, obtained from Web of Science database. 






Figure 2. The number of publications reporting the use of Zr-MOFs, Ti-MOFs, Hf-MOFs, or Ce-MOFs for sensors published in each year, obtained from Web of Science database.



[image: Chemosensors 09 00306 g002]







[image: Chemosensors 09 00306 g003 550] 





Figure 3. (a) Schematic representations for the design of a turn-on fluorescence sensor in multicomponent MOFs by integrating a fluorophore and a recognition moiety. Reprinted with permission from [67]. Copyright (2020) John Wiley and Sons. (b) Synthesis of UiO-(OH)2@RhB for the detection of Al3+ ions. Reprinted with permission from [75]. Copyright (2020) American Chemical Society. 
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Figure 4. Schematic representation for the selective detection of TNP by a Zr-MOF constructed from H2BTDB linker. Reprinted with permission from [77]. Copyright (2016) Royal Society of Chemistry. 
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Figure 5. Synthesis of UiO-68-An/Ma and tuning the fluorescent PET in the MOF through the reversible D–A reaction or thiol-ene reaction. The topology is shown in the simplified form as an octahedral cage. Reprinted with permission from [98]. Copyright (2018) John Wiley and Sons. 
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Figure 6. Synthesis of Zr-UiO-66-B(OH)2 for the selective fluorescent detection of H2O2 in HEPES buffer solutions. Reprinted with permission from [109]. Copyright (2018) American Chemical Society. 
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Figure 7. Photographs of the (a) PCN-222 and (b) porphyrinic linker taken under ambient light, after the exposure to various aqueous solutions and reversal washes between each exposure. Reprinted with permission from [115]. Copyright (2014) Royal Society of Chemistry. 
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Figure 8. Schematic demonstration of a Ce-MOF, ZJU-136-Ce, for the luminescent detection of AA. Reprinted with permission from [132]. Copyright (2017) Royal Society of Chemistry. 
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Figure 9. (a) The use of a redox-active porphyrinic Zr-MOF, MOF-525, to render hopping-based charge transport and electrochemically detect nitrite [166,167,168]. (b) Immobilization of V10O28 clusters within a Zr-MOF, NU-902, to render both the charge transport and the electrocatalytic activity for dopamine detection [191]. (c) AuPd nanoparticles immobilized within UiO-66-NH2 for electrochemical nitrite detection [193]. (d) Photoelectrochemical detection of Mn2+ ions by utilizing a Ti-MOF, NH2-MIL-125(Ti), as the catalytic thin films [196]. Elemental colors used in the MOF structures: cyan—Zr; yellow—Ti; purple—V; red—O; blue—N; grey—C; white—H. 
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Figure 10. (a) (top) Electron density map of 1D tin oxide strands (shown in purple color) deposited within the hexagonal mesoporous channels of NU-1000; (bottom) chemiresistive hydrogen sensor operated at room temperature with the use of the Sn-SIM (3 cycles) material. Adapted with permission from [208]. Copyright (2018) American Chemical Society. (b) The addition of Zr-MOF (UiO-66) into PVDF membrane to enhance the piezoelectric sensing performance for arterial pulse monitoring. Reprinted with permission from [212]. Copyright (2020) American Chemical Society. 
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