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Titanium carbide (Ti3C2) MXenes due to their structural and optical characteristics rapidly emerged as the preferred material, particularly in catalysis and energy applications. On the other hand, because of its enormous surface/volume ratio and porosity, Metal-organic Frameworks (MOFs) show promise in several areas, including catalysis, delivery, and storage. The potential to increase the applicability of these magic compounds might be achieved by taking advantage of the inherent flexibility in design and synthesis, and optical characteristics of MXenes. Thus, coupling MOF with Ti3C2 MXenes to construct hybrid composites is considered promising in a variety of applications, including energy conversion and storage. This paper presents a systematic discussion of current developments in Ti3C2 MXenes/MOF composites for photocatalytic reduction of CO2, and production of hydrogen through water splitting. Initially, the overview and characteristics of MXenes and MOFs are independently discussed and then a detailed investigation of efficiency enhancement is examined. Different strategies such as engineering aspects, construction of binary and ternary composites and their efficiency enhancement mechanism are deliberated. Finally, different strategies to explore further in various other applications are suggested. Although Ti3C2 MXenes/MOF composites have not yet been thoroughly investigated, they are potential photocatalysts for the production of solar fuel and ought to be looked into further for a range of applications.
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1 INTRODUCTION
The risks associated with climate change and global warming are becoming worse due to the rising emissions of greenhouse gases, such as CO2. Sustainable climate action and renewable energy should complement or replace fossil fuels to reduce this impact (Tahir, 2024). Among the different approaches, the reutilization of greenhouse gas CO2 and its conversion to valuable clean products, such as the production of hydrogen as a clean energy source, is a promising pathway to contribute in minimizing the effect of global warming (Jiang et al., 2023; Jiang et al., 2024). Among the available technologies, photocatalysis is one developing technology that can realize this ambition; it has gained popularity as a green technology since it can potentially use renewable sun energy. To achieve this goal, various semiconductor materials are under exploration, however, they have lower efficiency and are unable to fully utilize solar energy (Zhang et al., 2021; Suman, 2018). Addressing substantial overpotential and sluggish kinetics is imperative to enhance the speed of photocatalytic CO2 reduction and hydrogen production by applying efficient catalysts. While precious metals exhibit high catalytic activity, their prohibitive cost and limited availability hinder their utilization in large-scale photocatalysis technology. Consequently, photocatalysis requires advancing affordable, non-precious metal-based materials with high catalytic activity and product selectivity (Xie et al., 2018; Liu M. et al., 2020; Zong et al., 2021).
Recently, researchers have given more of their attention to the use of two dimensional (2D) materials which composited of transition metal and carbide materials in areas of catalysis, energy storage and conversion. Several reports unveiled the potential advantages of 2D MXenes layered structure to couple with other semiconductors as co-catalysts and found promising to enhance photocatalytic hydrogen generation and CO2 conversion. These materials are considered as a viable alternative to noble-metal catalysts (Qin et al., 2021; Sharma S. K. et al., 2022). Because of their varied chemical composition, MXenes showcase a wide range of intriguing mechanical, electrical, magnetic, and electrochemical characteristics (Han et al., 2019). MXenes due to their 2D layered structure can be combined with several other materials to develop layered configurations which can be beneficial for several applications. Among the MXenes, titanium carbide (Ti3C2) is a promising material due to its numerous benefits such as increasing catalytic activity and stability, ease of preparation and the inclusion of useful functional groups over the surface. However, MXenes alone have lower efficiency due to strong conductive characteristics, therefore, they can be widely explored as cocatalysts with other semiconductor materials. Thus, MXenes-based composites, sparked considerable interest for their substantial potential in numerous applications, particularly in the realm of photocatalytic CO2 reduction and hydrogen generation (Han et al., 2020; Gao et al., 2015).
Metal-organic frameworks (MOFs) have been the subject of an increased investigation for photocatalytic uses in the recent years. Their noteworthy properties, such as their large specific surface area, varied crystalline structures, changeable bandgap, and flexible chemistry and usefulness, are what have sparked this interest (Liu et al., 2022; Lin et al., 2014). However, MOFs’ intrinsic crystalline structure creates structural imperfections such as limited electrical conductivity and electron-hole recombination centres. Ultimately, these limitations limit their efficiency in the process of photocatalysis (Liu S. et al., 2020; Reddy et al., 2020). To overcome the issues, a number of initiatives have been started, including the incorporation of additional semiconductors, naturally occurring nanoparticles, and precious metal nanoparticles into MOFs (Reddy et al., 2021; Wang et al., 2020). When used in conjunction with MOFs, Ti3C2 MXenes are permitted materials. Charge transport efficiency substantially impacts the efficiency in the production of H2 through hydrogen evolution reaction (HER) and CO2 reduction to various useful chemicals and products. Thus, to resolve the lower MOF conductivity for the transport of charges, it is necessary to use a highly conductive nature with an ability to trap and transport photoinduced charge carriers. Ti3C2 MXenes exhibit robust electrical conductivity and exceptional stability. Significantly, Ti3C2 MXene’s higher conductivity can enhance charge carrier transport efficiency, enabling precise adjustments to catalytic performance in multicomponent catalyst systems such as MXenes/MOF (Wu et al., 2019; Sharma et al., 2022b). Few studies have explored using MXenes-based metal-organic framework (MOF) composites in photocatalytic CO2 reduction and primarily focusing on photocatalytic water splitting.
Herein, recent advances in titanium carbide (Ti3C2) MXenes and MOF-based composites for photocatalytic CO2 reduction and water splitting to produce hydrogen has been disclosed. Initially, an overview and characteristics of utilizing both materials have been discussed. The latest advancements in utilizing MXenes and MOFs composites such as binary and ternary heterojunction formations for applications such as photocatalytic hydrogen (H2) production, and carbon dioxide (CO2) reduction are demonstrated. The discussion predominantly delves into the characteristics and performance of previously documented nanocomposites and nanohybrids featuring Ti3C2 MXene-based MOFs. Finally, this review outlines existing challenges and potential avenues for future research in Ti3C2 MXene-based MOF composites. Although not much research has been done on Ti3C2-MOF composites, it is obvious that they are potential photocatalysts for the production of solar fuel and that more research should be done on them for a range of uses.
2 OVERVIEW OF MOFS AND TITANIUM CARBIDE MXENES
2.1 Overview of MOFs
Metal-organic frameworks (MOFs) are porous materials characterized by a high specific surface area and a three-dimensional structure. The fundamental units of MOFs are created by joining metal clusters with organic ligands to create a three-dimensional organized network (Karthik et al., 2017). In comparison to other semiconductors, these materials, significantly, have a greater specific surface area due to their increased porosity, which is a result of their geometrically well-defined framework structure (Ren et al., 2024). Although these materials had been acknowledged earlier, significant attention was drawn to MOFs in the late 1990s due to the work reported by Omar Yaghi and his colleagues. They were able to synthesize extraordinarily rigidly synchronized networks with organic linkers and metal ions known as MOF-5 (Li et al., 1999; Li D. et al., 2019). Due to the distinctive and exceptional qualities inherent in MOFs, there has been a notable surge among researchers focused on developing new materials and exploring their applications. MOFs exhibit significant potential across diverse fields, including gas sorption and separation, luminescence, catalysis, proton conductivity, and sensor development. Their extremely configurable features, higher crystallinity, long-lasting porosity, incredibly huge surface area, compelling and extensive permutations, and highly changeable framework topology are all responsible for this (Li D. et al., 2019; Zhou and Kitagawa, 2014; Li et al., 2009; Corma et al., 2010; Cui et al., 2012).
In addition to MOF as a pure material, they can be converted to several metal oxides and porous materials with a larger surface area and abundance of surface-active sites. In the last 10 years, MOF research has drawn a lot of interest from the chemistry and materials science communities. Heterogeneous catalysis was one of the many uses of MOFs that was first investigated in 1994 (Fujita et al., 1994). It continues to capture the attention of researchers owing to its chemical adaptability, custom-designed pore structures, and expansive, easily accessible internal surface areas. There are four primary categories of MOF materials based on their synthesis: 1) Zeolitic imidazolate frameworks (ZIFs), 2) Matériaux de l′Institut Lavoisier (MILs), 3) Universitet I Oslo (UIO), and 4) Isoreticular Metal-Organic Frameworks (IRMOFs) (Zhao et al., 2022). MOFs have metal clusters in the parent MOFs, primarily transitional ones like Ti, Zr, Fe, and Zn. Figures 1A–C shows the recent developments in various MOFs and their structures and uses in various applications (Tahir et al., 2023a).
[image: Figure 1]FIGURE 1 | (A–C) Developments of MOFs and their various structures. Reproduced with permission from (Tahir et al., 2023a). Copyright 2023 Elsevier.
MOFs are distinguished from all other solids by their exceptional qualities of high specific surface area and porosity, which are a result of their structural and tunability traits. Because of their strong physical adsorption capabilities, MOFs, a porous material with a large surface area, are thought to be the best adsorbents for gas storage and separation, primarily of CO2 and H2. However, by using analogies with other related MOF structures and the relative dimensions of the ligands, it is possible to anticipate, change, and control the pore shape/size, and dimensions (Li et al., 2011).
2.2 Structure and properties of MOFs
MOF structure consists of organic linkers that connect the secondary building blocks to form regularly spaced porous structures, which can be either clusters or metal ions (Jiao et al., 2019). The vast diversity of MOFs arises from the numerous possible combinations of these structural elements. The multifunctionality of MOFs is rooted in their diverse crystalline forms. Secondary building units (SBUs) in MOFs which can either be metals or metal clusters are coupled with organic linkers, primarily carboxylic acids or nitrogen-containing ligands, to form MOFs.
Unlike other porous materials like carbons and zeolites, MOFs possess a unique tunability that sets them apart. The configuration of MOFs is defined by the size, shape, and arrangement of organic linkers relative to the SBUs (Tahir et al., 2021a). Through careful selection of SBUs and connectors, MOFs can be finely adjusted, enabling customization of structure, pore size, shape and functionality to meet required application requirements. Theoretically, MOF morphology/structures can be predicted by considering the organic linker-building components and metals involved. It is worth noting that a database containing over 20,000 recorded MOF forms has recently become available, and further are under exploration (Jiao et al., 2019; Furukawa et al., 2013). MOFs having specific shapes and structures facilitate higher light penetration and reactant attachment. In MOF having active sites can help organic bonds with functional groups such as amine and pyridyl to make it possible to identify particular tiny molecules.
It is possible to add functional groups to SBUs or organic linkers after synthesis that are not suitable for MOF synthesis. The structure and type of MOF and their characteristics such as active sites, surface area and functional groups all depend on the type of metal ions/clusters and organic linkers. MOFs have distinct magnetic, electrical, and optical properties that can be precisely altered to achieve specific objectives. Moreover, MOFs’ pore space can hold a variety of functional hosts with multitasking capabilities. MOFs are resistant to a wide range of species, including organic dyes, nanoparticles, polyoxometalates, single metal atoms, metal complexes, tiny enzymes and polymers (Jiao et al., 2019; Perry Iv et al., 2009; Tranchemontagne et al., 2009; Lu et al., 2014; Deng et al., 2012). The spectrum of possible uses within a single MOF is greatly expanded upon the introduction of a guest species (Jiao et al., 2019). In the past 20 years, numerous novel compounds have been discovered, however, it has been observed that MOFs have poor stability with acid/base, lower thermal stability, and unacceptable mechanical properties. Therefore, ensuring the resilience of MOFs is crucial for many real-world applications. Over the last few years, several initiatives have been launched, resulting in significant progress in addressing this challenge (Burtch et al., 2014; Howarth et al., 2016; Bosch et al., 2014). Numerous MOFs with water stability have been extensively investigated such as the MIL-101 series based on chromium being explored to date (Férey et al., 2005), MAFs (metal isolate frameworks) (Huang et al., 2006), ZIFs (zeolitic imidazolate frameworks) (Park et al., 2006), pyrazole-based MOFs (Colombo et al., 2011), the aluminium-based carboxylates (Loiseau et al., 2004) and the zirconium-based carboxylates (Furukawa et al., 2014; Cavka et al., 2008; Feng et al., 2012). To enhance MOFs’ resistance to water and moisture, recent efforts have concentrated on imparting hydrophobic surfaces or interfaces to them. For example, Nguyen and Cohen employed a medium with extended alkyl groups as an effective approach to safeguard moisture-sensitive MOFs (Nguyen and Cohen, 2010). Due to their super-hydrophobic nature, fluorinated MOFs (FMOFs) were reported to have good water stability (Yang et al., 2011). On the other hand, for gas phase reaction that can occur at high temperatures such as dry reforming of methane, thermal stability is also very important for their practical applications. Controlling thermal stability frequently means to select a suitable and more linkers with each metal node with their stronger connections. The metal ions with higher valence state such as Ti4+, Zr4+, Ln3+, and Al3+ are frequently utilized to produce MOFs with their higher thermal stability. While most MOFs are stable between 350 and 400°C, a few, such as MIL-53 (Loiseau et al., 2004) and UiO-66 (Cavka et al., 2008), are stable over 500°C. Because thermal stability offers a consistent indicator of resistance to other stressors, it is frequently the only type of stability tested for novel MOFs (Jiao et al., 2019).
Most MOFs under explorations are microporous which exhibits an excellent gas adsorption property, particularly for gases like hydrogen and carbon dioxide, with pore diameters typically around 2 nm. Large surface areas and substantial micropore volumes are desirable for many applications, yet such tiny holes cannot support enormous particles or molecular processes. Their limited ability to facilitate rapid mass diffusion and transfer makes them less useful for medication administration, storage, separation, and catalysis (Jiao et al., 2019). For some more contemporary applications, such as drug delivery and catalysis, mesoporous MOFs with their size in the range of 2 to 50 nm are most favoured (Furukawa et al., 2013; Xuan et al., 2012).
Large pore-size MOFs can be created and modified using a variety of efficient techniques. Lengthening ligands is an obvious and practical method to do this (Eddaoudi et al., 2002). The record for the largest pores in MOFs is now held by IR-MOF-74-XI, which has an amazing pore diameter (Feng et al., 2012). The functionalities of MOFs depend on both the pore diameter and the Langmuir and Brunauer-Emmett-Teller (BET) surface areas (Senkovska and Kaskel, 2014). The surface area of NU-110 is the highest of any known material, at 7,140 m2 g−1 (Farha et al., 2012). Based on calculations, the maximum possible surface area of MOFs can be reached to 14,600 m2 g−1 (Farha et al., 2012), however, determining this number experimentally remains challenging (Jiao et al., 2019).
Despite having a relatively high specific surface area, the majority of MOFs that have been described have poorer electrical conductivity. MOF’s low conductivity is caused by its tight charge localization and low electron density, whereas charge carriers are trapped on the lattice sites. The conductivity of MOFs can be enhanced by developing new strategies for their synthesis with mandatory characteristics such as the band transport within their metallic crystal structure. In a recent review paper by Ren and co-authors, the conductive characteristics of various MOFs have been summarized. For example, Cu [Ni(pdt)2] MOF depicted conductivity of 1 × 10−4 S cm−1 and Co-HAB has an electrical conductivity of 1.57 S cm−1. Similarly, many other MOFs have an electrical conductivity of 1.3 × 10−7 S cm−1 for NU-1,000 and 1580 S cm−1 for Cu-BHT. The MOF conductivity can be increased through variety of ways with respect to their synthesis and surface modification (Ren et al., 2021). Additionally, MOFs containing organic linkers may be able to absorb light and become functionalized by adding other groups, such as amino groups. The conductive characteristics of MOFs can also be improved by their contact with highly conductive materials with matched Fermi levels. In this perspective, MOF combined with MXenes and in particular titanium carbide (Ti3C2) MXenes can be beneficial to enhance photocatalytic efficiency. The detailed properties and characteristics of MXenes are discussed in the following sections.
2.3 Overview of Ti3C2 MXenes
MXenes are a type of 2D transition metal carbide that can be likened to graphene. Mn+1XnTx (n = 1 to 3) is the general MXenes formula, however, M, X and T can be varied depending on the types of MXenes and metals involved. So far, several metals (M) MXenes are used to produce different type of MXenes such as Ti, Sc, V, Zr, Cr, Ta, Mo, Nb, Hf, and Mn. The T in the MXenes represent the surface termination element, which can be oxygen (-O), hydroxyl (-OH), or fluorine (-F) (Hong W. et al., 2020; Gogotsi and Anasori, 2019). The recent discovery of novel 2D transition metal carbides, nitrides, and carbon nitrides—referred to as MXenes—has reignited interest in investigating cutting-edge ideas and their possible uses. Surface terminations arise as a result of exposure to the environment, affecting MXenes’ chemically active exterior layer. MXenes can be classified into mono-M, double-M, or solid-solution M elements based on their atomic lattices and composition (Jiang et al., 2020; De et al., 2022).
Figures 2A–D shows different combinations of elements to produce MXenes with their different structures. The crystal structure of MXenes is typically hexagonal closed-packed, but different MXenes exhibit distinct sequences of M atoms. For instance, the face centre cubic sequences of M3X2 and M4X3 are different from the ABABAB pattern of M2X’s hexagonal closed-packed structure (ABCABC). Different MAX ternary carbides and nitrides are utilized in the MXenes class to create a variety of MXenes, such as Ti2C, Ti3CN, Cr2TiC2, MO2C, V2C, Ti3C2, Zr3C2, Ti4N3, and Mo2ScC2 (De et al., 2022; Anasori et al., 2017). Among several MXenes, Ti3C2, which is etched from the hexagonal compressed MAX parent material (Ti3AlC2) by weak Ti–Al bond breaking, is recognized as a hotspot for MXenes-based photocatalysts.
[image: Figure 2]FIGURE 2 | (A,B) Illustration of structural categories of 2D MXenes, (C,D) Structural classification of MXenes. Reproduced with permission from (Tahir et al., 2023b). Copyright 2023 Elsevier.
2.4 Structures of MXenes
MXenes are composed of earth-abundant and non-toxic elements, forming 2D substances. Furthermore, when compared to other 2D materials like graphene, MXenes are thought to be superior due to their hydrophilic nature and metal-like electric conductivity. These features are as follows: i) effective metallic hydroxide sites; ii) complex surface chemistry; iii) enhanced electronic conductivity; iv) remarkable chemical durability; v) resistance to corrosion and vi) modifiable optoelectronic properties that can be achieved by varying the particle size, layer spacing, and layer quantity (Sharma et al., 2022b; Liu and Dong, 2021; Lim et al., 2020). In the Mn+1XnTx formula, representing termination count, the robust metallic connections between M and A are disengaged, giving way to less formidable links such as (-O, -F, or -OH, for instance. Three distinct MXenes kinds—M2X, M3X2, and M4X3—appear after etching as presented in Figure 2. They are all composed of the same hexagonal closed-pack crystal structure, where the MX octahedrons are surrounded by X atoms. Transition metal honeycomb lattices arranged in a hexagonal pattern are present on the upper layer of the M2X phase. Regarding the M3X2 and M4X3 phases, they have out-of-plane structures where other atoms occupy the middle region while transition metals are located on the outer layer (Sharma et al., 2022b; Khazaei et al., 2017). The M2X phase consists of three-layer sheets with X (either C or N) positioned between 2 M layers. Within the early transition metal strata is where X is located. In the M2X phase, there are two hollow spaces between the transition metal interlayers, each containing one “X” atom or none at all (Sharma et al., 2022b; Li and Wu, 2019). The M3C2 and M4C3 phases have a face-centred cubic stacking structure. The attributes of MXenes include a strong electrical and thermal conductivity, a programmable band gap, and a high Young modulus. Graphene and most other 2D materials are not like MXenes due to their hydrophilic surfaces and strong metallic conductivities (Alhabeb et al., 2017; Persson et al., 2018; Huang et al., 2018). Ultimately, their properties and performances can be altered by alterations in i) composition, ii) surface functionalization and iii) structure/morphology (Anasori et al., 2017; Halim et al., 2018; Kong et al., 2018; Kayali et al., 2018; Papadopoulou et al., 2020; Ronchi et al., 2019). The different properties of Ti3C2 MXenes are summarized in Figure 3A.
[image: Figure 3]FIGURE 3 | (A) Characteristics of different types of materials, (B) Morphological classification of MXenes.
Jiang et al. (2020) in their work indicated that MXenes, which are not terminated, typically exhibit metallic properties characterized by a substantial density of states (DOS) in the vicinity of the Fermi region. This is explained by an exterior layer made up of metallic transition elements. The p-electrons of the X atoms contribute to energy bands that are situated between −3 and −5 eV below the Fermi surface and d-electrons of the transition metals that surround the Fermi surface mostly affect the DOS (Enyashin and Ivanovskii, 2013; Khazaei et al., 2012). The electrical characteristics of MXenes are said to be more influenced by the outside transition metal layers than by the interior transition metal layers (Ivanovskii and Enyashin, 2013; Anasori et al., 2015; Dong et al., 2017). Hence, surface terminations linked to transition metal atoms in the outer layer possess the capability to notably modify electrical properties, including band structures. One or two electrons from the outer transition metal layers are absorbed by the electronegative termination, reducing the density of states (DOS) below the Fermi surface and creating a new energy band. Both -OH and -F groups exert similar effects on the electrical arrangement of MXenes since they can only accept one electron each. However, an O-group can accept two electrons, resulting in a more significant impact. In MXenes, surface functional groups also influence thermal and electronic transport. For F-terminated MXenes, electronic transmission is excellent, whereas surface functionalization with O atoms significantly diminishes electronic communication (Berdiyorov, 2015).
Until yet, the electrical properties of terminated MXenes have been identified by tests or anticipated theoretically; these properties range from extremely conductive metallic states (Ying et al., 2017; Dillon et al., 2016; Urbankowski et al., 2017) and from semiconducting to highly insulating topological states (Si et al., 2016). Stoichiometry tailoring can modify the energy structure of MXenes, except for surface terminations (Wong et al., 2018), doping (Balcı et al., 2017), an external electric field (Balcı et al., 2018), crystal lattice symmetry (Hong et al., 2016), and stresses (Lee et al., 2014). Over the past few years, MXenes have demonstrated several fascinating optical characteristics. These demonstrate effective photothermal conversion, plasmonic behaviour, and optical transparency (Papadopoulou et al., 2020). The diverse ways in which MXenes interact with light have greatly influenced study. Again, a material’s optical characteristics are largely determined by its surface terminations (Papadopoulou et al., 2020; Chaudhuri et al., 2019). The optical characteristics of MXenes can be adjusted by modifying the intrinsic properties of transition metals (Halim et al., 2019). Ti3C2Tx’s optical non-linearity was claimed to be achieved by using excitation sources at several wavelengths, including 800, 1,064, 1,550, and 1800 nm (Jiang et al., 2018). These compounds are highly suitable for photocatalytic applications because of their functional groups (such as -OH and -O groups) and wide surface area (Jiang et al., 2020; Jeon et al., 2020; Shi et al., 2021).
Since their discovery in 2011, a novel and expanding class of transition-metal carbides, nitrides, and carbonitrides known as MXenes has emerged. MXenes represent a next-generation nanomaterial for investigating sustainable energy resources, particularly in catalysis for energy and environmental technologies, owing to their intriguing electrical and structural properties. Figure 3B illustrates various MXenes topologies, including 0D, 2D, and 3D structures, which have been explored for a range of applications over time.
Zero-dimensional (0D) Ti3C2 quantum dots offer several advantages over their two-dimensional (2D) counterparts. The quantum confinement effect results in a wider band gap, a higher negative Fermi level, an increased number of active edge sites, and enhanced dispersibility for Ti3C2 quantum dots compared to Ti3C2 sheets. Similar to 2D Ti3C2 sheets, Ti3C2 quantum dots can serve as electron acceptors to facilitate carrier migration (Xu et al., 2023).
2.5 Properties of MXenes
MXenes are known for having higher electrical conductivities than multi-layered graphene, surpassing other multi-layered materials such as carbon nanotubes and reduced graphene oxide (Bansal et al., 2024). The conductivity of MXenes is dependent on the presence of surface functional groups such as -OH, -F, and -Cl. To enhance electrical conductivity, surface -OH groups can be substituted with -F or -Cl groups. Additionally, conductivity can be boosted by doping MXenes with elements like carbon or nitrogen or by introducing surface imperfections such as vacancies or dislocations. Intercalation serves as another method to increase conductivity. MXenes fabricated with shorter etching intervals and lower HF concentration levels tend to exhibit larger lateral dimensions and fewer defects, resulting in higher electronic conductivities—up to five times higher in larger flake sizes compared to smaller ones. Thermal and/or alkaline treatments effectively enhance the electrical properties of MXenes, leading to conductivity increases by two orders of magnitude. This improvement is dependent on the functional groups, particularly -F and also it changes with the addition or removal of intercalated molecules (Alli et al., 2024).
While MXenes show promise for a variety of applications, their stability presents a significant challenge for long-term use in real-world settings. Atomic-scale flaws and storage conditions lead to rapid oxidation, which alters their microstructure and degrades their electrochemical properties. Additionally, MXenes tend to react with trace amounts of oxygen, even in controlled environments. This instability, which can occur at room temperature or below, means that the preparation and storage methods of MXenes critically influence their final characteristics.
3 APPLICATIONS OF TI3C2-BASED MOF COMPOSITES FOR CO2 REDUCTION
3.1 MOF-based photocatalytic CO2 reduction
In photocatalytic CO2 reduction applications, the performance of a semiconductor is dependent on the band gap energy, specific surface area, electrical conductivity, light harvesting efficiency and charge transfer ability (Bao et al., 2024; Zhou et al., 2024). Metal-organic frameworks (MOFs), because of their excellent CO2 adsorption properties, large surface areas, flexible structures and tunable optical properties, have recently gained attention as promising photocatalysts for CO2 reduction. Since photocatalysis uses solely naturally occurring solar energy as the reaction system energy input, it is a relatively new and sustainable method of inducing catalysis. MOFs can provide a high surface area with a porous structure to maximize the attachment of reactants and also to enable the use of UV and visible light irradiations.
Figure 4 illustrates the four essential phases that make up the photocatalysis pathway. These are the occurrence of a redox reaction, light harvesting, charge excitation, and charge carrier recombination (Sherryna et al., 2021). The photo-responsive materials are initially subjected to light radiation. There are two kinds of charge transfer in MOFs: band-like transport and metal-ligand bond transport. In the case of metal-ligand transport, the interaction between ligand π and metal d-orbital builds a donor-bridge-acceptor path, which in compounds with mixed valence can encourage electron transport. The conductivity can be enhanced by this kind of electron transfer up to a magnitude of 10–102 S cm−1. An electrical conductivity of 1580 S cm-1 at room temperature can be attained by the use of band-like transport (Ren et al., 2021).
[image: Figure 4]FIGURE 4 | Schematic showing the general process for producing and reducing CO2 through photocatalysis. Reproduced with Permission from (Fan and Tahir, 2022). Copyright 2022 Elsevier.
The mechanism of CO2 reduction to various products is further shown by Equation 1–5 (Bao et al., 2024). The reduction of CO2 to CO2− radical is illustrated in Equation 1, however, this reaction has a high redox potential, thus it is considered unrealistic (Costentin et al., 2013). Furthermore, a photocatalyst cannot provide enough potential to move even one electron to a CO2 molecule (Habisreutinger et al., 2013). Reactions with low redox potentials can occur in a variety of materials (Barton Cole et al., 2010), due to their characteristics as proton-assisted multi-electron reactions. Equation 2–5 illustrate that using photocatalysis, CO2 can be converted to a variety of chemicals and useful products including CO, HCOOH, CH4, CH3OH and others. The quantity of electrons provided to the CO2 molecule determines the product selectivity. For example, it often favours the formation of CO and HCOOH because the process requires just two electrons to start the reaction. However, for the formation of CH3OH and CH4 an additional 6 and 8 protons and electrons, respectively, are needed (Sherryna and Tahir, 2022a; Huang et al., 2019).
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In photocatalysis, after light harvesting is successful, electrons are stimulated to a high enough energy to cross the Ebg and move from the highest occupied molecular orbital (VB) (HOMO) to the valence band (VB), also known as the lowest unoccupied molecular orbital (LUMO). Alternatively, the holes created by the photons are subsequently retained in the VB or HOMO (Fan and Tahir, 2022). After the electron/hole pairs are created during the charge excitation step, two things can happen: either the charge carriers recombine unfavourably, resulting in energy loss, or the electron/hole pairs are employed favourably for redox reactions. The CO2 reduction occurs over CB or LUMO with the involvement of photogenerated electrons and protons to convert it into various products (Tahir et al.). Recombination can take place in two different ways: either on the surface of the material, where an electron/hole has the potential to recombine or they can even recombine in the bulk (Khan and Tahir, 2019).
MOFs have a higher surface area which enables to provide more active sites for the attachment of reactants. In photocatalytic applications, higher visible light absorbance and superior separation of photoinduced charge carriers are essential to maximize photocatalytic efficiency. The light absorbance of MOFs from the UV to visible can be obtained by changing the colour. These materials, however, have poor electrical conductivity, and become a major obstacle in photocatalytic applications (Ren et al., 2021). Hence, it is crucial to prevent recombination by employing various techniques such as sensitizing using cocatalysts and heterojunction formation. These methods can trap electrons and induce spatial separation, thereby prolonging the lifespan of photo-generated electron/hole pairs.
3.2 Ti3C2/MOF composites
In the photocatalytic CO2 reduction process over the MOF and other semiconductor materials, one of the biggest challenges is the lower efficiency and product selectivity. Pure MOFs exhibit photocatalytic activity for the generation of solar fuel but with lower efficiency (Li N. et al., 2019; Liao et al., 2018) and the rapid recombination of charge carriers is the reason for lower productivity. Ti3C2 MXenes are thus employed to regulate the photoactivity of MOF. Ti3C2 MXenes can function as co-catalysts to establish Schottky junctions with other photo-active materials to efficiently capture photogenerated electrons because of their metallic characteristics. It has been suggested to combine MOF with more conductive materials and create binary composites in order to overcome the barrier causing low photocatalytic activity and efficiency.
Numerous investigations on 2D layered Ti3C2 MXenes and their composites such as Ti2C3/MOF and their application in photocatalytic solar fuels production have been carried out in the past few years (Li et al., 2022). MOF composites based on Ti3C2 MXene offer some beneficial synergies. First off, MXenes can be hosted by MOFs, which have a high porosity and surface area and can stop MXenes layers from aggregating and restacking. Because of the synergistic effects between the functions of MOFs and the surface terminal groups of MXenes, the composite is also able to demonstrate increased stability (Najam et al., 2022). Furthermore, the MXenes and MOF create an intrinsic electric field which is associated to Schottky junction, which facilitates the effective separation, quick mobility, and transfer of charge carriers (Yu et al., 2021). Ti3C2 MXenes-based MOF heterojunctions can serve as appealing photocatalysts for water-splitting-based H2 production and CO2 reduction. Nevertheless, the composite for the manufacture of solar fuel has been the subject of very few studies.
The use of binary Ti3C2 composite with Co-Co LDH nanosheets produced from MOF for CO2 reduction with the involvement of [Ru (bpy)3]Cl2 sensitizer under visible light is shown in Figure 5A. Ultrasonic exfoliation was used to produce Ti3C2Tx nanosheets after the bulk Ti3AlC2 MAX was etched to remove the Al layers (TNS). Next, ZIF-67 was grown in situ on the Ti3C2Tx nanosheets. After ZIF-67 was successfully loaded, the nanocomposite underwent solvothermal treatment to produce Co-Co LDH/TNS nanosheets. No CO2 reduction activity was observed by photocatalytic in pristine Ti3C2Tx nanosheets. However, as Figures 5B–D illustrates, there was a noticeable increase in the rate of CO generation over MOF-derived Co-Co LDH during the CO2 reduction process. As shown in Figure 5E, the nanocomposite also demonstrated outstanding stability, retaining strong photocatalytic activity for up to five cycles. Figure 5F shows the Co-Co LDH/TNS heterojunction to maximize the charge separation efficiency and light absorbance ability of the composite using a photosensitizer. The photosensitizer is activated by visible light irradiation, however, TEOA works as a hole scavenger and electron donors are used to generate the reduced state [Ru (bpy)3]Cl2. After that, the electrons are transferred to the nanocomposite, where they quickly move to the co-active sites to reduce CO2 to CO (Chen et al., 2020).
[image: Figure 5]FIGURE 5 | (A) A schematic diagram illustrating the process of creating Co-Co LDH/Ti3C2Tx nanosheets using MOF; (B–E) photocatalytic activity and stability for the CO2 reduction process over Co-Co LDH/Ti3C2T; (F) The mechanism of CO2 reduction over the nanocomposite using TEOA as a sacrificial agent and [Ru (bpy)3]Cl2 photosensitizer. Reproduced with permission from (Chen et al., 2020). Copyright 2020 Elsevier.
The Ti3C3 MXenes were further investigated with other Fe-based MOFs. Because of their outstanding CO2 adsorption capabilities, wide surface areas, high porosities, tuneable optical properties, and flexible architectures, Fe-MOF has recently shown great promise as a photocatalyst for CO2 reduction. However, due to their rapid carrier recombination and limited charge transport efficiency, pure Fe-MOF exhibits comparatively low photocatalytic activity. In recent work, Ti3C2 QDs coupled with NH2-MIL (101) were examined for photocatalytic CO2 reduction applications (Xu et al., 2023). As seen in Figure 6A, a straightforward electrostatic adsorption method was used to create the T3C2 QDs on the surface of 3D octahedral NH2-MIL-101(Fe). By hydrothermally reacting Ti3C2 in an N2 environment and ultrasonic stripping, Ti3C2 quantum dots of size of 4–5 nm were produced. Because of the -NH2 groups, NH2-MIL-101(Fe) has a wide light absorption range from UV to visible light. The hybrid NH2-MIL-101(Fe)/Ti3C2 QD samples exhibit higher light absorption than the NH2-MIL101(Fe), and the absorption intensity increases as the Ti3C2 content increases. For NH2-MIL-101(Fe), NMTQ0.5, NMTQ0.75, and NMTQ1.0, the corresponding band gap energy values are 2.45, 2.41, 2.29, and 2.15 eV, were reported. The decrease in charge recombination rate was also observed with QDs loading to Fe-MOF.
[image: Figure 6]FIGURE 6 | (A) Schematic for the synthesis of Ti3C2 QDs assisted NH2-MIL-101 composite, (B) Schematic illustration of charge separation over Ti3C2 QDs/NH2-MIL-101 composite. Reproduced with Permission from (Xu et al., 2023). Copyright 2023 Elsevier; (C,D) PL and EIS spectra of pCN, SBM, pCN/TC/SBM samples, (E) The photocatalytic mechanism of the pCN/TC/SBM. Reproduced with Permission from (Song et al., 2024). Copyright 2024 Elsevier.
As discussed previously, Ti3C2 QDs have the potential to increase visible light and charge separation efficiency, which was beneficial to increasing CO2 reduction efficiency to maximize CO formation during the photocatalysis process. Due to good interface interaction, this binary composite was stable enough to produce CO for consecutive five cycles. Effective charge separation and band modification were responsible for the remarkable CO2 photoreduction activity of NH2-MIL-101(Fe)/Ti3C2 QDs, as shown in Figure 6B. Under visible light, NH2-MIL-101 (Fe) produces electrons and holes and due to good interface contact photoexcited electrons migrated to Ti3C2 QDs because of the low Fermi energy level and excellent charge transfer efficiency. The formation of the Schottky barrier prevents electrons from backflowing and recombining with holes, resulting in significantly increased CO2 photoreduction efficiency.
In a recent development, a trimetallic Sn/Ti3C2-supported Bi-MOF was tested for the conversion of CO2, and the potential products are discussed in Figure 6 (Song et al., 2024). First, Ti3C2 MXene was prepared by passing LiF-HCl through Ti3AlC2 MAX and etching it for 48 h at 60°C. The g-C3N4-Sn-Bi-MOF exhibited a good interaction, achieved using a straightforward electrostatic self-assembly process.
The photochemical characteristics of the produced catalysts were investigated using UV-visible spectroscopy. The absorption band limits for pCN/SBM and pCN/TC/SBM are observed at wavelengths of 492 nm and 493 nm, respectively. Additionally, TC shows no discernible absorption edge, indicating its nature as a pure electrical conductor without light absorption. The composite photocatalysts, as shown in Figure 6C, exhibit reduced photoluminescence (PL) intensity, suggesting a low recombination rate of photogenerated electron-hole pairs in pCN/TC/SBM. Furthermore, in Figure 6D, TC displays the shortest semicircle in the electrochemical impedance spectroscopy (EIS) plot due to its exceptional conductivity. The conductivity of pCN/TC/SBM is intermediate between that of pCN/SBM and TC. The CO yield significantly increases to 36.33 μmol⋅g−1⋅h−1, which is 4.36 times greater than that of pCN and 3.5 times higher than SBM, when the heterojunction is formed. The pCN/TC/SBM was very selective to produce CO and reached to 95.49 percent. In situ infrared spectroscopy can be employed to investigate the root cause.
Figure 6E illustrates the reaction mechanism, providing clarity on the reduction process. Photogenerated electrons over pCN under light irradiation migrate to TC until equilibrium is reached. As a result of the space charge generated on the pCN side, the band bends downward to form a Schottky junction. The photogenerated electrons from pCN are captured and prevented from recombining due to TC’s high conductivity, enhancing space charge separation and accelerating electron transport. The integration of the heterojunction with the Schottky junction enables efficient separation of space charges and much faster electron transit.
Table 1 summarises various types of Ti3C2 MXene/MOF composites used for various CO2 reduction and H2 production reactions. More research has been conducted for hydrogen production, however, only limited data was available for CO2 reduction applications. It can be seen that CO2 reduction to CO was significantly enhanced with Ti3C2 MXene coupling with MOF-derived materials. Similarly, for water splitting, the production of hydrogen was significantly enhanced in Ti3C2 MXenes-based MOF composites.
TABLE 1 | An overview of Ti3C2 MXenes-based MOF photocatalyst for producing H2 and reducing CO2 is given.
[image: Table 1]4 APPLICATIONS OF TI3C2-BASED MOF COMPOSITES FOR HYDROGEN PRODUCTION
4.1 Mechanism of photocatalytic H2 production
A low-carbon economy and the accomplishment of sustainable development objectives depend heavily on hydrogen as a clean and sustainable energy source. While there are other sustainable methods for producing hydrogen, two of the more common ones are electrocatalytic and photocatalytic water splitting (Zhang et al., 2024). Despite being environmentally benign and emitting no CO2, photocatalytic hydrogen production has a lower photocatalytic efficiency because light and catalysts are required. In photocatalytic hydrogen production, the hydrogen yield depends on three factors: the band position of the semiconductor, the band gap energy, and the efficiency of charge separation. Ti3C2 MXenes-based photocatalysts have been widely utilized in photocatalytic H2 production due to their remarkable properties. Figure 7A presents a schematic of hydrogen production over Ti3C2 MXenes with a semiconductor.
[image: Figure 7]FIGURE 7 | (A) Mechanism of H2 production over MXenes/semiconductor composites, (B) Ti3C2 MXenes coupled with different semiconductors and the process of charge separation. Reproduced with permission from (Sherryna and Tahir, 2021). Copyright 2021 Elsevier.
In photocatalysis, four steps are involved to complete the process which includes charge production under the light energy, charge separation within the bulk, oxidation and reduction reactions over the catalyst surface. In the first step, when the light energy which have enough power strikes the catalyst surface, it enables to generates electrons and holes. The number of charges depends on the band gap of the photocatalysts, light intensity and wavelength. During the excitations, charges (e−/h+) are produced at the valance band (VB) of the semiconductor and then electrons are moved to the conduction band (CB), which enables their separation. If the charges are successful to separate from the bulk surface to outer surface without recombination, then oxidation and reduction reactions occurs. In general, oxidation occur at VB position with the use of holes to produce protons and oxygen. However, production of hydrogen occurs at the CB position through the reduction of protons with electrons (Alfaifi et al., 2018; Shkrob and Sauer, 2004; Maeda, 2011; Jalil et al., 2021; Linsebigler et al., 1995).
The process of producing H2 through photocatalytic water-splitting involves two crucial stages. Equation 6 shows the oxidation process, whereas in the first stage oxidize water molecules to produce two protons and oxygen. Equation 7 describes the reduction process, in which protons and electrons are used to produce hydrogen.
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The Ti3C2 MXenes have several attractive characteristics such as thermal stability, electrical conductivity, surface terminal groups, optical characteristics and others, which are beneficial to be coupled with any semiconductor to maximize photocatalytic efficiency. The charge transfer mechanism in the MXenes-based composite is accomplished by the semiconductors and metallic MXenes’ different work functions. Figure 7B illustrates the basic mechanism of water splitting through photocatalysis under light irradiation over various type of semiconductors. Typically, a Schottky junction forms when Ti3C2 is used as a cocatalyst with a semiconductor, aiding the separation of electron-hole pairs. When MXenes and the semiconductor are in close contact, a Schottky barrier is created, leading to strong interfacial charges at the metal-semiconductor interfaces. Upon light exposure, the semiconductor generates photogenerated charges. Excited electrons move to the semiconductor’s conduction band (CB), leaving photogenerated holes in the valence band (VB). MXenes, acting as electron acceptors, generally possess a larger work function and a lower Fermi level than the semiconductor. Electrons will transfer from the semiconductor with the higher Fermi level to the MXene until the Fermi levels align (Sherryna and Tahir, 2021).
4.2 MOF for photocatalytic H2 production
To enhance photocatalytic efficiency, MXenes work as cocatalysts with other semiconductors to create binary composites and heterojunctions. The electrical mobility of Ti3C2 MXene has sparked considerable attention in photocatalysis, primarily owing to its ability to facilitate adequate carrier segregation. In this development, Ti3C2 MXenes are frequently employed as catalysts in photocatalytic water splitting, which yields H2 higher hydrogen compared to pure semiconductor materials (Jacobs et al., 2011; Liu et al., 2019). Numerous research findings indicate that Ti3C2 is a highly effective co-catalyst in photocatalysis, enhancing the activity of semiconductors (Jacobs et al., 2011; Ibragimova et al., 2021). Because of the functional groups–O, and–F, –OH over the surface of Ti3C2, electrostatic adsorption is frequently used to modify semiconductors. The organic ligand of the MOF can more easily coordinate with metals because of its structure Hence, there is a high probability that the organic ligand in MOFs will form a bond with titanium in Ti3C2, resulting in a distinct interaction mechanism. This could have an impact on MOFs’ photocatalytic efficiency when combined with Ti3C2 (Liu et al., 2019; Ibragimova et al., 2021; Im et al., 2021).
Previously, synthesis and characterization of NH2-MIL-88 and MXenes/MOF composites were conducted and observed increased photocatalytic properties (Long et al., 2021). Ti3C2 MXene was synthesized using HF as the etching agent, while NH2 -MIL-88 MOF was produced via a hydrothermal method. Compared to pure MOF, the binary composite of the two materials exhibited higher light absorbance. NH2-MIL-88B shows light absorbance over the full spectrum ranging from 200 to 700 nm, effectively capturing both visible and UV light. The significant absorption in the UV range is due to the π-π* transition in the organic linker. When MXene is added to the composite, the light absorption rate increases above 667 nm. When more MXene is added, light absorption first rises but eventually falls. This is probably because too much MXene causes NH2-MIL-88B to take on an unpredictable shape and size. When compared to the original material, 0.25-MXene/NH2-MIL-88B band gap was reduced which exhibits notable light absorbance ability. In addition to this, charge separation efficiency was also increased using composites. The creation of a heterojunction can enhance the photocatalyst’s activity by promoting the separation of photo-generated electron-hole pairs. The PL spectrum intensity of the composite material 0.25-MXene/NH2-MIL-88B lies between those of its constituent parts, indicating that the inclusion of MXenes may promote NH2-MIL-88B electrons and holes separation to maximize the photocatalytic efficiency.
Using Ti3C2-based MOF binary composites for photocatalytic hydrogen production is recently attained significant considerations. In recent work, Li and co-workers produced a Ti3C2-loaded MIL-NH2 composite and tested it for photocatalytic hydrogen production (Li et al., 2021). A schematic representation of the synthesis of Ti3C2 MXenes via HF etching of Ti3AlC2 and the subsequent production of the Ti3C2/MIL-NH2 composite is shown in Figure 8A. The Ti3C2 MXenes were produced using an HF etching agent, while the reaction was conducted for 72 h to get a 2D layered structure of Ti3C2 MXenes. The composite of Ti3C2/NH2-MIL was synthesized using the in-situ approach, by heating at 120°C for 84 h Ti3C2 exhibits an accordion-like layered MXenes configuration. Figure 8B shows the results of the composites in which both materials have good interface contact. The absorbance edge of the MIL-NH2 was 600 nm, which was increased to 800 nm when Ti3C2 was coupled with MIL-NH2. Furthermore, a band gap of 2.6 eV and a CB position of −0.76 eV were reported, which are beneficial to maximize the visible light absorbance and efficient hydrogen production. In addition to this, Ti3C2/NH2-MIL shows higher current density than using pure NH2-MIL under dark and solar light irradiation. These findings were further confirmed by EIS, in which a lower recombination process of photo-generated carriers was obtained with Ti3C2-MXene-loaded NH2-MIL.
[image: Figure 8]FIGURE 8 | (A) Schematic illustration of Ti3C2/NH2-MIL-125 composite formation, (B) TEM images of the composites, (C) N2 adsorption-desorption analysis of Ti3C2/NH2-MIL-125 composite, (D) proposed mechanism of efficiency enhancement over Ti3C2/NH2-MIL-125 composite. Reproduced with permission from (Li et al., 2021). Copyright 2021 Elsevier.
The N2 adsorption-desorption isotherms were further used to understand the surface properties and the results are shown in Figure 8C. The BET surface area was decreased with Ti3C2-loaded NH2-MIL samples, which confirmed that it is not important in photocatalytic applications. Enhancing carrier segregation and transfer efficiency is well recognized to always be advantageous for photocatalytic process activation (Li et al., 2021). In simulated sunlight, the hybrid Ti3C2/MIL-NH2 significantly enhances H2 generation. On the other hand, the Ti3C2-loaded MIL-NH2 hybrids show significantly increased activity which was due to prevented charge carrier recombination and higher visible light absorbance. The highest hydrogen yield of 4383.1 μmol h−1g−1 was reported with the optimized Ti3C2/MIL-NH2-1.6 composite. This productivity was about five times higher than a physical combination of MIL-NH2 and Ti3C2 samples, and it was six times higher than that of MIL-NH2. More intriguing results included the discovery of an apparent quantum efficiency of 3.140 percent for Ti3C2-MIL-NH2-1.6 composite. Nonetheless, after consecutive four cycles, the H2 generation rate over Ti3C2-MIL-NH2-1.6 did not substantially drop, indicating good photostability of the Ti3C2-supported MOF composite. Figure 8D shows the efficiency enhancement approach over the Ti3C2/MIL-NH2 under visible light irradiation. The charges were produced over the NH2-MIL under visible light and were trapped by the Ti3C2 MXenes, which resulted in efficient charge carrier separation and improved hydrogen production. By using terephthalic acid and replacing MIL-125-NH2 with MIL-125, Ti and N’s cooperation can operate. When compared to Ti3C2/MIL-NH2, the resulting Ti3C2/MIL shows significantly reduced activity, according to the photocatalytic H2 generation rate.
These results can be further explained based on the various MXenes characteristics. Ti3C2 MXenes due to 2D structure can improve the interaction between water molecules and the photocatalyst and have a high hydrophilicity (Sharma et al., 2022c). For example, Tian et al. altered Ti3C2 nanosheets for an effective photocatalytic hydrogen evolution reaction by adding a porous, water-stable Zr-based UiO-66-NH2 (HER). Compared to pure UiO-66-NH2 and the Ti3C2, the composite of UiO-66-NH2/TiC3C2 displayed a lower PL intensity, suggesting a decreased recombination rate. The results showed that just 25.6 μmol h−1 g−1 of H2 was evolved using pristine UiO-66-NH2 MOF. Furthermore, Ti3C2 nanosheets produced 204 µmol H2 h−1 g−1 of hydrogen, eight times the photocatalytic activity of the composite (TU10). The formation of a Schottky connection between Ti3C2 and UiO-66-NH2 was responsible for efficient charge carrier separation and increased lifetime of the electrons. Due to its extremely positive Fermi level and low Gibbs free energy, the O-terminated Ti3C2 can capture electrons from the MOF for the generation of H2. This is the major reason for the efficient migration and separation of charge carriers (Tian et al., 2019b).
In summary, binary Ti3C2-supported MOF composites are beneficial to maximize the charge carrier separation and higher visible light absorbance, which are beneficial to stimulate photocatalytic hydrogen production.
4.3 MOF-based composites for photocatalytic H2 production
The performance of the binary composite can be further enhanced by adding third materials to construct a ternary composite, which can exhibit excellent photocatalytic performance due to their elevated Fermi levels, outstanding conductivity, and efficient carrier transport properties (Tian et al., 2019b; You et al., 2021). Heterostructures can be formed using MXenes and semiconductor combinations, establishing a Schottky junction at the material interface. The addition of third materials with the binary junction has the potential to enhance the migration of photo-generated electrons (Hong L.-f. et al., 2020). Enhancing the effective facilitation of charge-carrier transport often requires the strategic optimisation of interfacial architecture. This involves meticulous component selection and minimising imperfections at the interface. The combination of Ti3C2 MXenes, known for their outstanding conductivity, with porous MOFs featuring fully utilized photoactive sites is anticipated to accelerate the migration of photo-generated electrons. This augmentation is poised to enhance the efficiency of extended photocatalytic hydrogen generation (Tian et al., 2019b; You et al., 2021; Hong L.-f. et al., 2020).
There are only limited reports available on the use of ternary composite to maximize the photocatalytic hydrogen production efficiency. In recent work, Tian et al. (Tian et al., 2018) thoroughly analysed Ti3C2/TiO2/UiO-66-NH2 for its potential in photocatalytic hydrogen generation. As a typical Metal-Organic Framework (MOF), the photo-responsive photocatalyst UiO-66-NH2 was studied with Ti3C2Tx to promote interfacial charge transfer. In this process, TiO2 layers, or TCA, were initially created by annealing the Ti3C2Tx MXenes. The one-step hydrothermal method employed to electrostatically adsorb UiO-66-NH2 onto the annealed Ti3C2Tx surfaces is illustrated in Figure 9A. Compared to Ti3C2Tx and UiO-66-NH2, the Ti3C2-based TiO2/UiO-66-NH2 composite exhibited superior photocatalytic activity for H2 production. TCA served as a platform and stored charge carriers, prolonging the lifetime of co-catalysts and UiO-66-NH2. Interestingly, after HF etching, Ti3C2Tx exhibited accordion-like structures, indicating the successful removal of the Al layers in Ti3AlC2. Despite its low concentration, TCA displayed a layered structure similar to pure Ti3C2Tx without noticeable TiO2. Ti3C2Tx was tightly wrapped in UiO-66-NH2, resulting in significant agglomeration. In contrast, Ti3C2-assisted TiO2 and UiO-66-NH2 composite showed higher charge separation with enhanced accessibility to reactive sites.
[image: Figure 9]FIGURE 9 | (A) A suggested chemical process is schematically depicted for the synthesis of Ti3C2-TiO2-UiO-66-NH2, (B,C) Performance analysis of pure and Ti3C2-TiO2-UiO-66-NH2 composite materials, (D) Proposed mechanism of photocatalytic charge separation and efficiency enhancement. Reproduced with permission from (Tian et al., 2018). Copyright 2018 Elsevier.
Photocatalytic H2 generation was conducted under artificial sunlight and the results are shown in Figures 9B,C. Ti3C2/TiO2/UiO-66-NH2 outperforms other combinations with the maximum hydrogen yield (7,840 μmol g−1). This is because of its synergistic effect and increased light-collecting ability. A H2 yield of 1980 μmol h−1 g−1 was obtained by adding TCA to the H2 evolution rates. This is 1.5 times higher than Ti3C2Tx-UiO-66-NH2 and 2.1 times higher than pure UiO-66-NH2, respectively. The stability test, which lasted 12 h and revealed a modest decrease in HER activity after three cycles, proved the Ti3C2-TiO2-UiO-66-NH2 structure’s longevity. Like this, TiO2 layers were originally produced by annealing Ti3C2 MXenes in the N2 environment. Ti3C2-TiO2-UiO-66-NH2 was the composite that was produced after UiO-66-NH2 was applied to the surface of Ti3C2Tx layers. Compared to its Ti3C2-UiO-66-NH2 cousin, the photocatalytic output was boosted 1.5 times by annealing Ti3C2 to create TiO2. This is because the Mott-Schottky plots showed a negative shift due to the production of TiO2, which clarified stronger reducibility and an increased electron/hole pair separation. The first and second paths, as shown in Figure 9D, traverse the Schottky junction between Ti3C2 nanosheets containing TiO2 and UiO-66-NH2, respectively. Type II heterojunction formation among TiO2 and UiO-66-NH2 is the third process involves, in which electron transfer from the CB of TiO2 to Ti3C2 MXenes (Tian et al., 2019a). Interestingly, Li et al. (Li et al., 2021) managed to successfully synthesized Ti/TiC MXenes with MIL-NH2 through in-situ growth, resulting in the formation of a Ti3C2/MIL-NH2 composite. When comparing the in-situ grown Ti3C2/MIL-NH2 to the usual physical mixing with MIL-NH2, the H2 generation rate was five times higher. This is a result of the Ti3C2 and MIL-NH2 coming into close contact. Furthermore, Ti3C2/MIL-NH2 showed exceptional stability; even after four cycles, there was hardly any decrease in the rate of H2 generation. The promising results were due to the presence of Ti/MXene with MOF. Consequently, the Ti3C2 becomes more electron-rich, efficiently adsorbing H+ and reducing it to H2. However, despite the paucity of research, 2D Ti3C2 sheets combined with MOF composites exhibit significant potential as a photocatalyst for effective chemicals and other products and need further investigation in the coming years. Table 2 shows the summary of TI3C2/MOF composites for photocatalytic hydrogen production.
TABLE 2 | Comparison of photocatalytic hydrogen evolution rate by the use of different TiC MXene-based MOF Composites.
[image: Table 2]4.4 MOF-derived materials for photocatalytic H2 production
Instead of using MOF, their derived materials can be coupled with other semiconductors and materials to enhance photocatalytic efficiency and stability under extreme reaction temperatures. The MOF-derived materials provide higher specific surface area and nanostructure properties, which make them superior compared to conventional methods of materials synthesis (Fan et al., 2024). For example, ZIF-67-templated CoSx coupled with TiO2/Ti3C2 was investigated by Zhao et al. (Zhao et al., 2019) for photocatalytic H2 production. The ZIF-67-templated CoSx’s porous morphology improved charge transfer segregation and utilization efficiency in addition to the shape of TiO2 nanoparticles. In addition to increasing heterostructure conductivity, the conductive Ti3C2 MXenes may also improve photo-generated carrier transfer. Consequently, the photocatalytic activity of the resulting TiO2-Ti3C2-CoSx heterostructure exhibited notable enhancements. The hydrogen production activity of pure TiO2 is measured at 0.14 mmol/h/g. However, incorporating just 1% of ZIF-67-templated CoSx led to a significant enhancement in photocatalytic activity. As the concentration of CoSx increased, so did the rates of hydrogen production by TiO2-CoSx. The optimal H2 generation occurred at 0.54 mmol/h/g, representing a 2.8-fold increase compared to pure TiO2, achieved after the molar ratio of CoSx reached 1%. Although the rate of hydrogen yield was decreased with higher CoSx loading, yet higher H2 was obtained than pure TiO2.
Pure TiO2 produces H2 of 0.14 mmol/h/g. On the other hand, a small addition of 1 per cent ZIF-67-templated CoSx increased photocatalytic activity significantly. The rates at which TCx generated hydrogen increased with the content of CoSx. At a molar ratio of 1 percent for CoSx, the best H2 generation was seen at 0.54 mmol/h/g, or 2.8 times that of pure TiO2. While the activity of hydrogen creation remained higher than that of pure TiO2, the rate of hydrogen synthesis reduced as the concentration of CoSx rose. In a similar vein, the interaction of TiO2-Ti3C2 with Ti3C2 demonstrated that the maximum photocatalytic activity was obtained at a concentration of 0.5% Ti3C2, likely due to the high conductivity of Ti3C2. As the quantity of black Ti3C2 was raised, the colour of the sample darkened, resulting in a drop in optical absorption in TiO2 and a reduction in photocatalytic efficiency. A detailed analysis contrasting pure TiO2 with the will provide a more complete picture of how ZIF-67-derived CoSx and Ti3C2 affect TiO2 photocatalytic activity. In the presence of conductive Ti3C2 and porous CoSx produced from ZIF-67, the photocatalytic HER rate increased from 0.14 to 0.54 and 0.33 mmol/h/g, respectively. Remarkably, this value was increased to 0.95 mmol/h/g by the synergistic effect of co-loading CoSx and Ti3C2. For the photocatalytic hydrogen evolution process, all three materials exhibited remarkable durability. There was no noticeable decrease in the rate of H2 evolution for any of the three materials during five cycles in 15 h under UV irradiation. Significant improvements were made to the cocatalyst for the hydrogen evolution reaction and their photocatalytic H2-production activities by adding highly conductive Ti3C2 and a highly porous MOF-templated CoSx. This work provides guidelines for designing and manufacturing efficient photocatalysts with good charge carrier transport and utilization efficiency for a range of energy and environmental applications.
5 COMPARATIVE ASSESSMENT AND CHALLENGES
5.1 Overview and challenges
This section highlights the challenges and comparisons of Ti3C2 MXenes with alternative materials, as illustrated in Figure 10. Ti3C2Tx MXenes offer enhanced electron trapping and a higher work function, which provide advantages for maximizing solar fuel generation. However, the control of termination functional groups in Ti3C2Tx MXenes presents a challenge for its use as a photoactivity enhancer. The electrical and optical properties are significantly influenced by tunable termination groups (Tx), with studies indicating that the terminal groups in MXenes materials can determine their metallic or semiconducting properties (Khazaei et al., 2017). Variations in the work function value can lead to differences in termination properties, which can affect Ti3C2Tx MXenes photocatalytic efficiency (Chertopalov and Mochalin, 2018). Theoretical investigations revealed a work function range of 5.75–6.25 eV for -O terminated Ti3C2Tx MXenes, while -OH terminated Ti3C2Tx MXenes were found to have a work function ranging from 1.6 to 2.8 eV (Sherryna and Tahir, 2022b). Photocatalysis studies suggest that maximizing the conversion of solar energy to hydrogen is best achieved by ensuring a substantial variation in the metalwork function between the main catalyst and the metal co-catalyst (Fajrina and Tahir, 2019). Ti3C2Tx MXenes stand out among metallic materials, including noble metals, due to their unique capability to adapt their work function to specific application requirements. The disparity between theoretical analysis and experimental evaluation arises from the difficulty in achieving a perfect single termination group. Additionally, controlling the distribution of termination groups in MXene materials poses a significant challenge (Naguib et al., 2011). Hence, synthesizing mixed terminating Ti3C2Tx MXene can yield diverse outcomes and catalytic efficiencies. Nevertheless, most research affirms that employing Ti3C2Tx MXene as a co-catalyst undeniably enhances the semiconductor’s capabilities, yielding positive outcomes (Tahir, 2021a; Tahir, 2021b; Khan and Tahir, 2021; Tahir and Tahir, 2020). The superior electrical conductivity and distinctive qualities make these materials stand out as potential replacements for costly and inefficient co-catalysts.
[image: Figure 10]FIGURE 10 | Comparative analysis of MXenes benefits and limitations of other co-catalysts (Fan et al., 2022).
5.2 Addition of metals
Transition metals are important for improving the photocatalytic efficiency because of their distinct electronic structures and capacity to create variety of oxidation states. The higher photocatalytic efficiency of NH2-MIL-125-Ti MOF for hydrogen production was achieved by incorporating various transition metals such as Co, Cu and Ni. The multi-metal sites speed up the separation of charge carriers and greatly improve optical absorption by d-d transitions when M2+ ions are coordinated with MOF. This increases the activity of solar light-driven H2 generation (Karthik et al., 2020). Noble metals like Ag, Au, and Pt share characteristics with Ti3C2Tx MXene and are considered excellent metal co-catalysts in energy conversion due to their ability to form the Schottky barrier and exhibit surface plasmon resonance (SPR) effects. However, their high costs remain a significant drawback for their practical use in photocatalytic applications (Afroz et al., 2018). Ti3C2Tx MXene emerges as a cost-effective alternative to noble metals, offering comparable functionality at a lower material cost, making it commercially feasible for large-scale semiconductor fabrication. Its work function closely aligns with noble metals (3.9 to 6.25 eV), and both share functional qualities that enhance carrier dynamics and facilitate electron transfer, forming a potential energy barrier in metal-semiconductor interfaces.
Ti3C2Tx MXene features a structurally layered, two-dimensional design often likened to an accordion-like form. This unique structure offers a significantly larger surface area compared to the bulky, compact, and densely layered Ti3AlC2 MAX precursor (Tahir et al., 2021b). Unlike the densely packed layers of MAX material, Ti3C2Tx MXene loosely arranged layers with larger intervals provide effective sites for attaching other semiconductors. This loose structure enhances interfacial contact, speeding up redox reactions and facilitating quick charge transfer. Ti3C2Tx MXene also prevents agglomeration, offering a stable foundation for the uniform dispersion of particle semiconductors, and its well-defined layers with space intervals support redox reactions in both inner and outer layers (Tahir, 2021b). While several studies indicate that Ti3AlC2 MAX may help convert solar energy into fuel, Ti3C2Tx MXene’s catalytic efficiency still outperforms Ti3AlC2 MAX (Tasleem et al., 2020). As mentioned earlier, the surfaces of Ti with functional groups such as -OH, -F, and -O can be terminated through chemical etching, eliminating the Al layer. These surface terminations, known for increased hydrophilicity, exhibit superior interaction with water molecules. Notably, functional groups like -OH facilitate hydrogen generation through reduction from water capture, a capability not shared by Ti3AlC2 MAX. Layered Double Hydroxide (LDH), a frequently utilized co-catalyst in various material research, exhibits a flexible and diverse compositional matrix. Like MXene materials, LDH has several layers that can be easily adjusted to change its electrical properties by changing the kinds of metal cations and anions that are present in its matrix structures (Sherryna et al., 2021).
5.3 Addition of carbon materials
To increase photocatalytic efficiency, meal-free carbon compounds can be employed as cocatalysts with the metal-organic framework (MOF). As discussed previously, although, MOF have several promising characteristics such as a porous structure with high surface area and tuneable pore structure. However, in photocatalysis, the main challenge is the charge recombination within the semiconductor during the photocatalysis process. In addition to Ti3C2 MXenes, carbon materials such as graphene can be used as a cocatalyst to prevent charge recombination rate. Coupling MOFs with graphene can construct a good interface interaction and it can reduce charge recombination and makes charge carrier separation and transportation easier. For example, Karthik et al. (Karthik et al., 2018) investigated the role of graphene with MOF for photocatalytic hydrogen production. The strong π−π interaction between MOF and rGO was beneficial to construct good interface interaction and it was responsible for the efficient transfer and separation of photoinduced electron−hole pairs, resulting in a steady and increased production of hydrogen. In another development, charge transfer was regulated in bimetallic ZnCd-ZIF-8 with the use of graphene oxide. The π−π interactions between GO and ZnCd-ZIF-8 were responsible for the efficient separation of electron−hole charges, which resulted in significantly higher hydrogen production. It was also recommended that the stability of MOF be enhanced by using bimetallic MOF such as ZnCd-MOF (Gonuguntla et al., 2023). In contrast, Ti3C2Tx MXene emerges as the ideal option due to its easy fabrication, unique structural features, economic feasibility, and outstanding photocatalytic efficiency.
6 CONCLUSION AND OUTLOOK
In summary, there is ongoing research on the use of metallic-organic framework (MOF) due to their unique advantages such as porous structure and higher specific surface area. MOFs have structural flexibility due to the use of a large variety of precursor building blocks. The lower electrical conductivity and photocatalytic efficiency of MOFs can be enhanced by using higher conductive materials as the cocatalysts. Since the discovery of Ti3C2 in 2011, the family of 2D transition metal carbides carbonitrides, and nitrides—collectively known as MXenes—has garnered significant attention in the academic community. MXenes are particularly promising due to their excellent electrical conductivity, broad and controllable layer spacing, tunable surface functional groups, and high real density. This review paper explores the effectiveness of documented TiC MXene-based MOF nanohybrids and nanocomposites for photocatalytic CO2 reduction and water-splitting applications.
The expanded surface area of TiC MXenes makes it widely used as a co-catalyst in photocatalysis. The compelling characteristics of TiC MXenes have led to their exploration in combination with Metal-Organic Frameworks (MOFs). Reported successes in these studies are attributed to the synergistic enhancements achieved through their combination. As a result, common challenges associated with inefficient photocatalysts, such as rapid recombination rates of electron-hole pairs and suboptimal charge-carrier separation, have been overcome, leading to heightened efficiency under illumination.
Scalability issues with TiC with MOFs, however, make it necessary to make efficient use of TiC MXenes’ co-catalytic properties in order to produce high-efficiency photocatalysts. The characteristics and paths of charge transfer in TiC MXene-based MOF composites are largely determined by the surface termination groups of the MXenes. There is little overlap between theory and experiment when studying MXenes in photocatalysis. Understanding the mechanisms underlying interfacial charge transfer will be crucial to the advancement of TiC MXene-based composites to increase both photoactivity and stability.
Significant promise for increasing photocatalytic activity has been demonstrated by the development of TiC MXene-based MOF photocatalysts. This improvement is credited to synergistic effects, including enhanced stability and the establishment of a Schottky junction, creating a built-in electric field. While promising results have been achieved in solar fuel production with TiC-based MOF composites, comprehensive studies are necessary. Therefore, more research on TiC with other MOFs is advised, especially focusing on photocatalytic CO2 reduction and water-splitting reactions.
The present challenges and suggestions for future research into Ti3C2 MXenes for various applications are summarized in Figure 11. TiC MXene-based MOF composites and hybrids need further thought and investigation. Even if the initial results seem promising, more investigation is needed to provide the scientific community with a deeper understanding of scalability and useful applications. Despite several benefits of MOFs, they have limitations of lower stability and lower charge transfer ability. The metals ions with higher valence state such as Ti4+, Zr4+, Ln3+, and Al3+ can be utilized to produce MOFs with their higher thermal stability. The structural tuning and with the selection of new synthesis methods, light absorbance and electrical properties can be improved. Although Ti3C2 MXenes have limited applications on their own, they are commonly used in conjunction with various semiconductors, including metal-organic frameworks (MOFs), for photocatalytic energy and environmental applications. Their superior conductivity and surface area lead to unprecedented improvements in efficiency and sustainability in hydrogen production and CO2 reduction. When used as cocatalysts, MXenes composites can enhance charge separation efficiency and improve solar energy utilization.
[image: Figure 11]FIGURE 11 | Recent progress, challenges and future recommendations.
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