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A B S T R A C T

The demand for developing advanced hybrid materials with improved functions and performance is rising due to 
the current challenges in the environmental and energy fields. Hybridization of nanomaterials can address the 
shortcomings of individual components and afford composite nanomaterials with improved performance through 
synergistic effects. MXenes are among the growing families of inorganic two-dimensional (2D) materials with 
unique properties such as high electrical conductivity, hydrophilicity, easy processability, and excellent photo
thermal and electrochemical characteristics. Some limitations of MXenes, including poor chemical stability in 
oxidative conditions and low porosity due to restacking the 2D flakes, could hinder their potential in environ
mental applications. On the other hand, covalent organic frameworks (COFs) are highly porous organic networks 
but with primary shortcomings of low electrical conductivity and poor processability. Combining the metallic 
conductivity and excellent photothermal and electrochemical properties of MXenes with the high porosity of 
COFs enables the formation of COF@MXene nanomaterials with improved properties. Here, we provide a 
comprehensive review of the strategies utilized for designing and fabricating COF@MXene heterostructures 
through chemical and physical hybridization. The synergistic effects of hybridization are discussed for diverse 
applications, including catalysis, energy storage materials, sensors, water purification, and anti-corrosion coat
ings. Finally, the future outlook of the COF@MXenes, their challenges and possible solutions for these challenges 
are discussed.

1. Introduction

The growth of science and technology in today’s life has led to a swift 
rise in the demand for materials with outstanding features. Hybrid 
materials combine the properties of individual components to provide 
remarkable properties from the synergistic effect. Hybrid materials have 
been developed on different scales, including macro, micro, and nano
scales [1,2]. Combining different components creates unique structures 
with improved properties and performance. The engineering materials 
at different scales can afford synergistic effects and endow the unique 

characteristics for specific applications. The impact of synergistic effects 
at the nanoscale is much stronger than that at the macro and microscales 
due to the larger surface area at the nanoscale [3]. In nanoscience, 
different types of hybrid nanomaterials have been developed by chem
ical or physical engineering [4–6]. Surface and interfacial engineering of 
nanomaterials with organic compounds provides new opportunities for 
broader applications of nanomaterials. For instance, surface-initiated 
polymerization on nanomaterials is a straightforward and effective 
strategy for generating organic-inorganic hybrid nanomaterials [7,8]. 
Most pristine inorganic nanomaterials have weak stabilities in nonpolar 
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and non-aqueous environments. However, grafting of hydrophobic 
polymers onto the surface of nanomaterials effectively alters the sta
bility tendency of these nanomaterials, shifting from polar to nonpolar 
media. An alternative strategy is the fabrication of hybrid nanomaterials 
through the combination of two or more individual nanomaterials, such 
as covalent organic framework (COF)/graphene [9], COF/metal-organic 
framework (MOF) [10], MOF/graphene [11], and MOF/MXene [12]
hybrids. These hybrid nanostructures have found wide applications in 
catalysis [13], sensing [14], medical [15,16], environmental and energy 
technologies [17–19].

This review describes the strategies for preparing hybrid materials 
from MXenes and COFs through chemical and physical processes. The 
improved properties of these hybrid nanostructures compared to indi
vidual MXene or COF nanomaterials are discussed in different applica
tions, including medical, energy storage, water treatment, and sensors. 
Finally, the outlook and future directions of COF@MXene hybrids and 
the related challenges are highlighted and discussed. So far, only one 
review article has been published on COFs/MXenes composites [20]. 
However, in such a rapidly evolving research area, we found a need for a 
comprehensive coverage of all the studies in the field (and the new ones 
since 2023) with an in-depth critical analysis. Our manuscript provides a 
comprehensive and critical overview of the preparation methods for 
COF@MXene hybrids, offering comparative insights into their advan
tages and limitations. Beyond synthesis strategies, their broad applica
tions have been broadly discussed.

2. MXenes: Structure, Synthesis, and Unique Properties

The MXenes family is one of the largest groups of two-dimensional 
(2D) nanomaterials developed in the past decade [21,22]. MXenes are 
transition metal carbides, nitrides, and carbonitrides with the general 
Mn + 1XnTx formula in which M represents an early transition metal 
(such as Ti, V, Nb, and Mo), X stands for carbon and/or nitrogen, n is 

1–4, and Tx refers to the MXenes’ terminal groups (-F, -Cl, -OH, -O, etc.) 
[22–24].

2.1. Approaches for MXene Synthesis: Selective Etching and Beyond

Commonly, most MXenes are synthesized from the chemical selec
tive etching of MAX phases with Mn+1AXn general formula, in which A 
denotes an element from IIIA and IVA groups in the periodic table (such 
as Al and Si). While there are numerous types of MXenes [25,26], tita
nium carbide (Ti3C2Tx) is the most studied one. The first MXene was 
multilayer Ti3C2Tx synthesized by the selective removal of the Al layer of 
Ti3AlC2 through chemical etching using a hydrofluoric acid (HF) solu
tion [23] (Fig. 1). The subsequent delamination by chemical intercala
tion or mechanical exfoliation creates the monolayer MXene nanosheets. 
Different etching procedures have been developed that result in differ
ences in flake size, defects, and surface functional groups [27]. Most of 
the MXene/COF hybrids are typically synthesized using Ti3C2Tx. A 
recent study reported utilization a pioneering 
chemical-scissor-mediated intercalation chemistry technique for 
manipulating the structure of three-dimensional (3D) non-van der Waals 
(non-vdW) MAX phases and 2D vdW MXenes [28]. By employing a 
combination of Lewis acidic molten salt (LAMS) and metal scissors for 
structural modification, the MAX phases and MXenes are exfoliated 
directly into stacked lamellae within molten salts [28–30]. This pio
neering technique has revealed a remarkable collection of 2D 
metal-intercalated layered carbides. The chemical transformation and 
bottom-up preparation are the other common approaches for the 
MXenes fabrication [31,32]. Deoxygenation and carburization [33], 
ammoniation of transition metal carbides [34], and carburization of 
transition metal sulfides [31] are other chemical transformation ap
proaches for MXenes synthesis. Bottom-up methods include chemical 
vapor deposition (CVD) and salt-templated growth. MXenes can also be 
synthesized by direct reaction of metals and metal halides with graphite, 

Fig. 1. The schematic illustration for synthesizing MXenes using selective etching [48]. Reproduced with permission from Elsevier.
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methane, or nitrogen [30]. This process allows for the CVD growth of 
MXene layers and the formation of complex spherulite-like morphol
ogies. However, the production of large-area, high-quality ultra-thin 
films by CVD remains a significant challenge. Additionally, visible de
fects are generated on the materials produced by the salt template 
method [35]. The synthesis and processing of MXenes have already been 
discussed in several reviews and papers [36–40].

MXenes with adjustable properties can be prepared by varying the 
elemental composition, atomic structure, and synthesis methods. The 
properties of MXenes, including metal-like conductivity [41], electronic, 
optical, and antimicrobial activity[42], make them excellent nano
materials for developing advanced materials.

Due to their adjustable architectures, strong light absorption, and 
outstanding bulk electrical conductivity (~ 20000–24000 S/cm for 
Ti3C2Tx), MXenes have the potential for catalysis and energy storage 
applications [39,43,44]. MXenes have provided new opportunities in 
the separation technologies due to their hydrophilicity (water contact 
angles of 20–30◦ for Ti3C2Tx and Ti2CTx films), diverse core and surface 
chemistry (-F, -Cl, -OH, and -O functional groups), antibacterial features, 
and mechanical strength (mechanical stiffness at 300–400 GPa) [45,46]. 
The emergence of MXenes as an advanced sensing and biosensing plat
form is mainly attributed to their high metal-like electrical conductivity, 
biocompatibility, ion-transport capability, and straightforward func
tionalization [47]. Their excellent dispersibility in various solvents 
(thanks to a negative surface charge), strong interfacial bonds, cus
tomizable surface chemistry, and compatibility with polymers make 
MXenes highly suitable for creating anti-corrosion coatings.

2.2. Enhancing MXenes: Surface Functionalization Methods

Generally, the surface of MXenes is covered with polar functional 

groups (such as -OH, -O, -Cl, and -F), which render MXenes highly hy
drophilic and excellent colloidal stability in aqueous media [49,50]. 
However, exposure of MXenes to an oxidative environment leads to 
structural changes and transformation into metal oxides and releases 
gases, including CH4, CO, CO2, and HF [51]. Surface functionalization 
can change the properties of the MXenes and increase their chemical 
stability due to the reduced hydrophilicity and steric stabilization of 
long chains of modifiers [52]. Surface functionalization of MXenes can 
be achieved through covalent or non-covalent modifications. Several 
reviews discuss surface functionalization strategies for MXenes [53,54]. 
The functionalization proceeds via interactions either with polar surface 
groups or directly with M (the transition metal) of the nanosheets. The 
most common utilized methods for the functionalization of MXenes’ 
surface are depicted in Fig. 2.

Covalent Conjugation: In this strategy, the modifier agent is 
attached to the MXene via the formation of covalent bonds. The silani
zation (Fig. 2b) is a facile strategy for incorporating various functional 
groups into the surface of MXenes. Hydrolysis of silanes forms the Si-OH 
bonds and subsequently by condensation with the M-OH groups on the 
MXene surfaces forms the covalent M-O-Si bonds. For instance, the 
functionalization of the Ti3C2Tx surface with an aminosilane agent forms 
the NH2-Ti3C2Tx nanosheets and changes the surface charge from 
negative to positive at neutral pH [55–57]. A one-step method of Ti3C2Tx 
carboxylation by reaction with chloroacetic acid could incorporate 
COOH groups on the MXene surface [58] and lead to a negative surface 
charge of − 54 mV at pH 8. Indeed, the carboxylation increases the 
negative surface charge of Ti3C2Tx and improves the chemical oxidative 
resistance of the nanosheets.

Phenyl diazonium salts (Ph-N–––N+) are another group of surface- 
modifying agents. Some of the -OH groups of MXenes are converted 
into Ph-O-M groups by reaction with the diazo agents (Fig. 2c). Phenyl 

Fig. 2. Simplified description for the surface functionalization of MXene nanosheets through reactions with (b) alkyl silanes, (c) aryl diazonium salts, (d) catechols, 
(e) alkyl phosphates, and (f) alkyl carboxylates.
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diazonium salts are unstable compounds that can be produced in situ in 
aqueous media by treating the phenyl amines (Ph-NH2) with NaNO2/ 
HCl [59]. MXenes functionalized with phenyl sulfonic acid (-PhSO3H) 
[60,61] and phenyl carboxylic acid (-PhCOOH) [62] groups were ob
tained, respectively, by reactions of MXene nanosheets with sulfanilic 
acid/NaNO2 and 4-aminobenzoic acid/NaNO2 via the in situ formation 
of the diazonium salt.

Ligand-Metal Functionalization: Due to the presence of the tran
sition metal(s) in the MXenes structures, a variety of ligands can anchor 
on the MXene surface through the formation of ligand-metal complexes. 
Catechols, phosphates, and carboxylates can create strong metal-ligand 
interactions. Besides the H-bonding between catechol and the MXenes 
surface, catechol-based compounds can attach to the surface of MXenes 
via the metal-ligand interaction between the transition metal of the 
MXene with the -OH groups of a catechol moiety (for example, alkylated 
3,4-dihydroxy-l-phenylalanine (ADOPA) or polydopamine) (Fig. 2d) 
[63,64].

Phosphate-based organic ligands are another type of surface modi
fiers used to manipulate the surface of MXene nanosheets by forming P- 
O-M (M: metal) bonds [65]. Organic phosphonic acids (R-PO(OH)2) can 
generate two or three bonds with the metal surface (Fig. 2e). Anchoring 
alkyl phosphonic acids on the MXene surface can change the hydro
philicity and dispersibility of nanosheets in solvents [66,67].

Alkyl carboxylates are another group of ligands used for engineering 
the MXene surface (Fig. 2f) [68]. However, carboxylates are weaker li
gands compared to catechols and phosphates. Up to 14 wt% 
carboxyl-terminated polyethylene glycol (PEG-COOH) could be grafted 
to the surface of Ti3C2Tx MXene flakes, which improved the oxidation 
resistance, hydrophobicity (increased contact angle from 65 to 93◦), and 
dispersibility in organic solvents [69].

Electrostatic Interaction: MXene surfaces are negatively charged, 
whereas their edges are positively charged [70]. Therefore, based on 
electrostatic interactions, edges can be modified selectively using 
anionic compounds, while the surfaces can be functionalized selectively 
with cationic modifiers. Cationic surfactants like cetyl
trimethylammonium bromide (CTAB) can be anchored to the surface of 
MXenes to improve their dispersibility in organic solvents [71,72].

Although various strategies have been used for the modification of 
the MXene surface, only a few of them are practically applicable for 
industrial applications, considering factors such as scalability, repro
ducibility, and cost-effectiveness. Catechol-based ligands are introduced 
as universal ligands for scale-up surface modification of MXene disper
sions [73]. Due to the strong H-bonding and π-electron interactions 
between the catechol head and surface terminal groups of MXenes, these 
ligands can functionalize MXene surfaces under mild reaction conditions 
(room temperature and moderate pH) without affecting the MXene 
properties. By using catechols bearing superhydrophobic tails (such as 
fluorinated alkyl tails), the surface of MXenes can shift from hydrophilic 
to superhydrophobic. The surfaces of different MXenes, including 
Ti₂CTx, Nb₂CTx, V₂CTx, Mo₂CTx, Ti₃C₂Tx, Ti₃CNTx, Mo₂TiC₂Tx, 
Mo₂Ti₂C₃Tx, and Ti₄N₃Tx, are successfully functionalized by treating with 
catechol ligands at a scalable level for mass production with almost 
100 % yield [73]. In addition to the catechol-based ligands, positively 
charged macromolecules have been proven to be suitable agents for 
large-scale modification of the MXene surface. For instance, poly(dia
llyldimethylammonium chloride) has been successfully utilized for the 
large-scale fabrication of positively charged MXene membranes [74].

Strong adhesion between MXene and COFs can be achieved by pre- 
functionalizing the MXene surface with a functional group utilized in 
the COF formation. Among the surface modification techniques 
described in Fig. 2, the covalent conjugation has been used to modify the 
MXene surface. The MXene silanization with an amino silane agent 
renders the formation of MXene-NH2, which is the only method utilized 
for pre-functionalizing MXene to enable its subsequent covalent 
attachment with COFs. However, the other different methods described 
in Fig. 2 have the potential for pre-functionalizing MXene and utilization 

in future studies to design alternative MXene/COF hybrids.

3. COFs: Crystalline Frameworks with Tunable Porosity

COFs are metal-free analogues of metal-organic frameworks (MOFs) 
with highly porous crystalline structures that are prepared via covalent 
bond conjugation of organic molecules [75]. The COFs’ pore size can be 
tuned by controlling building block size, type, and chemistry. Using 
different building blocks in the COFs provides a diverse range of func
tionalities. The low density and diverse functionality of COFs distinguish 
them from other porous crystalline compounds.

The fabrication of ordered and crystalline COFs requires the utili
zation of precursors that can form reversible bonds while preserving 
their geometry in the COF structure. Reversible bonds such as imines, 
hydrazones, and boronate esters are the main linkages used to synthesize 
COFs. Precursors with amino (-NH2) and aldehyde (-CHO) groups are 
among the main building blocks employed for COFs fabrication 
(Figures S1 and S2). Similar structures with boronic acid, -B(OH)2, 
groups have been used to prepare COFs by conjugating with various 
catechol-based building blocks. The presence of multiple functional 
groups in COFs enables them for different post-functionalization pro
cesses. This flexibility makes the COF suitable for the formation of hy
brids with other nanomaterials. Based on the geometry of the building 
blocks, both 2D and 3D COF structures have been synthesized. The 
building blocks are generally named C2, C3, and so on, based on the 
number of bonds each precursor can generate (Fig. 3). In 2D COFs, the 
planar geometry of the building blocks leads to the formation of layered 
structures like MXenes and graphene (Fig. 3). In 3D COFs, at least one of 
the building blocks has an orthogonal (Td) structure (Figure S3). The 
fabrication of MXene/COF hybrid materials using 3D COF has not been 
reported yet. The reason is probably related to the weaker interactions 
between 2D MXene nanosheets with 3D COFs compared to the stronger 
interactions with 2D COFs materials.

The production of COFs through the reversible reactions leads to the 
formation of thermodynamically stable networks and provides the COFs 
with self-healing properties. However, there are several reports on the 
synthesis of COFs from irreversible reactions [76–78]. The main COFs 
synthesis methods are solvothermal [79], microwave [80], ionothermal 
[81], and mechanochemical [82] synthesis . Importantly, COFs with 
adjustable thickness can be obtained by the interfacial synthesis 
methods [83]. COFs have found vast applications in different areas, 
including in semiconductors [84], sensors[85], energy storage [86–89], 
adsorption and separation processes [90,91], and catalysis [92,93]. The 
fabrication of hybrid materials with synergistic properties and improved 
performance is always of great interest. Therefore, diverse types of 
COFs-based hybrid materials have been prepared by hybridization of 
COFs with various substrates such as Al2O3 [94], Fe3O4 [95], graphene 
[96], and silicon [97].

4. Engineering COF@MXene Hybrids: Design and Integration 
Methods

Combination of the metal-like electrical conductivity, photothermal, 
and electrothermal properties of MXenes with tunable porosity of COFs 
form novel hybrid materials with excellent properties for various ap
plications including catalysis, energy storage, separation, sensing, and 
anti-corrosion coatings. Typically, there are three methods for fabri
cating COF@MXene hybrid materials (Fig. 4).

4.1. Physical Hybridization of COFs and MXenes

The simplest method for the fabrication of COF@MXene hybrids is 
mixing dispersions of a pre-fabricated COF with MXene nanosheets 
(Fig. 4a). The interaction between COFs and MXenes is mainly electro
static, as discussed earlier. MXenes are negatively charged, whereas 
COFs with high contents of nitrogen groups usually are positively 
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charged. However, this strategy provides the weakest interaction be
tween COFs and MXenes, so that the performance of resulting 
COF@MXene composites is not high. Table S1 summarizes the fabrica
tion of COF@MXene through their physical mixing and the application 
of each composite. Vacuum filtration of physically mixed dispersions of 
COFs with MXenes is the most used and straightforward method in this 
category for making films. Alternatively, sequential vacuum filtration of 

COF dispersions and MXenes dispersions can provide multilayer films.

4.2. In-Situ Growth and Covalent Linking of COFs on MXenes

In this approach, a COF is synthesized by condensation of its pre
cursors in the presence of a MXene (Fig. 4b). To covalently conjugate 
COFs with MXenes, the surfaces of MXene nanosheets are pre- 

Fig. 3. The schematic topological diagrams for the fabrication of 2D COFs [98]. Reproduced with Permission from American Chemical Society, 2020.

Fig. 4. Strategies for the fabrication of COF@MXene hybrid composites include (a) physical mixing of a pre-fabricated COF and MXene, (b) in-situ growth of COF on 
the surface of a functionalized MXene through covalent conjugation, and (c) in-situ growth of COF on the surface of a pristine MXene through non-covalent 
conjugation.
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functionalized with one of the precursor functional groups used in COFs 
synthesis (Table S2).[99,100] For instance, if a COF is prepared by 
condensing building blocks with amino (-NH2) and aldehyde (-CHO) 
groups, the surface of MXene is pre-functionalized with either -NH2 or 
-CHO groups. As described in Section 2.1, the surface of MXene can be 
aminated using various reagents. The most utilized reagents are amino 
silanes that can form NH2-Ti3C2Tx nanosheets [101]. Additionally, even 
simple mixing of Ti3C2Tx nanosheets with amino-based building blocks 
of COFs can lead to stable hybrids due to the strong H-bonding in
teractions between these building blocks with the MXene surface. 
Table S2 lists some of these methods. Utilizing an ionothermal method 
for the in-situ growth of COF on the surface of MXene can produce co
valent Ti-N linkages between the COF and MXene, even without 
pre-modifying the MXene [102]. For instance, a COF@Ti3C2Tx hetero
conjugate was prepared through ionothermal catalytic polymerization 
of 1,4-dicyanobenzene (DCB) in the presence of Ti3C2Tx in molten ZnCl2 
as both catalyst and solvent at 400 ◦C [102]. The formation of Ti-N 
bonds at the interface between COF and Ti3C2Tx MXene was proved 
from operando X-ray absorption near edge spectroscopy (XANES) and 
X-ray photoelectron spectroscopy (XPS) data. The high temperature of 
the ionothermal process probably facilitates the formation of Ti-N 
linkages.

The 2D structure of MXenes assists the COF growth on its surface to 
form vertically aligned π-columns [103,104]. However, due to the lower 
surface area of MXenes than COFs, increasing the MXene content 
reduced the BET surface area of the hybrid material. The nitrogen 
adsorption-desorption isotherms confirmed a specific surface area of 20 
and 565 m2 g− 1 for the pristine Ti3C2Tx MXene and COF@Ti3C2Tx het
eroconjugate [105]. The in-situ growth of COFs on the surface of MXenes 
can be detected by SEM analysis. For instance, heteroconjugation of 
Ti3C2Tx MXene with COFs (made of 2,5-diethoxyterephthalohydrazide 
and 1,3,5-triformylbenzene) showed the formation of 
nanoflower-shaped hydrazone-linked COFs on the MXenes surface (SEM 
image Fig. 5a-c)[105].

Although MXene and aminosilane functionalized MXene nanosheets 
usually show a smooth surface, however, the surface of a COF@MXene 
(prepared by in situ growth of 1,3,5-triformylbenzene (TFB) and p- 
phenylenediamine (PDA) on the surface of NH2-Ti3C2Tx) is rough, 
indicating the porous structure of the COF layer (Fig. 6a-c). The uniform 
growth of the COF on the MXenes surface can be proved by recording the 
elemental mapping images (Fig. 6d). Additionally, the BET surface area 
of Ti3C2Tx MXenes was 25 m2 g− 1, which increased to 239 m2 g− 1 for the 
COF@Ti3C2Tx heteroconjugate. Micropores (1.6–1.8 nm) resulted from 
the COFs, and mesopores (2–40 nm) originated from the 3D structure 
through COFs intercalation between the MXene layers (Fig. 6e).

4.3. Non-Covalent Strategies for In Situ COF@MXene Hybrids

Adding pristine MXenes to the precursors used to synthesize COFs 
can lead to the in-situ fabrication of COF, which are usually attached to 
the surface of the MXene through electrostatic interactions (Fig. 4c, 
Table S3). The positively charged COFs can generate strong electrostatic 

interactions with MXene, which leads to improved interface adhesion. 
For instance, the in situ condensation of triaminoguanidine hydrochlo
ride with 1,3,5-triformylphloroglucinol in the presence of Ti3C2Tx 
MXene nanosheets led to the formation and ionically adsorption of 
cationic guanidinium-based COFs on the surface of MXenes (Fig. 7a) 
[107]. While pristine MXenes showed a smooth surface, the COFs@M
Xene hybrid showed a rough and tremella-like morphology (Fig. 7b-c). 
The elemental mappings confirmed the uniform growth of the COFs on 
the MXene surface (Fig. 7d). Practically, this method is less effective 
than the covalent conjugation of MXenes to COFs (method two) but 
more effective than the physically mixed pre-fabricated COFs with 
MXenes (method one). Indeed, covalently linked MXenes with COFs 
provide the highest synergistic effect, whereas the physical mixing of 
pre-fabricated COFs with MXenes affords the weakest interactions be
tween the two components [99].

While different methods for the synthesis of COF@MXene hybrids 
have been developed, the mass production and scaling-up fabrication of 
COF@MXene is still challenging. One of the key factors in all synthesis 
strategies is to guarantee that COF can completely and uniformly cover 
the whole surface of MXene nanosheets. The uncovered areas can suffer 
from oxidation with exposure to oxygen and therefore the performance 
of the COF@MXene hybrid can decline gradually. Furthermore, each 
strategy for the fabrication of COF@MXene hybrids could have its own 
drawbacks. For instance, in the first strategy that utilizes physical hy
bridization of COFs and MXenes, the interactions between COF and 
MXene are weak, which results in the vulnerability of the COF@MXene 
hybrid toward environmental influences. For example, the oxygen 
diffusion onto the MXene surface can weaken the COF@MXene perfor
mance due to the gradual oxidation of the MXene segment. In the second 
and third strategies, COF is synthesized in situ in the presence of MXene 
nanosheets. A long reaction time, high temperature, and inert atmo
sphere are necessary for the fabrication of COF@MXene hybrids. These 
harsh conditions increase the construction cost and also put MXenes at 
risk of structural degradation.

5. COF@MXene Hybrids: Applications across Industries

5.1. Catalytic Innovations Using COF@MXene Hybrids

The synergistic effects between COFs and MXenes results in 
COF@MXene hybrid materials with strong performance in different 
catalysis processes. This section discusses the catalysis applications of 
COF@MXene hybrids, including photocatalytic H2 evolution [99,108], 
photocatalytic H2O2 production [109], photocatalytic NAHD regenera
tion for CO2 reduction process [110–112], photocatalytic antibacterial 
[113,114], electrocatalytic H2 evolution [105,115], electrocatalytic ni
trogen reduction reaction (NRR) [116], and electrocatalytic methanol 
oxidation [117]. An assessment of the effectiveness of COF@MXene 
hybrids as catalysts in diverse applications is provided in Table S4.

5.1.1. COF@MXene Hybrids as Photocatalysts
While COFs are suitable platforms with tunable functionalities in 

Fig. 5. SEM images with different magnifications of the COF@Ti3C2Tx heteroconjugate prepared by the growth of COF (made of 2,5-diethoxyterephthalohydrazide 
and 1,3,5-triformylbenzene) on the surface of Ti3C2Tx [105].
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photocatalysis, the fast charge recombination dramatically reduces the 
photocatalytic activity of pristine COFs. Hybridization is an effective 
strategy to increase the charge-carrier separation in photo-redox pro
cesses [118]. There are many reports on improving photocatalytic ac
tivity of COFs by its hybridization with other nanomaterials [119–121]. 
The covalent integration of MXenes into COFs provides a platform for 
effective visible-light-induced photocatalytic H2 evolution from water 
using Pt-based catalysts [99]. A heteroconjugation of NH2–Ti3C2Tx 
MXene with a COF (made of 2,4,6-trihydroxybenzene-1,3,5-tricarbalde
hyde and p-phenylenediamine) showed that the incorporation of 
MXenes does not alter the band gap of the COFs (Fig. 8a) [99].

In contrast to the pristine COFs, the photoluminescence (PL) 
quenching was observed for the COF@MXene composite (Fig. 8b). The 
PL quenching and increased average emission lifetime for the 
COF@MXene composite (1.307 ns) compared to the pure COFs 
(0.950 ns) indicating that the creation of a charge transfer channel be
tween MXenes and the COFs effectively suppresses the charge recom
bination and interfacial charge transfer through the COF@MXene 
heterojunction. Time-resolved transient absorption and electrochemical 
impedance spectroscopy further confirmed the inhibition of charge 
recombination. Fig. 8c shows that H2 production by covalently conju
gated COF@NH2-Ti3C2Tx MXene hybrid, which was much higher 
compared with the pristine COFs or physically mixed COFs/NH2- 
Ti3C2Tx and the in situ prepared COF@Ti3C2Tx MXene composite. This 
indicates that the covalent bonding between NH2-Ti3C2Tx MXenes and 

the COFs is critical in increasing the photocatalytic activity. The 
mechanism of the water reduction is depicted in Fig. 8d. The visible light 
irradiation leads to the transfer of electrons in the HOMO(ground state) of 
COFs to HOMOex. The transferred electrons in HOMOex are then trans
ferred to NH2-Ti3C2Tx MXene via the covalent linkage between the COFs 
and NH2-Ti3C2Tx MXenes due to its lower Fermi (EF) level position and 
excellent metal-like electrical conductivity. These separated electrons 
via cascade charge transfer result in the continual reduction of water 
into H2 with the assistance of the Pt co-catalyst. COFs and Pt, respec
tively, act as the photosensitizer and co-catalyst, whereas MXene acts as 
an electron sink and conductor. Importantly, the photocatalytic activity 
of COF@MXene hybrid remained unchanged after 6 cycles during 
duration of 30 h (Fig. 8e). The PXRD patterns and SEM morphology 
COF@MXene were almost the same before and after 6 cycles of photo
catalysis. These results indicates that the prepared COF@MXene offer 
excellent photocatalytic activity, recyclability, and structural stability.

Doping COF@MXene hybrid with semiconductors (e.g., Si, ZnO, and 
TiO2), metal nanoparticles (e.g., Ag, Au, and Pt), and metal oxides (e.g., 
Al2O3, Fe3O4, and ZrO2) can further increase the photocatalytic activity 
via facilitating the charge separation and inhibition of the charge 
recombination. ZnIn2S4 (ZIS) semiconductor nanosheets with high sta
bility, suitable band gap, non-toxicity, high visible light absorption, and 
excellent electrical and optical properties have been widely used in 
photocatalytic H2 evolution [122]. Therefore, incorporating ZIS into 
COF@MXene provides a photocatalyst with improved performance 

Fig. 6. (a) The schematic process for fabricating a COF@Ti3C2Tx heteroconjugate. The transmission electron microscopy (TEM) image of (b) Ti3C2Tx nanosheets and 
(c) COF@MXene heteroconjugate. (d) Energy dispersive spectroscopy (EDS) mapping images of the COF@MXene heteroconjugate. (e) The pore size distribution of 
the COF@MXene heteroconjugate[106]. Reproduced with Permission from Wiley, 2021.
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[108]. Electrochemical impedance spectroscopy (EIS) showed that the in 
situ prepared ZIS@COF@Ti3C2Tx MXene composite (COF is made of 1,3, 
5-triformylphloroglucinol and tris(4-aminophenyl)amine) has a smaller 
half-circle than the pristine COF, ZIS, and COF@ZIS, indicating its lower 
charge transfer resistance and higher electron transfer efficiency 
(Fig. 9a). Under visible-light irradiation (λ > 420 nm), the H2 produc
tion rate for COF@ZIS was 2.46 mmol g− 1 h− 1, which increased to 
4.01 mmol g− 1 h− 1 for ZIS@COF@MXene containing 2 wt% Ti3C2Tx 
MXene as the co-catalyst (Fig. 9b). Notably, after 6 cycles the photo
catalytic activity of ZIS@COF@MXene showed a negligible decline 
(Fig. 9c), indicating its excellent photocatalytic stability. In this photo
catalyst, ZIS and COFs act, respectively, as reduction-type and 
oxidation-type photocatalysts (Fig. 9d). Therefore, the electron transfer 
from ZIS to COFs happens spontaneously (Fig. 9e) and generate an 
interfacial electric field. The visible light irradiation excites the electrons 
in the COFs to the conduction band (CB) and then transfers them into the 
valence band (VB) of ZIS. At the same time, the electrons in ZIS are 
excited to its CB and then transferred to MXene (Fig. 9f). The photo
generated electrons and holes induce H2 evolution and ascorbic acid 
oxidation.

The CO2 reduction process is of high importance for CO2 utilization 
and for reducing greenhouse gases. Among different methods for the 
CO2 reduction, the enzymatic CO2 reduction has the advantages of 
performing under mild reaction conditions and high selectivity. One of 
the main methods for CO2 reduction is its selective conversion into 
formate using formate dehydrogenase (FDH) enzyme [123,124]. The 
electron transfer in this process is facilitated by the nicotinamide 
adenine dinucleotide (NADH) coenzyme that is the active site in FDH. 
However, the high cost of NADH highlights the importance of the in-situ 
regeneration of NADH during the reduction process. The combination of 
porous structure and adjustable band gap in COFs with the excellent 
conductivity of MXene enables the easy transfer of photogenerated 
charges and regeneration of NADH. Accordingly, utilization of the 
Ti3C2/COF-367 heterostructure as a photocatalyst showed a regenera
tion yield of 83.38 % for NADH due to its fast charge separation and 

transfer [110]. A HCOOH production rate of 1.88 mmol g− 1 h− 1 with 
100 % selectivity was reported. Since various types of noble metals have 
been used in NADH regeneration [125,126], therefore, doping noble 
metals in the COF@MXene structures can further improve the NADH 
reaeration rate. One of the main metal complexes that have been used in 
this context is pentamethylcyclopentadienyl rhodium 2,2′-bipyridin 
([Cp*Rh(bpy)H2O]2+) catalyst. Accordingly, Wei et al. reported that 
utilization of COF@NH2–Ti3C2Tx heteroconjugate (COF made from 2,4, 
6-tris(4-formylphenoxy)-1,3,5-triazine and 1,4-phenylenediacetoni
trile) as a photocatalyst yield an NADH regeneration rate of 95 % and 
46 % in 30 min, with and without [Cp*Rh(bpy)(H2O)]2+, respectively 
[111]. Importantly, the turnover frequency (TOF) for the NADH 
regeneration reaction by COF@MXene catalyst in the presence and 
absence of Rh-complex was 4.05 and 4.90 times higher than that of pure 
COF indicating the synergistic effects between COF and MXene. The 
formate generation rate by the COF@MXene photocatalyst in the 
absence and presence of Rh-complex was around 543 and 2380 μmol g–1 

h–1. Similarly, another COF/NH2-Ti3C2Tx heteroconjugate (COF made of 
4,4′,4″-(1,3,5-triazine-2,4,6-triyl)tribenzene and 2,6-pyridinedicarbal
dehyde) in the presence of [Cp*Rh(bpy)(H2O)]2+ showed a 95.0 % 
NAADH regeneration rate with 88 % selectivity toward production of 1, 
5-NADH over 1,6-NADH [112]. The formate production rate by this 
catalyst was 2137.7 μmol g–1 h–1.

The photocatalytic activity of COF@MXene composites under visible 
light could be further increased by surface-anchoring with Ag NPs [113]
and Cu2O NPs [114]. The COFs, MXenes, and Ag or Cu2O NPs act, 
respectively, as the photocatalyst, co-catalyst, and electronic medium. 
The absorption of visible light by COFs, as an n-type semiconductor, 
produces electron-hole pairs, which lead to the generation of reactive 
oxygen species (ROS) that can induce oxidative stress in microbial cells. 
Combining COF with MXenes and Ag NPs increases the lifetime of the 
photogenerated carriers and improves the electron-hole separation 
which lead to the generation of more ROS. The antibacterial activity of 
pristine COFs, COF@MXene and Ag@COF@MXene against S. aureus and 
P. aeruginosa was around < 60 %, > 70 %, and > 99 %, respectively 

Fig. 7. The schematic description for the in-situ preparation of a COF@MXenes. SEM images of (b) MXenes and (c) COF@MXene hybrid. (d) The elemental mapping 
of the COF@MXene hybrid[107]. Reproduced with Permission from Wiley, 2021.
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(Fig. 10a) [113]. Indeed, the lifetime of the photogenerated charge 
carriers by COFs, COF@MXene, and Ag@COF@MXene were 0.11, 0.16, 
and 0.34 ns, respectively. Notably, the photocurrent intensity of 
Ag@COF@MXene was higher than that of COFs and COF@MXene, and 
the performance also remained unchanged after 500 cycles (Fig. 10b,c). 
The photocatalytic mechanism for the ROS generation by 
Ag@COF@MXene is depicted in Fig. 10d. As an electron receiver, 
MXenes, with a band gap close to zero, prevent the electrons from 
returning to the ground state and reduce the charge recombination rate. 
Also, Ag NPs act as an electron absorber and form a barrier to inhibit the 
charge recombination. Therefore, the excited electrons in COFs are 
transferred into Ag NPs and MXenes which lead to the significant 
improvement in the electron-hole separation.

Photocatalytic reduction of soluble U(VI) to insoluble U(IV) is an 
excellent approach for preventing uranium contamination [127]. 
Additionally, due to the porous and tunable structures, COFs have been 
widely used to extract U(VI) [128]. However, the poor π-electron 
delocalization in COFs reduces their photocatalytic activity. 

Heteroconjugation of COFs (made of 4,4′,4′’-(benzene-1,3,5-triyltris 
(ethyne-2,1-diyl))tris(2-hydroxybenzaldehyde) and 2,2′-bipyridine-5, 
5′-diamine) with NH2-Ti3C2Tx MXene provides an excellent platform for 
U(VI) photo-reduction [129]. The conduction band potentials (ECB) of 
the COFs and COF@MXene were around − 0.92 and − 1.21 eV (vs. 
standard hydrogen electrode, NHE) due to the transfer of photo
generated electrons from the COF to the MXenes in the COF@MXene 
heterostructure (Fig. 11a). Also, the valence band potentials (EVB) for 
the COFs and COF@MXene were around 1.46 and 1.13 eV (vs NHE), 
respectively. It shows that the reduction potential of the COF@MXene is 
more negative than that of U(VI)/U(IV) (0.41 eV) indicating the capa
bility of this composite to be used for photo-reduction of U(VI). The 
transient photocurrent response of the COF@MXene was bigger than the 
pristine COFs which imply on more electron accumulation due to the 
better electron-hole separation (Fig. 11b). Furthermore, the weaker in
tensity of the steady-state photoluminescence (PL) of the COF@MXene 
than the pristine COFs confirms its slower charge recombination 
(Fig. 11c). The weaker charge transfer impedance of the COF@MXene 

Fig. 8. (a) The band-gap energy spectra of COFs and COF@NH2-Ti3C2Tx MXene conjugate (ATNT), (In ATNT1, 2, 4, and 6, the weight ratio of COF:NH2-Ti3C2Tx is 
8:1, 8:2, 8:4, and 8:6, respectively). (b) The steady-state photoluminescent spectra of the neat COF and COF:NH2-Ti3C2Tx composite. (c) The compassion of the 
photocatalytic H2 evolution from water using different platforms (ATNT-2-HB: the in situ formed COF in the presence of Ti3C2Tx; ATNT-2-PM: a physical mixture of 
the COF with NH2-Ti3C2Tx). (d) The mechanism for photocatalysis with the COF@NH2-Ti3C2Tx MXene conjugate. (e) Recyclability of ATNT-4 for the generation of H2 
during 30 h [99]. Reproduced with Permission from American Chemical Society, 2020.
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than the COFs was realized from its smaller semicircular arc radius in the 
Nyquist plot (Fig. 11d). The pristine MXenes showed no photoreduction 
activity toward U(VI) and the adsorption of U(VI) in dark or light was 
the same. However, the adsorption by the COFs and COF@MXene was 
increased in the presence of light, with the highest adsorption capacity 
of 1557 mg g− 1 (pH 5) for the COF@MXene under simulated sunlight 
(Fig. 11e). Indeed, the presence of the alkyne groups in the COFs im
proves the charge transfer and increases light absorption. At the same 
time, the presence of MXene reduces the hydrophobicity of COFs, which 
facilitates the interaction with U(VI). The photo-reduction kinetics of UV 
(VI) by the COF@MXene were more than 3 and 14 times faster than 
those for the pristine COFs and MXenes, respectively (Fig. 11f). The 
catalyst showed acceptable stability and recyclability so that the 
removal rate of U(VI) reduced slightly from 97.8 % to 91.9 % after five 
photoreduction cycles.

5.1.2. COF@MXene Hybrids as Electrocatalysts
In another area of catalysis, MXene@COF hybrids are utilized as 

cathodes for electrocatalytic H2 evolution through water electrolysis. 
Although MXenes exhibit favorable activity in the hydrogen evolution 
reaction (HER), the performance is hindered by the accumulation of 
generated H2 on the active site of MXenes. Creating defects in the 
MXenes structure and increasing the porosity can accelerate the H2 
diffusion reaction kinetics. Coating a COF@Ti3C2Tx composite (COF 
made of 2,5-diethoxyterephthalohydrazide and 1,3,5-triformylbenzene) 
on the surface of a glassy carbon electrode (GCE) and utilizing it as a 
cathode in the HER showed that the COF(40 %)/Ti3C2Tx MXene elec
trode has a much better performance than that of the pristine COFs and 
MXene electrodes [105]. The linear sweep voltammetry (LSV) showed 
that the onset potential of the COF@MXene electrode is 19 mV (vs. RHE) 
with no changes after 2000 cycles, which is much smaller than that for 
the pristine COFs (205 mV) and MXenes (276 mV) electrodes. Addi
tionally, it demonstrated the lowest overpotential of 72 mV at 
10 mA cm− 2 (close to the commercial Pt/C electrode) is much smaller 
than that of the pristine COFs and MXene electrodes (Fig. 12a). In 

addition, the kinetics of electrodes in HER shown in Tafel plots 
demonstrated a Tafel slope of 50 mV dec− 1 for the COF(40 %)@MXene 
electrode (close to the Pt/C electrode), which is smaller than that for the 
pristine COFs and MXene electrodes (Fig. 12b). Moreover, the perfor
mance of the COF@MXene electrode is much better than many of the 
other MXenes-based hybrid electrodes (Fig. 12c). The double-layer 
capacitance (Cdl) for the COF@MXene was 30.0 mF cm− 2, which is 
much larger than that for the pristine COFs (2.7 mF cm− 2) and MXenes 
(1.5 mF cm− 2). This shows that the COF@MXene has a larger electro
chemically active surface area (ECSA) than the individual COFs and 
MXenes. Also, the electrochemical performance of the electrode 
remained unchanged for a continuous use of 24 h. The LSV curve using 
the COF (40 %)/MXene electrode after 2000 cycles showed almost no 
changes (Fig. 12d) indicating its capability in sustainable electro
catalytic H2 evolution during the HER process.

To further improve the catalytic activity of MXene/COF composites, 
Zong et al. developed a Ni-doped Ti3CNTx@COF hybrid (NMXC) for 
improving the diffusion of H2 and increasing the HER yield [115]. 
Doping Ni can generate defects in MXenes and increase their catalytic 
activity. The obtained NMXC was used as a cathode for water electrol
ysis. Evaluation of the HER by linear sweep voltammetry (LSV) at 
10 mA cm–2 showed that the pristine MXene has an overpotential of 
398 mV at pH = 0 which was reduced to 164 mV by incorporation of 
0.3 % Ni and COFs (N0.3MXC). Additionally, the Cdl for N0.3MXC was 
higher (102.2 mF cm–2) than other electrodes that indicates its lower 
inherent resistance (Rs). Furthermore, the N0.3MXC electrode demon
strated the most-negligible charge-transfer impedance (Rct) with a value 
of 6.8 Ω. Evaluation the long-term stability of this catalyst showed a 
slight decline in the current density (7.8 % reduction) after 18 h of 
operation. The mechanisms for the HER under acidic and alkaline con
ditions are illustrated in Fig. 13a. In acidic conditions, protons are 
adsorbed on the catalyst surface and combined to generate H2 whereas 
under alkaline conditions, two H2O molecules lose one H2 at the cata
lyst’s active site. The evaluation of the chemical reactivity of different 
sites on the N0.3MXC catalyst (Fig. 13b) showed that the change in the 

Fig. 9. (a) Electrochemical impedance spectroscopy (EIS) Nyquist plots of COFs, ZIS, COF@ZIS, and ZIS@COF@MXene catalysts. (b) The electrocatalytic hydrogen 
evolution reaction (HER) COF@ZIS and ZIS@COF@MXene catalyst bearing different contents (1–4 wt%) of MXenes. (c) Photocatalytic durability assessment of 
ZIS@COF@MXene catalyst. The charge transfer mechanism in ZIS@COF@MXene catalyst (d) before contact, (e) after contact, and (f) under visible light illumination 
[108]. Reproduced with Permission from Wiley, 2023.
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Gibbs free energy (ΔG) at Ni-doped sites is negligible (0.06 eV) 
(Fig. 13c) indicating its highest reactivity in the HER process. Indeed, 
the |ΔGH*|of the Ni-doped sites was even smaller than that of the Pt (|Δ 
GH*| = 0.09 eV). This clearly proves the important role of Ni in 
improving the HER reactivity of MXene/COF electrodes.

Electrocatalytic nitrogen reduction reaction (NRR) is an energy- 
efficient and environmentally friendly method for converting N2 to 
ammonia [130,131]. Both COFs [132] and MXenes [133] have been 
used in NRR applications. Meanwhile, Fe represents a prime non-noble 
metal choice for transforming N2 to NH3. Additionally, suppressing the 
competitive HER can be achieved by hydrophobizing the catalyst which 
repels water molecules and prevents HER. Therefore, utilizing super
hydrophobic catalysts based on Fe-doped COF@MXene composites can 
provide synergistic effects with stronger performances. Accordingly, a 
superhydrophobic perfluorinated Fe-doped COF@NH2-Ti3C2Tx MXene 
composite (COF made of 2,2′-bipyridine-5,5′-diamine and 1,3,5-trifor
mylphloroglucinol) was developed as an efficient electrocatalyst for 
the NRR process [116]. This catalyst exhibited stronger performance 
than similar catalysts without one of its components (Fig. 14a). An NH3 
production yield of 41.8 µg h− 1 mgcat.

− 1 and a Faradaic efficiency of 
43.1 % at − 0.5 V versus the reversible hydrogen electrode (RHE) were 
achieved. Indeed, the interaction between Fe 3d and N 2p orbitals im
proves the NRR electrocatalytic catalytic. Additionally, the Cdl for 
MXenes, Fe/COFs, and Fe/COFs@MXene were around 3.9, 9.4, and 18.5 

mF cm− 2, respectively, indicating the critical role of MXenes in facili
tating the electrolyte access to active catalytic surfaces. The perfor
mance of this catalyst was higher than many of the reported Fe-based 
catalysts (Fig. 14b). Additionally, the hydrophobicity improved the 
N2-to-NH3 conversion by suppressing the competitive HER via inhibiting 
water accessibility to active sites (Fig. 14c). Additionally, the assessment 
of the electrocatalytic stability of this hydrophobized Fe/COF@MXene 
at − 0.5 V relative to RHE showed that the Faradaic efficiency and NH₃ 
production rate remained unchanged during 2 h of operation and after 
10 cycles (Fig. 14d). This indicates the high stability of the catalyst 
during the NRR process.

Direct methanol fuel cells (DMFCs) are among the highly efficient 
portable electrical devices due to their excellent energy conversion ef
ficiency and wide operating temperature range [134,135]. One of the 
drawbacks of this system is the slow kinetics of the methanol oxidation 
reaction (MOR) at the anode. Therefore, fabrication of new anodic 
materials with better oxidation performance is in high demand. 
Palladium-based anode is highly utilized in DMFCs. However, applying 
a pure Pd-based anode increases the cost significantly. Therefore, doing 
Pd into the materials with high surface area can be used as an alternative 
to reduce the cost. Accordingly, Yue et al. utilized confined Pd nano
crystals within COF@MXene nanoarchitectures as an anode for the 
methanol oxidation [117]. This electrode showed an electrochemically 
active surface area (ECSA) of 112.1 m2 g–1, a mass activity of 

Fig. 10. (a) Images of agar plates of antibacterial properties of (i) control (blank), (ii) COFs, (iii) COF@Ti3C2Tx MXene, and (iv) Ag@COF@Ti3C2Tx MXene com
posites against S. aureus and P. aeruginosa. (b) Photocurrent curves of COF, COF@Ti3C2Tx MXene, and Ag@COF@Ti3C2Tx MXene (c) Polarization curves of the COFs, 
COF@Ti3C2Tx MXene, and Ag@COF@Ti3C2Tx MXene before and after 500 CV cycles. (d) The photocatalytic antibacterial mechanism of Ag@COF@Ti3C2Tx MXene 
composite[113]. Reproduced with Permission from Elsevier, 2022.
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1478.4 mA mg–1, outstanding CO resistance, and long-term durability 
during the methanol electrooxidation process. The methanol electro
oxidation using this electrode as an anode in a mixed electrolyte 
(0.5 mol L–1 NaOH and 1 mol L–1 CH3OH) exhibited a current density of 
1478.4 mA mg–1 (Fig. 15a). However, other Pd-based electrodes (such 
as Pd/MXene, Pd/rGO, Pd/CNT, and Pd/C) exhibited weaker current 
densities in the range of 251–644 mA mg–1 (Fig. 15b). Additionally, it 
showed a remarkably higher specific activity (1.32 mA cm–2) compared 
to other Pd-based anodes (Fig. 15c). Furthermore, the LSV assessment 
showed that the required anodic voltage for starting the methanol 
electrooxidation reaction for Pd/COF@MXene electrode was 136 mV 
dec–1 whereas the value for the other Pd-based electrodes was in the 
range of 193–256 mV dec–1 (Fig. 15d,e). Evaluating the stability of 
different electrodes at a specific potential of 0.85 V showed that the 
methanol electrooxidation current is declining due to the gradual 
adsorption of intermediate products on the active sites of the electrodes 
(Fig. 15f). Nevertheless, the stability of the Pd/COF@MXene electrode 
was much higher than other Pd-based electrodes.

5.2. Advancing Energy Storage with COF@MXene Composites

5.2.1. COF@MXene hybrids in rechargeable batteries
The high surface area and highly porous structure of COFs along with 

the high conductivity and ease of processing of MXenes, make 
COF@MXene hybrid composites excellent materials for the fabrication 
of electrodes in energy storage materials including rechargeable batte
ries and supercapacitors. Table S5 presents a detailed overview of the 
performance of COF@MXene hybrids in energy storage applications.

While pure MXenes are useful in Li-S batteries, their tendency to 
restack significantly decrease their specific surface area. Incorporation 
of MXenes into porous materials can address this issue. The COF@M
Xene hybrids have been utilized in Li-S batteries as sulfur hosts in the 
cathode, lithium hosts in the anode, and modifiers of the separator. One 
of the main problems of Li-S batteries is the so-called "shuttle effect." It is 

caused by the dissolution and diffusion of lithium polysulfides between 
the anode and cathode, resulting in weak cycling stability and corrosion. 
Therefore, developing suitable sulfur hosts with an effective shuttle ef
fect inhibition is in high demand [136,137]. The abundant lipophilic N 
sites in the COF and sulfurophilic Ti sites in Ti3C2Tx MXene generate 
strong dual sites for chemical interactions between the host and poly
sulfides which can effectively suppress the shuttle effect. Accordingly, a 
composite with 76 wt% sulfur was obtained by mixing a COF@Ti3C2Tx 
MXene hetero-conjugate (COF made of 1,4-dicyanobenzene) with sulfur 
and heating at 155 ◦C under vacuum [102]. The effective entrance of 
sulfur in pores of the COF@Ti3C2Tx composite is proved by the signifi
cant reduction of specific surface area from 318 m2 g− 1 to 9 m2 g− 1 upon 
sulfur mixing. The S@COF@Ti3C2Tx MXene cathode exhibited a high 
reversible capacity of 1441 mA h g− 1 at 0.2 C and excellent cycling 
stability of 1000 cycles at 1 C with a negligible (≈ 0.01 %) capacity 
decay rate per cycle. COF@MXene composites prepared by physical 
mixing can also be used as hosts for the sulfur cathode. A flexible and 
binder-free 3D porous COF-derived carbon film in combination with 
Ti3C2Tx MXene was used as a host for sulfur cathode in Li-S batteries to 
render the conductivity and restrict the LiPSs. The cathode was fabri
cated in three steps including the carbonization of the COFs (composed 
of 1,3,5-triformylbenzene + tris(4-aminophenyl) amine) followed by 
loading with sulfur via the melt diffusion method, and finally, vacuum 
filtration of a mixed dispersion of MXenes and carbonized-COF/sulfur 
[138]. The corresponding battery showed a good discharge capacity of 
584 mAh g− 1 after 100 cycles.

Another problem of Li-S batteries is inhomogeneity in the ionic dis
tribution of lithium around the Li anode surface through the electro
migration pathway which leads to internal short circuits due to uneven 
Li nucleation and dendrite growth [139]. The main reasons for Li 
deposition are mass transfer and electro-reaction-controlled over
potential. Utilizing a 3D conductive host can improve mass transfer, 
reduce the current density, and inhibit charge accumulation [140]. 
Additionally, the presence of lithiophilic units is essential to facilitate 

Fig. 11. (a) The band-structure profile for MXenes and COF@MXene. (b) The transient photocurrent responses. (c) Photoluminescence spectra. (d) Electrochemical 
impedance spectroscopy Nyquist spectra of COFs and COF@MXene. (e) The adsorption isotherms of U(VI) by COFs and COF@MXene in dark and under simulated 
sunlight at pH 5.0. (f) The kinetics of U(VI) photo-reduction by COFs, MXenes, and COF@MXene[129]. Reproduced with Permission from Elsevier, 2023.
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Fig. 12. Comparison of the HER performance of different electrodes by determining (a) histograms of required overpotentials and (b) Tafel slope in a 0.5 M H2SO4 
solution. (c) Comparison of the overpotentials of the COF@MXene at 10 mA cm− 2 with other MXenes-based composite electrodes. (d) Assessing the cycling ability 
and long-term stability of the COF (40 %)/MXene electrode [105]. Reproduced with Permission from Wiley, 2024.

Fig. 13. (a) HER mechanism from the surface of the Ni-doped MXene@COF (NMXC) cathode in acidic and alkaline environments. (b) The possible different 
hydrogen adsorption sites on the surface of the NMXC cathode. (c) The Gibbs free energy change (ΔG) of hydrogen adsorption on different sites of the NMXC cathode 
[115]. Reproduced with permission from American Chemical Society, 2023.
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Fig. 14. Electrocatalytic NRR performances of (a) the pristine COFs, MXenes, COF@MXene, Fe/COFs, physically mixed Fe/COFs and MXenes, Fe/COF@MXene, and 
the hydrophobized Fe/COF@MXene, (b) different Fe-based catalysts, (c) hydrophobized Fe/COF@MXene catalysts with different alkyl thiols as hydrophobic agents, 
and (d) the hydrophobized Fe/COF@MXene for ten sequential cycles. [116]. Reproduced with Permission from Wiley, 2023.

Fig. 15. CV results of (a) Pd/COF@MXene electrodes with different COF:MXene ratios and (b) other Pd-based electrodes in 0.5 mol L− 1 NaOH with 1 mol L–1 

CH3OH. (c) Mass activity and specific activity of different electrodes (d) LSV and (e) Tafel graph of different electrodes. (f) The current-time data of different 
electrodes in 0.5 mol L− 1 NaOH with 1 mol L− 1 CH3OH [117]. Reproduced with permission from American Chemical Society, 2025.
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Li+ diffusion and reduce nucleation overpotentials which prevent Li 
nucleation and dendrite growth [141]. Utilizing a COF/NH2-Ti3C2Tx 
MXene heteroconjugate (COFs made of 1,3,5-triformylbenzene and 
p-phenylenediamine) as a Li host showed that the Li-N interactions can 
distribute Li ions inside all the COF channels uniformly leading to the Li 
nucleation (inhibition of the dendrite growth), a rapid ion accessible 
interface, and increased Li nucleation/deposition kinetics [106]. The 
rapid Li ions transport and even deposition on the MXene@COF resulted 
in improved Coulombic efficiency (CE) with stability over 300 cycles 
under high current densities of up to 20 mA cm− 2 which was much 
higher than that for the individual MXenes, COFs, and bare Cu as hosts 
for Li ions. Importantly, COF@MXene exhibited the specific capacity of 
780 mAh g− 1 after 150 cycles (capacity retention ~ 68 %) which is 
double the capacity of the Li/Cu||S cell that stopped working after 110 
cycles.

Covalently conjugated COF@MXene hybrids and the physically 
mixed COF@MXene composites can positively affect the Li anode. 
Comparison of the Li deposition at the current density of 0.2 mA⋅cm− 2 

for the pristine MXene film and the COF@MXene film (prepared by 
vacuum filtration of a mixed dispersion of MXenes and COFs made of p- 
phenylenediamine and 1,3,5-triformylbenzene) showed the formation 
of dendrites on the MXene film. However, a dense and uniform Li layer 
without dendrites was deposited on the COF@MXene film [142]. 
Notably, the nucleation overpotential of Li on the MXene film was 
130.5 mV whereas the presence of the lithiophilic COFs in the 
COF@MXene film reduced it to 73.5 mV. Lower nucleation over
potential affords uniform and dendrite-free Li deposition [143]. The 
uniform and dense Li layer minimizes the consumption of the deposited 
Li by a side reaction which results in higher Coulombic efficiency for the 
COF@MXene (>97 %) than the MXene film (≈70 %) at 1 mA⋅cm− 2. 
Assembly of a Li-S battery with the Li/COF@MXene anode and a sul
fur/polyacrylonitrile cathode displayed a specific capacity of 
1192 mA h g− 1 at 1 C with 73.8 % retention after 300 cycles. Coating Li 
foil anode surface with COF@NH2-Ti3C2Tx heteroconjugate and its 
application in lithium metal battery showed it could form Li dendrites 
and stabilize Li anode [144]. High flexibility, excellent mechanical 
properties, great lithiophilicity, and the presence of transport channels 
for Li+ inside the MXene/COF layer provide a consistent Li+ flux and 
controlled sites for the deposition of Li. Therefore, the Li dendrite 
growth and expansion of the electrode size is strongly inhibited. The 
corresponding Li||Li symmetrical cell exhibited stable performance for 
5000 h and 600 h operation by working, respectively, at and 1 and 
5 mA cm− 2/10 mAh cm− 2.

Another method to mitigate the shuttle effect in Li-S batteries is the 
modification of the polypropylene (PP) separator by coating it with 
various materials such as graphene oxide, carbon nanotube, and metal 
oxides [145–147]. Utilizing the positively charged COFs with high 
porosity can trap the negatively charged polysulfides via electrostatic 
interactions and suppress the shuttling effect. Accordingly, vacuum 
filtration of a COF@MXene (COF made of triaminoguanidine hydro
chloride with 1,3,5-triformylphloroglucinol) on the surface of a com
mercial PP separator provides a suitable membrane to be used as a 
separator in Li-S batteries [107]. In addition to the positive effect of the 
COFs in improving polysulfide sequestration and Li-ion conduction, the 
high conductivity and catalytic activity of MXenes accelerate the con
version of the intercepted polysulfides. This synergistic property endows 
carbon nanotube/sulfur cathodes with good electrochemical perfor
mance, having negligible average capacity decay (0.006 %) per cycle 
within 2000 cycles at 2 C. Additionally, the corresponding Li-S battery 
showed a specific capacity of 1280 mA h g− 1 at 0.1 C with retained 
capacity of 1186 mA h g− 1 after 200 cycles.

Vanadium flow batteries (VFBs) are another group of energy storage 
systems with great importance due to their flexibility, high energy ef
ficiency, long service life and high safety [148,149]. The proton ex
change membrane (PEM) in VFBs has a critical role in the proton 
transfer process and preventing the vanadium ions transfer between the 

positive and negative electrodes [150,151]. The COF-based composite 
membranes have found application in VFBs due to the large surface area 
and adjustable pore size in COF structures [152,153]. However, the poor 
dispersibility of COFs within various solvents makes the uniform dis
tribution of COFs within polymer matrices a big challenge. The conju
gation of COF to MXene can provide the corresponding COF@MXene 
hybrid with better dispersibility in polymer matrices. Jia et al. showed 
that a composite membrane made of sulfonated polyether ether ketone 
(SPEEK) matrix containing COF@MXene filler (with COF synthesized 
from melamine and terephthalaldehyde) has a more uniform and ho
mogenous structure compared to the one containing only COF as filler 
indicating better compatibility between SPEEK and COF@MXene than 
with pristine COF [154]. COF@MXene/SPEEK membrane showed 
nearly similar proton conductivity as SPEEK whereas the proton con
ductivity of COF/SPEEK membrane was very weak probably due to the 
agglomeration of COF within the membrane which blocks the mem
brane’s pores. Notably, while the pore size in COF is smaller than the 
size of VO2+ ions, increasing the COF content increased the permeability 
of the COF/SPEEK membrane toward VO2+ due to the COF agglomer
ation. In contrary, increasing the COF@MXene content in the membrane 
continually reduced the VO2+ permeability due to the excellent dis
persibility of COF@MXene within the SPEEK and no agglomeration. 
Practically, lower VO2+ permeability improved the coulombic efficiency 
(CE) and voltage efficiency (VE) of the corresponding VFB battery. The 
energy efficiency (EE) of the VFB with COF@MXene/SPEEK membrane 
at 40 mA cm− 2 reached 93 % whereas the value with the SPEEK mem
brane was only 86 %.

Zinc-air batteries (ZABs) are next-generation batteries due to their 
copious zinc source and high theoretical capacity density [155]. The 
design and structure of air cathodes in ZABs are the main challenges and 
they usually require complex bifunctional catalysts. The slow 
oxygen-intermediate reaction reduces the specific capacity and output 
power without a proper cathode. The usual air cathodes are based on 
noble metals and their highly expensive oxides. Conductive Nb2CTx 
MXene has been used as an electrode for the oxygen evolution/reduction 
reaction (OER/ORR). However, agglomeration and self-accumulation of 
the flakes in Nb2CTx MXene can decrease the reaction kinetics. Addi
tionally, using porous COFs in ZABs as electrocatalysis supports the 
adsorption/desorption of oxygen intermediates [156,157]. Combining 
COFs with Nb2CTx MXene can overcome the shortcomings of each 
component. Comparing the performance of Nb2AlC MAX, Nb2CTx 
MXene, COF@Nb2CTx MXene (COF composed of p-phenylenediamine 
and 1,3,5-triformylbenzene), and IrO2 as cathode electrodes revealed 
the overpotentials (Ej10) of 550, 435, 373, and 360 mV, respectively 
[158]. Additionally, the potential difference (ΔE = Ej10 – Ehalf) of 
COF@Nb2CTx (ΔE = 0.79 V) was only a little higher than that of Pt/C 
and IrO2 (ΔE = 0.77 V) as the control electrode. This indicats the 
excellent performance of the COF@Nb2CTx MXene electrode. Coating 
the air electrode in ZAB with COF@Nb2CTx MXene leads to the 
continual occurrence of a half-reaction of OER and ORR (Fig. 16a,b). 
The power density of COF@Nb2CTx MXene as an air cathode was 
75 mW cm–2 which is lower than the standard Pt/C + IrO2 
(105 mW cm–2) cathode (Fig. 16c). However, the specific capacity of 
COF@Nb2CTx (545 mAh g–1) was comparable to that of Pt/C + IrO2 
(550 mAh g–1) (Fig. 16d). Notably, the charge-discharge cycle 
COF@Nb2CTx MXene-based ZAB remained stable after 120 h over
coming the low stability of noble-metal-based ZABs (Fig. 16e).

5.2.2. COF@MXene hybrids in Supercapacitors
Supercapacitors are energy storage devices with ultrafast charge- 

discharge ability and long cycling life. Developing new electrodes to 
obtain high-performance supercapacitors is critical. High stability, 
excellent and tunable porosity, diverse and pre-designable structures, 
and tunable redox potentials render COFs as capable electrodes in 
supercapacitors. One of the main challenges of COFs in supercapacitors 
is their poor specific capacitance and low electrical conductivity. 
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Incorporating the redox-active groups (such as quinone groups) in the 
structure of COFs and their hybridization with conductive materials can 
significantly improve the performance of COFs in supercapacitors [159, 
160].

On the other hand, MXenes with metal-like electrical conductivity, 
tunable surface chemistry, and excellent volumetric capacitance have 
found great potential in supercapacitors [161]. Therefore, combining 
the homogeneous pore channels of COFs (which can improve the elec
trolyte ions adsorption and transportation and thereby enhance the 
electrode rate capability) with the high conductivity of MXenes is a 
promising approach for fabricating high-performance supercapacitors. 
Accordingly, a COF/NH2-Ti3C2Tx MXene hetero-conjugate bearing a 
redox-active-containing COF (composed of 2,6-diaminoanthraquinone 
and 2,4,6-triformylphloroglucinol) was used as the working electrode 
for the assembly of a three-electrode supercapacitor system with Pt and 
Ag/AgCl, respectively, as the counter electrode and the reference 

electrode [162]. The cyclic voltammetry (CV) curves of the COF@M
Xene electrode showed a reversible redox peak at 0.75 V indicating its 
pseudocapacitive behavior. This reversible peak originated from the 
dynamic transformation between the quinone (C––O) and hydroquinone 
(C-OH) groups in 2,6-diaminoanthraquinone of the COFs. The slightly 
distorted triangle shape of the galvanostatic charge-discharge (GCD) 
curve of the COF@MXene electrode further confirmed its pseudocapa
citive behavior. Notably, with a specific capacitance of 290 F g− 1 at a 
current density of 0.5 A g− 1 and 102.8 % capacitance retention after 
1000 cycles, this COF@MXene showed excellent performance as an 
electrode for supercapacitor in a Na2SO4 electrolyte. Utilizing a 
free-standing COF@MXene film electrode fabricated through vacuum 
filtration of a mixed dispersion of redox-active COF (composed of 2, 
6-diaminoanthraquinone and 2,4,6-triformylphloroglucinol) with 
Ti3C2Tx MXene nanosheets, in a three-electrode supercapacitor system 
afford a specific capacitance of 390 F g− 1 at 0.5 A/g, which was 12 times 

Fig. 16. (a,b) Description of the discharging and charging processes in ZAB batteries with COF@Nb2CTx MXene as an air cathode. Comparing the (c) polarization 
plots and power density, (d) discharging at 5 mA cm–2, and (e) long-term charge-discharge cycling stability of the COF@Nb2CTx MXene cathode with the Pt/C 
+ RuO2 cathode [158]. Reproduced with permission from American Chemical Society, 2022.
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higher than that of the pristine COFs [163]. An all-solid-state super
capacitor based on this COF@MXene electrode showed an energy den
sity of 27.5 Wh kg− 1 at a power density of 350 W kg− 1, a maximum 
power density of 7000 W kg− 1 at an energy density of 19.7 Wh kg− 1, 
specific capacitance 390 F g− 1 at 0.5 A/g and an excellent capacitance 
retention of 88.9 % after a 20000 charge/discharge cycling.

Assembly of Ti3C2Tx MXene on the surface of polydopamine- 
modified nylon 6 membrane followed by aminosilanization and in situ 
growth of COFs (made of hexaketocyclohexane octahydrate and 1,2,4,5- 
benzenetetramine tetrahydrochloride) produces a hierarchical- 
structured electrode for flexible supercapacitors [164]. The electro
chemical performance of this COF@Ti3C2Tx/nylon as a working elec
trode in a three-electrode system with a 1 M H2SO4 electrolyte 
demonstrated a larger cyclic voltammetry (CV) curve than the 
Ti3C2Tx/nylon and the physically self-assembled COF@Ti3C2Tx/nylon 
which indicated its higher charge storage ability (Fig. 17a). Addition
ally, the galvanostatic charge-discharge (GCD) (Fig. 17b) curve for the 
covalently assembled COF@Ti3C2Tx/nylon electrode showed a longer 
symmetrical triangular discharge time with a negligible voltage drop 

than the other two electrodes that indicats its high dynamic reversibility 
and high capacitance. The specific capacitance for the covalently 
assembled COF@Ti3C2Tx/nylon, physically assembled COF@Ti3C2Tx/
nylon, and Ti3C2Tx/nylon electrodes were 1298, 830, and 548 F cm− 3, 
respectively (Fig. 17c). The covalently assembled COF@Ti3C2Tx/nylon 
and physically assembled COF@Ti3C2Tx/nylon electrodes, respectively, 
exhibited capacitance retention of 82.6 % (after 20000 cycles) and 
68.4 % (after 10000 cycles). This results confnirm the critical role of the 
covalent conjugation between the COF and Ti3C2Tx.

The microfluidic technique was employed to assemble a vertically 
aligned Ti3C2Tx MXene (VA-Ti3C2Tx) on a COF (made of 1,3,5-triformyl
benzene and p-phenylenediamine) for the fabrication of hybrid fibers for 
use in high-performance electrochemical supercapacitors [165]. The 
molecular dynamics (MD) simulation showed that the diffusion of H+

through conventional MXene-based electrodes is minimal due to the 
tortuous pathways. In contrast, in microfluidic-made electrodes, the 
pathway is vertical and shortened, improving the electrochemical re
action kinetics (Fig. 17d,e). The most considerable CV (Fig. 17f) was 
achieved for the COF@VA-Ti3C2Tx MXene electrode containing 30 wt% 

Fig. 17. Electrochemical evaluation of different electrodes in a 1 M H2SO4 electrolyte through a study of (a) cyclic voltammetry curves at 2 mV s− 1, (b) galvanostatic 
charge-discharge curves at 1 A cm− 3, and (c) specific capacitances at different current densities[164]. (d) The ion transport pathways for the disordered MXene 
(D-Ti3C2Tx) and COF@VA-Ti3C2Tx. (e) The transport rate of proton (H+) in D-Ti3C2Tx and COF@VA-Ti3C2Tx. Electrochemical evaluation of different electrodes in 
1 M H2SO4 electrolyte through the study of (f) cyclic voltammetry curves at 2 mV s− 1, (g) galvanostatic charge-discharge curves at 1 A cm− 3, and (h) specific ca
pacitances at different current densities[165].
(a) Reproduced with Permission from Wiley, 2023. (b) Reproduced with Permission from Wiley, 2023.
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COF through the study of the electrochemical properties of different 
MXene-based electrodes in a three-electrode system in a 1 M H2SO4 
aqueous electrolyte which indicated its higher charge storage ability. 
Also, the galvanostatic charge-discharge (GCD) (Fig. 17g) curve for the 
COFs (30 %) @VA-Ti3C2Tx MXene electrode demonstrated a longer 
symmetrical triangular discharge time with a slight voltage drop 
compared with other electrodes, confirming its higher dynamic revers
ibility and higher capacitance. The COF (30 %)@VA-Ti3C2Tx MXene 
electrode showed a specific capacitance of 787 F g− 1 at 1 A g− 1 

(Fig. 17h). All-solid-state fiber-shaped asymmetric supercapacitors 
(FASCs) based on this electrode demonstrated a high energy density of 
27 Wh kg− 1 with an 89 % capacitance retention after 20000 cycles.

5.3. Hybrid Membranes for Water Treatment and Purification

Combining porous COFs with 2D MXenes creates hybrid materials 
suitable for separation and purification applications. These materials 
can be utilized for different purification methods, such as the adsorption 
of pollutants, the development of separation membranes, and electro
chemical deionization. Table S6 presents a list of the COF@MXene hy
brids employed in various water purification processes.

2D nanomaterials have found great potential in fabricating ultrathin 
membranes with narrow interlayer nanochannels in separation pro
cesses. The uniform distribution of diverse functional groups on the 
MXenes surface renders their nanosheets homogeneous and well-aligned 
nanochannels [166]. Practically, MXenes create slit-like 2D nano
channels as a result of the available spacing between the nanosheets 
(interlayer spacing). Typically, the interlayer spacing in MXene mem
branes is about 3.5 Å and 6 Å, in their dry and wet states, respectively. 
The smaller size of these nanochannels than the size of bacteria, phar
maceuticals, hormones, dyes, and nanoparticles enables the efficient 
removal of these impurities from the water stream [167,168]. Despite 
these advantages, susceptibility to oxidation in water [169], tendency to 
restack, and swelling in water [166,170] restrict the full utilization of 
MXene-based membranes in water treatment and purification. It was 
shown that the oxidation of delaminated MXene membranes results in 
the appearance of holes in the membrane [171]. These holes increase the 
size of the membrane channels which in turn lead to the water flux 
enhancement. The oxidation reactions mainly happen at defect sites and 
the edges. Furthermore, it is important to note that the oxidation of 
MXene nanosheets is size-dependent and smaller flakes have lower 
resistance to oxidation. Therefore, the use of larger nanosheets for the 
fabrication of MXene membranes is preferred [172]. In another strategy, 
the incorporation of ascorbic acid, as antioxidant, and aluminum ions, to 
prevent swelling of the Ti₃C₂Tₓ layers by their crosslinking, led to the 
fabrication of a membrane with no performance decline within 30 days 
[173]. Also, covering the defect points with cations can prevent or delay 
oxidation without changing the structure of MXene or attaching any 
molecules that can be useful in applications in water membranes. 
However, the addition of cations can alter the surface charges of 2D 
sheets and could affect the stacking of the flakes which requires further 
studies to best design a membrane with desired channel sizes [174]. 
Even in stabilized MXene-based membranes, the presence of long and 
tortuous nanochannels delays the mass transfer and reduces the water 
permeation through the pristine MXene membranes [175,176]. Path
ways with larger diameters and shorter lengths provide faster perme
ation. Incorporating intercalators in the MXene membranes can enlarge 
the interlayer nanochannels [177]. The fabrication of ultrathin mem
branes with less tortuous pathways is an effective strategy for reducing 
the length of the transport. 2D COFs are suitable candidates for this 
application by providing short and straightforward pathways. Coating 
MXene nanosheets with a COF layer can change the nanosheets inter
layer spacing. For example, the N₂ sorption isotherm revealed the pore 
size distribution of 0.8–10 nm for a MXene/COF hybrid membrane 
whereas the interlayer spacing of neat MXene membrane was around 
1.34 nm [178]. Moreover, Wang et al. reported that the covalent 

conjugation of superhydrophobic COF to the MXene surface signifi
cantly improve the oxidation resistance of membranes and prevents the 
swelling of these membranes in water during the water treatment pro
cess [179]. As a result, if COF can uniformly cover the whole MXene 
surface, it may address the restacking and oxidation stability issues of 
MXenes [180]. The COF layers prevent the restacking and oxidation of 
MXene nanosheets and therefore maintain the membrane performance 
during the desalination and regeneration process.

The combination of COFs and MXenes can improve the flux, 
adsorption capacity, and selectivity of the hybrid composites in water 
treatment applications [178,181]. Accordingly, a bilayer COF-MXene 
membrane was prepared by the sequential vacuum filtration of a COF 
(made of p-phenylenediamine and 1,3,5-triformylphloroglucinol) and 
Ti3C2Tx MXene dispersions on a macroporous nylon substrate [181]. The 
synergistic effect of the COF and MXene on the membrane structure is 
schematically depicted in Fig. 18a-b. SEM images showed a macro
porous structure for the bare nylon substrate, whereas after coating by a 
COF layer with a thickness of 102 nm on the substrate (Fig. 18c-e), a 
smoother porous surface with an average pore diameter of 16 nm was 
prepared. A bilayer membrane with a dense and wrinkled surface 
morphology was fabricated by subsequent coating with the Ti3C2Tx 
layers with a tunable thickness of 8–19 nm (Fig. 18f-h). Under the op
timum condition, the dual-layer membrane provided high permeance of 
563 L m− 2 h− 1 bar− 1 and high rejection of 99.6 % against Congo Red. 
The high thickness of the MXene layer results in long and tortuous 
pathways leading to high rejection.

On the other hand, the porous COF layer provides shorter pathways 
and faster permeations, but their large crispation-induced pores cannot 
prevent the transport of solutes. Therefore, a combined optimized 
COF@MXene membrane can provide both high flux and rejection [182]. 
Vacuum filtration of COF@Ti3C2Tx MXene (COF composed of 1,3,5-tri
formylbenzene and p-phenylenediamine) on the surface of PVDF mem
brane affords a superhydrophobic membrane for oil-water separation 
[179]. This membrane with a water contact angle of 156◦ and an oil 
contact angle of 0◦ exhibited ultrahigh permeation fluxes of 
54280 L m− 2 h− 1 and 643200 L m− 2 h− 1 bar− 1 for a water-chloroform 
emulsion, respectively, for gravity-driven and external pressure-driven 
processes. Notably, after 10 cycles, the separation efficiency of the 
membrane maintained above 99 %, with a negligible drop in flux. In 
addition, washing the membrane with ethanol after each set of 10 cycles 
resulted in nearly full recovery of the membrane performance. The 
sequential vacuum filtration of a hydrophilic COF-SO₃H (made of 1,3, 
5-triformylphloroglucinol and 2,5-diaminobenzenesulfonic acid) and 
MXene on a NaOH-treated microporous nylon filter membrane, results 
in a COF@MXene membrane with adjustable water permeance and dye 
rejection [183]. Enhancing the density of the COF layer improved the 
rejection rates and reduced the permeance. Under optimal conditions, a 
COF layer density of 37 μg cm⁻² exhibited a rejection rate of 80.3 % for 
Congo red dye with a water permeance of 626.2 L m⁻² h⁻¹ bar⁻¹ . By 
casting a layer of MXene on the surface of COF at a MXene:COF ratio of 
0.5 wt%, the rejection increased to 96.7 %, and water permeance 
reduced to 356.6 L m⁻² h⁻¹ bar⁻¹ .

Yang et al. developed covalently assembled COF@NH2-Ti3C2Tx 
MXene heteroconjugate adsorbents (COF made of 1,3,5-tris(4-amino
phenyl)benzene (TAPB) and 4,4,4-(1,3,5-triazine-2,4,6- triyl)tri
benzaldehyde (TTB)) for removal of antibiotic pollutions 
(fluoroquinolones) from aqueous media [184]. The maximum adsorp
tion capacities of the pristine COFs and MXenes for different fluo
roquinolones were in the range of 16–64 and 27–34 mg⋅g− 1, 
respectively, which increased to 54–148 mg⋅g− 1 for the COF@MXene 
heteroconjugate. Notably, the adsorbent showed a protein exclusion 
efficiency of > 97 %. The adsorbent could be regenerated by washing 
with 0.1 M HCl. After six adsorption/desorption cycles, the adsorption 
efficiency of COF@MXene slightly reduced to 79 %.

Capacitive deionization (CDI) is a water deionization electrochem
istry technique. Porous carbons with acceptable conductivity have been 
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used as typical electrodes for CDI [185,186]. However, porous carbons 
usually possess low salt adsorption capacity (SAC) and weak cycling 
stability in natural oxygenated saline water, limiting their broad appli
cations [187]. MXenes are potentially good alternatives for the porous 
carbons in the CDI process due to their high electrochemical capacity, 
excellent conductivity, reversible ion intercalation/deintercalation, and 
high hydrophilicity. However, aggregation, restacking, and oxidation of 
MXenes restrict their long-term utilization for this application. These 
issues can be overcome by coating a layer of COFs on the surface of 
MXenes. While MXenes provide high electrical conductivity, the coated 
COFs layer protects the MXene layers from oxidation during the desal
ination/regeneration process. Accordingly, a core-shell COF@NH2-
Ti3C2Tx MXene architecture (COF composed of 2, 
6-diaminoanthraquinone (DAAQ) and 2,4,6-triformylphloroglucinol 
(TFP)) was developed in which the COF nanorods were uniformly 
grown on the surface of MXene nanosheets [188]. While MXenes showed 
a relatively low specific surface area (155 m2 g− 1), the COF@MXene 
showed a high specific surface area of 424 m2 g− 1. High surface area, 
excellent conductivity, and abundant redox-active quinone groups 
render the obtained COF@MXene superior electrochemical properties 
for utilization in CDI. The cyclic voltammetry (CV) in a NaCl electrolyte 
showed the reversible redox peaks related to the quinone/hydrnoqui
none redox process of DAAQ of the COF segment. Therefore, the 
COF@MXene-based electrode can reversibly capture/release Na+ in the 
CDI process. The CDI desalination process over oxygenated saline water 
using MXene@COF electrode showed a NaCl adsorption capacity of 
53.1 mg g− 1 with a stable cycling performance over 100 CDI cycles.

5.4. Biosensors and Electrochemical Platforms Using COF@MXene

The low cost, easy use, high sensitivity, and portability of 
electrochemical-based biosensing endow it with a wide application in 
clinical diagnosis, food analysis, and environmental monitoring [189]. 
MXenes [112] and COF [113] have been used to develop biosensors. 
Synergistic effects of COFs and MXenes can provide composites with 
improved sensitivity in analysis. Table S7 provides a list of COF@MXene 
hybrids applied in analyzing different analytes using various analytical 
techniques.

Accordingly, a peptide(Pep)-target-aptamer(Apt) biosensor for the 
Norovirus (NoV) detection was prepared by modification of a glassy 
carbon electrode (GCE) with Pep@Au@BP@Ti3C2Tx MXene and utiliz
ing magnetic Apt@Au@ZnFe2O4@COF nanocomposite as the probe 
material (Fig. 19) [190]. Specific binding between Pep or Apt with NoV 
renders the formation of a sandwich biosensor in the presence of NoV. 
The content of NoV was determined indirectly by incorporating tolui
dine blue (TB) as a redox probe at Au@ZnFe2O4@COF. A higher TB 
signal was directly related to the higher NoV content. This biosensor 
could detect the NoV in the 0.01–105 copies/mL range, with a detection 
limit (LOD) of 0.003 copies/mL.

Assessing the reproducibility and repeatability of this biosensor by 
measuring the peak current of five electrodes in detecting 10⁴ copies/mL 
NoV showed a similar current response for all five electrodes indicating 
a good reproducibility. Furthermore, the stability of the biosensor was 
analyzed by assessing its performance after being stored at 4 ◦C for 14 
days. The current response of the sensor remained > 95.5 % of the initial 

Fig. 18. Schematic description of (a) and (b) water permeation mechanisms using a hybrid COF@MXene membrane, SEM images of the (c) top surface of the nylon 
substrate, (d) top surface of the COF/nylon membrane, and (e) cross-section of the COF/nylon membrane. SEM images of the (f) top surface and (g,h) cross-section of 
the MXene/COF/nylon membranes with different MXene loadings (The low MXene content, thickness 8 nm, cannot fully cover the surface of the COF layer). [181]. 
Reproduced with Permission from Elsevier, 2022.
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value, indicating good stability. Importantly, it could detect the NoV in 
real fluid analytes. Indeed, the results of the detection of NoV in stool 
samples using the COF@MXene biosensor was 100 % comparable to the 
results obtained from the reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) technique. This indicates that the COF@M
Xene biosensor’s response in real samples is highly reliable.

Detection of low concentrations of biomarkers in biological fluids is 
critical for early diagnosis of various diseases such as cancers and Alz
heimer’s. The amyloid-beta oligomers (Aβ1–42) have been reported as 
biomarkers for Alzheimer’s [191]. Therefore, detecting low concentra
tions of these biomarkers is important in providing quick treatment to 
inhibit the progress of diseases. Accordingly, LV et al. reported the 
fabrication of an electrochemical biosensor for the detection of Aβ1–42 
oligomers in human serum by the combination of 
aptamer-gold-modified MXene (Apt@Au-Ti3C2Tx MXene) as the glassy 
carbon electrode modifier and Apt/TB-Au@COFs (TB: toluidine blue) as 
the probe [192]. Due to the dual amplification strategy and strong af
finity of aptamer toward the biomarker, the Aβ1–42 oligomers could be 
captured and detected with high sensitivity and selectivity by both 
Apt/TB-Au@COFs labels and Apt-modified Au@MXene substrate. 
Under optimum conditions, this platform could detect Aβ1–42 oligomers 
in a wide linear range of 0.01–180 pg mL− 1 with a low limit of detection 

(LOD) of 4.27 fg mL− 1. The current response of the biosensor was 
reduced by 6.17 % from the initial detection value after being stored for 
40 days at 4 ◦C, indicating the fair long-term stability of the biosensor 
performance. Notably, the comparative evaluation for detecting Aβ1–42 
oligomers in the serum of human samples by this sensor showed almost 
the same result as a standard enzyme-linked immunosorbent assay 
(ELISA) kit, indicating the reliability of the sensor’s response for prac
tical applications. A similar electrochemical immunosensor for the 
detection of CYFRA21–1, as a key biomarker of lung cancer, was re
ported through the combination of antibody@gold-modified MXene 
(Ab@Au-Ti3C2Tx) as the sensor substrate signal enhancer and anti
body/toluidine blue modified AuNPs-doped COF (Ab@TB-Au-COF) as 
the probe [193]. This sensor could detect the CYFRA21–1 biomarker at 
0.5–1.0 × 104 pg mL− 1 with a detection limit of 0.1 pg mL− 1.

The measurement of the response of five individual electrodes using 
square wave voltammetry (SWV) showed similar current responses with 
a relative standard deviation (RSD) of 3.6 %, indicating the good 
reproducibility and accuracy of this sensor. Additionally, the current 
response of these electrodes decreased to 85.5 % of the initial response 
after storing the electrodes at 4 ◦C for 18 days which indicate a mild 
stability of the sensor over time. Notably, adding a specific amount of 
CYFRA 21–1 to normal human serum (NHS) and then measuring by 

Fig. 19. (a) Preparation of Apt@Au@ZnFe2O4@COF, and (b) assembly of the NoV electrochemical biosensor with MXenes [194]. Reproduced with Permission 
from Elsevier.

F. Seidi et al.                                                                                                                                                                                                                                     Materials Science & Engineering R 167 (2026) 101087 

20 



COF@MXene sensor showed that the accuracy of the measurement was 
in the range of 93.2–96.6 %. This indicates the excellent selectivity of 
the sensor towards CYFRA 21–1 so that the presence of interfering 
components in the real human serum does not influence the response of 
the sensor. Also, dilution the human serum medium 100 times and 
mixing with different concentration of CYFRA 21–1 and then evaluating 
by the sensor showed a recovery rate of 98.6–102.6 % with an RSD of 
< 3.8 % indicating the ability of the sensor in detection low concen
tration of CYFRA 21–1 in real biological samples.

Coating the surface of glassy carbon electrode (GCE) with a 
COF@MXene hybrid (COF composed of 2, 4, 6-triformylphloroglucinol 
and p-phenylenediamine) provide a suitable substrate for the deposi
tion of Au nanoparticles and fabrication of COF@MXene/Au electrode 
[195]. Further conjugation of thiolated-β-CD to the Au surface provides 
a supramolecular recognition system for selective detection of zear
alenone via the host-guest interaction approach. A working electrode 
based on COF@MXene/Au/βCD composite could detect zearalenone 
with a linear response range of 0.04–0.5 μg/mL and a detection limit of 
0.01 μg/mL. Furthermore, adding a specific amount of zearalenone to 
blank wheat and barley and then measuring with this sensor showed a 
recovery rate of 96.6–108.9 % which was comparable with the results 
obtained from UHPLC-MS/MS as the standard method.

One method for determining very low concentrations of analytes is 
the solid phase microextraction (SPME) strategy, in which, the enrich
ment of the target analyte is achieved by an adsorbent in the first step 
[196]. The structure of SPME fibers strongly affects the performance of 
the system. The porous structure of COFs with a high specific area and 
diverse types of functional groups renders them good adsorbent mate
rials for SPME processes [197]. Therefore, combining COF adsorbents 
with conductive MXenes is a promising approach for the fabrication of 
more efficient SPME systems. Accordingly, the surface of stainless steel 
wires was coated with COF@NH2-Ti3C2Tx MXene heteroconjugate (the 
COF was made of 2,5-dihydroxyterephthalaldehyde and 1,3,5-tris 
(4-aminophenyl)benzene) for developing an SPME fiber for detecting 
polycyclic aromatic hydrocarbons (PAHs) in honey samples [198]. By 
coupling this SPME system with gas chromatography, different types of 
polycyclic aromatic hydrocarbons in honey samples could be detected in 
a linear range of 2.0–2000 ng g− 1 with a limit of detection (LOD) of 
0.20–0.60 ng g− 1. The recovery of polycyclic aromatic hydrocarbons 
was in the range of 73–112 %. Notably, the COF@MXene fiber could be 
regenerated through desorption by heating at 280 ◦C for 7 min. The 
recycling of this fiber for over 300 extraction/desorption cycles showed 
no decline in its performance indicating its notable chemical and me
chanical stability. Furthermore, adding different concentrations of PAHs 
in the level of ng/g to four different types of honey and then evaluating 
the recovery rate using SPME fiber showed the recovery rates of 
73.2–112 % with a RSD of 3.5–8.7 % indicating an acceptable level of 
accuracy for this fiber.

Similarly, coating of a silanol-functionalized stainless steel substrate 
with COF@NH2- Ti₃C₂Tₓ MXene heteroconjugate (the COF was 
composed of 1,3,5-triformylphloroglucinol (TFP) and 4,4’,4′’-(1,3,5- 
triazine-2,4,6-triyl)trianiline) affords SPME fibers for detection of 
organochlorine pesticides (OCPs) traces [199]. The measured BET sur
face area and the pore volume for the pristine MXenes were 147 m2 g− 1 

and 0.66 cm3 g− 1, respectively; these values increased to 442 m2 g− 1 

and 1.12 cm3 g− 1 for the COF@MXene composite, demonstrating its 
excellent porosity. Notably, the pore size of COF@MXene was around 
9.8 nm, which indicates its suitability for capturing the OCP molecules 
(size 0.68–1.04 nm). The corresponding COF@MXene-based SPME 
system showed a limit of detection (LOD) of 0.036–0.126 ng g− 1 with a 
wide linear range of 0.12–20.0 ng g− 1 with a slight decrease in perfor
mance after 100 cycling times. The addition of various concentrations of 
different OCPs into radish, tomato, apple, and peach samples, followed 
by measurement using this COF@MXene SPME fiber, showed the re
covery rates of 92.0–104.2 % with RSDs values 4.1–11.2 %. This result 
indicates the acceptable performance of this fiber in the detection COPS 

in fruits and vegetables. Coating the surface of stainless-steel SPME 
blades with COF-SO3H@NH2-Ti₃C₂Tₓ heteroconjugate provides another 
suitable SPME fiber for the extraction of monoamine neurotransmitters 
[200]. With a specific area of 41.5 m2 g− 1 and a pore size distribution in 
the range of 2–59.5 nm, this fiber demonstrates a mesoporous structure. 
By combining this SPME fiber with HPLC, under optimum condition, it 
could detect norepinephrine (NE) and epinephrine (EP) with a linear 
range 0.1–100.0 ng mL− 1 and detect dopamine (DA) and serotonin 
(5-HT) with a linear range 1.0–300.0 ng mL− 1 and LOD 
0.015–0.030 ng mL− 1. Addition of determined content of monoamine 
neurotransmitters into rat serum samples and then measurement using 
this SPME-HPLC method revealed recovery rates of 90.3–118.3 % with 
RSDs values of 1.6–10.8 %. This implies the satisfactory accuracy of the 
developed SPME for the extraction and measurement of monoamine 
neurotransmitters from real samples.

Although the obtained results from the developed COF@MXene 
biosensors for selective detection of targeted analytes have exhibited 
satisfactory accuracy and reproducibility level, the complicated and 
multistep fabrication methods for developing of these sensors is a great 
challenge for translating their applications from the laboratory level to 
the clinical and real-world level.

5.5. Protective Coatings: Enhancing Corrosion Resistance with 
COF@MXene

MXenes research has gained attention in the anti-corrosion coating 
field in recent years [201]. Adding MXenes to common organic coatings 
can improve the anti-corrosion performance of the coating [202]. 
Addition of MXene as a filler in composite coatings can increase the 
diffusion paths for corrosive species which in turn can delay the corro
sion process [203]. Additionally, MXene can increase the density of the 
coating and therefore improve the interface adhesion between the 
coating and metal. However, MXenes highly hydrophilic nature, low 
surface area, gradual accumulation, and oxidation weaken their full 
potential for anti-corrosion coating applications.

Pre-modification of MXene can be used to address its oxidation issues 
as filler in anticorrosion coatings. Ding et al. showed that doping MXene 
with carbon dots (CD) can improve its oxidation resistance in epoxy 
coatings [204]. The formation of Ti–O–C covalent bonds between 
MXene and carbon dots could inhibit the oxidation of Ti₃C₂Tₓ nano
sheets. In another approach, Ning et al. showed that grafting of 
1-allyl-3-methylimidazolium bromide ([BMM]⁺Br⁻) to the MXene sur
face could improve the oxidation resistance of Ti₃C₂Tₓ MXenes [205]. 
The in situ modification of MXene nanosheets by integrating 
MgAl-intercalated layered double hydroxide (LDH) layer increased the 
dispersibility of MXene nanosheets inside the epoxy resin and prevented 
the restacking and agglomeration of these nanosheets within the coating 
[206]. The anticorrosion and antiwear features of the epoxy resin 
coating containing MXene–MgAl–LDH were significantly stronger than 
those of the coating containing only MXene. It is important to note that 
even gradual oxidation of MXene and formation of TiO2 can still 
improve the anticorrosion performance of the coating during. Indeed, 
the generated TiO2 nanoparticles can fill the voids in the coating and act 
as a kind of coating healing agent [207].

Coating MXenes with a layer of a COF is an alternative strategy to 
address these issues. Importantly, the porous structure of COFs endows 
the ability of loading with corrosion inhibitors and self-healing agents. 
Accordingly, Najmi et al. prepared a COF@MXene heteroconjugate 
(SMXC) by the in situ solvothermal growth of COFs (made of melamine 
and terephthalaldehyde) on the surface of NH2-Ti3C2Tx MXene and then 
loaded this composite with glutamate and zinc (II) (SMXCGZ) as organic 
and inorganic corrosion inhibitors, respectively [208]. The N2 
adsorption-desorption showed that the surface area of MXene (27.6 m2 

g− 1) was increased to 128 m2 g− 1 after coating with COFs, indicating an 
excellent host for loading corrosion inhibitors. Fabrication of nano
composite coatings by adding the COF@MXene to the epoxy resin 
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coating improved the anti-corrosion performance of the coating by 
around 200 %.

The SMXCGZ NP improved both barrier and active corrosion pro
tection. Zinc-glutamate complexes were formed inside the COF pores 
(Fig. 20). The pH changes during electrochemical reactions trigger the 
release of these complexes to the metal surface which can retard the 
corrosion significantly. Utilizing these hybrid nanoparticles as corrosion 
inhibitors in aqueous media could reduce the corrosion rate of steel by 
88 % and reduce the icorr from 0.022 to 0.002 mm/year. Zinc-glutamate 
complexes are converted to more stable species. Fe(Glu)2 and Fe(Glu)3 
are from glutamate, and Zn2+ reacts with OH− generated from oxidation 
reactions to form Zn(OH)2 (Fig. 20). In addition to the blockage role of 
SMXCGZ NPs for electrolyte diffusion, the release of zinc and glutamate 
can participate in corrosion reactions at the metal interface. The 2D 
structure of MXenes extended the diffusion pathway to the metal sur
face. The covalently grafted COFs improved the MXenes dispersion 
which could successfuly fill the pores in an epoxy matrix. Additionally, 
Fe-glutamate complexes and Zn(OH)2 formation decrease the local pH 
and the possibility of coating delamination.

6. Conclusion

Combining COFs with MXenes has produced a new group of nano
composite materials with improved performance and excellent syner
gistic effects. MXenes provide metallic conductivity and excellent 
photothermal and electrochemical properties, while the high porosity 
and tunable chemical configuration of COFs render the composite high 
stability and selective permeability to specific compounds. Covalent 
conjugation and physical mixing of MXenes with COFs are two main 
strategies for fabricating COF@MXene composites. For the covalent 
conjugation, COFs can be in situ produced and grafted on the MXene 
surface. Additionally, pre-treatment of MXenes with similar functional 
groups of COFs (for instance, fabrication of NH2-MXene) is essential to 
guarantee the covalent conjugation between MXenes and COFs. Physi
cally mixed COF@MXene composites can be prepared by directly mixing 
pre-fabricated COFs with MXenes or via in situ synthesis of COFs in the 
presence of MXenes. The main driving force in these cases is the elec
trostatic interaction between the negatively charged MXenes and the 
positively charged COFs. These composites can be used also for modi
fying the surface of membranes, electrodes, and other substrates for 
diverse applications.

The application of COF@MXene composites in different fields (such 

Fig. 20. Schematic illustration of active and barrier protection of SMXCGZ nanocomposite [208]. Reproduced with Permission from Elsevier.
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as catalysis, energy storage, separation, sensing systems, and anti- 
corrosion coatings) has shown stronger performance than individual 
COFs and MXenes. For instance, in photocatalysis, narrow band gaps 
(close to zero) of MXenes significantly improve the electron-hole sepa
ration of COF@MXene composites and reduce the charge recombination 
rate. This feature renders stronger photocatalytic activity to COF@M
Xene composites compared to pristine COFs. In Li-S batteries, the high 
number of lithiophilic N sites in COFs and sulfurophilic Ti sites in 
Ti3C2Tx MXene generate strong dual-site chemical interactions between 
the host and polysulfides. These synergistic effects can strongly suppress 
the shuttle effect and increase the lifetime of the batteries. The metal- 
like electrical conductivity of MXenes with high porosity of COFs can 
produce excellent electrodes for the fabrication of high-performance 
supercapacitors with ultrafast charge-discharge ability and long 
cycling life. While the thick MXene-based membranes exhibit low water 
flux in water purification due to their long, tortuous pathways, thinner 
membranes can be fabricated from COF@MXene composites with 
shorter pathways , higher fluxes, and excellent rejection rates.

7. Role of Computational Modeling in COF@MXene Hybrid 
Design

Theoretical methods, such as density functional theory (DFT), are 
critical in the design and optimization of advanced hybrid materials. In 
COF@MXene composite materials, a deep understanding of the elec
tronic structure, interfacial charge distribution, adsorption energies, and 
structural stability can be provided by DFT. For instance, investigation 
of the charge transfer between MXene surfaces with conjugated organic 
molecules using DFT showed the improved conductivity and interfacial 
electron mobility in the hybrid structure [209]. Also, DFT has revealed 
the important role of linkers in tailoring the band gaps, porosity, and 
redox performance of COF-based materials [210]. Optimization of these 
factors using DFT can guide us in the fabrication of COF@MXene com
posites with better performance for applications such as energy storage, 
sensing, and electrocatalysis.

A key note in the computational modeling is its ability to optimize 
the interaction between COF linkers and MXene terminal groups (–OH, 
–F, –O) to provide the highest stability and best performance in the 
targeted applications. For instance, DFT studies showed that the elec
tronic conductivity of fluorinated MXenes is lower than that of hy
droxylated MXenes [211]. Therefore, computational screening can help 
in providing stronger synergistic effects between the hybrid 
architectures

Furthermore, combining machine learning (ML) with DFT can help 
in the development of new COF@MXene hybrids by finding the 
structure-performance relationships. These integrated approaches are 
especially valuable for identifying candidate materials for high- 
performance supercapacitors, batteries, and catalytic applications.

Molecular dynamics (MD) simulations and Monte Carlo methods can 
provide additional insights into ion transport, mechanical properties, 
and stability under practical conditions. Indeed, the device design and 
material selection can be refined by connecting the theoretical pre
dictions with practical applications through computational modeling.

To use the full potential of COF@MXene hybrids, it is important to 
integrate the experimental data with the computational prediction tools 
to shorten the development of newer COF@MXene hybrids with stron
ger performances.

8. Future Perspectives: Challenges and Potential of COF@MXene 
Hybrids

The COF@MXene hybrids can be considered among frontiers in 
advanced materials due to the combination of unique features, including 
structural tunability, high surface area, electrical conductivity, and 
chemical performance. These hybrids are still in the early stages of their 
development. Although diverse types of MXenes have been synthesized, 

only Ti₃C₂Tₓ and Nb₂CTₓ MXenes have been used to fabricate 
COF@MXene hybrids. Therefore, future studies are expected to involve 
other types of MXenes for the fabrication of different types of 
COF@MXene materials.

Similarly, while various types of COFs have been prepared, imine- 
based COFs are the main group that have been utilized in COF@M
Xene fabrication. It is important to mention that the imine COFs have 
poor stability under harsh conditions, including strong acids, bases, 
redox agents, and high temperatures. Therefore, the involvement of 
boronate-ester COFs, azine-based COFs, and imide-based COFs in future 
research can probably lead to the COF@MXene hybrids with higher 
stabilities under harsh conditions.

While COF@MXene hybrids have shown prominent performance in 
diverse applications, there are still challenges that need to be addressed, 
including: (i) scalability, (ii) chemical stability, (iii) interfacial control, 
and (iv) mechanistic understanding. (i) Scalability: complicated 
manufacturing processes make mass production of these hybrids a real 
challenge for practical use. Therefore, it is important to develop simpler 
and more efficient synthesis strategies. (ii) Chemical stability: Low 
chemical stability of MXenes in water and water-based colloidal solu
tions upon storage and poor structural robustness of COFs imposed by 
harsh environments require designing effective strategies for stabiliza
tion of these hybrid composites. (iii) Interfacial control: Enhancement of 
interfacial attachment between MXenes and COFs can further upgrade 
stability, lifetime, and performance of their composites.(iv) Mechanistic 
understanding: The governing mechanisms of the synergistic effects 
between MXenes and COFs should not be overlooked. A combination of 
experimental and theoretical studies could gain a deeper understanding 
of electron and ion transport mechanisms in these hybrid materials.

While addressing the above challenges can help to prepare 
COF@MXenes with stronger performances, at the same time, more 
advanced composites can be obtained by incorporating various nano
materials or doping agents into the COF@MXene structure. MOFs, as the 
metal-containing analogs of COFs, have also been widely used for the 
fabrication of MOF@MXene hybrids [212]. Therefore, a bridge between 
COF@MXenes and MOF@MXenes can probably provide stronger syn
ergistic effects. Indeed, in recent years, research on the development of 
metal-covalent organic frameworks (MCOFs) that combine the active 
metal centers of MOFs with the structural advantages of COFs has gained 
the attention of researchers [213–215]. It is expected that the hybridi
zation of MCOFs with MXenes will address the limitations of individual 
COFs and MOFs and provide new hybrids with enhanced performance.

Regarding the application aspects, the COF@MXene hybrids have 
the potential to be further used in other sectors such as gas separation 
and purification, ion separation, adsorption, and diverse biomedical 
fields including, wound healing, drug delivery, and cancer therapy.
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