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Highlights: 

⚫ Adjusting MXene interlayer spacing enhances ionic conductivity and stability in membranes. 

⚫ AI predicts MXene preparation and enables applications in AI devices like memristors. 

⚫ Regulated MXene membranes show promise in energy storage, hydrogen production, and AI. 

Abstract: Recent research on two-dimensional anion exchange membranes has highlighted the potential 

of MXene-based anion exchange membranes in advanced applications. This review provides a 

comprehensive summary of the preparation strategies for high-quality MXene materials, including 

methods such as hydrofluoric acid (HF) etching, electrochemical processes, hydrothermal synthesis, and 

artificial intelligence (AI)-assisted approaches. Various film-forming techniques, such as vacuum 

filtration, casting, electrospinning, and AI-driven neural network optimization, are also discussed for 

their role in producing uniform and stable MXene membranes. A detailed examination of interlayer 

spacing regulation reveals its critical influence on ion exchange membrane performance, particularly 

with regard to ion transport mechanisms, rates, pathways, selective permeability, and membrane 

stability. AI has emerged as a transformative tool in this domain, significantly enhancing material 

discovery and optimization processes by improving synthesis efficiency and tailoring properties for 

specific applications. The review further explores advanced strategies for interlayer spacing regulation, 
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including surface functionalization, intercalation chemistry, composite formation with nanomaterials 

and polymers, and predictive modeling using neural networks. Beyond conventional applications in 

energy storage and catalysis, MXene materials demonstrate exceptional promise in AI-related fields due 

to their outstanding electrical conductivity, tunable surface chemistry, and mechanical flexibility. These 

properties position MXenes as key enablers for next-generation AI hardware systems, such as neuromorphic 

computing, intelligent sensing, and data storage. This work underscores the importance of integrating 

MXene research with AI to drive future advancements in both materials science and emerging technologies. 

Keywords: MXene; artificial intelligence; electrolysis; hydrogen production; anion exchange membrane 

1. Introduction 

As the energy crisis intensifies and environmental pollution worsens, increasing attention has been 

directed towards the development of renewable energy sources, including solar power and hydrogen 

energy [1,2]. The increasingly widespread application of hydrogen energy has also led to a shortage of 

hydrogen gas supply [3]. In order to efficiently produce hydrogen, excellent hydrogen production 

methods have become one of the research hotspots [4]. Water electrolysis is widely recognized as a key 

technology for hydrogen production. Currently, four primary methods are employed for this purpose, 

namely: alkaline electrolyzer (AE) [5], proton exchange membrane electrolyzer (PEME) [6], anion 

exchange membrane electrolyzer (AEME) [7], and solid oxide electrolyzer (SOE) [8]. 

AEME is a green and sustainable hydrogen production technology [9], which has significant 

characteristics such as environmental friendliness, safety and reliability [10]. A key element of Anion 

Exchange Membrane Electrolyzers (AEMEs) is the anion exchange membrane (AEM) [11], which 

serves a vital function within the electrolyzer system. AEMs can quickly transfer hydroxide ions within 

the electrolyzer to improve electrolysis efficiency [12]. At the same time, AEMs also have the function 

of isolating the cathode and anode, preventing the generated gases (such as hydrogen and oxygen) from 

mixing, thereby ensuring product purity and system safety [13]. 

The selection and optimization of AEM materials have a perceptible effect on the efficiency of the 

electrolyzer [14]. In actual AEME, the required hydroxide ion conductive membrane should meet the 

following requirements [15]: high hydroxide conductivity, high alkali resistance, strong mechanical 

stability, low hydrogen permeability, and low cost for large-scale preparation (Figure 1). Modern 

technology enhances the stability and conductivity of the membrane by introducing different chemical 

modifications [16] and structural designs [17], so that it can still maintain good performance under 

alkaline and high current conditions. To enhance the ion transport efficiency of the anion exchange 

membrane, adjustments and optimizations are often implemented to improve its performance, the use of 

two-dimensional inorganic materials with layered structures to construct ion transfer channels on the 

film [18] is one of the effective ways to accelerate ion transfer. At present, the widely used inorganic 

two-dimensional materials are GO [19], LDH [20], and MXene [21] (Figure 1). 

In 2011, Gogotsi and his team introduced a novel category of two-dimensional (2D) materials 

known as MXenes [22]. It is usually expressed as: Mn+1XnTx, where M is a transition metal, X is carbon 

(C) or nitrogen (N), n is an integer, typically 1 or 2, and Tx denotes surface functional groups on MXene 

(such as -OH, -O, or -F), which are introduced during the etching process. As a popular material with 

van der Waals heterostructure, MXene has shown great potential in ion transport, electron conduction, 
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particle screening, etc., so it can be applied to anion exchange membranes. At present, MXene has been 

applied in many fields, as shown in Figure 2: batteries [23], supercapacitors [24], photocatalysts [25], 

catalysts [26], sensors [27], adsorbents [28], transparent conductive films [29], electromagnetic 

interference shielding [30] and flexible high-strength composite materials [31]. 

The interlayer spacing of 2D van der Waals structure materials has a crucial influence on the 

performance of 2D material-based AEMs [32]. The regulation of interlayer spacing can significantly 

change the ion conduction path and conduction rate of AEMs. Properly increasing the interlayer spacing 

can increase the diffusion channels for anions (such as hydroxide ions, OH⁻), reduce the resistance to 

ion transport, and thus improve the ion conductivity. Nonetheless, overly large interlayer spacing can 

result in reduced mechanical strength and potential structural instability of the membrane, thereby 

affecting the overall performance and service life of the membrane. In addition, the regulation of 

interlayer spacing also affects the selectivity of the membrane [33], efficiently conducting the target ions 

while rejecting other ions and molecules, thereby improving the selectivity and efficiency of the membrane. 

 

Figure 1. Logical framework diagram. 
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Similar to other 2D van der Waals structure materials, MXene has excellent hydrophilicity. When 

used in a water-rich environment, there are only some weak intermolecular forces between its layers, so 

it is very easy for the interlayers to be filled with water molecules and form hydrogen bonds [34]. This 

situation causes the interlayer spacing of MXene to expand in a disordered and chaotic manner, and the 

molecular permselectivity decreases, and the mechanical properties are greatly reduced. 

 

Figure 2. Applications of MXene. (a) Batteries. Reprinted with permission [23]. Copyright 2024 

Elsevier. (b) Supercapacitors. Reprinted with permission [24]. Copyright 2024 Elsevier. (c) 

Photocatalysts. Reprinted with permission [25]. Copyright 2024 Elsevier. (d) Catalysts. Reprinted 

with permission [26]. Copyright 2024 Elsevier. (e) Sensors. Reprinted with permission [27]. 

Copyright 2024 Elsevier. (f) Adsorbents. Reprinted with permission [28]. Copyright 2024 

Elsevier. (g) Transparent conductive films. Reprinted with permission [29]. Copyright 2024 

Elsevier. (h) Electromagnetic interference shielding. Reprinted with permission [30]. Copyright 

2024 Elsevier. (i) Flexible high-strength composites. Reprinted with permission [31]. Copyright 

2024 Elsevier. 

In recent years, the application of artificial intelligence in materials science has developed rapidly, 

greatly promoting the design and optimization of new materials [35]. Particularly in MXene research, 

AI enables optimized design and predictive capabilities. Successful applications of AI in MXene 

research include stability prediction [36], mechanical property optimization [37], cytotoxicity 

assessment [38], and bandgap prediction [39]. At the same time, machine learning, neural networks, and 

other methods have gradually been applied by researchers as auxiliary tools in the preparation and 

transformation of MXene [40]. First, AI technology can optimize the preparation process of MXene 

through big data and machine learning algorithms. For example, by analyzing extensive experimental 

data, AI can determine the optimal synthesis conditions and parameters, thereby enhancing the material’s 

performance and improving the efficiency of its preparation process [41]. Secondly, AI can also be used 

to monitor and control the preparation process of MXene membranes in real time. By integrating sensors 

and intelligent control systems, AI can dynamically adjust the preparation parameters to ensure the 

quality and consistency of the membrane [42]. In addition to the preparation of MXene with the 
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assistance of artificial intelligence, MXene materials also have broad application prospects [43]. For 

example, applying MXene to gas monitoring, humidity monitoring, and biological detection sensors can 

improve the sensitivity and response speed of sensors [44]; applying MXene to neuromorphic computing 

and storage devices, as a synaptic material in artificial neural networks, can achieve brain-like computing 

and improve data storage capacity and read and write speeds [45]; or applying MXene to flexible 

electronic devices to prepare wearable smart devices to achieve real-time monitoring and intelligent 

feedback [46]. 

This paper aims to review and analyze the advancements in research on the regulation of MXene 

membrane interlayer spacing, as well as the performance optimization and applications achieved through 

artificial intelligence assistance. By systematically combing the existing literature, the traditional 

methods of preparing MXene materials and AI-assisted preparation methods are summarized, and on 

this basis, the traditional preparation methods and AI-assisted preparation methods of MXene-based 

exchange membranes are further summarized. Then, this paper discusses the principles, advantages, and 

limitations of various methods for regulating MXene interlayer spacing. It also reviews the utilization 

of AI technology in this field and examines how changes in interlayer spacing affect key membrane 

properties, including anion conductivity, selective permeability, and mechanical stability. Additionally, 

specific application cases are analyzed to assess the effectiveness and potential of these regulation 

techniques in real-world applications, providing a scientific foundation and reference for future research 

and engineering practices. 

2. Synthesis strategy of MXene 

 

Figure 3. (a) Elemental constituents of MAX and MXenes. (b) The SEM, HRTEM, and selected 

area electron diffraction (SAED) analyses of Ti3AlC2 MAX phase powder following aluminum 

removal with HF are presented. Reprinted with permission [47]. Copyright 2017 ACS Publications. 

Since the microstructure of the material obtained after etching the A layer in the MAX phase 

resembles the lamellar structure of graphene, it is referred to as MXene. The MAX phase materials are 

represented by the molecular formula Mn+1AXn, where M denotes an early transition metal, A represents 

an element from groups 13 or 14, and X corresponds to either carbon (C) or nitrogen (N) [48]. As shown 
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in Figure 3(a), the MAX phase material has a layered hexagonal structure (space group P63/mmc), and 

each unit contains two formula units, in which the close-packed M layers and A group element layers 

are arranged in a staggered configuration, with X atoms occupying the octahedral sites between the M 

layers and the A group element layers in the MAX phase structure. During the etching of the A layer 

elements in the MAX phase material, the strong covalent and ionic bonds between the M atoms and the 

X atoms are retained, while the weaker MA-type metal bonds are destroyed, forming a two-dimensional 

layered symmetrical hexagonal structure [47]. The chemical formula of MXene is typically written as 

Mn+1XnTx, where T denotes surface termination groups, such as -OH, -O, or -F, which are introduced 

during the etching process [49,50]. 

MXenes can be synthesized using a range of etching techniques, such as hydrofluoric acid methods 

(including direct HF etching and in situ HF etching), electrochemical approaches, hydrothermal 

methods, molten salt substitution, algae-based extraction, photolithography, scalable production 

techniques, as well as iodine-assisted processes and ion-induced gelation, among others [51]. This 

section first explains several traditional chemical preparation methods: hydrofluoric (HF) acid 

preparation, electrochemical etching, and hydrothermal synthesis, and then introduces the method of 

preparing MXene with the assistance of artificial intelligence. 

2.1. HF etching 

In 2011, Gogotsi et al. prepared MXene for the first time using hydrofluoric acid etching [22]. Therefore, 

hydrofluoric acid etching is one of the most widely used techniques for MXene preparation. This method 

can be categorized into two main types: direct hydrofluoric acid etching and in situ hydrofluoric acid 

etching [52,53]. Direct hydrofluoric acid etching involves the removal of the A-phase from the MAX 

phase structure using hydrofluoric acid, converting the dense MAX phase into a multi-layer accordion-shaped 

MXene, and the surface of the remaining MX layers develops functional groups such as -OH, -F, -O. 

The reaction can be represented as follow: 

 3 2 2 3 2 32 C 6 3 2 2Ti Al HF H Ti C AlF+ =  + +  (1) 

 3 2 3 2 2 22 2 ( )Ti C HF Ti C F H+ = +   (2) 

 3 2 2 3 2 2 22 ( ) 2Ti C H O Ti C OH H+ = +   (3) 

 3 2 2 3 2 2 22 ( ) 2Ti C H O Ti C O H+ = +   (4) 

Ghidiu et al. [53] introduced an in situ hydrofluoric acid etching approach, where various etchants 

are utilized to produce hydrofluoric acid directly within the reaction environment. This in situ generated 

hydrofluoric acid is then used to remove aluminum (Al) from Ti3AlTx [54,55]. The MXene generated 

after etching has surface functional groups such as -O, -OH, and -F [56]. Since the MXene generated by 

this method is a paste and has a clay-like appearance, this in situ hydrofluoric acid etching method is 

also called the “clay method” [57]. The chemical reaction formula during the etching process can be 

expressed as follows: 

 3 2 3 2 3 23 3 3 1.5Ti AlC HCl LiF Ti C LiCl AlF H+ + = + + +   (5) 

 ( )3 2 3 2 22
2Ti C HF Ti C F H+ = +   (6) 

 ( )3 2 3 2 22
2Ti C HCl Ti C Cl H+ = +   (7) 

 ( )3 2 2 3 2 22
2Ti C H O Ti C OH H+ = +   (8) 
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 ( )3 2 2 3 2 22
2 2Ti C H O Ti C O H+ = +   (9) 

The in situ hydrofluoric acid etching technique improves the quality of the produced MXene, 

allowing researchers to fabricate MXene in a range of sizes to accommodate different applications and 

requirements. A significant advantage of this method lies in the direct intercalation of fluoride ions 

between MXene layers, which enhances the stability of chemical reactions during etching. Additionally, 

it increases the specific surface area and the density of active oxidation sites. However, this method also 

has certain limitations, such as a prolonged drying process. Additionally, during the drying process, the 

interlayer spacing of MXene nanosheets may decrease or even collapse. 

2.2. Electrochemical etching 

Electrochemical etching [58], commonly conducted in HCl, produces a combination of -O, -OH, and -Cl 

terminal groups on the MXene surface. Yang et al. [59] successfully demonstrated the synthesis of 

Ti3C2Tx MXenes via electrochemical corrosion. In certain instances, this etching process may result in 

the formation of carbon-derived carbides [60]. The results showed that the yield of double-layer or 

single-layer Ti3C2Tx nanosheets can reach more than 90% [61]. Using this method, three MXenes, 

Ti2CTx, V2CTx, and Cr2CTx, were successfully fabricated and reported [51]. In the electrochemical 

process, the MAX phase reacts with chloride ions, leading to the formation of MXenes. Afterward, 

MXenes react with water and hydroxide ions, leading to the generation of hydroxide-terminated 

MXenes. This corrosion procedure can be outlined as follows: 

 3 2 3 2 33 3Ti AlC Cl e Ti C AlCl− −+ − = +  (10) 

 ( )3 2 3 2 2
2 2Ti C OH e Ti C OH− −+ − =  (11) 

 ( )3 2 2 3 2 22
2Ti C H O Ti C OH H+ = +   (12) 

2.3. Hydrothermal synthesis 

Hydrothermal synthesis is a method of preparing MXene materials by utilizing chemical reactions in 

aqueous solution under high temperature and high pressure conditions [62]. Hydrofluoric acid (HF) is a 

critical component in most MXene etching processes [63]. However, despite their effectiveness, some 

of these methods pose significant environmental hazards. The etching base used in these processes is 

highly reactive with amphoteric elements such as aluminum [64]. Nevertheless, traditional approaches 

have yet to achieve the synthesis of high-purity multilayer MXenes. One significant obstacle in 

producing MXenes through alkaline etching is the in situ development of oxide or hydroxide layers [65]. 

To address this, Li et al. [66] proposed a hydrothermal approach that utilizes NaOH to etch Ti3AlC2 (a 

MAX phase material) enabling the synthesis of Ti3C2Tx MXenes. This process, illustrated in Figure 4(d), 

demonstrates that NaOH can effectively remove the aluminum layer at a temperature of 270°C, yielding 

MXenes with a reported purity of 92%. Additionally, Peng et al. [67] successfully prepared Ti3C2Tx and 

Nb2CTx MXenes through a hydrothermal etching method assisted by a NaBF4/HCl medium. The 

reaction process is shown in formulas (13) and (14):  

 ( ) ( )3 2 2 3 2 22 4
2 2 10 2 2 5Ti AlC OH H O Ti C OH Al OH H

−−+ + = + +   (13) 

 ( )3 2 2 3 2 2 24
2 2 10 2 2 7Ti AlC OH H O Ti C O Al OH H

−−+ + = + +   (14) 
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2.4. Artificial intelligence association synthesis 

The Artificial Intelligence-Assisted Synthesis Method is an innovative method that combines advanced 

technology. By using artificial intelligence technologies such as machine learning and neural networks, 

researchers can analyze and model a large amount of experimental data to optimize the preparation 

parameters and processes of MXene. Specifically, the artificial intelligence model can predict the 

optimal reaction conditions and guide experimental design by learning the relationship between different 

preparation conditions and MXene performance, thereby improving preparation efficiency and material 

performance. For example, AI can help determine the optimal reaction temperature, time, reagent 

concentration and other parameters, reduce the number of experimental trial and error, and reduce costs. 

Wang et al. [68] utilized a back propagation neural network genetic algorithm (BPNN-GA) alongside 

response surface methodology (RSM) to optimize the hydrofluoric acid etching process for preparing 

Ti₃C₂ MXene from Ti₃AlC₂ with hydrofluoric acid. Compared to RSM, BPNN-GA exhibited 

significantly higher prediction accuracy for the preparation conditions, achieving superior metrics, 

including R2(0.9830), MSE (2.6188), RMSE (1.6183), MAE (0.8504), and MAPE (0.0089%). After 

optimization by BPNN-GA, the ideal hydrofluoric acid concentration, etching time, and temperature 

were found to be 8.81%, 7.01 hours, and 45.07°C, respectively. Under these conditions, the removal rate 

of methylene blue (MB) by the prepared Ti₃C₂ MXene reached 99.39%. Analyses using XRD, SEM, 

TEM, XPS, Zeta potential, FTIR, and other techniques confirmed that Ti₃C₂ MXene features a two-dimensional 

crystal structure characterized by a multilayered configuration and functional surface termination groups. 

Zeta potential analysis revealed that the surface of Ti3C2 MXene maintains a negative charge over a 

broad pH range, making it highly effective for the adsorption of cationic dyes. The use of BPNN-GA 

provides important insights and innovative approaches for optimizing material preparation processes. 

 

Figure 4. Major preparation method of MXene. (a) Direct HF etching. Reproduced from reference 

[52] with the permission of Elsevier. (b) In situ HF etching. Reprinted with permission [53]. 

Copyright 2014 Taylor & Francis eBooks. (c) Electrochemical etching. Reprinted with permission [58]. 
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Copyright 2021 Elsevier. (d) Hydrothermal synthesis. Reprinted with permission [62] . Copyright 

2021 Elsevier. 

Zhao et al. [69] developed an annotated corpus that encapsulates domain-specific knowledge related 

to the synthesis processes of MAX and MXene materials. This dataset, compiled from the experimental 

sections of 110 research papers, was utilized to develop a baseline model incorporating named entity 

recognition (NER) and relation extraction (RE) modules. Utilizing a pre-trained natural language 

processing (NLP) framework, the model was constructed to identify and extract precise synthesis 

conditions described in scientific literature. The study demonstrated the effectiveness of this approach 

by combining domain expertise in MAX/MXene synthesis with advanced machine learning techniques. 

The optimized entity recognition model achieved an F1 score of 0.8452, while the relation extraction 

model achieved an F1 score of 0.8476. This work marks a significant advancement in applying NLP 

tools for comprehensive data extraction in the field of MAX/MXenes, with the potential to accelerate 

the development of these materials. Additionally, the model developed in this study could serve as a pre-trained 

foundation for future efforts in data augmentation and the extraction of MAX/MXene synthesis routes. 

2.5. Other synthesis strategies 

Various other synthesis methods, such as molten salt etching and ultrasonic exfoliation-assisted 

techniques, have also been employed to produce MXenes. Each of these methods provides distinct 

advantages and properties, making them suitable for specific applications. 

2.5.1. Molten salt etching 

Molten salt etching is a method of preparing MXene materials using molten salt as an etchant. This 

method selectively removes the A-layer elements in the MAX phase by mixing the MAX phase material 

with molten fluoride salt and reacting them under high temperature conditions to generate MXene with 

a two-dimensional layered structure. The advantage of this method is that it can be etched under acid-free 

conditions, reducing the use of acidic solutions in traditional wet etching. At the same time, the molten 

salt environment helps to control the interlayer spacing and surface chemical properties of MXene, so that 

it can exhibit excellent performance in electronic devices, energy storage materials, and electrocatalysis. 

Arole et al. [70] proposed a technique to produce water-dispersed Ti3C2Tx nanosheets was 

developed using molten salt etching with SnF2. During this process, SnF2 penetrates between the 

material’s layers, leading to the formation of AlF3 and Sn as byproducts, which facilitate the separation 

of the layers. The Ti3C2Tx nanosheets formed a stable aqueous dispersion with a zeta potential of 31.7 mV, 

primarily due to the incorporation of -OH terminal groups during the KOH washing process. Analyses 

using X-ray diffraction and electron microscopy showed that Ti3C2Tx etched via molten salt displays a 

larger d-spacing compared to that of HF-etched counterparts. This work represents the first successful 

preparation of a colloidally stable aqueous dispersion of Ti3C2Tx nanosheets using molten salt etching technology. 

2.5.2. Ultrasonic exfoliation-assisted 

In the synthesis process of MXene, the ultrasonic exfoliation method is mainly used to exfoliate 

multilayer MAX phase materials into few-layer or single-layer structures. It is worth noting that the 



AI Mater.  Review 

 10 

ultrasonic exfoliation method does not directly participate in the etching process of the MAX phase, but 

is used to assist in the stripping after the initial etching, and further exfoliates the MAX phase material 

with the A layer removed into a thinner layered structure. 

Yao et al. [71] developed a high-intensity ultrasonic exfoliation (HIUE) technique, significantly 

reducing the etching time to just 3 hours while achieving a yield of over 90% by optimizing parameters 

such as temperature, reagent dosage, and ultrasonic power. During the etching process, ultrasound 

facilitated the delamination of MXene, resulting in a one-step yield of 20% for low-layer MXene after 

centrifugation. The properties of MXenes produced using the HIUE method were compared with those 

prepared through traditional wet etching, revealing the former’s efficiency. The practicality of the HIUE 

method was further confirmed through the fabrication of MXene-based nanocomposites and the 

assessment of their gas-sensing performance. The Ti3C2Tx MXene produced using this method exhibited 

a reaction rate of 21.1% to 100 ppm NH3, demonstrating good selectivity. Additionally, the 

MXene/MoS2 nanocomposites produced using this swift preparation method demonstrated improved 

gas-sensing capabilities. These findings highlight the effectiveness and promise of the HIUE technique 

for the rapid synthesis of MXene-based materials. 

2.6. Chapter summary 

This section reviews the different preparation methods of MXene materials, including hydrofluoric acid 

preparation, electrochemical etching, hydrothermal synthesis, and artificial intelligence-assisted 

preparation, and briefly introduces several other preparation methods. These methods have their own 

characteristics and play an important role in the structural control, performance optimization, and 

application expansion of MXene. 

The hydrofluoric acid-based preparation method is straightforward to perform and yields high-quality 

MXene materials, but the high corrosiveness and toxicity of hydrofluoric acid put forward high safety 

requirements for the experimental environment and operators. The advantage of the electrochemical 

etching method is that the interlayer spacing and thickness of MXene can be precisely controlled by 

regulating the voltage, electrolyte composition and reaction time. In addition, this method does not 

require the use of highly corrosive hydrofluoric acid, and the operation is safer and more environmentally 

friendly. However, the preparation efficiency of the electrochemical etching method is relatively low, 

and the equipment requirements are high. The hydrothermal synthesis method has the advantages of 

mild reaction conditions and large-scale preparation. At the same time, it can prepare MXene with 

different surface chemical properties and interlayer spacing by regulating the reaction conditions. 

However, the reaction time of the hydrothermal synthesis method is long and requires high equipment 

investment. The preparation of MXene by artificial intelligence-assisted preparation has the advantages 

of efficient optimization, intelligent monitoring and customized design. It can quickly determine the 

optimal preparation conditions through machine learning and data analysis, improve production 

efficiency and material performance; however, this method is highly dependent on a large amount of 

high-quality data and professional knowledge, there is a risk of data bias, and the model training is 

complex and the interpretability is poor. The initial investment cost is high, and the scope of application 

also needs further verification. This method represents the trend of deep integration of materials science 

and artificial intelligence, and has broad application prospects. 
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In summary, there are many methods for preparing MXene, each with its own advantages and 

limitations. In the future, with the continuous advancement of technology and the continuous 

optimization of methods, the preparation of MXene will be more efficient, safe and intelligent, 

promoting its wide application in various fields. 

Table 1. Advantages and disadvantages of MXene synthesis methods. 

2. Preparation and properties of MXene membranes 

MXene has several unique advantages over other 2D materials. Its excellent electronic and ionic 

conductivity, combined with its hydrophilic surface, makes it particularly suitable for applications such 

as energy storage and electronic devices. Unlike many other 2D materials, MXene can be easily 

functionalized by different surface functional groups such as -O, -OH and -F, resulting in tunable 

performance and improved adaptability for catalysis, sensing, and environmental applications. In 

addition, MXene exhibits high stability over a wide range of environmental conditions, allowing it to be 

used in a wider range of applications where high strength is required. 

Various techniques are available for fabricating MXene-based membranes, including spraying, dip-coating, 

vacuum spin-coating, casting, layer-by-layer assembly, hot or cold pressing, electrospinning, deposition, 

and filtration [72]. This section focuses on discussing the casting, melt mixing, and vacuum-assisted 

filtration (VAF) techniques, while also providing a brief overview of several other methods used for 

MXene membrane preparation. 

3.1. Vacuum filtration method 

The preparation of MXene membranes by vacuum filtration is a simple and efficient method, especially 

suitable for the preparation of uniform and dense self-supporting membranes [73]. The basic steps of 

this method include: first, dispersing MXene powder in deionized water or other appropriate solvents, 

and ultrasonically treating to obtain a uniform MXene dispersion. Next, the dispersion is filtered through 

a vacuum filtration device, and a filter membrane with a suitable pore size (such as a polycarbonate 

membrane or a nylon membrane) is selected as the supporting material. During the filtration process, 

MXene flakes will gradually deposit on the surface of the filter membrane to form a dense membrane 

structure. Finally, the obtained MXene membrane is dried at room temperature or low temperature to 

obtain a complete MXene membrane. 

Method Advantages Disadvantages 

HF Etching Simple to operate, produces high-quality MXene 
Highly corrosive and toxic; 

requires safety measures 

Electrochemical etching 
Precise control of interlayer spacing and 

thickness; safer and environmentally 
Low efficiency, high equipment cost 

Hydrothermal synthesis 
Mild reaction conditions, scalable production; 

adjustable surface 

Long reaction time, requires high 

equipment investment 

AI-assisted synthesis 
Efficient optimization; Intelligent monitoring; 

Custom design 

Dependence on high-quality data; 

complex model training; high cost 
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The vacuum filtration method is simple to operate, easy to implement, and can produce uniform 

MXene films in a relatively short time. This method can produce dense, uniform, self-supporting MXene 

films with good mechanical strength, which are suitable for a variety of applications. In addition, the 

thickness of the film can be more accurately controlled by adjusting the concentration of the MXene 

dispersion and the filtration time. Ultrasonic treatment and vacuum filtration processes help to obtain 

well-dispersed MXene sheets, thereby improving the performance of the membrane. 

It can be seen that the preparation of MXene membranes by vacuum filtration has many advantages, 

but there are also some disadvantages: (1) The vacuum filtration method is generally suitable for the 

preparation of small-area membranes and is difficult to achieve large-area or industrial-scale production; 

(2) It requires the use of equipment such as vacuum pumps and filter membranes, which increases the 

complexity and cost of the experimental setup; (3) The choice of filter membrane has a great influence 

on the quality of the final membrane. Different filter membranes may result in different membrane 

structures and properties; (4) Careful control of the drying process is essential to avoid membrane 

deformation or breakage, and removing the filter membrane can present additional challenges. 

3.2. Casting method 

Casting is a well-established method in membrane science for synthesizing membranes with precise 

compositions [74]. The process involves dissolving the membrane components in a solvent to create a 

uniform casting solution, which is then stirred or ultrasonicated to ensure thorough mixing. This solution 

is typically applied to a clean substrate for membrane formation. The phase inversion technique is 

commonly employed in conjunction with casting for membrane synthesis [75]. Given their hydrophilic 

nature, MXene materials interact favorably with hydrophilic polymers such as PVA, PEO, PEI, PU, and 

PAM, making them particularly suitable for membrane fabrication [76,77]. Figure 5 provides an 

overview of the casting process used to synthesize MXene-based membranes. 

The casting method offers several advantages, such as excellent uniformity in film thickness, the 

absence of defects, and enhanced flexibility. However, the technique also presents some limitations: To 

ensure effective film formation, the polymer solution must dissolve in water or organic solvents, and its 

viscosity should be carefully optimized [78]. Although the casting method is economical, easy to 

perform, and efficient, a major challenge lies in avoiding the polymerization of MXenes during the procedure. 

3.3. Electrospinning 

Electrospinning is also an effective method for preparing MXene films. Through electrospinning 

technology, MXene can be mixed with polymer solutions, and the solution can be stretched into 

nanofibers using electrostatic force to form MXene films with excellent performance. This method helps 

to improve the uniformity and mechanical properties of the film, while also controlling the thickness and 

pore size distribution of the film. In the study, MXene films prepared by electrospinning also showed 

potential for application in energy storage, sensors, and filters. 

Li et al. [79] prepared a series of sodium alginate/MXene composite nanofiber membranes by 

electrospinning and continuous ion-mediated crosslinking. The specific steps are as follows: sodium 

alginate aqueous solution, polyvinyl alcohol solution and MXene suspension are mixed to obtain a 

uniform and electrospinnable mixed solution; then the electrospinning solution is then placed into a 



AI Mater.  Review 

 13 

syringe and extruded through a stainless steel needle at a controlled rate onto a synthesis platform; then 

the resulting nanoparticles are soaked in a CaCl2 solution at room temperature and thoroughly rinsed 

multiple times with deionized water; then, the prepared composite is immersed in deionized water at 

room temperature to eliminate any residual polyvinyl alcohol. Finally, it is removed and dried. 

3.4. Artificial intelligence neural network 

MXene films are prepared by using artificial intelligence (AI) neural networks and other means. Through 

the analysis and learning of a large amount of experimental data, the AI model can predict and optimize 

key parameters in the preparation process, such as temperature, time, pressure and solvent concentration, 

thereby improving preparation efficiency, reducing the number of trial and error, and achieving precise 

control and optimization of film performance. This method can not only ensure the consistency and 

excellent performance of the film, but also greatly reduce the experimental cost and promote the 

application of MXene films in electronics, energy and other fields. 

 

Figure 5. Preparation method of MXene film. (a) Vacuum Assisted Filtration. (b) Electrospinning. 

(c) Casting Technique. (d) Melt Blending Technique. (e) Spraying. Reprinted with permission [80]. 

Copyright 2023 Elsevier. (f) Layer-by-layer Self-assembly. Reprinted with permission [81]. 

Copyright 2023 Elsevier. 



AI Mater.  Review 

 14 

Ma et al. [42] employed a combination of machine learning (ML) techniques and global 

optimization algorithms to enhance the design of MXene membranes from various perspectives. Their 

study found that the particle swarm optimization (PSO) algorithm outperformed the genetic algorithm 

in terms of both convergence speed and stability. Through the application of PSO, Ti3C2O2 with a 

specific charge at the nanopore mouth was identified as an optimal material candidate for membrane 

applications. By examining the water and ion densities within the nanopores, the research provided a 

detailed understanding of how pore charge and functional groups influence salt rejection and water 

permeability. The integration of machine learning with global optimization algorithms proved to be a 

powerful approach for designing materials with superior desalination performance. 

3.5. Microwave-assisted hydrothermal etching 

Microwave-assisted hydrothermal etching is an innovative MXene preparation technology that 

combines microwave heating with hydrothermal reaction to achieve efficient and uniform MXene 

etching in a short time. According to Purbayanto et al., this method significantly shortens the reaction 

time during the conversion of Ti₃AlCN MAX phase materials into Ti₃CNTx MXene while maintaining 

high-quality MXene structural properties [82]. In addition, this method significantly improves the 

photocatalytic performance of the material by generating TiO₂ crystals on the surface of the material, 

thereby greatly improving the degradation efficiency of organic pollutants such as methyl blue [83].  

By optimizing the parameters such as microwave power, reaction temperature and time, this method 

can effectively control the layer spacing and surface functional groups of MXene, and enhance its 

application potential in the fields of energy storage and environmental management. 

3.6. Other preparation methods 

3.6.1. Molten salt 

Zhang et al. [84] synthesized Ti3C2 nanomaterials and developed Ti3C2/ultra-high molecular weight 

polyethylene (UHMWPE) nanocomposites using a hot compression mold technique. The study 

demonstrated that the incorporation of Ti3C2 nanoparticles significantly enhances the thermal and 

mechanical properties of UHMWPE. Specifically, increases in Ti3C2 content were found to improve the 

crystallinity and hardness of the nanocomposites. Additionally, the tensile and fracture strengths were 

found to improve with increasing Ti3C2 content, peaking at a mass fraction of 0.75 wt.%. The inclusion 

of Ti3C2 also resulted in enhanced creep resistance. Further evaluation of the frictional properties using 

a pin-disc testing machine revealed that the Ti3C2/UHMWPE nanocomposites demonstrated enhanced 

friction-reducing performance compared to pure UHMWPE. The incorporation of Ti3C2 significantly 

minimized adhesive wear and friction, resulting in a smoother wear surface in the composites than that 

observed in pure UHMWPE. 

3.6.2. Spraying method 

Cheng et al. [80] designed a composite thermoplastic polyurethane electrospinning membrane (TPUEM) 

with a sandwich-like structure. This membrane incorporated MXene and poly(styrene-co-methacrylic 

acid)@polypyrrole nanospheres (PPNs) and was fabricated using a combination of vacuum filtration 
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and spraying methods. Initially, a MXene aqueous dispersion was prepared and subjected to ultrasonic 

treatment with a cell grinder to reduce the particle size of the MXene sheets. The fabricated TPUEM 

was placed on filter paper, and MXene dispersion was infused into it through vacuum filtration, resulting 

in the formation of the MXene/TPUEM composite. Following this, an ethanol dispersion containing 

MXene and PPNs was vacuum filtered through the MXene/TPUEM composite to create the 

PPNs/MXene/TPUEM structure. Finally, an additional layer of the MXene aqueous solution was sprayed 

onto the surface of the PPNs/MXene/TPUEM composite using a spray gun. The composite material 

exhibited superior electromagnetic shielding properties due to the intrinsic shielding capabilities of MXene 

and the unique sandwich structure. This suggests that the MXene/PPNs/MXene/TPUEM composite is highly 

effective in reducing electromagnetic interference from surrounding circuits and microelectronic 

components. Additionally, The pressure sensor constructed using the MXene/PPNs/MXene/TPUEM 

composite exhibited outstanding negative piezoresistive characteristics, such as high sensitivity, an 

extensive sensing range, and rapid response time. Moreover, the sensor showed exceptional capability 

in accurately monitoring various human activities, such as joint flexion, sound recognition, and pulse 

detection. These findings suggest that the MXene/PPNs/MXene/TPUEM composite holds significant 

potential for the development of multifunctional smart wearable devices. 

3.6.3. Layer-by-layer self-assembly 

Hu et al. [81] successfully developed a nanofiltration membrane for efficient dye wastewater treatment 

using layer-by-layer (LBL) self-assembly technology. The method involves sequentially assembling 

MXene and polyethyleneimine (PEI) on a polyethersulfone (PES) substrate and assembling through a 

tannic acid (TA) coating derived from plant polyphenols. They immersed the PES membrane in a PEI 

solution to fill the membrane with PEI, and then immersed it in a MXene dispersion to allow MXene 

and PEI to self-assemble on the PES substrate. These two steps were repeated to achieve layer-by-layer 

self-assembly of PEI and MXene. 

3.7. Chapter summary 

This section provides a detailed discussion on the preparation of MXene films using methods such as 

vacuum filtration, casting, electrospinning, and artificial intelligence-based neural network approaches. 

These methods have their own characteristics and provide a variety of options for the preparation of 

MXene films. 

The advantage of the vacuum filtration method is that it can produce films with uniform thickness, 

low porosity and excellent conductivity. In addition, the vacuum environment helps to remove solvents 

and impurities, and improve the purity and performance of the film. This method is widely used in 

electronic devices, supercapacitors and batteries. However, its preparation speed is relatively slow, 

which is suitable for laboratory research and small-scale production, and there are certain challenges in 

large-scale industrial applications. The casting method offers several advantages, including ease of 

operation, cost-effectiveness, and suitability for producing large-area films. However, the thickness and 

uniformity of the film are difficult to accurately control, and the mechanical properties and conductive 

properties may be affected by the preparation conditions. Despite this, the casting method is still a 

common method for preparing MXene films, especially when rapid prototype preparation or preliminary 
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experiments are required. Electrospinning has a wide range of applications in sensors, filter membranes 

and catalysts. Since the fiber diameter is controllable, the pore structure and thickness of the film can 

also be precisely adjusted. However, the electrospinning equipment is complex and has high 

requirements for process parameters. The preparation process may be affected by environmental 

humidity and temperature and needs to be carried out under strictly controlled conditions. The 

preparation of MXene films by artificial intelligence neural network is a method that combines advanced 

AI technology to optimize the preparation process. The advantages of this method are that it significantly 

improves preparation efficiency, reduces the number of trial and error, reduces experimental costs, and 

achieves precise control and optimization of film properties. However, this method is highly dependent 

on a large amount of high-quality data and advanced computing resources, and places high demands on 

the interdisciplinary expertise of the research team. 

In summary, vacuum filtration, casting, electrospinning and artificial intelligence neural network 

methods have their own advantages and limitations in the preparation of MXene films. By combining 

the characteristics of different methods and optimizing and improving them according to specific 

application requirements, MXene films with excellent performance and wide application can be 

prepared, promoting their wide application in electronics, energy, environment and other fields. 

Table 2. Advantages and disadvantages of MXene membrane preparation. 

4. Mechanism of the influence of interlayer spacing regulation on ion exchange membrane performance 

4.1. Anion exchange membrane transport mechanism 

When the ion exchange membrane carries a fixed negative charge, the membrane is called an anion 

exchange membrane (AEM). The anion electrolyzer is mainly composed of three parts: a gas diffusion 

layer, a catalyst layer, and an anion exchange membrane, as shown in Figure 6(a). During the electrolysis 

Method Advantages Disadvantages 

Vacuum filtration method 

Produces films with uniform 

thickness,low porosity, excellent 

conductivity; vacuum improves 

purity and performance 

Slow preparation speed; suitable for lab 

research and small-scale production; 

challenging for large-scale applications 

Casting method 
Simple operation, low cost, suitable 

for large-area film preparation 

Difficult to control thickness and uniformity; 

mechanical and conductive properties 

affected by conditions 

Electrospinning 

Controllable fiber diameter; precise 

adjustment of pore structure  

and thickness 

Complex equipment; high requirements for 

process parameters; sensitive to humidity  

and temperature 

Artificial Intelligence 

Neural Network 

Significantly improves preparation 

efficiency, reduces trial and error, 

minimizes experimental costs, 

achieves precise control  

and optimization 

Requires large amounts of high-quality data 

and advanced computing resources; demands 

interdisciplinary expertise 

Microwave-assisted 

hydrothermal etching 

Rapid reaction; enhanced  

material performance 

High equipment requirements; dependence on 

precise parameter optimization 
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process, water molecules undergo an oxidation reaction at the anode (positive electrode) to produce 

oxygen (O2) , hydroxide ions (OH-) and electrons (e-) , while hydroxide ions (OH-) accept electrons at 

the cathode (negative electrode) to undergo a reduction reaction to produce hydrogen (H2) and water [85]. 

During this process, hydroxide ions (OH-OH^-OH-) move through the electrolyte from the cathode to 

the anode, ensuring the continuation of the reaction [86]. The high selectivity and high conductivity of 

the anion exchange membrane ensure that hydroxide ions can pass through the membrane quickly and 

effectively, thereby enhancing the overall efficiency of hydrogen production through water electrolysis [87]. 

Its working principle can be expressed by the following formula: 

 ( )0

2 2Cathode : 2H O 2e H 2OH E 0.83V . SHEvs− −+ → + = −  (15) 

 ( )0

2 2

1
Anode : 2OH O H O 2e E 0.40V . SHE

2
vs− −→ + + =  (16) 

 ( )0

2 2 2

1
Overall : H O H O E 1.23V . SHE

2
vs→ +  = −  (17) 

Since most of the cationic groups are connected to the polymer skeleton of AEM through covalent 

bonds, these cationic groups can attract and fix hydroxide ions because of their opposite charge to 

hydroxide ions. This behavior enables the free transfer of hydroxide ions in the membrane. At the same 

time, due to hydration, hydroxide ions combine with water in the membrane to form hydrated ions. This 

series of hydrated ions forms a hydrogen bond network through hydrogen bonds. Hydroxyl ions jump 

in the hydrogen bond network through the Grotthuss mechanism, allowing the rapid transfer of 

hydroxide ions [88], as shown in Figure 6(b). In addition, the transfer of hydroxide ions in the membrane 

is also affected by diffusion mechanism, permeation mechanism, and electromigration mechanism. 

Among them, the permeation mechanism refers to the transfer of hydroxide ions of hydroxide ions 

through the membrane under the action of concentration gradient. This mechanism is affected by factors 

such as membrane permeability, membrane thickness, and concentration gradient of hydroxide ions in 

the electrolyte. 

An optimal anion exchange membrane (AEM) should feature a robust matrix with continuous ion-conducting 

channels extending throughout the membrane. This design ensures efficient ion transport while 

preserving structural integrity and stability, particularly in alkaline and aqueous environments. In 

comparison to acidic proton exchange membranes (PEMs), anion exchange membranes (AEMs) 

generally demonstrate lower conductivity. This is primarily due to the inherently low mobility of 

hydroxide ions and the limited basicity of the cationic sites [89–91]. The ionic conductivity of anion 

exchange membranes (AEMs) is significantly affected by various factors, including ion exchange 

capacity (IEC), the mobility of ions, hydration levels, and the membrane’s micromorphology [92–94]. 

By adjusting the interlayer spacing between MXene nanosheets in MXene-based ion exchange 

membranes, it is possible to optimize the ion transport rate, transfer pathways, permselectivity, as well 

as the mechanical properties and chemical stability of the membrane to varying degrees, as shown in Figure 6(c). 

4.2. Ion transmission rate and transfer path 

Interlayer regulation plays a crucial role in influencing both the ion transfer path and the conductivity of 

exchange membranes. By adjusting the interlayer spacing of two-dimensional materials like MXene, the 

ion transfer path within the membrane can be effectively controlled. When the interlayer spacing is 

optimal, ions can smoothly pass through the interlayer gap, creating a stable transmission channel. 
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However, if the spacing is too large or too small, it can hinder ion transfer and reduce conduction 

efficiency. The stacking method also impacts the ion transfer path. For instance, regular stacking results 

in a relatively linear and straightforward ion transfer path, whereas random stacking or staggered 

arrangements create more complex paths, which may enhance ion selectivity. Changes in interlayer 

spacing directly influence the diffusion rate of ions through the membrane. A larger interlayer spacing 

can decrease the interaction between ions and membrane materials, allowing ions to traverse the 

membrane layer more rapidly, thereby improving conductivity. However, if the spacing is too large, ions 

may become “trapped” in the membrane, ultimately reducing conductivity. Furthermore, regulating 

interlayer spacing affects the adsorption and distribution of water molecules, which in turn influences 

the hydration state and mobility of ions. In certain cases, an optimal interlayer spacing can promote 

water molecule retention, thereby improving ion hydration and enhancing ionic conductivity. 

Hatakeyama et al. [95] investigated how interlayer spacing and the quantity of oxygen functional 

groups influence ion permeation through graphene oxide (GO) membranes. The study revealed a strong 

linear correlation between the ion permeability of GO and its interlayer spacing, which remained 

consistent even when the spacing was modified using various techniques. By controlling the interlayer 

distance, the permeability of GO was 1 20 ~ 2mol h m− −  successfully adjusted within 
2Cu +

a range. 

4.3. Selective permeability 

Ren [96] et al. reported the selective screening of alkali, alkaline earth, transition metal, and methyl 

sulfide ion dye cations through Ti3C2Tx membranes. Their study found that the interlayer spacing of 

Ti3C2Tx increases with rising water content. The calculated interlayer distances at 140 °C, 70 °C, and 

under wet conditions were 2.9 Å, 4.7 Å, and 6.4 Å, respectively, corresponding to one, two, and three 

layers of water molecules between the Ti3C2Tx sheets. These three water layers create an unrestricted 

pathway for water transport, facilitating the generation of high water flux. 

Wu et al. [97] designed a 2 μm thick MXene film made of stacked Ti3C2Tx nanosheets, which was 

utilized for ethanol dehydration applications. To elucidate the separation mechanism, the MXene film 

was immersed in water, ethanol, and isopropanol. XRD analysis reveals that the characteristic peak of 

the dry MXene film appears at 6.4°, corresponding to a calculated d-spacing of 1.37 nm. According to 

previous studies, the theoretical thickness of a single-layer MXene nanosheet is about 1.0 nm [63,98], 

the interlayer distance within the MXene film was calculated to be 0.37 nm. Upon immersion in water, 

the XRD peak shifted to 5.7°, indicating an increase in d-spacing by 0.23 nm. Further analysis showed 

that after 2 hours of immersion in water, the d-spacing increased by 0.2 nm. After the film was immersed 

in pure water for 5 days, it was found that the increase in its d-spacing was still around 0.2nm, which 

shows that the MXene film has a certain stability in a pure water environment. In contrast, when the 

MXene film was immersed in ethanol, the XRD peak showed no significant shift compared to the dry 

film, indicating strong anti-swelling properties in ethanol. Moreover, the anti-swelling performance of 

the MXene film improved with higher ethanol concentrations, maintaining an interlayer spacing of 

approximately 0.42 nm. Given the dynamic diameters of water (0.29 nm) and ethanol (0.45 nm) 

molecules, these results suggest that the MXene film can effectively separate water from ethanol through 

a molecular sieving mechanism. 

4.4. Mechanical properties and chemical stability 
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In the practical application of MXene membranes, environmental stability is one of the key factors, 

including humidity, temperature, and oxidation stability. Existing studies have shown that changes in 

humidity and temperature can significantly affect the conductivity and structural stability of MXene 

films. For example, Ti3CNTx films are prone to degradation in environments with high humidity, which 

limits their lifetime in real-world environments. To solve this problem, a strategy of coating the surface 

of the film with a reduced graphene oxide (rGO) layer can be adopted, which helps to improve the 

stability of the MXene film in a high humidity environment [82]. 

Ding et al. [99] developed an MXene (MXMA) membrane by depositing it onto a microporous 

nylon matrix using vacuum-assisted filtration synthesis technology, and explored its efficacy in 

pervaporation desalination. The MXene nanosheets within the membrane were securely bonded through 

covalent linkages formed by esterification reactions between the carboxyl groups in maleic acid and the 

hydroxyl groups on the surface of the MXene. These covalent bonds provided strong interlayer 

connections within the cross-linked MXMA membrane, significantly enhancing its anti-swelling 

properties and overall stability. The study demonstrated that the change in d-spacing for the MXene 

membrane after soaking in deionized water was 31.4%, whereas the cross-linked MXMA membrane 

exhibited only a 2.7% change. This indicates that the MXene nanosheets in the MXMA membrane were 

effectively stabilized by the covalent bridges formed with maleic acid, which substantially inhibited 

interlayer expansion and improved the mechanical strength of the membrane. 

 

Figure 6. (a) Anion electrolyzer structure; (b) Grotthuss mechanism; (c) effect of interlayer spacing 

on ion transport rate and transfer path, permselectivity, and mechanical properties and chemical 

stability of the membrane. Reprinted with permission [95,97]. Copyright 2017 Elsevier. Copyright 

2019 Elsevier. 
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4.5 Chapter Summary 

This section focuses on the effect of interlayer spacing regulation on the performance of ion exchange 

membranes. By regulating the interlayer spacing of MXene, the ion conductivity, selective permeability, 

and mechanical and chemical stability of the membrane can be significantly affected. First, appropriate 

interlayer spacing can form efficient ion channels, optimize ion conduction paths, and improve the 

conductivity of anions, which is crucial to improving the performance of AEM in electrochemical 

devices such as fuel cells. Secondly, by regulating the interlayer spacing, channels with selective 

permeability can be constructed to achieve highly selective separation of specific anions and enhance 

the separation effect of the membrane. In addition, reasonable interlayer spacing regulation helps to 

enhance the mechanical strength of the membrane, enabling it to maintain structural integrity under high 

pressure conditions, while improving the chemical stability of the membrane and extending its service 

life. These optimization effects make MXene interlayer spacing regulation show broad application 

prospects in the fields of water electrolysis for hydrogen production and thin-film fuel cells. 

5. MXene film interlayer spacing control strategy 

The regulation of interlayer spacing in MXene nanosheets within MXene-based anion exchange 

membranes can be effectively achieved through several key strategies: surface functionalization, 

intercalation chemistry, nanomaterial composites, and polymer composites. Surface functionalization 

involves the introduction of functional molecules or groups onto the surface of MXene nanosheets, 

which modulates the interlayer interactions [63]. By inserting small molecules between MXene layers, 

this method forms intermolecular forces, such as hydrogen bonds or ionic bonds, which can either 

increase or decrease the interlayer spacing to enhance the membrane's ion conduction properties [98]. Intercalation 

chemistry allows for the insertion of various species between the layers of MXene, thereby fine-tuning 

the spacing for optimal performance [99]. The use of nanomaterial composites involves incorporating 

other nanomaterials with MXene nanosheets, which adjusts the interlayer spacing through a combination 

of physical filling and chemical interactions. This method provides a synergistic approach to enhancing 

membrane performance by leveraging the unique properties of different nanomaterials. Polymer 

composites, on the other hand, combine MXene nanosheets with polymers. This strategy uses interfacial 

forces and space-filling effects to regulate the interlayer spacing, providing a balance between flexibility 

and structural stability in the resulting membrane. Each of these strategies offers distinct advantages in 

tailoring the interlayer spacing of MXene nanosheets, thereby enabling precise control over the 

membrane’s ion conduction performance. 

5.1. Surface functionalization 

By introducing different functional groups (such as -OH, -O, -F) on the surface of MXene, the interlayer 

electrostatics and van der Waals forces can be changed, thereby adjusting the interlayer spacing. 

Different chemical environments and processing conditions can control the number and type of these 

groups, making the interlayer spacing more precisely regulated. 

Berdiyorov et al. [100] utilized density functional theory (DFT) calculations to explore how surface 

functionalization influences the interaction of bilayer Ti3C2Tx MXene with intercalated ions. For 
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unmodified MXene, interlayer spacing expands with the addition of anions and cations. However, after 

functionalization, the system’s behavior changes notably: anion intercalation increases the spacing, 

whereas cation intercalation reduces it. As the charge state of the cations increases, the interlayer spacing 

decreases further, and this effect is more pronounced in the case of Ti3C2O2. Molecular dynamics 

simulations based on DFT and ReaxFF force fields also confirmed the dynamic response of the system 

to intercalated ions. These findings highlight the critical role of surface functionalization in optimizing 

MXene for water-related applications. Ibragimova et al. [101], employing a multiscale computational 

approach, unveiled the distribution and composition of O, OH, and F terminations on MXene surfaces, 

highlighting their significant impact on conductivity and work function. The study also emphasized the crucial 

role of environmental factors, such as pH, in modulating surface characteristics. In parallel, Du et al. [102] 

explored the synergistic optimization of interlayer spacing and surface terminations in Ti₃C₂Tx MXenes 

through alkali treatments, achieving enhanced electromagnetic wave absorption by balancing 

conductivity and impedance matching. Collectively, these studies underscore the critical importance of 

precise control over MXene surface chemistry and structural parameters, opening new avenues for 

innovations in energy storage, catalysis, and electromagnetic applications. 

In their latest study, Dahlqvist et al [103]. delve into the pivotal role of sulfur and halogen surface 

terminations in shaping the structure, stability, and properties of MXenes—an extraordinary class of 

two-dimensional (2D) materials. As a family of transition metal carbides, nitrides, and carbonitrides, 

MXenes exhibit remarkable tunability, with their electronic, mechanical, and chemical behaviors being 

significantly influenced by their surface terminations. Employing density functional theory (DFT), the 

study investigates the effects of termination coverage, ranging from complete (100%) to partial (50%). 

The findings reveal that while suboptimal termination coverage can enhance electronic conductivity, it 

often compromises structural stability. Additionally, the analysis of interlayer binding energies 

highlights the challenges of delaminating MXenes with non-ideal surface terminations, particularly 

those involving halogen or sulfur species. This work offers profound insights into tailoring MXene 

properties for applications in catalysis, energy storage, and advanced electronics, emphasizing the 

importance of precise control over surface chemistry and termination coverage. 

5.2. Intercalation chemistry 

Inserting molecules or ions between MXene sheets to adjust the interlayer spacing is currently a widely 

used method to adjust the interlayer spacing of MXene. After intercalation, different intermolecular 

forces are formed to form different crosslinking forms, which can be divided into: hydrogen bond 

crosslinking, ionic bond crosslinking, and chemical bond crosslinking. In addition, there are some other 

types of crosslinking forms, which are also briefly introduced in this section in combination with 

practical applications. 

5.2.1. Hydrogen bonding cross-linking 

Wang et al. [104] used a magnetic hydrothermal synthesis method to construct a three-dimensional 

interconnected network of 1T-MoS2/Ti3C2 MXene heterostructure and studied its electrochemical storage 

mechanism. Due to the synergistic interaction effect in the 3D interconnected network, the ion storage 

space is expanded, so an improvement in additional capacitance can be observed. The d-spacing of the 
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XRD results was calculated using the Bragg formula. The results show that the d-spacing of MoS2 on the 

surface of Ti3C2 MXene prepared under zero magnetic field and 9T magnetic field is respectively ≈ 6.3 Å 

and 9.4 Å. The excellent rate performance is achieved due to the ultrafast electron transfer of Ti3C2 MXene. 

5.2.2. Ionic bond crosslinking 

In addition to regulating the interlayer spacing by forming hydrogen bonds by inserting molecules 

between layers, researchers have found that inserting ions between MXene sheets can also control the 

interlayer spacing, and most ion intercalation will result in a smaller interlayer spacing, which is the 

opposite of hydrogen bond regulation. 

 

Figure 7. Controlling the interlayer spacing of MXenes through hydrogen and ionic bonds. (a~e) 

Reproduced from reference [102] with the permission of Wiley. (f,g) Reproduced from reference 

[103] with the permission of Elsevier. (h,i) Reproduced from reference [106] with the permission 

of RSC. 

Li et al. [105] developed a method to substantially improve the performance of Ti₃C₂Tₓ MXenes 

through cation insertion and surface modification, with a focus on enhancing gravimetric capacitance. 

After the insertion and subsequent removal of terminal groups, MXene samples treated with various 

cationic bases (NH₄OH, LiOH, NaOH) exhibited similar 002 peak positions, corresponding to interlayer 

distances of approximately 12.7 Å, 12.6 Å, and 12.4 Å, respectively. These comparable interlayer 

distances are likely a result of differing degrees of cation solvation between the Ti₃C₂ layers, combined 

with the presence of water, which serves to mitigate the effects of cation size. The modified MXenes 
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demonstrated a threefold increase in insertion pseudocapacitance compared to the unmodified material, 

leading to a significant enhancement in the gravimetric capacitance of the MXene flakes. Furthermore, 

the fabricated electrode maintained over 99% of its performance after 10,000 cycles, indicating excellent 

long-term stability. This notable improvement in electrochemical performance is attributed to the 

increased interlayer spacing in Ti₃C₂ and the reduced concentration of terminal surface groups, which 

together optimize the material's capacitance properties. 

Zheng et al. [106] reported the fabrication of advanced high-voltage ion gel-based micro-supercapacitors 

(MSCs) integrated on-chip, utilizing interdigital microelectrode fingers pre-intercalated with MXene 

films in ionic liquids. This method significantly enhances volumetric energy density and flexibility while 

enabling the modular integration of bipolar batteries. The interdigital microelectrodes, produced by 

depositing MXene and graphene with the aid of an interdigital mask, demonstrate exceptional 

conductivity of 2200 S·cm⁻¹. This exceptional conductivity is realized without the use of polymer 

binders, conductive additives, or metal current collectors. The pre-intercalation of ionic liquid into 

MXene-based electrode films establishes a continuous ion transport network, increasing the interlayer 

spacing to 1.45 nm—surpassing that of undried MXene (1.27 nm) and fully dried MXene (1.09 nm). 

5.2.3. Covalent cross-linking 

In order to form stable covalent crosslinks between MXene layers, small molecules, such as amines and 

alcohols, are generally subjected to amidation or esterification reactions with hydroxyl and carboxyl 

groups on MXene. Covalent bonds are formed through these chemical reactions to connect MXene 

nanosheets. This method can not only improve the hydrophilic/hydrophobic properties of MXene films, 

adjust the interlayer spacing of the films, but also improve the mechanical strength of the films, and even 

improve the electrical conductivity and ionic conductivity of the films. 

Ding et al. [99] employed vacuum-assisted filtration synthesis technology to create a maleic acid 

covalently bridged MXene membrane supported on nylon (polyamide) microfiltration membranes. 

Adjacent MXene nanosheets were securely bonded together by covalent bonds formed through 

esterification between the carboxyl groups in maleic acid and the hydroxyl groups on the MXene surface. 

As depicted in the figure, the cross-sectional SEM image of the cross-linked membrane reveals an 

ordered layered structure, with the interlayer spacing of this structure providing a two-dimensional 

transmission channel for molecular transport. To further investigate the interlayer structure of the 

membrane, the crystal structure and d-spacing of the MXene maleic acid cross-linked membrane and the 

pure MXene membrane were analyzed using XRD, as shown in Figure 10(a) and Figure 10(b). The 

calculated interlayer spacing of the pure MXene membrane is approximately 0.37 nm, consistent with 

previous studies [107]. The interlayer spacing of the maleic acid MXene cross-linked membrane was 

calculated to be 0.49 nm. This increase in interlayer spacing indicates that maleic acid has successfully 

cross-linked the MXene nanosheets via covalent bonds. Due to the excellent hydrophilicity of MXene 

nanosheets, water molecules can infiltrate the interlayer space in an aqueous environment, causing the 

MXene film to swell and thereby reducing its mechanical properties. To assess the mechanical stability 

of the MXene maleic acid film in water, it was pre-soaked in deionized water for up to 24 hours. The 

test results show that the d-spacing of the pure MXene film expanded by 31.4% to 1.80 nm, resulting in 

an interlayer size of 0.80 nm. In contrast, the expansion rate of the MXene maleic acid cross-linked film 

was only 2.7%, indicating that the MXene nanosheets in the MXene maleic acid cross-linked film are 
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covalently cross-linked with maleic acid through surface functional groups, effectively inhibiting the 

expansion of the interlayer spacing and enhancing the mechanical strength of the film. 

Xing et al. [108] developed a CTS-MXene/PAN membrane by vacuum filtering a mixed suspension 

of chitosan at various concentration gradients and a fixed concentration of 1 mg/mL MXene Ti₃C₂Tₓ 

onto a PAN nanofiber substrate at 0.2 MPa. The structure and composition of the resulting membrane 

were characterized using X-ray photoelectron spectroscopy (XPS). Analysis of the C1s peak identified 

a CN peak at 287.3 eV, confirming the formation of covalent bonds between the chitosan (CTS) and 

MXene [109,110].Further characterization using X-ray diffraction (XRD) revealed that the interlayer 

spacing of the MXene/PAN membrane was 15.20 Å. In contrast, the interlayer spacing of the CTS-

MXene/PAN membrane decreased slightly to 14.33 Å. This reduction in interlayer spacing is attributed 

to the formation of CN covalent bonds between CTS and Ti₃C₂Tₓ, which enhances the membrane’s 

selective permeability, improves its mechanical strength, and extends its operational lifespan. 

 

Figure 8. Tuning the interlayer spacing of MXenes via covalent crosslinking. (a,b,c) Reprinted 

with permission [99]. Copyright 2020 Elsevier. (d,e,f) Reprinted with permission [108]. Copyright 

2023 Elsevier. 

5.2.4. Cross-linking by combination of multiple intermolecular forces 

By integrating hydrogen and ionic bonds for crosslinking, the interlayer spacing of MXene membranes 

can be optimized to achieve superior structural stability and functional properties. Hydrogen bonds 

contribute to flexibility and reversibility, while ionic bonds enhance mechanical strength and 

conductivity. This synergistic interaction improves the membrane’s durability and versatility without 
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compromising its flexibility, thereby expanding its potential applications across various fields, including 

water treatment, supercapacitors, and flexible electronic devices. 

Wan et al. [111] introduced an innovative method for producing robust and highly conductive 

MXene sheets by sequentially incorporating hydrogen and ionic bonds. The ionic bonding agent reduced 

the interlayer spacing of the MXene nanosheets and enhanced their alignment, whereas the hydrogen 

bonding agent increased the spacing and reduced alignment. This sequential bonding approach 

optimized key properties of the MXene sheets, including toughness, tensile strength, resistance to 

oxidation in humid conditions, durability against sonic decomposition, and mechanical stress resilience. 

The resulting MXene sheets demonstrated remarkable mechanical and electrical properties, with a 

tensile strength of up to 436 MPa, electrical conductivity as high as 2988 S/cm, and a weight-normalized 

shielding efficiency of 58929 dB·cm²/g. The underlying toughening and strengthening mechanisms were 

further elucidated through molecular dynamics simulations. This sequential bonding strategy provides a 

valuable approach for assembling other high-performance MXene-based nanocomposites. 

 

Figure 9. Sequential bridging of MXene sheets via hydrogen and ionic bonds regulate interlayer 

spacing. Reprinted with permission [111]. Copyright 2020 Elsevier. 

The inherent mechanical brittleness and oxidative susceptibility of MXene materials significantly 

limit their potential for widespread application. To overcome these limitations, Shilu Luo et al. [112] 
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proposed a dual cross-linking strategy that successfully addresses these challenges by forming a bead-like 

“brick-and-mortar” layered MXene/cellulose structured (MXene/CNF) film. In this approach, MXene 

was initially modified with dopamine, a modification that not only enhanced the antioxidant properties 

of MXene but also promoted hydrogen bonding interactions with CNF. Following this, the modified 

MXene was incorporated in situ into a layered composite film produced through filtration, leading to the 

formation of additional ionic bonds between CNF and MXene. The dual cross-linking approach proved 

to be substantially more effective in enhancing the composites mechanical properties than traditional 

single cross-linking techniques. The mechanical strength and toughness of the dual cross-linked 

MXene/CNF film were enhanced to 142.2 MPa and 9.48 MJ/m³, respectively. Moreover, the MXene 

composite film maintained excellent electromagnetic interference (EMI) shielding performance, 

exceeding 44.6 dB, even after undergoing high-temperature annealing and oxidation treatments. This 

stability underscores the film’s robust antioxidant capabilities and environmental resilience.Overall, this 

study presents a versatile and effective dual cross-linking strategy to mitigate the mechanical brittleness 

and oxidative instability of Ti₃C₂Tₓ-based composites, highlighting its significant potential for flexible 

EMI shielding applications. 

 

Figure 10. Modification of MXene by dopamine hydrogen bonding and insertion 
2Ca +

of ionic 

bonds regulate interlayer spacing. Reprinted with permission [112]. Copyright 2022 Elsevier. 

Wan [113] introduced an effective densification strategy for Ti3C2Tx MXene films through a 

sequential bridging process that incorporates both hydrogen and covalent bonds (Figure 14(a)). In their 

study, Ti3C2Tx MXene flakes were synthesized by selectively etching the aluminum layer from the 

Ti3AlC2 MAX phase. The resulting flakes were analyzed using XRD, SEM, and AFM. To examine the 

impact of hydrogen bonding, the team fabricated four hydrogen-bonded MXene (HBM) films with 

varying sodium carboxymethyl cellulose (CMC) concentrations. They observed that the highest tensile 

strength was achieved at a CMC content of 10 wt%. Using this optimal concentration, they developed 

four sequentially bridged MXene (SBM) films (SBM-i to SBM-iv), each with an increasing boron 

content while keeping the CMC content fixed at 10 wt%. For comparative analysis, covalently bridged 

MXene (CBM) films were also synthesized using an identical sequence of immersion, rinsing, and 
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annealing steps. This systematic comparison allowed for a comprehensive evaluation of the mechanical 

properties and structural enhancements provided by the different bonding strategies. 

 

Figure 11. Hydrogen bond and covalent bond co-modification of MXene regulating interlayer 

spacing. Reprinted with permission [112]. Copyright 2022 Elsevier. 

5.2.5. Other types of cross-linking 

In addition to hydrogen bonding, ionic bonding, and covalent bonding, our team also structurally cross-

linked sepiolite and MXene [114]. It was found that compared with pure MXene membranes, after 

excessive Sep was added to MXene nanosheets, the water flux of the Sep@MXene/CA composite 

membrane first increased and then decreased. 

The incorporation of low concentrations of Sep into the MXene separation layer effectively 

increases the interlayer spacing, which broadens the mass transfer channels and improves the 

permeability of the resulting MXene-based composite membrane. Sep, a naturally hydrophilic inorganic 

material rich in silanol groups and hydroxyl bonds, promotes the swift penetration of water molecules, 

thereby enhancing the membrane’s permeation flux. Remarkably, the addition of 10 mg of Sep 

nanomaterials increased the water flux of the composite membrane to 820.3 L m2·h-1·bar-1, representing 

a 30% improvement compared to the pure MXene membrane. However, it is well understood that 

membrane thickness directly impacts the resistance during the permeation process. Consequently, 
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excessive Sep addition disrupted the interlayer mass transfer channels of the MXene structure and 

increased the composite membrane's overall permeation resistance, resulting in a slight reduction in 

permeation flux. 

5.3. Nanomaterial composites 

The composite of MXene with graphene oxide (GO), layered double hydroxide (LDH), carbon 

nanotubes (CNT) and covalent organic framework (COF) can effectively regulate the interlayer spacing 

between MXene nanosheets and optimize their structure and performance. GO has abundant oxygen 

functional groups and high specific surface area. After composite with MXene, the interlayer spacing is 

increased through physical filling and chemical bonding, which improves the dispersion and mechanical 

strength of the material. The layered structure and ion exchange properties of LDH enable it to regulate 

the interlayer spacing through intercalation when composited with MXene, thereby enhancing the energy 

storage and catalytic performance. With its one-dimensional nanostructure and excellent conductive 

properties, carbon nanotubes can form conductive networks and support structures between layers when 

composited with MXene, increasing the interlayer spacing while improving the conductivity and 

mechanical strength. Covalent organic framework (COF) has a highly ordered pore structure and 

adjustable chemical functions. By composite with MXene, a stable organic network can be formed 

between layers, significantly regulating the interlayer distance and improving the chemical stability of 

the composite material. These composite strategies effectively regulate the interlayer spacing of MXene 

nanosheets through different mechanisms, thereby significantly improving their performance in different 

application scenarios. 

5.3.1. Graphene oxide 

Composites of graphene and MXene can also effectively control the interlayer spacing between MXene 

nanosheets. This composite structure can increase the interlayer spacing by introducing graphene 

nanosheets between MXene layers, thereby improving the conductivity and ion transport capacity of the 

material, which is of great significance in energy storage and other applications. 

Yan et al. [115] assembled MXene nanosheets and rGO nanosheets by electrostatic self-assembly 

technology through the interaction between opposite charges (as shown in Figure 12(a)). This strong 

electrostatic interaction prevents MXene and rGO nanosheets from agglomerating and self-stacking. 

Then, the mixed suspension was processed using vacuum filtration to produce a flexible MXene/rGO 

composite film (as shown in Figure 12(b)). As shown in Figure 12(f), the XRD analysis of the pure 

MXene and MXene/rGO suspensions indicated that the interlayer spacing of pure MXene suspension 

was 1.31 nm, which is the typical diffraction peak of Ti3C2Tx-MXene nanosheets in water [116]. With 

the increase of rGO addition, the characteristic diffraction peak of MXene/rGO suspension shifted to 

5.2°, indicating that the interlayer spacing increased to 1.67 nm, which indicates that rGO nanosheets 

are intertwined with MXene nanosheets [117]. In addition, it can be seen that when the rGO content 

increases from 5% to 10%, the height of the characteristic peak decreases, indicating that the stacking 

order decreases due to the hybridization of MXene and rGO. Nevertheless, the MXene/rGO composites 

were found to effectively alleviate the self-stacking tendency of rGO and MXene(as shown in Figure 

12(c, d, e) ), with the rGO nanosheets inserted between the MXene layers acting as conductive spacers, 
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increasing the interlayer spacing and providing unimpeded pathways for electrolyte ions, thereby 

ensuring high-rate performance. 

 

Figure 12. (a) Schematic illustration for the synthesis of the MXene/rGO hybrids. (b) Digital 

photographs of G-PDDA, MXene suspension, and M/G-5% hybrid; Digital photographs showing 

flexible, free-standing MXene/rGO hybrid films (M/G-5%). (c, d) cross-sectional SEM images of 

the pure MXene (c) and M/G-5% hybrid (d), insets are higher magnification SEM images. (e) 

TEM images of the M/G-5% hybrid. (f) XRD patterns of the prepared MXene and MXene/rGO 

hybrids. Reprinted with permission [115]. Copyright 2017 Wiley. 

Yang et al. [118] introduced an efficient and rapid self-assembly method for fabricating three-dimensional 

porous antioxidant MXene/graphene (PMG) composites, utilizing an in-situ sacrificial metal zinc 

template to prevent the oxidation and self-stacking of MXene (as shown in Figure 13(A, B, C)). The 

study found that the PMG-5 composite retains a two-dimensional layered structure, but its surface is 

notably more wrinkled compared to the smooth and flat surface of pure MXene nanosheets. High-

resolution transmission electron microscopy (HRTEM) identified a lattice fringe spacing of 1.39 nm 

between the layers, corresponding to the (002) crystal plane of MXene (as shown in Figure 13(D–G)). 

This spacing is slightly larger than the 1.30 nm observed in densely packed MXene. Additionally, lattice 

fringes with an interlayer spacing of 0.35 nm were attributed to the (002) crystal plane of reduced 
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graphene oxide (rGO). Importantly, the HRTEM images also showed that a single graphene layer is 

embedded within the MXene layers, forming a sandwich-like structure with an interlayer spacing of 1.71 

nm. The observed spacing closely matches the combined interlayer distances of MXene and rGO, indicating 

a molecular-scale heterogeneous assembly of their nanosheets. This unique heterostructure prevents the 

direct stacking of MXene layers, allowing increased exposure of electroactive sites to electrolyte ions, 

thereby improving the composite’s electrochemical performance. 

 

Figure 13. Schematic illustration and optical images. (a) Schematic illustration of the synthesis of 

3D porous MG nanocomposite. (b) Optical imagesduring the synthesis process: (a1) MXene/GO 

colloidal suspension; (b1) after the addition of zinc powder and violently shaking; (c1) 

hydrochloric acid wasadded to remove the excess zinc powder; and (d1) complete removal of zinc 

powder. (c) Optical image of the MXene/GO (30 mg, 95:5 in weight) colloidalsuspension with 

different amounts of added zinc powder: (a2) 0 mg, (b) 100 mg, (c2) 200 mg, and (d2) 300 mg. 
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(d,e) TEM images. (f) XRD patterns of the Zn-MXene, PMG-5, and PMG-10 samples. (g) EDX 

elemental mapping images. Reproduced from ref. Error! Reference source not found. with the p

ermission of Wiley. 

5.3.2. Layered double hydroxide, LDH 

 

Figure 14. (a) Schematic illustration of the self-assembly process of the F-MXene/F-ZnMnNi 

LDH through electrostatic interaction. (b) XRD patterns of ZnMnNi LDH and F-ZnMnNi LDH. 

(c) XRD patterns of F-MXene and F-MXene/F-ZnMnNi LDH. Reprinted with permission [119]. 

Copyright 2020 ACS Publications.  

Sun et al. [119] successfully fabricated a van der Waals heterostructure composed of exfoliated two-

dimensional (2D) MXene (F-MXene) and exfoliated F-ZnMnNiLDH nanosheets. This structure was 

formed through electrostatic self-assembly, combining the negatively charged titanium carbide F-

MXene nanosheets with positively charged F-ZnMnNiLDH nanosheets (Figure 14(a)). The prepared 

2D/2D van der Waals heterostructure combines the excellent electronic conductivity, stable structure 

and excellent redox activity of F-MXene and F-ZnMnNiLDH. In the X-ray diffraction (XRD) pattern, a 
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prominent peak at 6.4° is observed for the (002) plane of F-MXene (Figure 14(b,c)), indicating the 

material’s crystalline nature. However, after the etching and exfoliation process, the crystallinity of the 

F-MXene nanosheets decreases. The XRD spectrum of the FMXene/F-ZnMnNiLDH composite reveals 

that while the F-MXene retains its distinct (002) peak, the F-ZnMnNiLDH component exhibits nearly all 

of its characteristic peaks. Notably, the full width at half maximum (FWHM) of the (006) diffraction peak 

for F-ZnMnNiLDH in the composite is noticeably broader than that of pure F-ZnMnNiLDH, suggesting 

structural alterations in the F-ZnMnNiLDH nanosheets after self-assembly with F-MXene. Using the 

Bragg equation, the (001) plane exhibits a basal spacing of approximately 1.7 nm at 5°, aligning closely 

with previously reported values. Microscopic analysis further indicates that the F-MXene/F-

ZnMnNiLDH composite forms a van der Waals heterostructure. The leftward shift of the (002) peak is 

ascribed to the orderly two-dimensional stacking of F-MXene and F-ZnMnNiLDH, resulting in an 

increased interlayer spacing. This increased spacing is beneficial for the transport and diffusion of 

electrolyte ions within the composite. Additionally, the lack of a TiO₂ peak in the diffraction pattern 

confirms that F-MXene remained unoxidized throughout the synthesis process. 

5.3.3. Carbon nanotubes 

Ajibade et al. [120] investigated the modification of polyacrylonitrile (PAN) ultrafiltration membranes 

using 3D nanocomposites of MXene and oxidized multi-walled carbon nanotubes (O-MWCNT) (as 

shown in Figure 15(a)). The study focused on investigating how varying MXene-to-O-MWCNT ratios 

in composite membranes influence their permeability, antifouling performance, and effectiveness in 

removing lubricating oil and soluble anionic and cationic dyes. The findings revealed that the 

introduction of MXene nanosheets significantly enhanced the membrane's permeability. Specifically, 

the pure water flux of the modified membrane (M1) improved from 190 L m-2 h-1 to 246 L m-2 h-1, 

while the oil-water separation flux increased from 76 L m-2 h-1 to 94 L m-2 h-1(as shown in Figure 

15(d, e)). Further improvements in flux were observed when O-MWCNTs were added at a 3:1 ratio with 

MXene (M2). Although the membrane composed exclusively of O-MWCNTs (M3, 0:4) exhibited the 

highest permeability in terms of both pure water flux and oil-water separation, it had a lower oil rejection 

rate compared to membrane M4 (1:3), which provided a better balance between flux and rejection rate. 

The superior oil rejection capability of M4 was further supported by optical microscopy images and oil 

droplet distribution curves, which showed a significant reduction in oil droplet size from 100–900 nm 

to less than 5 nm after separation. This high oil rejection efficiency is attributed to the synergistic effects 

of the hydrophilicity and oil absorption properties of both MXene and O-MWCNT in the membrane’s 

skin layer (as shown in Figure 15(f, g)). The slightly lower flux observed in membrane M1 (4:0) 

compared to M2 (3:1) and M4 (1:3) is likely due to the restacking of MXene nanosheets, which forms 

two-dimensional nanochannels within the composite membrane. The addition of O-MWCNTs 

significantly increases the spacing between MXene nanosheets, facilitating easier water molecule 

transport in membranes M2, M4, and M5 (2:2), with M4 exhibiting the highest flux (as shown in Figure 

15(b, c)). This enhanced permeability in M4 is attributed to the larger interlayer spacing created by the 

higher concentrations of O-MWCNTs and MXene. Furthermore, the hydrophilic functional groups in 

O-MWCNTs promote the rapid movement of water molecules, further improving the membrane’s 

overall permeability. 
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Figure 15. (a) Fabrication of MXene/O-MWCNT@PAN composite membrane for removal of 

complex oily waste emulsion. (b,c) XRD patterns for (b) Ti3AlC2 and MXene, and (c) MWCNT 

and O-MWCNT. (d) Pure water flux for M0-M5. (e) Flux and rejection for oil and water 

separation. (f) Water contact angle for membrane M0-M5. (g) Underwater oil contact angle for 

membrane M0-M5. Reprinted with permission [120]. Copyright 2021 Elsevier. 



AI Mater.  Review 

 34 

5.3.4. Covalent organic frameworks, COFs 

 

Figure 16. (a) Schematic demonstration the fabrication of MXene/COF composite membrane and 

its molecular sieving mechanism. (b) XRD patterns of COF-LZU1, Ti3C2Tx membrane and 

MXene/COF 4:1 composite membrane. (c) Digital photos of free-standing MXene/COF 4:1 

composite membrane with folding and unfolding; SEM image of MXene/COF 4:1 composite 

membrane after long-time filtration experiment; The corresponding cross section. Reprinted with 

permission [121]. Copyright 2022 Elsevier. 

Gong et al. [121] developed a multilayer porous MXene/COF composite membrane by 

electrostatically assembling MXene with COF-LZU1 (as shown in Figure 16(a)). In separation tests 

using five common dye solutions—methyl green (MG), ethyl violet (EVT), fuchsine (FB), crystal violet 

(CV), and methylene blue (MB)—the optimized MXene/COF 4:1 composite membrane exhibited 

exceptional water permeability, exceeding 169.3 L m-2 h-1 bar-1. As shown in Figure 16(b), X-ray 

diffraction (XRD) analysis verified the successful synthesis of COF-LZU1, with an average particle size 

of around 500 nm. The XRD data further indicated a shift in the (002) diffraction peak of the 
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MXene/COF composite membrane from 7.1° to 6.1°, suggesting that the addition of COF-LZU1 

expanded the interlayer spacing of Ti3C2Tx from 1.27 nm to 1.45 nm. Furthermore, UV degradation 

experiments confirmed that the MXene/COF 4:1 composite membrane could be efficiently recycled 

under UV irradiation without experiencing any structural deterioration (as shown in Figure 16(c)). The 

membrane’s exceptional dye separation performance is attributed to its layered heterogeneous structure, 

which features both micropores and mesopores, along with its robust photothermal conversion 

properties. This innovative membrane design offers significant potential for advancing both academic 

research and industrial applications in dye separation technologies. 

5.3.5. MXene/g-C3N4 

Wenyue et al. [122] developed a carbonized cellulose nanofiber/Ti₃C₂Tx MXene/g-C₃N₄ heterojunction 

photocatalyst for the decomposition of contaminants (e.g., methylene blue, rhodamine B, and 

tetracycline) upon visible light irradiation. The composite exhibits high photocatalytic efficiency due to 

its high surface area and excellent electron transport capacity. 

The advantage of this composite is that the conductivity and structural stability of MXene combined 

with the visible light activity of g-C3N4 effectively promote the separation of photogenerated electron-hole 

pairs, thereby improving the photocatalytic performance. In addition, the addition of cellulose nanofibers 

further increased the specific surface area, improved the pore structure of the composites, and improved 

the performance of the materials in pollutant degradation. 

5.4. Polymer composites 

Combining MXene with polymers is a practical approach to adjusting the interlayer spacing of MXene 

nanosheets. By utilizing the diversity and adjustability of polymers, the structure and performance of 

composite materials can be optimized. Polymer chains can enter between MXene nanosheets through 

intercalation, increase the interlayer spacing, and improve the dispersion and mechanical properties of 

the material. At the same time, the long chain structure and flexible properties of the polymer can form 

a stable support network between the layers, improving the mechanical strength and flexibility of the 

composite material. In addition, the introduction of different functionalized polymers can give MXene 

composites specific chemical and physical properties, such as enhanced conductivity, improved 

chemical stability, and improved ion conductivity. 

Conductive, flexible, and freestanding Ti₃C₂Tₓ/PDDA and Ti₃C₂Tₓ/PVA composites were fabricated using 

vacuum-assisted filtration (VAF) to create highly flexible Ti₃C₂Tₓ/PDDA and Ti₃C₂Tₓ/PVA films [114]. The 

zeta potential of the synthesized Ti₃C₂Tₓ colloidal solution was recorded as −39.5 mV, confirming the 

negatively charged surface of Ti₃C₂Tₓ. This negative charge made the cationic polymer PDDA an ideal 

candidate for the fabrication of nanocomposites (Figure 17). The Ti₃C₂Tₓ/PDDA composite film 

produced via VAF exhibited an orderly stacking of layers throughout the film, as observed in Figure 17. 

The XRD pattern of the composite film showed a distinct peak at 4.7°, indicating that the Ti₃C₂Tₓ flakes 

are orderly stacked along the [0001] direction. Notably, this peak appears at a lower angle compared to 

the pure Ti₃C₂Tₓ film, which exhibited a peak at 6.5°. This shift in the peak position suggests that PDDA 

molecules intercalate between the Ti₃C₂Tₓ flakes, resulting in a modified interlayer spacing. 
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Figure 17. (a) A schematic illustration of MXene-based functional films with adjustable 

properties. (b) Nyquist plots for film electrodes. (c) XRD patterns of the Ti3C2Tx and 

Ti3C2Tx/PVA films. Reprinted with permission [114]. Copyright 2022 National Acad Sciences. 

5.5. Neural networks 

5.5.1. Prediction of MXene interlayer spacing control results by neural network 

Artificial intelligence presents an efficient and precise approach for regulating the interlayer distance of 

MXene nanosheets by exploring and predicting optimal regulation strategies through a data-driven 

methodology. Neural networks, which are sophisticated computational models designed to simulate the 

information-processing capabilities of the human brain, are particularly adept at managing nonlinear and 

complex datasets. Through rigorous training, these networks can discern the intricate relationships 

between various input parameters (such as synthesis conditions and chemical modification methods) and 

output variables (such as MXene interlayer spacing and mechanical properties). As a result, neural 

networks are well-suited for the accurate prediction and design of MXene interlayer structures. 

The principal advantage of AI-driven neural network models lies in their data-centric nature. By 

leveraging extensive experimental or simulation datasets, neural networks can autonomously uncover 

the underlying mechanisms and principles that govern the regulation of MXene interlayer spacing. By 

aggregating and integrating vast amounts of experimental data into a comprehensive database, neural 
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networks can efficiently screen thousands of potential condition combinations in a remarkably short 

period, thereby identifying the optimal regulation strategies. This capability significantly reduces the 

experimental cost and time traditionally required. 

For example, Shariq et al. [123] employed this approach by embedding graphene nanosheets as 

nanofillers within the interlayer of MXene to mitigate aggregation and enhance the number of active 

sites, thereby promoting rapid ion exchange. Their research indicated that when the graphene nanosheet 

content was increased to 40%, the d-spacing of MXene expanded from 1.078 nm to 1.100 nm. The 

composite material was subsequently subjected to various electrochemical evaluations, including cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), electrochemical impedance spectroscopy 

(EIS), and cycle stability tests. The experimental data obtained from these evaluations were then used to 

train several neural network models, including a Multiple Linear Regression (MLR) model, a Support 

Vector Regression (SVR) model, a Random Forest (RF) model, and an Artificial Neural Network (ANN) 

model. Among these models, the ANN demonstrated superior performance in predicting key 

performance indicators. A comparison of the predicted results with experimental data revealed that when 

the graphene nanosheet content was 20%, the performance indicators reached their optimal values. This 

study underscores the efficacy of neural networks in predicting and optimizing the composition and 

characteristics of different materials. In the context of MXene research, this AI-driven approach exhibits 

substantial potential for broad application. The initial successes documented in this study provide 

valuable insights for future research endeavors and highlight the significant promise of AI technology 

in advancing the field of MXene materials science. 

5.5.2. Preparation of smart sensors using MXene with adjustable interlayer spacing 

By regulating the interlayer spacing of MXene nanosheets, their performance in artificial intelligence 

applications can be significantly enhanced, particularly in areas such as data storage, neuromorphic 

computing, and smart sensors. Adjusting the interlayer spacing of MXene enables precise tuning of its 

electrical properties, thereby optimizing key aspects of data storage, including data writing and reading 

speeds, storage density, and energy efficiency. Additionally, the tunable interlayer spacing enables 

MXene to accurately mimic the signal transmission and processing of neurons. This optimization can 

enhance the conductivity and stability of MXene materials at low voltages, reducing energy consumption 

in neuromorphic computing—a critical factor for developing efficient biomimetic computing systems. 

In the realm of smart sensors, MXene materials have gained popularity due to their high conductivity 

and environmental responsiveness. Utilizing diverse strategies to regulate interlayer spacing allows 

MXene materials to exhibit heightened sensitivity to various environmental conditions, such as gas, 

humidity, temperature, and pressure. This adaptability enables the creation of multifunctional integrated 

sensors capable of meeting AI systems' demands for complex environmental monitoring. For instance, 

Guo et al. [124] employed interlayer hydrogen bonds to combine Ti3C2Tx MXene with FPDMS sponge, 

resulting in an MFP sponge with high mechanical stability. 

While MXene with adjustable interlayer spacing holds great promise in artificial intelligence, it also 

faces challenges, such as achieving precise interlayer distance control and maintaining long-term 

stability in complex environments. Future research should focus on exploring new regulation 

mechanisms and optimizing material preparation processes to fully harness the potential of MXene 

materials in AI hardware. Furthermore, interdisciplinary collaboration will be crucial for advancing the 
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application of MXene in AI, transitioning from basic material research to practical applications, and 

achieving further breakthroughs in artificial intelligence technology. 

5.6. Chapter summary 

This section examines various approaches to regulate the interlayer spacing of MXene membranes 

through surface functionalization, intercalation chemistry, composite with nanomaterials, composite 

with polymers, neural network prediction, etc., and discusses the advantages and disadvantages of each 

method in detail. These methods have played an important role in optimizing the performance of MXene 

membranes and expanding their application areas. 

The advantage of surface functionalization is that by changing the interaction forces between 

nanosheets, the interlayer spacing can be precisely adjusted, and the dispersion and stability of MXene 

can be improved. However, surface functionalization also has its disadvantages, that is, the original 

properties of MXene, such as conductivity and mechanical strength, may be changed in the process of 

introducing functional groups, so optimization and balance are required in the functionalization process. 

The advantage of intercalation chemistry is that it can significantly increase the interlayer spacing and 

improve the physical and chemical properties of the material. However, the disadvantage of intercalation 

chemistry is that the introduced intercalation agent may affect the purity and uniformity of the material, 

and the intercalation process is complicated and requires precise control of experimental conditions. The 

advantage of nanomaterial composites is that the interlayer spacing can be changed by introducing new 

interaction forces and new functions can be given to MXene. However, the disadvantage of this method 

is that the preparation process of the composite material is complicated, and the interaction between 

different nanomaterials needs to be carefully controlled to achieve the expected performance 

improvement. The advantage of polymer composites is that the polymer matrix can adjust the interlayer 

spacing of MXene through the action of molecular chains and significantly improve the mechanical 

properties, conductivity and thermal stability of the composite material. However, the disadvantage of 

this method is that the performance of the composite material is greatly affected by the type and 

distribution of the polymer, and the composite process requires optimization to guarantee the material's 

uniformity and stability. The advantage of neural network prediction is that it can quickly screen out the 

best control parameters, improve experimental efficiency, reduce the number of trial and error, and 

reduce costs. In addition, neural networks can discover patterns that are difficult to detect with traditional 

experimental methods, providing new ideas for material design. However, the disadvantage of neural 

network prediction is that it relies heavily on a large amount of high-quality data and advanced 

computing resources, and the training and optimization of the model requires interdisciplinary expertise 

and has a certain technical threshold. 

In summary, through various strategies such as surface functionalization, intercalation chemistry, 

composite with nanomaterials, composite with polymers, and neural network prediction, the nanosheet 

spacing of MXene membranes can be effectively regulated and their performance can be optimized. 

These methods have their own advantages and disadvantages and are suitable for different application 

scenarios. By comprehensively applying these strategies, MXene membranes with excellent 

performance can be prepared, promoting their wide application in energy, environment, electronics, 

biomedicine and other fields. 
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6. Application of MXene material in AI field 

This intersection between MXene materials and AI systems has opened novel avenues for the 

development of advanced hardware, data acquisition systems, and optimization processes. By leveraging 

AI-driven methodologies, researchers have not only enhanced MXene synthesis and functionality but 

also enabled innovative applications in neuromorphic computing, intelligent sensors, data storage, and 

flexible electronics. 

6.1 AI-driven techniques in MXene research 

The AI methodology has significantly advanced the discovery and optimization of MXene materials. A 

key application of AI in this regard is the use of machine learning algorithms to predict the structural 

and functional properties of MXene-based systems. For example, neural networks trained on an 

extensive dataset of MXene synthesis parameters have been used to identify optimal etching conditions 

that enable precise control of interlayer spacing and the distribution of functional groups. Building on 

this, Shrestha et al. [125] integrated machine intelligence and robotics to accelerate the design of 

programmable conductive mxenbased aerogels with customizable mechanical and electrical properties. 

A high-throughput platform has been developed by combining automated robotics with artificial 

intelligence and machine learning (AI/ML) technologies to optimize the fabrication of pairs of aerogels. 

The general process of the study was to synthesize 264 initial aerogels and then use an active learning 

cycle to produce 162 conductive aerogels. In this study, support vector machine (SVM) and artificial 

neural network (ANN), advanced big data computing tools, are used to predict and optimize key material 

properties. This innovative workflow enables bidirectional design capabilities: it allows accurate 

prediction of aerogel performance based on manufacturing parameters and facilitates reverse design to 

meet specific application requirements. The resulting aerogel exhibits outstanding properties, including 

high conductivity, pressure insensitivity, and customized compression elasticity, making it particularly 

suitable for applications such as wearable thermal management. The main contributions of this study 

include the seamless integration of machine intelligence to simplify material customization, the use of 

SHAP model interpretation to reveal complex structure-property relationships, and the establishment of 

a systematic framework for designing advanced nanomaterials. This scalable and adaptable approach 

not only advances aerogel research, but also has great potential in other areas, including haptic sensors 

and catalytic systems. By reducing the trial-and-error phase, these AI-driven approaches enable more 

efficient experimentation and resource utilization, paving the way for faster and more cost-effective 

material development. 

AI has also been instrumental in facilitating the functionalization of MXenes for specific 

applications. High-throughput computational screening powered by AI models has identified new 

functional groups, such as chalcogens and halogens, that enhance MXene’s electronic, catalytic, and 

mechanical properties. Experimental validation confirmed that these functionalizations significantly 

improved the performance of MXenes in neuromorphic devices and sensing applications. 
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6.2. MXene applications in neuromorphic computing 

In the realm of neuromorphic computing, MXenes exhibit remarkable potential due to their exceptional 

electrical conductivity, mechanical stability, and tunable electronic properties. Artificial intelligence 

(AI) techniques have been instrumental in advancing the design of artificial synapses using MXene-

based memristors, which replicate the plasticity of biological neural networks [126]. These devices are 

pivotal for the development of low-power, brain-inspired computing systems. 

Separately, Yao et al. [127] developed an advanced electrochemical platform utilizing BiFeO3/Ti3C2 

MXene composites for the rapid and highly sensitive detection of Pb2+ ions in water. The composites, 

synthesized via a hydrothermal method, leverage their high conductivity and abundant surface active 

sites to significantly enhance electrochemical sensing performance. By integrating orthogonal 

experimental design with machine learning techniques such as back-propagation artificial neural 

networks (BPANN) and genetic algorithms (GA), the detection parameters were optimized to achieve a 

detection limit of 0.0001 μg/L, markedly surpassing traditional methods. Moreover, the platform 

demonstrated outstanding repeatability, stability, and anti-interference capability when tested with real 

lake water samples, achieving Pb2+ recovery rates between 98.79% and 101.3%. The study’s key 

innovations include the application of machine learning for optimizing electrochemical sensor 

performance and significant enhancements in the conductivity and ion selectivity of composite materials. 

These advancements offer a novel framework for the rapid, portable, and efficient detection of heavy 

metal ions in environmental samples, addressing critical challenges in environmental monitoring and 

public health. 

6.3. Intelligent Sensors for Real-Time AI Systems 

MXene materials have redefined the capabilities of intelligent sensors, a cornerstone of AI systems. 

Their high surface area and conductivity make them highly sensitive to environmental stimuli. AI-enhanced 

designs have been utilized to improve sensor performance by predicting the interaction dynamics 

between MXene layers and target analytes. For instance, MXene-based gas sensors integrated with 

neural network models achieved higher accuracy and selectivity for multiple gas detection [128,129]. 

These sensors have applications in environmental monitoring, healthcare diagnostics, and industrial 

automation, providing real-time data for AI-driven decision-making.Recent advancements in AI-enabled 

sensor designs include MXene-based wearable devices that track physiological parameters such as heart 

rate, respiration, and joint movements [130]. These sensors have been embedded in smart textiles and 

coupled with AI algorithms for predictive health monitoring. For example, an AI model trained on sensor 

data successfully predicted early signs of cardiac anomalies, demonstrating the transformative potential 

of MXene-enabled wearable technology in personalized medicine [131,132]. 

6.4. Data storage and processing: A key AI enabler 

The rapid growth of AI technologies demands efficient data storage and processing systems, and MXene 

materials are emerging as a solution [133]. Their high conductivity, layered structure, and stability make 

them suitable for energy storage devices such as supercapacitors and batteries, which are essential for 

powering AI hardware [134]. Beyond energy storage, MXenes have been integrated into non-volatile 
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memory devices, where their tunable resistive switching properties have enabled fast, reliable, and 

scalable data storage [135]. AI-driven optimization of these memory devices has improved their 

endurance and energy efficiency, paving the way for their adoption in edge computing systems.AI 

methodologies have also been applied to model the thermal and electrical properties of MXenes, 

ensuring their compatibility with existing semiconductor technologies [136]. This integration has 

enabled the development of AI processors with enhanced computational efficiency, particularly in 

resource-constrained environments. 

6.5. Flexible electronics and AI-driven design 

MXene materials’ mechanical flexibility and lightweight nature make them ideal for flexible electronic 

devices, a growing focus in AI hardware. Transparent conductive films and flexible electrodes made 

from MXenes have been developed for foldable displays, wearable devices, and robotic systems [137]. 

AI-driven simulations have guided the design of these components, optimizing their performance under 

dynamic mechanical stress. For example, reinforcement learning models were used to design MXene-based 

electrodes for soft robotics, ensuring reliable performance under repetitive deformation [138]. 

6.6. Future Directions: AI-driven innovation in MXene research 

Looking forward, the integration of AI and MXene materials offers immense potential for advancing 

both fields. Key future directions include: 

(1) AI-Augmented Synthesis and Functionalization 

AI techniques such as generative adversarial networks (GANs) and reinforcement learning can be 

employed to predict novel functionalizations and optimize synthesis routes. Real-time AI-driven 

monitoring systems could dynamically adjust synthesis parameters to produce MXenes with tailored 

properties, reducing material waste and production costs [139]. 

(2) High-Performance AI Hardware 

MXenes’ conductivity and tunability position them as ideal candidates for next-generation AI 

hardware [140]. Future research could focus on developing MXene-based components for brain-

machine interfaces, autonomous systems, and quantum computing devices, all guided by AI-driven 

material design frameworks. 

(3) Sustainable and Scalable Production 

AI can address the scalability and sustainability challenges associated with MXene production by 

identifying eco-friendly etching agents and optimizing large-scale synthesis processes [141]. These 

efforts are crucial for transitioning MXene materials from laboratory research to industrial applications. 

(4) AI-Enhanced Applications 

Emerging applications, such as AI-driven smart cities and adaptive sensing networks, can benefit 

from MXene’s multifunctionality. For instance, MXene-enabled sensors integrated into AI platforms 

could enhance urban infrastructure monitoring, predictive maintenance, and environmental management [142]. 

(5) Cross-Disciplinary Collaboration 

The convergence of AI and MXene research requires interdisciplinary collaboration between 

materials scientists, computer engineers, and AI researchers [143]. Joint efforts in this area could yield 

groundbreaking advancements in intelligent systems, energy-efficient hardware, and sustainable technologies. 
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6.7. Chapter Summary 

MXene materials are redefining the boundaries of what is possible in AI applications. Their unique 

properties, combined with AI-driven optimization techniques, have enabled significant advancements in 

neuromorphic computing, intelligent sensors, data storage, and flexible electronics. The use of AI in 

material design and functionalization has not only accelerated research but also opened new possibilities 

for future technologies. By addressing current challenges in scalability and compatibility, MXene 

materials, guided by AI methodologies, are poised to play a central role in shaping the future of 

intelligent systems. This synergy between AI and MXene materials represents a promising pathway 

toward more efficient, adaptive, and sustainable technologies. 

7. Conclusion 

Starting from the research on two-dimensional material anion exchange membranes, this paper 

emphasizes the development of MXene-based anion exchange membranes and explores their potential 

applications in this domain. First, the preparation methods of MXene are reviewed in detail, and high-quality 

MXene nanosheets are obtained by hydrofluoric acid preparation, electrochemical etching, hydrothermal 

synthesis, and artificial intelligence-assisted preparation. Then, the preparation process of MXene 

membranes is introduced, such as vacuum filtration, casting, electrospinning, and artificial intelligence 

neural network techniques to prepare MXene films, aiming to form uniform and stable MXene 

membranes. Furthermore, this paper examines the mechanism by which interlayer spacing regulation 

impacts the performance of ion exchange membranes, highlighting its crucial role in enhancing ion 

conduction, mechanical strength, and chemical stability. In order to optimize the performance of MXene 

membranes, this paper explores a variety of strategies for regulating the interlayer spacing of MXene 

nanosheets, including surface functionalization, intercalation chemistry, composite with nanomaterials, 

composite with polymers, neural network prediction, and other methods. 

At the same time, in the research on regulating the interlayer spacing of MXene exchange 

membranes, the following major challenges are faced: MXene materials are easily oxidized and 

degraded in air and water, which poses a challenge to their long-term stability in practical applications. 

In order to improve the stability of the material, effective protection measures and surface modification 

technologies must be developed to prevent the oxidation and degradation of MXene materials. In 

addition, the preparation process of MXene materials involves multi-step chemical reactions and high-purity 

reagents, resulting in high costs. To make MXene exchange membranes competitive in commercial 

applications, more economical and efficient preparation methods must be developed to reduce 

production costs. In large-scale production, the consistency and quality control of materials must also 

be addressed. Precise regulation of the interlayer spacing of MXene nanosheets directly affects the 

performance of the membrane. It is necessary to conduct in-depth research on the mechanisms and 

effects of different regulation methods to achieve precise control of the interlayer spacing. At the same 

time, new regulation technologies need to be developed to further improve the performance and 

application range of the membrane. In addition to the regulation of interlayer spacing, it is also necessary 

to comprehensively consider the mechanical strength, ion selectivity, conductivity and chemical stability 

of the membrane. There is often a trade-off between these properties, and it is necessary to achieve the 

optimal balance of comprehensive performance through optimized design and the introduction of multi-composite 
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materials. By addressing these challenges, MXene exchange membranes are expected to play a more 

important role in energy storage, separation, catalysis and other fields, and promote the development 

and application of related technologies. In addition, there are still some limitations in this paper that 

require further investigation. A major problem is the versatility of AI models; These models often rely 

on high-quality datasets, and their predictions can be difficult to adapt to different synthetic 

environments. In addition, achieving consistent layer spacing can still be challenging, especially when 

scaling up production, where small variations in process conditions can lead to inconsistencies in the 

structural and functional properties of the MXene. Addressing these challenges will provide a more 

balanced perspective and provide a roadmap for future research to further refine AI models and develop 

standardized protocols for MXene membrane fabrication. 

 

Figure 18. Synthesis of MXene research outcomes and future directions. 

In future research, several important directions for regulating the interlayer spacing of MXene 

exchange membranes deserve special attention. First, one of the keys is the development of new control 

technologies, including smart response materials that can dynamically respond to external stimuli such 

as temperature, pH and light to precisely control the interlayer spacing; nano-scale mechanical control, 

using nanomechanical technology to precisely control the interlayer spacing of MXene nanosheets; and 

advanced chemical modification methods, which precisely control the interlayer spacing through 

molecular design and chemical reactions. Secondly, a key focus area is the development of 

multifunctional composite materials, incorporating components like GO, LDH, CNT, and COF, to 

enhance the functionality and optimize the performance of MXene-based exchange membranes; the 

development of new polymer composites to improve the mechanical strength, chemical stability and ion 
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conductivity of the membrane; and the exploration of the potential of MXene and a variety of materials 

to form multifunctional composite membranes. In addition, key research on the prospects for the 

industrial application of MXene exchange membranes is also crucial, including the development of 

large-scale production technologies, improving the economic efficiency of MXene preparation and 

membrane preparation, reducing production costs, and ensuring the consistency and quality control level 

of the membrane; conducting long-term stability evaluations to verify its durability and reliability in 

practical applications; and exploring its wide application in water treatment, gas separation, 

electrochemical energy storage and catalysis. Finally, prioritizing environmental sustainability and eco-

friendliness should also serve as a key focus for future research endeavors, including the advancement 

of environmentally friendly MXene synthesis and membrane preparation methods, reducing the use of 

harmful chemicals and waste generation; research on degradable or recyclable MXene composite 

materials, promoting recycling and environmental protection. Through continuous research and 

innovation in these directions, MXene exchange membranes are expected to play an important role in 

future scientific and industrial applications and promote progress in related fields. 

In general, the precise control of MXene interlayer spacing provides new approaches and ideas for 

the development of high-performance AEMs, provides a systematic research idea and technical route 

for the future application of MXene materials in high-performance anion exchange membranes, and 

looks forward to its broad application prospects in energy storage, catalysis, separation and other fields. 
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