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Abstract. MXenes are a family of two-dimensional transition metal 

carbides and nitrides (Mn+1XnTx) that exhibit high electrical conductivity, 
large surface area, and surface hydrophilicity, making them promising 

candidates for applications in energy storage, sensors, biomedical devices, 

and smart textiles. However, their synthesis commonly relies on high-level 

etching agents such as hydrofluoric acid (HF), raising significant concerns 
regarding safety and environmental sustainability. This has driven growing 

interest in developing green synthesis approaches that minimize toxic by-

products and operational risks. Despite their functional advantages across 

diverse applications, MXenes face a major limitation in the form of rapid 
oxidation, particularly in aqueous or ambient conditions, which severely 

affects their durability. Surface modification using natural antioxidants, such 

as plant-derived polyphenols, flavonoids, and organic acids, has emerged as 

a green and effective strategy to enhance oxidative stability while improving 
biocompatibility. This review provides an overview of the current progress 

in green synthesis methods and antioxidant-based surface functionalization 

of MXenes. It also provides an overview of the potential of MXenes across 

diverse application domains.  

1 Introduction 

Since the groundbreaking discovery of graphene, the development of two-dimensional (2D) 

materials has progressed rapidly, introducing a wide range of structures with novel properties 

that form the foundation for next-generation functional technologies. MXenes, as a class of 

2D transition metal carbides, nitrides, or carbonitrides, have emerged as highly promising 

candidates. Unlike graphene, MXenes offer competitive advantages due to their combination 

of exceptional properties, such as ultra-high electrical conductivity (exceeding 10,000 S cm-

1), comparable to metals [1], inherent hydrophilicity that enables processing in polar solvents 

[2], and ease of surface modification through functional groups like -OH, -O, and -F [3]. This 

chemical tunability facilitates the integration of MXenes with biomolecules, polymers, or 

inorganic compounds [4], resulting in multifunctional composites with tailored performance 

for specific applications.  
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MXenes have undergone rapid advancements since their development at Drexel 

University in 2011. This growing interest underscores the market potential of MXenes, as the 

MXene Material Market is projected to grow from USD 57.7 million in 2025 to USD 437.88 

million by 2034, at a compound annual growth rate (CAGR) of 25.26% [6]. MXenes are seen 

as a promising material for the future, with applications spanning energy storage [7], sensors 

[8], biomedicine [9], wearable electronics, and smart textiles [7].  

Despite these exciting possibilities, conventional MXene synthesis faces considerable 

challenges. The use of concentrated HF to etch away the 'A' layer from MAX phases raises 

serious safety concerns for operators and poses environmental risks [10], thereby limiting 

large-scale fabrication [11]. Moreover, MXene surfaces are highly prone to oxidation, 

especially in aqueous and ambient environments [12], leading to structural degradation and 

performance deterioration. 

 Ongoing research is focused on overcoming these challenges by developing safer and 

more environmentally friendly synthesis methods that support long-term application of 

MXenes. The strategies to enhance the oxidative stability of MXenes include storage 

condition control, surface modification, and optimization of MXene structures during 

synthesis [13]. One particularly promising approach is the surface functionalization of 

MXenes with natural antioxidants, which has proven effective in prolonging material lifespan 

by preventing oxidative degradation [14]. This strategy aligns with green chemistry 

principles by avoiding toxic reagents and allowing integration of biodegradable, bio-based 

materials. 

 In line with this, the present review aims to highlight recent advancements in green 

synthesis techniques and antioxidant functionalization strategies for MXenes, as well as to 

explore their emerging applications in smart textiles, energy storage, sensing, and biomedical 

technologies. These approaches are anticipated to support the development of more 

sustainable MXene production, considering safety, material efficiency, and industrial 

scalability. 

2 Structure of MXene 

MXenes belong to a novel family of 2D-layered materials composed of transition metal 

carbides, nitrides, or carbonitrides [15]. As illustrated in Fig.1.a, the chemical elements 

involved in MXene synthesis are. In the periodic table, the M element (in blue) denotes early 

transition metals that form the backbone of the MXene structure. The A element (in pink), 

such as aluminum (Al) or silicon (Si), represents the atomic layer selectively etched away 

during the synthesis process. Meanwhile, the X element (in light green) refers to carbon 

and/or nitrogen atoms, which are tightly bonded to the M atoms. Common examples of M-

phase transition metals include titanium (Ti), vanadium (V), chromium (Cr), niobium (Nb), 

and molybdenum (Mo) [16], chosen for their ability to form strong bonds with carbon and 

nitrogen, thus contributing to MXene's structural integrity and performance. The "X" in the 

MXene formula represents the carbon and/or nitrogen components of its crystal lattice [17]. 

The etching process specifically removes the A element, which weakens the bond between 

M and A layers, facilitating the generation of open and layered MXene structures through 

selective etching [18,19]. To date, over 340 MAX phases have been successfully identified 

and documented in the literature [20].  

Four major structural compositions of MXenes have been successfully synthesized: 

M2XTx, M3X2Tx, M4X3Tx, and M5X4Tx
 [21], as shown in Fig. 1.b. Based on their transition 

metal configurations (Fig. 1.c), MXenes can be classified into monometallic transition metal 

(TM), dual-transition metal solid-solution (DTM), ordered (DTM), and high-entropy 

MXenes [22]. TM MXenes consist of a single type of metal, such as Ti in Ti3C2Tx, with a 

general formula of Mn+1XnTx and surface terminations like -OH, -O, and -F [23]. Dual-
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transition metal MXenes exist in two subtypes: random solid-solution DTM, in which two 

different metals are randomly distributed within the lattice to allow compositional flexibility, 

and ordered DTM, in which the metals are arranged in alternating atomic layers, such as 

Mo2TiC2Tx. A more complex category includes high-entropy MXenes, which incorporate 

four or more transition metals in equiatomic ratios. These structures enable the stabilization 

of single phases and significantly broaden the structural diversity of MXenes [24]. Since their 

initial discovery in 2011, the MXene family has rapidly expanded to include nearly 50 

distinct MXene compositions, excluding the numerous solid-solution variants and 

modifications achieved through surface functionalization. 

Fig. 1.a periodic table with color codes to synthesis MXene, b Various Mxene with Mn+1XnTx 

formula (n=1-4) [25], c Mxene structure with different M-layer configuration [24] 

3 Fluorine-Based Etching Synthesis of MXene 

Since its discovery, MXene has been primarily synthesized via wet chemical etching using 

hydrofluoric acid (HF) to remove the A-layer from MAX phase precursors [26,27]. This 

process enables selective etching of A-group elements, facilitating the formation of open-

layered MXene structures.  

As illustrated in Fig. 2.a, Ti3AlC2 is treated with HF, which selectively removes the Al 

layer and produces a stable titanium carbide layer (Ti-C). This etching process introduces 

surface termination groups, such as -F and -OH, onto Ti3C2. Sonication is subsequently 

applied to exfoliate the multilayer MXene structure, yielding separated Ti3C2Tx nanosheets. 

The process follows the following simplified reaction mechanisms: 

Ti3AlC2 + 3HF → AlF3 +
 3

2
H2 + Ti3C2    (1)  

Ti3 C2 + 2HF →  Ti3 C2Ti3 F2 + H2     (2) 

Ti3 C2 + 2 H2𝑂 →  Ti3 C2(OH)2 + H2    (3) 

 

Reaction (1) shows that aluminium reacts with HF to form AlF3, which precipitates on 

the MXene surface and can be removed by centrifugation or dissolved as AlF3.3H2O. 

Reactions (2) and (3) explain the formation of -F and -OH surface terminations, respectively. 

 Fig. 2.b schematically illustrates the HF etching mechanism of Ti3AlC2, which proceeds 

through: (1) grain boundary etching, (2) interlayer penetration, and (3) opening of layers. The 

reaction initiates at the edges and grain boundaries of bulk MAX particles, progressing 

inward and resulting in the formation of AlF3 and H2. Upon sonication, these layers 

delaminate into accordion-like structures of multilayer MXene. 
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Typically, HF-etched MXene exists in multilayer form, held together by weak van der 

Waals forces. Therefore, delamination is required to obtain single or few-layer MXene sheets 

[28], as shown in Fig. 2.c. Organic solvents such as dimethyl sulfoxide (DMSO) are often 

used for intercalation prior to sonication, enhancing layer separation [29]. Other polar 

solvents, including NaOH and tetrabutylammonium hydroxide (TBAOH), have also been 

employed. Montazeri et al. [28] reported that NaOH not only facilitates delamination but also 

better suppresses oxidation compared to TBAOH, while being significantly more cost-

effective. 

Despite its efficacy, the HF-based etching route presents several drawbacks. High-

concentration HF (~50 wt%), prolonged reaction times, or elevated temperatures pose serious 

environmental and health hazards [30]. Furthermore, this process consumes substantial 

energy and yields MXenes with limited long-term stability. Notably, the abundant -F surface 

terminations generated are chemically inert, which reduces the overall reactivity and 

functional tunability of MXene [31]. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.a Structure of HF etching Ti3C2Tx [32], b schematic of the etching process Ti3AlC2 MAX 

phase to Ti3C2 MXene [33], c MXene general process  [34] 

 

 

4 Synthesis of MXene via In Situ HF Etching 

Although direct HF-based etching is highly effective in removing A-site elements from MAX 

phases to produce MXene, it poses significant health, environmental, and safety hazards. To 

address these limitations, alternative synthesis routes have been developed, including in situ 
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generation of HF. This approach reduces the direct handling of hazardous HF, replacing it 

with less toxic fluoride-containing precursors [35]. The in-situ etching proceeds via the 

following reaction sequence: 

 
LiF + HCl → HF + LiCl       (4) 

Ti3AlC2 + 3HF → AlF3 +  3
2⁄ H2 + Ti3C2   (5) 

 Ti3C2 + 2HF →  Ti3C2Ti3F2 + H2     (6) 

Ti3C2+2H2𝑂 →  Ti3C2(OH)2 + H2     (7) 

 

Moreover, the molar ratio of LiF to Ti3AlC2 affects the lateral size and exfoliation quality 

of Ti3C2Tx MXene sheets [36]. Proper optimization of this ratio is crucial for obtaining high-

quality delaminated MXene nanosheets. 

However, despite its advantages, in-situ HF generated from HCl + LiF may not be strong 

enough to fully penetrate and etch all grain boundaries in polycrystalline MAX phases [37]. 

As a result, this method may yield a lower ratio of completely etched particles, especially in 

bulk or densely packed MAX powders. The efficiency of etching is therefore limited by the 

reaction kinetics, leading to the concept of Minimally Intensive Layer Delamination (MILD) 

to describe such slow and partial etching processes [35]. Additionally, although the direct 

handling of HF is avoided, the method still produces fluoride ions (F-), which remain a health 

and environmental concern, particularly for biomedical or human-contact applications [38]. 

These limitations have prompted researchers to explore fluoride-free MXene synthesis 

techniques as a safer and greener alternative for future applications. 

5 Green Synthesis of MXene Etching 

Beyond improving safety, these eco-conscious methods enable the broader application of 

MXene in humanosphere-related domains, such as biomedical engineering, wearable 

electronics, and sustainable energy storage systems, where biocompatibility and low toxicity 

are essential [39]. Several alternative synthesis approaches have emerged as part of this 

movement, one of which includes alkali etching. 

5.1 Alkali etching 

Alkali-based etching presents a promising alternative to traditional HF etching, particularly 

due to the strong chemical affinity between alkali metals and aluminum (Al). While 

conventional halogen-based etching relies on F- or Cl- ions to remove the A-layer from MAX 

phases, alkali metals such as sodium (Na+) or potassium (K+) offer a fluoride-free pathway 

to selectively extract aluminum from Ti3AlC2 precursors [40]. Li et al. [41] demonstrated the 

use of sodium hydroxide (NaOH) for alkali treatment of Ti3AlC2. In their method, the 

reaction between Ti3AlC2, NaOH, and water leads to the formation of Ti3C2 MXene. During 

this process, Na+ ions bind to Al, forming the soluble compound NaAlO2, which facilitates 

the removal of aluminum. Concurrently, Na+ also intercalates into the Ti3C2 layers, 

contributing to the formation of -OH surface terminations through reactions with water. 

The etching mechanism is highly dependent on the temperature and concentration of 

NaOH, with three potential reaction pathways observed. At low temperatures, aluminum 

tends to form insoluble Al-oxide layers (e.g., NaAlO2), which hinder the efficient removal of 

Al and lead to incomplete etching, leaving the polycrystalline structure of Ti3AlC2 largely 

intact. Under high temperature but low NaOH concentration, partial dissolution of Al(OH)3 

is observed. However, the oxidation of Ti to form sodium titanate (Na-Ti-O) compounds 

impedes the formation of high-purity MXene. Conversely, at elevated temperatures (~270°C) 

and high NaOH concentrations (~27.5 M), the etching process becomes significantly more 
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efficient, enabling complete dissolution of aluminum as [Al(OH)4]
-, and yielding cleaner 

MXene products. 

Another study, Zhang et al. [42] introduced a hydrothermal-assisted alkali etching 

approach using a small quantity (0.7 g) of potassium hydroxide (KOH). This method 

successfully produced Ti3C2(OH)2 nanoribbons (NRs), characterized by a reduced aluminium 

content, a high density of hydroxyl groups, and an open-layered structure. These structural 

features enhanced the material's electrochemical properties. Specifically, the Ti3C2(OH)2 

NRs exhibited a high specific capacity of 143.4 mAh g-1 at 100 mA g-1 after 250 charge-

discharge cycles, along with excellent cycling stability and rate performance. The superior 

electrochemical behaviour was attributed to the nanoribbon architecture, which promotes 

effective ion adsorption, lithium storage, and facilitates rapid ion/electron transport. In 

summary, alkali etching demonstrates great potential as a green route for MXene synthesis. 

Alkali etching is a promising alternative to HF-based etching, offering a fluoride-free 

approach for MXene synthesis. However, the formation of aluminum hydroxide by-products, 

such as Al(OH)3, can hinder the etching process and reduce the overall yield and purity of 

MXene. 

5.2 Electrochemical etching 

Electrochemical etching differs from conventional chemical etching methods, which rely on 

acidic or alkaline etchants to remove the A-layer from MAX phase materials to produce 

MXene. Electrochemical etching removes the A-phase from the MAX precursor by utilizing 

electrochemical principles in an electrolyte solution [43]. This etching process involves 

electron transfer during surface reactions, primarily driven by the chemical activity of the M-

Al bond, rather than the M-C bond. In its simplest form, this method involves passing an 

electric current between the target material and another material within an electrochemical 

cell [44]. The electrochemical etching process depends on the electrolyte solution and the 

voltage difference applied across the electrodes [45]. The precursor is placed in an 

electrochemical cell, and voltage is applied between the electrodes. This application causes 

the metal layer to dissolve while the chalcogenide layer remains unaffected.  

For the first time, Sun et al. [46] successfully synthesized Ti2CTx MXene without -F 

surface terminations via electrochemical etching. This process was carried out in a dilute HCl 

solution as the electrolyte, with a voltage of 0.6 V applied over a period of five days. The 

resulting MXene contained only -Cl surface groups, along with other common groups like -

O and -OH. The reaction mechanisms for electrochemical etching are as follows: 

 
Ti2AlC + yCl− + (2x + z)H2O → Ti2 C(OH)2xClyOz +  Al3+ + (x + z)H2 + (y + 3)e−  (8) 

Al3++ 3e− → Al             (9) 

 

At the initial stage, only the surface of Ti2AlC MAX phase interacts with the electrolyte, 

forming the Ti2CTx MXene layer. This layer eventually covers the surface and hinders further 

electrolyte penetration, making continued etching more difficult. Over time, the MXene layer 

on the surface becomes carbonized, resulting in a three-layer structure consisting of carbon, 

Ti2CTx MXene, and unetched Ti2AlC MAX. This process results in a low MXene yield, as 

parameters such as electrolyte concentration, etching voltage, and duration significantly 

impact the final product quality [47]. 

Huang et al. [47]demonstrated electrochemical etching of Ti3AlC2 in a packed-bed 

electrochemical reactor (PBER) using NH4F aqueous electrolyte (pH ~6.3). The MAX 

powder served as the anode, with platinum as the cathode (Fig. 3.a). The system has been 

scaled up to produce approximately 20 g of Ti3C2Tx per batch (Fig. 3.b), with the product 

being delaminated using Tetramethylammonium Hydroxide (TMAOH). The galvanostatic 
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curve in Fig. 3.c shows three reaction stages: (1) anion intercalation, (2) selective 

etching/functionalization at 0.5-1.5 V with optimal etching rate up to 2 V, and (3) water 

separation at higher voltages. This operating window facilitates high etching rates. This 

method reduces dependence on concentrated HF, although the release of NH₃ requires 

monitoring due to potential environmental impact. 

 

 

 

Fig. 3.a Mechanism of PBER for MXene etching, b scale-up PBER configuration, c galvanostatic 

charging curve of electrochemical etching stages [47]. 

5.3 Molten lewis-acidic etching 

The molten Lewis acidic salts etching method is an alternative etching technique for MXene 

synthesis that utilizes molten salt as the etching medium. This etching mechanism is based 

on a displacement reaction between species in the molten Lewis acidic salt and the A-site 

atoms in the MAX precursor [48]. Li et al. [49] demonstrated the synthesis of MXenes 

through etching with molten Lewis acidic salts, such as ZnCl2, as shown in Fig. 4.a. Sodium 

chloride (NaCl) and potassium chloride (KCl) are added to lower the eutectic melting point. 

At a temperature of 550°C, ZnCl2 melts and dissociates into Zn2+ cations. The high electron 

affinity of Zn2+ leads to its reaction with the aluminum (Al) atoms in Ti3AlC2, generating 

Al3+ cations and Zn atoms. The Al3+ cations then bond with Cl- anions to form AlCl3, which 

vaporizes at 178°C. Simultaneously, Zn atoms diffuse into the Ti3C2 layers, replacing the Al 

atoms, resulting in a Ti3ZnC2 MXene. The reaction mechanism can be described as follows: 

 
Ti3AlC2 + 1.5ZnCl2 → Ti3C2 + 1.5Zn + AlCl3   (10) 

Ti3C2 + Zn → Ti3ZnC2       (11) 

 

Li et al. [49] observed that when the molar ratio of Ti3AlC2 to ZnCl2 was set to 1:6, the 

MAX-Zn phase underwent delamination, producing MXene terminated with Cl. Therefore, 

this method requires careful optimization of the molar ratio of molten salts to the MAX phase 
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precursor to control the number of -Cl terminations on the resulting MXene. Wei et al. [19] 

demonstrated that the molten Lewis acidic salts etching method is not limited to Al-based 

MAX phases but can also be applied to MAX phases containing dual or non-Al A-site 

elements. As shown in Fig. 4.b, a precursor Ti2(Sn𝛾Al1−𝛾)C was used, where Sn and Al are 

present as A-site elements. The synthesis of MXene occurred through the selective removal 

of Al using the molten Lewis acidic salts, controlled by the redox potential. This process 

resulted in the formation of a new phase, Ti2Sn𝛾CClx, with a two-phase structure consisting 

of Ti2SnC and Ti2CClx. The etching mechanism involves the oxidation of elements at the M-

sites, with the MX sublayer serving as an electron transport pathway to facilitate the oxidation 

of A-site elements. 

Fig. 4.a Al MAX phase, b Al and non-Al MAX phase Lewis acidic molten salts etching mechanisms 

[50]. 

5.4 Chemical vapor deposition (CVD) etching 

In the field of ultrathin materials, Chemical Vapor Deposition (CVD) is one of the most 

widely used techniques for producing thin films with thicknesses down to the nanometer 

scale. This method works by utilizing the surface of a substrate as a site for chemical 

reactions. The precursors used in the CVD process must possess specific characteristics: they 

should be volatile enough to reach the substrate surface, have high chemical purity to avoid 

contamination, be stable but reactive enough to form the required layers, and pose minimal 

hazard during use [51]. With these characteristics, CVD not only enables the synthesis of 

high-quality MXenes but also offers material cost efficiency since it does not always require 

complex precursors. 
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Fig. 5. Schematic diagrams illustrating the a reaction zone and b proposed buckling of microspheres 

CVD-Ti2CCl2, c-e SEM of morphology, f-h TEM morphology of CVD-Ti2CCl2 [52]. 

 

Wang et al. [52] demonstrated that CVD allows the direct synthesis of MXenes with Cl- 

terminations (Ti2CCl2) without the need for a MAX phase precursor. At high temperatures, 

a reaction between Ti, graphite, and TiCl4 forms MXene carpets with a spherulite-like 

morphology. As the thickness of the growing MXene carpet increases, the diffusion of 

gaseous reactants toward the reaction zone slows, making the growth theoretically self-

limiting, as shown in Fig. 5.a. However, experimental observations indicated a new growth 

regime that could bypass this gas diffusion bottleneck in the CVD process. The growth stages 

are schematically depicted in Fig. 5.b, which includes uniform layer formation, the 

emergence of "bulges" (Fig. 5.c), transition into spherical vesicles (Fig. 5.d), and the release 

of vesicles from the substrate (Fig. 5.f-g). After prolonged reaction, all Ti metal is consumed, 

resulting in vesicles with Ti2CCl2 sheets arranged radially normal to the surface (Fig. 5.h), 

with small voids at the core, as seen in fragmented vesicles and FIB-prepared samples (Fig. 

5.e). 

MXene, produced using CVD methods, yields larger dimensions (~100 μm) compared to 

those obtained through chemical etching (~10 μm). Although CVD is an effective synthesis 

method for MXenes, it typically produces thicker MXenes (~100μm) compared to the 

chemical etching method (~10μm), and reduces their light transmission, limiting their use in 

transparent materials. To address the reduction in light transmission, Kang et al. [53] reported 

the synthesis of ultrathin (5μm) and thermally stable Mo2C-graphene (Mo2C-Gr) hybrid films 

via a one-step CVD method (Fig. 6.a). This hybrid film, with a work function between 

graphene and pure Mo2C, was chosen as the transparent hole-transport layer in a Mo2C–

Gr/Sb2S0.42Se2.58/TiO2/FTO two-sided photodetector (Fig. 6.b-c). This device could detect 

light from both sides, demonstrating a very fast response time (0.084 ms) and recovery time 

(0.100 ms), highlighting the promising potential  

Despite the advantages of CVD, such as not requiring MAX phase precursors, the 

technique is limited by the need for high-cost equipment and significant energy consumption. 

These factors pose challenges to its industrial-scale implementation, indicating a need for 

more efficient and cost-effective alternatives to support large-scale MXene production. 
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Fig. 6. The illustration of a crystal growth, b crystal transfer layer, and c photodetector application of 

Mo2C-Gr [53]. 

6 Oxidation of MXene 

As a promising next-generation material, MXene faces a significant challenge in terms of 

oxidation stability. This limitation restricts its long-term application potential, particularly in 

environments that require prolonged material durability. Oxidation in MXene not only 

disrupts its characteristic 2D properties but also degrades its physicochemical attributes, 

which are critical for its functionality [54]. As shown in Fig.7.a-d, the conductivity of MXene 

decreases when exposed to various media, including air and solid forms such as ice and 

polymers. Visual observations of the oxidation process are illustrated in Fig.7.e, while 

additional UV-Vis spectral analysis (Fig.7.f) further corroborates the evidence of 

degradation, ultimately diminishing the long-term functionality of the material. 

Habib et al. [55] quantified the degree of oxidation in MXene films by measuring the 

electrical conductivity of vacuum-filtered Ti3C2Tx films. Over a two-month exposure period 

to air, these films exhibited a sharp decline in conductivity, reaching approximately 7% of 

the initial value after 27 days (2.49 × 104 ± 1.16 × 103 S m-1), indicating rapid oxidation. 

When stored in the form of ice, the samples retained their conductivity better than those in 

liquid media, suggesting that lower temperatures and solid media slow down the oxidation 

rate. Furthermore, Ti3C2Tx PVA composites (10-90 wt%) showed a similar trend to the air-

exposed films, experiencing a rapid decrease in conductivity during the first four weeks, 

followed by a slower decline. This suggests that while solid media can slow down the 

oxidation process, complete prevention of degradation remains unachievable. 

 

E3S Web of Conferences 691, 02007 (2026)

ICBB 2025
https://doi.org/10.1051/e3sconf/202669102007

10



Fig. 7.MXene film conductivity characteristic in various media a air , b ice, c poly-vinyl alcohol (PVA), 

and d with increasing UV exposure time [55],  e The visual and UV-Vis Spectra absorbances change 

of  MXene aging for 7 days [56]. 

 

The high reactivity of MXene toward oxidation is often attributed to the abundance of 

oxygen in the atmosphere, although the detailed mechanism remains under debate [57]. The 

oxidation mechanism in the air atmosphere, as shown in Fig.8., indicates that at the initial 

stage (a,b), the fresh MXene sheets remain intact with a thin, flat structure, showing no 

degradation. After 7 days (c,d), ultrathin anatase TiO2 nanoparticles form on the MXene 

surface and later shrink laterally. After 30 days (e,f), the Ti layer directly transforms into 

crystalline rutile nanosheets, indicating extensive oxidation, where the MXene layers no 

longer retain their 2D characteristics but instead disintegrate into a mixture of disordered 

carbon and TiO2 particles. Therefore, surface functionalization techniques, such as 

antioxidant modification, could play a crucial role in enhancing the MXene’s stability and 

expanding its applicability in various industries. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. TEM of MXene flakes exposed to air a 0 days, c 7 days, e 30 days, and b, d, f the high-

resolution TEM of panels a, c, and e, respectively [58]. 
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7 Improvement of Oxidation Stability Strategy with Antioxidant 
Functionalization 

The oxidation stability of MXene in its original colloidal form is a critical aspect for 

expanding its applications. The oxidation mechanism in aqueous media has proven to be 

complex, with the rate influenced by various factors ranging from the intrinsic composition 

of MXene to the conditions of its colloidal environment. Initially, dissolved oxygen was 

considered the primary factor, but recent studies emphasize the dominant role of water in the 

hydrolysis process of MXene [57]. Consequently, scientific attention is increasingly focused 

on developing strategies to enhance the oxidation stability of MXene colloids, with promising 

new approaches being reported to slow down or suppress degradation. 

Several strategies have been developed to reduce the oxidation rate during storage in 

colloidal form, thus extending the service life of MXene-based devices. Oxidation 

suppression in MXene can also be achieved through surface modification, such as utilizing 

reductive diamines that serve as both intercalators and grafting agents [59]. One strategy that 

has gained significant attention for improving the oxidation resistance of MXene is surface 

modification with antioxidant agents [60]. This approach is considered relatively simple and 

efficient, providing a practical pathway to prolong the shelf life of MXene in its aqueous 

colloidal form without compromising its functional properties. 

Antioxidants are defined as compounds that have the ability to slow down, delay, or 

inhibit the oxidation process of a substrate (Fig. 9.a) [61]. A systematic study on the 

antioxidant performance of various organic compounds with similar structures indicates that 

the chelation effect between antioxidant molecules and cation of metals atoms is likely a key 

factor contributing to the enhanced stability of the material [62]. However, not all 

antioxidants have a positive effect; some may be neutral or even accelerate the oxidation 

process. This is reflected in the graph of Ti⁴⁺ ion content in the aqueous MXene suspension, 

with an average of about 48%, as shown in Fig. 9.b. Among the compounds tested, oxalic 

acid and citric acid were found to be the most effective in improving the oxidative stability 

of MXene. The diversity in antioxidant molecular structures leads to varying effects on 

MXene, underscoring the need for systematic analysis to understand the chemical interaction 

mechanisms between the two. 

 
Fig. 9.a Antioxidant categories and their effect on the oxidation stability of MXene suspensions over 

14 days, b XPS measurement of MXene to atoms percentage of Ti4+ [63]. 
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8 Antioxidant Surface Functionalization of MXene Application 

The development of antioxidant-modified MXene opens new opportunities for expanding its 

applications across various functional fields. Functionalization with antioxidant molecules 

not only enhances the oxidation resistance of MXene but also enriches its chemical and 

physical properties, such as electrochemical stability, biocompatibility, and the ability to 

interact with target ions or molecules. With protection against degradation, antioxidant-

modified MXene can be utilized more effectively in energy applications (supercapacitors, 

batteries), smart textiles, and biomedical systems. Therefore, this approach is considered 

strategic in overcoming the limitations of pure MXene while broadening its potential 

applications. 

Zhang et al. [56] developed a MXene/PEDOT:PSS supercapacitor electrode modified 

with tartaric acid as an antioxidant. The modification was carried out by immersing the film 

in a 50 wt% tartaric acid solution for 5 minutes at 90°C. The results showed a fourfold 

increase in conductivity, high water stability, and an areal capacitance (CA) of 1.149 μF cm-

2, surpassing other 2D material-based systems. High-frequency performance was 

demonstrated with an 80° phase angle at 120 Hz and an RC time constant of 263 μs, making 

it ideal for AC line-filtering applications. Long-term stability was maintained with a 

capacitance retention of 98% after 10,000 cycles, proving the effectiveness of antioxidant 

functionalization in improving MXene's performance and durability. Although modification 

with tartaric acid improves its stability in aqueous colloids above 60°C, further analysis is 

needed regarding the thermal stability of the MXene/PEDOT:PSS tartaric acid-modified 

material for supercapacitor applications, considering the potential use of MXene in high-

temperature energy systems. 

As a further development, Lee et al.  [64] developed of MXene stabilization using tartaric 

acid (TA), structural modification was carried out by forming composites with TEMPO-

oxidized cellulose nanofiber (TOCN). This strategy aimed to enhance MXene's oxidation 

stability and mechanical strength while maintaining sufficient conductivity for 

electrochemical applications. Fig. 10.a shows the layered structure of the MXene/TOCN/TA 

composite film, where hydrogen bonding and coordination between the carboxyl groups of 

TOCN and TA with Ti atoms on the MXene surface form a chemically stable network. 

Visually, oxidation stability is shown in Fig. 10.b, where the MXene/TOCN/TA composite 

retains the characteristic dark color of MXene after 7 days in a 0.2 wt% H2O2 solution, unlike 

pure MXene, which undergoes significant color changes due to oxidative degradation. 

Mechanical durability tests through ultrasonic treatment for 5 minutes (Fig. 10.c) show that 

the composite film remains intact, while the pure MXene film degrades, indicating improved 

cohesive strength. The addition of TOCN and TA reduces the electrical conductivity of the 

film, as shown in Fig. 10.d, but the conductivity remains within functional ranges for flexible 

device applications. Moreover, thermogravimetric analysis (TGA) reveals that 

MXene/TOCN or MXene/TOCN/TA composites exhibit lower thermal stability compared 

to pure MXene composites. This is because TA and TOCN exhibit low thermal stability, with 

decomposition temperatures of 252°C and 307°C, respectively. However, MXene/TA only 

lost 5.7% of its mass, indicating strong interfacial bonding between TA and MXene. 

On the other hand, Guo et al. [65] designed MXene-based hybrid network composites 

modified with hyaluronic acid (HA) and hyperbranched polysiloxane (HSi) for long-term 

thermal camouflage applications. HA serves as an effective antioxidant agent stabilizing the 

MXene structure against oxidative degradation without affecting its infrared camouflage 

performance. Meanwhile, HSi molecules act as crosslinking agents, creating a stable and 

cohesive composite network. The MXene/HA/HSi composite exhibits flexible mechanical 

properties, high resistance to water, solvents, and extreme environmental conditions, and low 

infrared emissivity (±0.29). This composite can be applied to textiles via a simple, large-scale 
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spraying method and demonstrates resistance to environmental exposure for up to 

approximately 8 months. Its potential applications are highly relevant in defense and medical 

fields, particularly as a coating material for infrared radiation protection or thermal 

camouflage. 

 

Fig.10. a Mxene-Tannic acid (TA)-TEMPO cellulose nanofiber (TOCN) composites, b chemical 

structure MXene-TA-TOCN, c Oxidative stability test, and d Electrical conductivity of MXenes [64] 

The transition to smart textiles marks a significant expansion in the potential applications 

of MXene-based materials. In efforts to create multifunctional smart textiles, Yan et al. [66] 

modified MXene nanosheets with gallic acid (GA) and Fe3+ ions to produce materials with 

high stability and superior thermal and electromagnetic performance. As shown in Fig. 11.a, 

MG (MXene@GA) was regularly arranged on carbon fibers (CCF) through initial Fe3+ 

complexation, forming strong and stable bonds. GA interacts with the MXene surface via 

coordination and hydrogen bonds (Fig. 11.b), while Fe3+ acts as a bridge between MG and 

CCF, creating a robust laminated structure. GA’s protection against MXene oxidation is 

demonstrated in Fig. 11.c, where its dispersion remains stable after 30 days, in contrast to 

pure MXene, which degrades and forms dark precipitates. For electromagnetic applications, 

Fig. 11.d shows that only the CCF-Fe-MG textile exhibits high EMI shielding efficiency, 

with a value greater than 35 dB in the X-band frequency range. Its heating ability is also 

responsive, as shown in Fig. 11.e, where the temperature increases from 28°C to 116°C under 

a gradual voltage of 1-8 V. Furthermore, Fig. 11f reveals the thermal camouflage effect, 

where, despite a high actual temperature, infrared imaging shows a lower temperature due to 

the low IR emissivity of MXene, providing an advantage for temperature camouflage in open 

environments. 

Another researcher, Deng et al. [67], developed multifunctional textiles based on 

MXene/tannic acid-modified cellulose nanofibers (TACNF) using a screen-printing method 

and post-printing treatment with Zinc chloride (ZnCl2). The presence of phenolic hydroxyl 

groups in tannic acid (TA) acts as an effective antioxidant agent to prevent MXene 

degradation. Meanwhile, the metal coordination process between Zn ions and TA molecules 

generates a cross-linked network that enhances the structural stability of the functional layers 
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on the textile. This composite not only shows significant antimicrobial activity against 

Escherichia coli and Staphylococcus aureus but also has adequate electrical conductivity for 

detecting both micro and macro human movement variations. Moreover, its high 

photothermal and electrothermal conversion capabilities extend its application prospects in 

thermal therapy, heat sterilization, and the development of responsive smart healthcare 

textiles. 

 

Fig. 11. a MXene-gallic acid (MG) with metal ion decoration onto a textile, b Chemical bonding 
mechanism of cotton fabric-decorated metal-MG (CCF-Fe-MG), c SEM of pristine MXene and MG 

stored at room temperature, d Electromagnetic interference (EMI) shielding test of MXene, e Joule 

heating performance at different voltages of CCF-Fe-MG, f Direct thermal camouflage and thermal 

image of CCF-Fe-MG [66]. 

Various studies above highlight the vast potential applications of antioxidant-modified 

MXene, which not only acts as a stabilizer against oxidation but also enhances the 

functionality of the material across various fields. As radical scavengers, antioxidants possess 

specific capabilities that are particularly relevant in the healthcare and food sectors. 

Therefore, it is crucial to further analyze how modifying MXene with antioxidants not only 

extends shelf life and structural stability but also opens new application opportunities in fields 

such as medicine, smart textiles, active food packaging, and sustainable energy systems. 

9 Challenges and Future Outlook 

9.1 Challenges 

Although MXene has garnered significant attention due to its multifunctional properties, its 

widespread application still faces several technical and practical challenges. One of the main 

challenges lies in the development of environmentally friendly synthesis processes to replace 

conventional acid fluoride (HF)-based etching methods. While these approaches are safer 

 

E3S Web of Conferences 691, 02007 (2026)

ICBB 2025
https://doi.org/10.1051/e3sconf/202669102007

15



and potentially more sustainable, methods like alkaline etching still show low production 

yields. On the other hand, techniques like electrochemical etching and chemical vapor 

deposition (CVD) require high operational costs and infrastructure that has not yet been 

widely standardized, limiting the efficiency and scalability of the processes. 

Furthermore, efforts to stabilize MXene through antioxidant functionalization have 

emerged as a promising alternative strategy to address oxidative degradation. Antioxidants 

such as tannic acid, gallic acid, or other polyphenolic compounds have been shown to extend 

the shelf life and maintain the structural stability of MXene, both in suspension and solid 

forms. However, the challenge lies in the limited comprehensive studies on the impact of 

these modifications on MXene's functional properties in various application contexts. In 

some cases, functionalization may alter the active surface of MXene, which plays a crucial 

role in conductivity, photothermal interaction, or sensor sensitivity, necessitating further 

exploration of the additional functional effects of antioxidant functionalization, particularly 

in more diverse MXene applications. 

Moreover, the scalability and industrial application of antioxidant-modified MXene still 

require thorough evaluation. While this functionalization method is relatively simple, the 

development of ready-to-use formulations in solid forms, such as films, membranes, or 

composites, is still limited. There are a few reports that test the economic feasibility, long-

term durability, and material performance in real-world environments, such as high 

temperatures, extreme humidity, or exposure to other active compounds. Therefore, the 

development of formulation strategies and testing the material's durability under various 

application conditions becomes a critical challenge before this material can be widely used 

in energy, healthcare, and smart textile fields. 

9.2 Future outlook 

The future development of MXene heavily relies on surface engineering strategies and the 

sustainability of its synthesis processes. One promising approach is the utilization of specific 

termination groups (Tx), such as -OH, -F, -O, and -Cl, which can be tailored to direct the 

functional properties of MXene towards specific applications. These termination groups play 

a crucial role in influencing conductivity, hydrophilicity, binding capacity, and oxidative 

stability, enabling more precise engineering of MXene for fields such as flexible electronics, 

biomedical sensors, and electromagnetic shielding. 

Additionally, the integration of green synthesis approaches based on biomass in the 

etching and stabilization processes of MXene is becoming increasingly relevant, not only to 

improve resource efficiency but also to open up significant opportunities for the development 

of sustainable applications. The use of bio-based sources, either as etching agents or 

stabilizers, not only reduces reliance on corrosive chemicals like HF but also results in 

MXene materials that are more environmentally friendly and compatible with human health. 

One strategy that is being increasingly explored is the modification of MXene with 

antioxidant compounds, which has proven to be a simple yet effective way to enhance 

oxidative stability and expand the material’s functionality. This approach holds potential for 

scaling up to industrial levels, but it still requires in-depth studies on economic feasibility, 

long-term durability, and performance evaluation under real-world application conditions. In 

particular, it is important to explore the application forms of modified MXene in solid or 

composite forms, rather than just in suspension. This is crucial to support the implementation 

of MXene technology in the form of coatings, films, or more stable and applicable composite 

material structures for functional devices. 
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