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ABSTRACT 

MXenes have significantly impacted materials science and nanotechnology since their 

discovery in 2011. Theoretical calculations predicted more than 100 possible compositions of 

MXenes and lab-scale fabrication of more than 40 MXene structures has been reported to date. The 

unique characteristics of MXenes have made them an ideal fit for a wide variety of applications, 

including energy storage, environmental, electronics, communications, gas and liquid separations 

and adsorption, biomedical, and optoelectronics. MXene attracted many researchers and as a result, 

publication trends on MXene have grown exponentially in recent years. By 2021, MXenes have 

already shown promise in several research areas including energy storage devices, electromagnetic 

interference shielding, nanocomposites and hybrid materials. In parallel, new applications are 

emerging where MXenes outperforming other nanomaterials, such as in tribology. MXene 

compositions are also being expanded rapidly. In this work, we briefly overview the history, 

properties, trends, and application of MXenes to better understand their potentials and familiarize 

new audiences with this 2D material family. 

Keywords: MXene, 2D materials, surface science, Google Trends, nanotechnology, 

transition metal carbides. 
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MXenes: The Two-Dimensional Influencers 

MXenes are a novel family of 2D early transition metal carbides and nitrides that were 

discovered in 2011 [1]. Mn+1XnTx formula describes the 2D structure of MXene, generally 

constructed by n+1 layers of early transition metals—labeled as M, interleaved by n layers of 

carbon or nitrogen—labeled as X, and surface terminations such as F, O, OH, or Cl — labeled as 

Tx [2, 3]. The fabrication of MXenes starts with topochemical selective etching of the precursor 

material, usually a MAX phase. MAX phases are layered carbides and nitrides with a hexagonal 

closed packed structure (A stands for A-group elements of the periodic table, such as Al, Ga, Si) 

[4] and they play an essential role in the quality of MXene [5]. The selective etching is done by 

removing the A-layer atoms from the MAX phase and continues with the delamination and 

exfoliation of loosely stacked 2D MXene flakes [5]. MXene can be prepared in multilayered (ML) 

powder forms or single-flake colloidal solutions [6]. ML-MXenes are made of stacks of loosely 

attached MXene flakes, while colloidal MXenes are obtained by exfoliation of the ML-MXenes to 

single-flake MXenes [7].  Figure 1a represents some schematic examples of common and newly 

discovered MXene structures.   

To date, four different composition  formulas of MXenes have been synthesized as M2XTx, 

M3X2Tx, M4X3Tx, and M5X4Tx. Ti3C2Tx , which is an M3X2Tx structure,, is the first reported MXene 

[1] and is the most studied MXene [8]. A schematic of M3X2Tx is shown at the top left in Figure 

1a. Soon after, M2XTx and M4X3Tx (Figure 1a) were discovered in 2012, by synthesizing Ti2CTx 

and Ti4C3Tx as well as solid solutions in M and X sites [9]. The number of layers (n in Mn+1XnTx) 

is controlled by the precursor structure, such as MAX phases [4]. For example, Ti2CTx and Ti3C2Tx 

are made by etching the Al layers from two different MAX phases of Ti2AlC and Ti3AlC2, 

respectively. The MXene dependence on the precursor means that novel MAX phase precursors 
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are required to make thicker MXenes (Mn+1XnTx  with larger n) or new chemistry of M and X. In 

2019, a MAX phase with five layers of M (M5AlC4) was discovered as (Mo4V)AlC4. By selective 

etching of the Al layers from this phase, the first M5X4Tx as (Mo4V)C4Tx was synthesized (Figure 

1a) [10].  

Theoretical calculations on the MAX phases and MXenes have predicted more than 100 

possible compositions of MXenes [11]. By synthesizing MAX phases with different elements, such 

as solid solutions on the M and X sites, solid solution MXenes can be made; this creates a vast 

compositional space to to fabricate an infinite number of MXene compositions and tune physio-

chemical properties of MXene by mixing different transition metals or synthesizing carbonitrides. 

While the first solid-solution MXene was synthesized in 2012 as (Ti,Nb)2CTx, Ti3CNTx, and 

(Cr,V)3C2Tx [9], several MXene solid solutions were reported in 2020 [12, 13]. In addition to solid 

solutions with random elemental compositions, combining certain transition metals in proper 

stoichiometric ratios, enables fabrication of ordered double-transition metals can form, such as in-

plane ordered MXenes when n = 1 (e.g., (Mo2/3Ti1/3)CTx)[3] or out-of-plane ordered MXenes when 

n = 2 and 3 (e.g., Mo2TiC2Tx and Mo2Ti2C3Tx)[14]. In general, electron microscopy has been 

essential in understanding novel MXene structures, MXenes compositions, and defect distributions, 

as it has been reviewed by Alnoor et al. [15]. Additional tuning of the MXenes’ precursor chemistry 

(M and X elements) can yield novel compositions and structures of MXenes. An example of these 

new compositions is high-entropy MXenes. Nemani et al. [16] reported the successful fabrication 

of two high-entropy M4X3Tx MXenes, TiVCrMoC3Tx and TiVNbMoC3Tx by fabricating precursors 

of high-entropy MAX carbides; TiVCrMoAlC3, and TiVNbMoAlC3, respectively. These are two 

high-entropy phases in the potentially large family of high-entropy MXenes (Figure 1a bottom). 
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This discovery was followed by the report of a M2XTx high-entropy MXenes in the same year [17]. 

The discovery of high-entropy MXenes adds another level of tunability to this fast-growing field.  

The functional groups (Tx) in MXene structures are mainly governed by fluorine groups 

(F), hydroxyl (OH), and oxygen (O). Density functional theory (DFT) studies have predicted that 

the choice of MXene surface terminations can affect the electronic and magnetic properties of 

MXenes [18, 19]. Bae et al. have shown that the choice of DFT methods is also critical in predicting 

MXenes’ behavior and it can affect the predicted characteristics. For example, by studying 22 

different M2CTx MXenes (M = Sc, Y, La, Ti, Zr, Hf, V, Nb, Ta, Mo, W, and T = O, F) with DFT 

and four different methods of PBE, SCAN, HSE06, and PBE+U, they identified new magnetic 

states in V2CO2, V2CF2, and Mo2CF2 [18]. Almost all the experimental studies on MXenes have a 

mixture of different surface terminations (–F, =O, –OH), which make the realization of these 

unique properties challenging. However, a study in 2020 showed successful modification of 

MXenes with uniform surface terminations [20]. This implies that many DFT predictions on 

MXenes electronic and magnetic properties in the past ten years can be realized experimentally. In 

general, control of MXene properties via surface terminations and modifications is an area that 

needs further investigation using both experimental and computational approaches.  

Since the discovery of MXenes, more than 8300 authors have published their studies on 

MXenes or MXene-based materials in more than 400 journals. Over 1450 institutions from 62 

countries were involved in this rapid expansion of MXene research [21]. The number of published 

articles of MXene exceeded 3000 counts in 2020. In 2020 and 2019, more than 1493 and 903 papers 

were published on MXene, respectively, while for years 2018 and 2017, this number was only 469 

and 226, respectively [21]. Beyond the available data on the Web of  Science, we investigated the 

monthly Google trend data collected over the past decade as shown in Figure 1b. This graph 
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represents users’ search interest in the term “MXene” worldwide over the past decade. The data 

value is proportional, and a value of 100 is the peak engagement for the term “MXene”. An 

exponential curve fitted the trend intensity data to determine the intensive growth of “MXene” 

engagement with users on the internet. This graph clearly shows a considerable increase in 

engagement since 2015 with continuous development. This trend in the number of publications and 

search results from MXenes’ particular features and its wide variety of compositions fits MXene 

to the various applications.  

 
Figure 1. (a) The schematic illustration of different MXene structures. Ti3C2Tx, as one of the examples of M3X2Tx MXene (top 

left), was the first discovered MXene in 2011, followed by the discovery of M2XTx and M4X3Tx in 2012. The family of MXenes 
was expanded by the addition of ordered double-transition metal MXenes, out-of-plane ordered in 2015 followed by in-plane 
ordered in 2017. M5X4Tx solid solution MXene and high-entropy M4X3Tx MXenes are among the latest additions to the MXenes 
family. The green, yellow, pink, and blue color spheres represent early transition metals in MXenes. Surface terminations of 
MXenes are randomly scattered and attached to the outer surface of the MXene structure, which are mainly O, F, or OH groups. 
(b) The monthly Google Trends data, collected over the decade from users' engagement with the word “MXene.” These data are 
proportional, and the highest value is normalized to 100. Since 2015, there has been a considerable increase in trend intensity. 
Google Trends data in this work were mined using the “pytrends” Python library [22].  
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One of the applications in which MXenes outperform other materials is electromagnetic 

interference (EMI) shielding. Ti-containing MXenes, such as Ti3C2Tx and Ti3CNTx, are shown to 

have EMI shielding effectiveness higher than those of copper and aluminum thin films at the same 

thicknesses at the micrometer levels or less [23, 24]. MXenes’ EMI shielding can be further tuned 

by the use of different transition metals (M in MXenes) or by changing the number of layers (n), 

which typically has a direct correlation with MXenes’ electrical conductivity [12]. Additionally, 

polymers have been used with MXenes to fabricate MXene-polymer composites to tune the EMI 

shielding effectiveness [20]. In general, in recent years, MXenes have been extensively used as 

filler nanomaterials in polymeric matrices that intensified their recognition in various research 

fields [25]. The hydrophilic nature of MXenes allows for interaction and reaction with hydrophilic 

polymers, e.g., polydiallyldimethylammoniumchloride, polyvinyl alcohol, and polyacrylic acid 

[25]. Compared to the other materials, MXenes offer specific advantages in polymeric composites 

owing to MXenes’ surface functionalities, a wide range of compositions, high aspect ratios, and 

high surface area of the 2D flakes. When MXenes are homogeneously dispersed into the polymer 

chains, considerable improvements can be achieved in thermal, morphological, mechanical, and 

rheological properties [25]. The number of journal articles published on MXene-polymer 

nanocomposites (NCs) from 2018 to 2020 was more than 150, while the sum published between 

2011-2017 was lower than 50 [25]. In recent years, conductive polymers, such as poly(aniline), 

polypyrrole, and polystyrene sulfonate, have been among the first choices of studies for interaction 

with MXene. These NCs can be used as strain sensors, electromagnetic shields, energy storage 

devices, and gas sensors [27, 28]. Another advantage of MXene-polymer composites is the increase 

in the shelf-life of MXenes. In general, MXenes susceptibility to oxidation is the primary factor to 

be considered. Although the oxidation rate of MXene in NCs depends on their exposure to air, 
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water, and temperature, embedding MXene flakes in solid polymer NCs can slow down the 

oxidation [29, 30].  

Electrochemical energy storage is the first and most studied application of MXenes [8]. 

MXenes' high electronic and ionic conductivity makes them an appealing choice for use in batteries 

and supercapacitors. New findings in MXenes composition and composites have elevated their 

previous performance in energy storage properties and they remain an attractive target for these 

applications. For example, recently, Organi et al. [31] fabricated a freestanding, ultralightweight, 

additive and binder-free Ti3C2Tx MXene through unidirectional freeze casting. Their study showed 

that Ti3C2Tx MXene aerogel could be aligned in submillimeter domains along the temperature 

gradient with strain resistance up to 50%. This MXene aerogel revealed outstanding 

electrochemical response along with superb rate performance, high specific capacity, and high 

cyclic stability. This study shows that preventing MXene flakes from restacking during aerogel 

fabrication would rule out the need for electrochemical cycling to gain maximum capacity. The 

authors also showed that MXene aerogels’ mechanical and electrical properties depend on how the 

2D flakes are oriented in the aerogel’s structure. The excellent electro-mechanical properties of 

these aerogels make them good candidates as high-quality strain sensors [31].  

 MXene flakes’ outstanding mechanical strength, bending rigidity, and control over the 2D 

flake thicknesses make them a potential material for applications in tribology [32]. It has been 

reported that the addition of only 0.8 wt.% of Ti3C2Tx can improve the antifriction properties of 

base oil [33]. Huang et al. [32] coated the Ti3C2Tx MXene on Si substrate to investigate the 

tribological properties of Ti3C2Tx MXene. They measured the coefficient of friction of Ti3C2Tx 

MXene to be 0.0067 ± 0.0017, which is 3.3 times lower than that of Si substrate, achieving 

superlubricity with  MXenes. This work opens opportunities for exploring the potential of MXenes 
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coatings as novel solid lubricants for various applications. However, for the industrial application 

of MXenes to become widespread and scale, it is necessary to mitigate the environmental hazards 

and costs of MXene fabrication. 

Among the barriers to the large-scale production of many MXenes are the high cost of raw 

materials and environmental hazards. Reducing the fabrication cost by modification in the chemical 

usage or precursor feed of MXene would positively impact these two challenges. As for the raw 

materials used for the MAX phase synthesis, replacing the transition metal (for example, Ti) with 

transition metal oxide (for example, TiO2) can considerably reduce the cost of MAX phase 

fabrication [34]. Further cost reduction is possible by using inexpensive A-layer atom sources, such 

as aluminum or silicon, as well as the source of carbon as the X-layer. Metal scraps are affordable 

sources of A-layer elements; for example, aluminum has 33 million tons of available scraps 

worldwide [34]. Recycled aluminum has lower costs and greenhouse gas emissions than bauxite 

ore [35]. In addition, graphitic carbon can be replaced with recycled carbon from tires by a simple 

sulfonation-pyrolysis process, which would decrease the production cost of carbon by up to 50% 

[36]. Furthermore, the pyrolysis process itself lowers the CO2 emission compared to fossil fuels. 

Jolly et al. [34] synthesized Ti3C2Tx MXene from the Ti3AlC2 MAX phase produced from 

secondary aluminum, titanium dioxide, and tire-recycled carbon. This MXene exhibits electrical 

conductivity of 5,857 ± 680 S/cm. In addition, their Ti3C2Tx MXene’s electrochemical performance 

as an electrode in supercapacitors was comparable with those of conventionally fabricated Ti3C2Tx 

MXenes from elemental powders. This method established a new path to optimize the 

environmental side-effects and costs related to MXene production. While MXenes, made by their 

conventional process, are already being explored for different commercial applications, their 
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fabrications via cost-effective methods and sources with no environmental hazards can further 

speed up their industrial applications.  

Acknowledgement 

B.A. acknowledges the RSFG funding support of Indiana University and the funding support 
from the National Science Foundation under award DMR- 2124478. 
 

References 

[1] M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon, L. Hultman, Y. Gogotsi, M.W. Barsoum, Two-
dimensional nanocrystals produced by exfoliation of Ti3AlC2, Advanced Materials, 23 (2011) 4248-4253. 
[2] B. Anasori, M.R. Lukatskaya, Y. Gogotsi, 2D metal carbides and nitrides (MXenes) for energy storage, 
Nature Reviews Materials, 2 (2017) 1-17. 
[3] A. VahidMohammadi, J. Rosen, Y. Gogotsi, The world of two-dimensional carbides and nitrides 
(MXenes), Science, 372 (2021). 
[4] M. Sokol, V. Natu, S. Kota, M.W. Barsoum, On the chemical diversity of the MAX phases, Trends in 
Chemistry, 1 (2019) 210-223. 
[5] B. Anasori, Y. Gogotsi, 2D metal carbides and nitrides (MXenes): Structure, properties and applications, 
Springer Nature Switzerland AG, 2019. 
[6] L. Verger, V. Natu, M. Carey, M.W. Barsoum, MXenes: an introduction of their synthesis, select 
properties, and applications, Trends in chemistry, 1 (2019) 656-669. 
[7] M. Alhabeb, K. Maleski, B. Anasori, P. Lelyukh, L. Clark, S. Sin, Y. Gogotsi, Guidelines for synthesis and 
processing of two-dimensional titanium carbide (Ti3C2Tx MXene), Chemistry of Materials, 29 (2017) 7633-
7644. 
[8] Y. Gogotsi, B. Anasori, The rise of MXenes, ACS Nano, 13 (2019), 8491-8494. 
[9] M. Naguib, O. Mashtalir, J. Carle, V. Presser, J. Lu, L. Hultman, Y. Gogotsi, M.W. Barsoum, Two-
Dimensional Transition Metal Carbides, ACS Nano, 6 (2012) 1322-1331. 
[10] G. Deysher, C.E. Shuck, K. Hantanasirisakul, N.C. Frey, A.C. Foucher, K. Maleski, A. Sarycheva, V.B. 
Shenoy, E.A. Stach, B. Anasori, Synthesis of Mo4VAlC4 MAX Phase and Two-Dimensional Mo4VC4 MXene 
with 5 Atomic Layers of Transition Metals, ACS Nano, 14 (2019) 204-217. 
[11] N.C. Frey, J. Wang, G.I.n. Vega Bellido, B. Anasori, Y. Gogotsi, V.B. Shenoy, Prediction of synthesis of 
2D metal carbides and nitrides (MXenes) and their precursors with positive and unlabeled machine 
learning, ACS Nano, 13 (2019) 3031-3041. 
[12] M. Han, C.E. Shuck, R. Rakhmanov, D. Parchment, B. Anasori, C.M. Koo, G. Friedman, Y. Gogotsi, 
Beyond Ti3C2Tx: MXenes for Electromagnetic Interference Shielding, ACS Nano, 14 (2020) 5008-5016. 
[13] M. Han, K. Maleski, C.E. Shuck, Y. Yang, J.T. Glazar, A.C. Foucher, K. Hantanasirisakul, A. Sarycheva, 
N.C. Frey, S.J. May, Tailoring Electronic and Optical Properties of MXenes through Forming Solid Solutions, 
J. Am. Chem. Soc., 142 (2020) 19110-19118. 
[14] W. Hong, B.C. Wyatt, S.K. Nemani, B. Anasori, Double transition-metal MXenes: Atomistic design of 
two-dimensional carbides and nitrides, MRS Bulletin, 45 (2020) 850-861. 
[15] H. Alnoor, A. Elsukova, J. Palisaitis, I. Persson, E. Tseng, J. Lu, L. Hultman, P.Å. Persson, Exploring 
MXenes and their MAX phase precursors by electron microscopy, Materials Today Advances, 9 (2021) 
100123. 



11 
 

[16] S.K. Nemani, B. Zhang, B.C. Wyatt, Z.D. Hood, S. Manna, R. Khaledialidusti, W. Hong, M.G. Sternberg, 
S.K. Sankaranarayanan, B. Anasori, High-Entropy 2D Carbide MXenes: TiVNbMoC3 and TiVCrMoC3, ACS 
Nano, 15 (2021), 12815-12825. 
[17] Z. Du, C. Wu, Y. Chen, Z. Cao, R. Hu, Y. Zhang, J. Gu, Y. Cui, H. Chen, Y. Shi, J. Shang, B. Li, S. Yang, High-
Entropy Atomic Layers of Transition-Metal Carbides (MXenes), Advanced Materials, 33 (2021) 2101473. 
[18] S. Bae, Y.G. Kang, M. Khazaei, K. Ohno, Y.H. Kim, M.J. Han, K.J. Chang, H. Raebiger, Electronic and 
magnetic properties of carbide MXenes—the role of electron correlations, Materials Today Advances, 9 
(2021) 100118. 
[19] M. Khazaei, A. Mishra, N.S. Venkataramanan, A.K. Singh, S. Yunoki, Recent advances in MXenes: From 
fundamentals to applications, Current Opinion in Solid State and Materials Science, (2019). 
[20] V. Kamysbayev, A.S. Filatov, H. Hu, X. Rui, F. Lagunas, D. Wang, R.F. Klie, D.V. Talapin, Covalent surface 
modifications and superconductivity of two-dimensional metal carbide MXenes, Science, (2020) eaba8311. 
[21] P. Saravanan, S. Rajeswari, J.A. Kumar, M. Rajasimman, N. Rajamohan, Bibliometric analysis and recent 
trends on MXene research–A comprehensive review, Chemosphere, (2021) 131873. 
[22] H.Z. Ye, L. Xing Yang, Review of recent studies in magnesium matrix composites, Journal of Materials 
Science, 39 (2004) 6153-6171. 
[23] A. Iqbal, F. Shahzad, K. Hantanasirisakul, M.-K. Kim, J. Kwon, J. Hong, H. Kim, D. Kim, Y. Gogotsi, C.M. 
Koo, Anomalous absorption of electromagnetic waves by 2D transition metal carbonitride Ti3CNTx 
(MXene), Science, 369 (2020) 446-450. 
[24] V. Kamysbayev, A.S. Filatov, H. Hu, X. Rui, F. Lagunas, D. Wang, R.F. Klie, D.V. Talapin, Covalent surface 
modifications and superconductivity of two-dimensional metal carbide MXenes, Science, 369 (2020) 979-
983. 
[25] M. Carey, M. Barsoum, MXene polymer nanocomposites: a review, Materials Today Advances, 9 
(2021) 100120. 
[26] A. Okada, A. Usuki, Twenty years of polymer-clay nanocomposites, Macromolecular materials and 
Engineering, 291 (2006) 1449-1476. 
[27] Y. Yue, N. Liu, W. Liu, M. Li, Y. Ma, C. Luo, S. Wang, J. Rao, X. Hu, J. Su, 3D hybrid porous Mxene-sponge 
network and its application in piezoresistive sensor, Nano Energy, 50 (2018) 79-87. 
[28] R. Garg, A. Agarwal, M. Agarwal, A review on MXene for energy storage application: effect of interlayer 
distance, Materials Research Express, 7 (2020) 022001. 
[29] Y. Chae, S.J. Kim, S.-Y. Cho, J. Choi, K. Maleski, B.-J. Lee, H.-T. Jung, Y. Gogotsi, Y. Lee, C.W. Ahn, An 
investigation into the factors governing the oxidation of two-dimensional Ti3C2 MXene, Nanoscale, 11 
(2019) 8387-8393. 
[30] T. Habib, X. Zhao, S.A. Shah, Y. Chen, W. Sun, H. An, J.L. Lutkenhaus, M. Radovic, M.J. Green, Oxidation 
stability of Ti 3 C 2 T x MXene nanosheets in solvents and composite films, npj 2D Materials and 
Applications, 3 (2019) 1-6. 
[31] J. Orangi, H. Tetik, P. Parandoush, E. Kayali, D. Lin, M. Beidaghi, Conductive and highly compressible 
MXene aerogels with ordered microstructures as high-capacity electrodes for Li-ion capacitors, Materials 
Today Advances, 9 (2021) 100135. 
[32] S. Huang, K. Mutyala, A. Sumant, V. Mochalin, Achieving superlubricity with 2D transition metal 
carbides (MXenes) and MXene/graphene coatings, Materials Today Advances, 9 (2021) 100133. 
[33] Y. Liu, X. Zhang, S. Dong, Z. Ye, Y. Wei, Synthesis and tribological property of Ti3C2Tx nanosheets, 
Journal of Materials Science, 52 (2017) 2200-2209. 
[34] S. Jolly, M.P. Paranthaman, M. Naguib, Synthesis of Ti3C2Tz MXene from low-cost and environmentally 
friendly precursors, Materials Today Advances, 10 (2021) 100139. 
[35] R. Modaresi, D.B. Müller, The role of automobiles for the future of aluminum recycling, Environmental 
Science & Technology, 46 (2012) 8587-8594. 



12 
 

[36] A.K. Naskar, Z. Bi, Y. Li, S.K. Akato, D. Saha, M. Chi, C.A. Bridges, M.P. Paranthaman, Tailored recovery 
of carbons from waste tires for enhanced performance as anodes in lithium-ion batteries, RSC Advances, 
4 (2014) 38213-38221. 
 


