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Abstract 
 

  A family of 2D transition metal carbides and nitrides known as MXenes has received 

increasing attention since the discovery of Ti3C2 in 2011. To date, about 30 different 

MXenes with well-defined structures and properties have been synthesized, and many 

more are theoretically predicted to exist. Due to the numerous assets including excellent 

mechanical properties, metallic conductivity, unique in-plane anisotropic structure, 

tunable band gap, and so on, MXenes rapidly positioned themselves at the forefront of 

the 2D materials world and have found numerous promising applications. Particular 

interest is devoted to applications in electrochemical energy storage, whereby 2D 

MXenes work either as electrodes, additives, separators or hosts. This review 

summarizes recent advances in the synthesis, fundamental properties and composites 

of MXene, and highlights the state-of-the-art electrochemical performance of MXene 

based electrodes/devices. The progress in the field of supercapacitors and Li-ion 

batteries, Li-S batteries, Na- and other alkali metal ion batteries is reviewed and current 

challenges and new opportunities for MXenes in this surging energy storage field are 

presented. In the focus of interest is the possibility to boost device-level performance, 

particularly that of rechargeable batteries, which are of utmost importance in future 

energy technologies. Very recently the 2019 Nobel Prize in Chemistry was awarded to 

the inventors of the Li-ion battery. For sure, this will provide an additional stimulation 

to study fundamental aspects of electrochemical energy storage. 

 

Keywords: Energy storage, battery, MXene, supercapacitor, transition metal carbide 
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1. Introduction 

  Nowadays, energy storage devices (ESDs) are playing a crucial role in smart 

electronics and wearable textiles. Rechargeable batteries (including Li, Na, K, Zn-ions) 

as well as supercapacitors are being considered as promising energy storage devices for 

sustainable development of smart electronics.[1-7] While batteries are known for their 

high energy density, the cycle life and charging/discharging rate are unfavourable in 

most cases.[8] On the other hand, supercapacitors (also known as electrochemical 

double-layer capacitor, EDLC) rely on the physical adsorption/desorption of ions on 

nanoporous carbon materials to store charge. Such a mechanism endows a high 

charging/discharging rate (indicative of high power density) but fundamentally limits 

the achievable energy density in supercapacitors, due to the complex nature of the 

porosity in the electrode.[9] Questing novel nanomaterials that provide a different charge 

storage mechanism for supercapacitors is in high demand. Adding pseudocapacitance 

to EDLC,[10] for example, can substantially increase the overall capacitance without 

compromising the power density of the electrodes. This can be realized by introducing 

fast reversible Faraday redox reactions on the electrodes surface at the electrode 

interface, i.e. hybridizing pseudocapacitive niobium oxide with graphene gives a 

pseudocapacitor with excellent electrochemical charge storage performance.[11-13] 

  Recently, two-dimensional (2D) materials have drawn intensive research attention 

due to their high surface to volume ratio, fast ion diffusion pathways, as well as unique 

physicochemical properties. As the most widely studied 2D material, graphene 

possesses extremely high electron mobility of 2.5×105 cm2 V-1 s-1,[14] high thermal 

conductivity (>3000 W m-1 K-1)[15] and mechanical strength of 130 GPa.[16] However, 

these astonishing properties have not been observed in graphene-like materials prepared 

from techniques such as liquid-phase exfoliation,[17-20] severe oxidation/reduction[21-29] 

and chemical vapor deposition,[30-34] etc. This is because the number of layers and 

defects on the layers greatly affects the electrical and mechanical properties of the 

graphene-like materials, or the measurements were conducted on small samples 
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prepared by micromechanical cleavage. [35] Nevertheless, these graphene-like materials 

have found extensive applications in lubricants, thermotherapy pads, transistors, 

sensors, structural composites, health care products, etc.[36-39] As in the electrochemical 

energy storage field, graphene or graphene-like materials are frequently used as 

conductive agents to improve the charge transport characteristics, instead of being used 

as electrochemically active material in commercialized products.[40-43] There are plenty 

of 2D materials that also have been extensively studied in recent years, including 

transition metal dichalcogenides (TMDs), oxides (TMOs), h-boron nitride (h-BN), 

perovskites and metal organic frameworks (MOF) etc.[9, 44, 45] We note that when 

processed into electrodes, these 2D materials suffer either from being electrochemically 

inert, having low intrinsic electronic conductivity or being mechanical unstable. As a 

result, a considerable amount of electrode additives (conductive agents and polymeric 

binders) needs to be added to maintain the conductive network and integrity of the 

electrode. These additives not only complicate the electrode fabrication procedures but 

also increase the dead volume of the electrode, without increasing the capacity of the 

device. In other words, seeking other advanced 2D materials that can provide abundant 

active sites for proceeding fast redox reactions, and possess excellent electronic 

conductivity and mechanical properties, is of critical importance for realizing next-

generation ESDs.  

  Discovered in 2011 by Gogotsi, Barsoum and other researchers,[46, 47] MXenes have 

quickly drawn research attention due to their unique properties and excellent 

performance in many applications. MXenes are synthesized by selectively etching the 

A element (typically Al and Ga ) from the precursor layered ternary carbides or nitrides 

(MAX phase) (where M represents a transition metal, X is carbon and/or nitrogen) 

using hydrofluoric acid-containing solutions or other etchants.[48-50] Consequently, the 

surfaces of MXenes are terminated with abundant functional groups such as –OH, –O, 

and/or –F (hereafter called T), with the type and amount depending on the etching 

route.[50, 51] Due to the presence of these groups, MXenes are hydrophilic and can be 

readily dispersed in aqueous medium without the assistance of any surfactants. 
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Moreover, the transition metal oxide-like surface support fast redox reactions on the 

highly conductive MXenes. Aside from the surface chemistry that is totally different 

from that of graphene, the electrical and mechanical properties of MXenes are alike. 

For example, the most widely studied member - titanium carbide MXene (Ti3C2Tx)- has 

exhibited an electronic conductivity up to ~10000 S/cm and an impressively high 

Young's modulus (0.33±0.03 TPa) measured in the single layer,[35] a value that is very 

close to the Young's modulus of micro-mechanically exfoliated graphene (~1 TPa).[35] 

Because of this, MXenes have found extensive applications with impressive 

performance in supercapacitors (SCs),[52] rechargeable (Li, Na, K-ion) batteries,[53] 

transparent conductive films,[54] electromagnetic interference shielding,[55] anti-

bacterial coatings,[56] water treatment,[57] photothermal conversion,[58, 59] hydrogen 

storage,[60, 61] etc.  

  To date, MXenes have triggered continuous breakthroughs in many areas, including 

MXene antennas,[62] MXene pen,[63] MXene membrane,[64] supercapacitors[65] and 

rechargeable batteries,[66] to name just a few. There are also several reviews covering 

chemical composition, synthesis routes, unique properties, electrochemical and 

photocatalysis, and various biomedical applications of MXene.[67-69] Considering that 

the number of publications on MXenes grows enormously, we aim to summarize the 

most-up-to-date progresses in the MXene field for energy storage applications, rather 

than attempting to include all aspects of other promising applications. In this review 

article, we begin with the overview of MXenes, followed by describing their synthesis, 

properties and composites. We then analyze the state-of-the-art electrochemical 

performance, including SCs, Li, Na, K, Al-ion batteries and Li-S batteries. Finally, we 

illustrate the challenges that MXenes confront and present possible solutions. By 

demonstrating important examples using MXenes in the ESDs, we hope this review can 

shed light on the main trends for electrochemical energy storage and provide 

referencing values for other researchers. 

2. Definition of MAX and MXene  
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  As the precursor of MXene, MAX phases are generally a series of ternary layered 

compounds, in which M is a transition metal (i.e. Sc, Ti, V, Cr, Zr, Hf, Nb, Mo, Ta, and 

W), A is an element of group IIIA or IVA in the periodic table (typically Al or Ga), and 

X is carbon or nitrogen ( Figure 1a).[70] Graphite possesses a weak van der Waals force 

among the layers, allowing micromechanical exfoliation using scotch tape to obtain 

graphene flakes.[71] Unlike graphite, the M-X covalent bonds and M-A metallic bonds 

in the MAX phase are quite strong; one can hardly break these bonds to make MXenes 

through a mechanical exfoliation method similar to that of graphene. Early reports 

indicate that MAX phases are not susceptible to chemical reactions in the presence of 

common acids (i.e. HCl, H2SO4, and HNO3), bases (i.e. NaOH, KOH) or salts (such as 

NaCl, Na2SO4, K2SO4 etc), regardless of their concentration.[50, 72, 73] 

  Nevertheless, by employing strong etchants such as hydrofluoric acid (HF), or 

lithium fluoride-hydrochloric acid mixtures (LiF-HCl),[50] or ammonium hydrogen 

bifluoride (NH4HF2),[74, 75] or other novel etchants, the reactive M-A bonds can be 

broken and the A-element layers can be selectively removed, resulting in multilayered 

(m-) MXene with a general formula Mn+1XnTx (n=1,2,3), where Tx are surface-

termination functionalities (Figure 1b). The suffix –ene in MXene is used to imply the 

shared similarity with graphene with respect to morphological, electrical and 

mechanical properties.[47] Various combinations and solid solutions render the MAX 

family a great diversity, which gives a large family of MXene members, as will be 

discussed below. 

   After etching in HF solution, the as-obtained m-MXene particles possess an 

accordion-like morphology, which is apparently distinct from the rock-like MAX phase 

(Figure 1c).[50] Upon delamination in certain solvents, m-MXene can be delaminated 

and dispersed in solvents, forming colloidal solutions and allowing solution processing 

into thin films/coatings, composites, or other items.[76-80] We note that the delamination 

method is of critical importance. Typically, m-MXenes are intercalated with solvents 

(i.e. dimethyl sulfoxide, DMSO[81]) which swell the layered structure. As such, the 
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interlayer spacing of the swollen m-MXene is increased and the interaction among the 

layers is weakened. Upon bath or tip sonication, the m-MXene delaminates and gives 

smaller nanosheets due to the scissor effect of the sonic energy. On the other hand, by 

using excessive amounts of lithium fluoride (LiF) salt, MXene can be simultaneously 

prepared with the in-situ intercalation of lithium ions among the nanosheets. This 

allows us to swell the layered structure through a direct ion exchange strategy in water. 

Further manual shaking of the m-MXene-water mixture gives nice MXene flakes with 

much larger size (lateral size up to tens of micrometer) and less defects compared to 

that of the sonication method, as shown in Figure 1c.[50]   

Figure 1. a) The chemical elements that make up MXenes. b) Illustration of the M3AX2, 

M3X2, and M3X2Tx configurations and their synthesis process. c) SEM images of (i) 

Max phase, (ii) nondelaminated MXene, and (iii) delaminated MXene. Reproduced 
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with permission from ref. [50] Copyright 2017, American Chemical Society.  

  In addition, Anasori et al. reported ordered double-transition metal MXenes M'2M''C2 

and M'2M''2C3, where M' and M'' represent two different early transition metals,[82-84] 

adding a great diversity to the MXene family. To date, about 30 MXenes are reported 

and more are predicted to exist and an infinite number of solid solutions is possible 

(Table 1). Considering the >1000 published research articles, there are certainly enough 

reasons to believe that the MXene family stands at the frontier of the two-dimensional 

materials world.[51, 85] 

Table 1 A summary on all MXenes categories 

Categories Year Etching Method Applications Ref. 

M2X 

Ti2CTx 2012 Ti2AlC in 10%HF SCs [86] 

Ti2NTx 2017 Ti2AlN in KF-HCl mixure SERS substrate [87] 

V2CTx 2013 V2AlC in 50% HF LIBs [88] 

Nb2CTx 2013 Nb2AlC in 50% HF LIBs [88] 

Mo2CTx 2015 Mo2Ga2C in 50%HF LIBs [89] 

Mo1.3CTx 2017 (Mo2/3Sc1/3)2AlC in 48% HF SCs [90] 

V2NTx 2017 Ammoniation of V2C -- [91] 

W1.3CTx 2018 
(W2/3Sc1/3)2AlC or (W2/3Y1/3)2AlC 

in 48% HF 
Catalysis [92] 

Mo2NTx 2017 Ammoniation of Mo2C -- [91] 

Nb1.33CTx 2018 (Nb2/3Sc1/3)2AlC in 48% HF -- [93] 

M3X2 or 

[MaX]2Mb 

Ti3C2Tx 2011 Ti3AlC in 50% HF SCs, LIBs, etc. [46, 51] 

Ti3(CN)Tx 2012 Ti3AlCN in 30% HF LIBs [47, 94] 

Zr3C2Tx 2016 Zr3Al3C5 in 50% HF Energy Storage [95] 

Hf3C2Tx 2017 Hf3[Al(Si)]4C6 in 35% HF Batteries [96] 

(Cr2Ti)C2Tx 2015 Cr2TiAlC2 in 48-51% HF Thermoelectricity [83, 97] 

(Mo2Ti)C2Tx 2015 Mo2TiAlC2 in 48-51% HF LIBs [83] 

(Mo2Sc)C2Tx 2016 Mo2ScAlC2 in 48% HF -- [98] 

M4X3 or 

[MaMb]2X3 

Ti4N3Tx 2016 Ti4AlN3 in 50% HF Electrocatalysis [99] 

V4C3Tx 2018 V4AlC3 in 40% HF Electrocatalysis [100] 

Nb4C3Tx 2014 Nb4AlC3 in 50% HF LIBs 
[101, 

102] 

Ta4C3Tx 2012 Ta4AlC3 in 50% HF SCs  [47, 103]  

(Mo2Ti2)C3Tx 2016 Mo2TiAlC2 in 50% HF + TBAOH Thermoelectricity [82] 

SCs is supercapacitors. SERS is surface-enhanced Raman scattering. LIBs is Lithium-
ion batteries 
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  The first MXene member is titanium carbide (Ti3C2Tx) prepared by immersing the 

Ti3AlC2 powder in 50 wt.% HF solution.[46] Right afterwards, Ti3C2Tx has quickly 

attracted much research attention in many areas focusing on synthesis routes, properties 

and applications.[48, 104-107] To date, Ti3C2Tx is the most widely studied MXene with the 

most prominent performance in the electrochemical energy storage field.[79, 106, 108] 

Therefore, this review majorly focuses on the progresses of Ti3C2Tx while briefly 

revisiting other types of MXenes, for the important energy storage applications.  

3. MXenes Synthesis  

 3.1 Top down Strategy 

  3.1.1 HF Etching 

  We begin with the HF etching method. Most synthesis protocols reported in the 

literature use 10 to 50 wt.% of HF.[46, 50, 51, 109] Usually, a total of 0.5 g of Ti3AlC2 MAX 

phase is added gradually in the course of 5 min to 10 ml of etchant while stirring with 

a Teflon magnetic bar at room temperature.[50] The gradual addition of MAX powder is 

necessary to minimize the excessive bubbling formed due to the exothermic nature of 

this reaction. The etching process results in multilayered MXene powders with the 2D 

layers held together by hydrogen and van der Waals bonds.[50] After the etching process, 

washing the sediments with deionized water is necessary to remove the residual acid 

and reaction products such as aluminum fluoride (AlF3). The washing process should 

be repeated several times via repeated centrifugation. After each centrifuge cycle (5 min 

per cycle at 3500 rpm), Ti3C2Tx as well as the unreacted MAX powder settle on the 

bottom of the centrifuge tube as sediments and separate from supernatant. Once the pH 

of the supernatant reaches approximately 6, m-MXene is obtained and can be collected 

by vacuum-assisted filtration. However, one should be aware that using highly 

concentrated HF as the etchant can cause many defects in Ti3C2Tx nanosheets. The 

reactions involved in the aqueous hydrofluoric acid are as follows: 
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𝑇𝑇𝑇𝑇3𝐴𝐴𝐴𝐴𝐴𝐴2(s) + 3HF(aq) = 𝑇𝑇𝑇𝑇3𝐴𝐴2(s) + Al𝐹𝐹3(aq) +
3
2
𝐻𝐻2(g) 

𝑇𝑇𝑇𝑇3𝐴𝐴2(𝑠𝑠) + 2𝐻𝐻𝐹𝐹(𝑎𝑎𝑎𝑎) = 𝑇𝑇𝑇𝑇3𝐴𝐴2𝐹𝐹2(𝑠𝑠) + 𝐻𝐻2(𝑔𝑔) 

𝑇𝑇𝑇𝑇3𝐴𝐴2(𝑠𝑠) + 2𝐻𝐻2𝑂𝑂(𝑎𝑎𝑎𝑎) = 𝑇𝑇𝑇𝑇3𝐴𝐴2(𝑂𝑂𝐻𝐻)2(𝑠𝑠) + 𝐻𝐻2(𝑔𝑔) 

The two layers of exposed Ti atoms in the unit cell require dangling bond 

passivation.[110, 111] Since the etchant solution is rich in fluorine anions and hydroxyl 

groups, therefore, once the removal of the "A" element layer is completed, the surface 

of Ti3C2 MXene nanosheets are terminated with abundant –F, –O and/or –OH functional 

groups, and typically is written as Ti3C2Tx, where Tx represents the types and number of 

surface groups.[72] Accordingly, the metallic Ti-Al bonds are replaced by weak bonds 

such as hydrogen and van der Waals bonds. These weak bonds facilitate the 

delamination of multilayered Ti3C2Tx into single layers or a few layers.[112, 113] By using 

a sonication process or even manual shaking, the as-synthesized multilayered Ti3C2Tx 

can be fully and easily delaminated.[50, 114, 115]  

3.1.2 Fluoride Salt Etching 

  Considering the hazardous nature of hydrofluoric acid, a mild etchant mixed solution 

made of lithium fluoride (LiF) and hydrochloric acid (HCl) was developed for the in-

situ formation of hydrofluoric acid (HF) to achieve selective etching.[116, 117] Typically, 

LiF powder is added to HCl solution under stirring at room temperature until a clear 

solution is formed, which yields HF with a low concentration (3%-5%) according to 

the following equation[72] : 

LiF(aq) + HCl(aq) = HF(aq) + LiCl(aq) 

The addition of MAX phase to the above mixture is similar to that of the HF method 

and, depending on the quality of resultant MXene, the reaction will last 24 h.[106] We 

note that the ratio of LiF to HCl matters in terms of the quality, nanosheet lateral size, 

and processibility of Ti3C2Tx. For example, larger size flakes with cleaner surface 
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generally demonstrate higher electrical conductivity due to less defects on the 

nanosheets. [106] The relative fraction of LiF in the reaction medium and the application 

(or absence) of sonication treatment can heavily affect the lateral sizes of the MXenes 

as well as the density of defects. [79, 106] For example, the size of the sonicated sample is 

usually sub-micron and enriched with plenty of holes/defects, in sharp contrast to an 

averaged width of 3 μm in the non-sonicated, clean MXene nanosheets, as shown in 

Figure 2a.[106]  

Another advantage of the LiF-HCl etching route is the in-situ intercalation of Li ions 

in the resultant MXene. As a result, the interlayer spacing of the m-MXene is larger 

compared to HF-etched MXene, allowing faster ion intercalation kinetics and providing 

more pseudocapacitive redox sites. These have been confirmed both theoretically and 

experimentally.[79, 114] For example, Lukastkaya et al. revealed an ultrahigh volumetric 

capacitance in the MXene hydrogel film prepared using the LiF-HCl method.[118] 

Moreover, this mild etching method minimizes the destruction to the MXenes compared 

to the aggressive HF etching route. We note that when combining common acids (such 

as HCl, H2SO4, etc) with LiF, multilayered MXene of good quality can also be achieved. 

  NH4HF2 is another mild etchant which could remove the Al layer from Ti3AlC2. 

Typically, one needs a longer duration or higher temperature under vacuum to fully 

remove the trapped water molecules in the NH4HF2–etched Ti3C2Tx, compared to that 

of HF-etched Ti3C2Tx. The following reactions are involved [72, 119, 120]: 

𝑇𝑇𝑇𝑇3𝐴𝐴𝐴𝐴𝐴𝐴2(𝑠𝑠) + 3𝑁𝑁𝐻𝐻4𝐻𝐻𝐹𝐹2(𝑎𝑎𝑎𝑎) = 𝑇𝑇𝑇𝑇3𝐴𝐴2(𝑠𝑠) + (𝑁𝑁𝐻𝐻4)3𝐴𝐴𝐴𝐴𝐹𝐹6(𝑎𝑎𝑎𝑎) +
3
2
𝐻𝐻2(𝑔𝑔) 

𝑇𝑇𝑇𝑇3𝐴𝐴2(𝑠𝑠) + 𝑎𝑎𝑁𝑁𝐻𝐻4𝐻𝐻𝐹𝐹2(𝑎𝑎𝑎𝑎) + 𝑏𝑏𝐻𝐻2𝑂𝑂(𝑎𝑎𝑎𝑎) = (𝑁𝑁𝐻𝐻3)𝑐𝑐(𝑁𝑁𝐻𝐻4)𝑑𝑑𝑇𝑇𝑇𝑇3𝐴𝐴2(𝑂𝑂𝐻𝐻)𝑥𝑥𝐹𝐹𝑦𝑦(𝑠𝑠) 

After selective etching, NH4
+ ions and NH3 molecules intercalate into the resultant 

Ti3C2Tx layers, leading to a larger interlayer spacing best evidenced in the XRD pattern 

shown in Figure 2b.[50] Such an enlarged interlayer distance is beneficial for bulky ion 

intercalation including Na and K ions. In other words, NH4HF2–etched Ti3C2Tx is 
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suitable for Na-ion and K-ion battery as the anode due to the layered structure and 

abundant redox sites.  

  3.1.3 Alkali Etching and Other Etching Methods 

  Despite the HF etching and fluoride salts-based routes can efficiently remove the A 

layer from the MAX phase, it's not environmentally safe to work with HF solutions 

even at low concentration. In other words, developing HF-free etching methods are of 

particular interest for the sake of safety and environmental concerns. Recently, alkali 

etching of MAX phase has also been reported and good quality MXenes were obtained. 

Since MXenes are sensitive to dissolved oxygen, expelling the dissolved oxygen in 

deionized water through argon bubbling is critical. By formulating concentrated sodium 

hydroxide (NaOH) in deaerated water, one can efficiently etch the MAX phase through 

the hydrothermal reaction, followed by multiple washing steps (Figure 2c).[48] 

𝑇𝑇𝑇𝑇3𝐴𝐴𝐴𝐴𝐴𝐴2 + 𝑂𝑂𝐻𝐻− + 5𝐻𝐻2𝑂𝑂 = 𝑇𝑇𝑇𝑇3𝐴𝐴2(𝑂𝑂𝐻𝐻)2 + 𝐴𝐴𝐴𝐴(𝑂𝑂𝐻𝐻)4− +
5
2
𝐻𝐻2 

𝑇𝑇𝑇𝑇3𝐴𝐴𝐴𝐴𝐴𝐴2 + 𝑂𝑂𝐻𝐻− + 5𝐻𝐻2𝑂𝑂 = 𝑇𝑇𝑇𝑇3𝐴𝐴2𝑂𝑂2 + 𝐴𝐴𝐴𝐴(𝑂𝑂𝐻𝐻)4− +
7
2
𝐻𝐻2 

As mentioned before, the MAX phase is a large family of ternary carbides and 

nitrides with plenty of combinations.[51] Therefore, the etching conditions for each 

MAX phase is different and is structural dependent. One needs to find out specific 

etching routes that are suitable for each type of MAX phase. Usually, a higher value of 

n in Mn+1AXn requires stronger etchants and/or longer etching times to break the M-A 

bonds. For example, Nb4AlC3 (n=3) requires an etching time that is twice as long as its 

n=1 counterpart (i.e. Nb2AlC) under the same etching conditions.[101] Theoretically, all 

of the MAX phases can be efficiently etched by optimizing the etching routes and 

MXenes can be obtained, with various surface chemistries, morphologies and 

properties.  
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Figure 2. a) Synthesis of Ti3C2Tx via two different routes using HCl–LiF and effect of 

sonication on the flake size. Reproduced with permission from ref. [106] Copyright 

2016, John Wiley & Sons. b) XRD patterns of Ti3AlC2 powder and Ti3C2Tx MXene 

powders synthesized with 5,10, and 30%wt HF and in situ HF by using NH4-Ti3C2Tx 

routes, respectively. Reproduced with permission from ref. [50] Copyright 2017, 

American Chemical Society. c) (i) SEM and (ii) TEM of Ti3C2Tx and (iii) Formation of 

Ti3C2Tx under various hydrothermal temperatures and NaOH concentrations. There are 

approximately three regions according to the main products; red circles: MXene; black 

squares: MAX; blue triangles: Na/K-Ti-O compounds. (iv) High resolution XPS spectra 

of Al 2P showing complete removal of Al. Reproduced with permission from ref. [48] 

Copyright 2016, John Wiley & Sons. 

 
  Besides the etching methods listed above, there are also reports on molten salt 

etching at high temperature.[51, 99] For example, multilayered Ti4N3Tx MXene can be 

prepared by etching the Ti4AlN3 MAX powder precursor at 550 ℃ under argon flow in 
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molten fluoride salt (such as KF, NaF, LiF).[99] Further sonication in 

tetrabutylammonium hydroxide ((C4H9)4NOH, TBAOH) led to the delamination of 

nanosheets. It's worth noting that oxygen terminations on Ti4N3Tx are the energetically 

most favorable surfaces compared to F and OH functional groups, according to the 

density function theory (DFT).[99] Delaminated Ti4N3Tx prepared from this method was 

proven to be metallic, regardless of the functionalities.[99] 

  3.1.4 Choice of Intercalation Method 

  After completing the MAX etching process, a key step is to delaminate the 

multilayered MXene to obtain MXene nanosheets. Using intercalating materials to 

expand the interlayer spacing of MXenes is critical for weakening the interactions 

between 2D layers. [113] The interlayer interaction among the multilayered (m-) MXenes 

is two ~ six fold stronger than that of graphite and bulk MoS2.[121] The intercalation and 

delamination processes typically require a suitable solvent to disperse the material, and 

an effective intercalant. By dispersing m-MXene in the solvent under stirring, the 

intercalant such as large organic molecules can be introduced among the 2D sheets, 

resulting in a swollen structure with an expanded interlayer spacing.[113] The follow-up 

sonication would delaminate the nanosheets in the solvent, forming a colloidal solution. 

Upon centrifugation one is able to separate the delaminated nanosheets from the m-

MXene by decanting the supernatant from the sediment. Since the delaminated MXene 

nanosheets are negatively charged, the intrinsic electrostatic forces well disperse the 

nanosheets, forming stable, processable colloidal solutions without apparent particle 

aggregation. We note that the sonication step is of critical importance on the resultant 

nanosheets size, concentration and defects. For example, sonication at higher power for 

longer time typically yields a more concentrated solution, which is enriched by smaller 

flakes with more defects.[106]  

  In terms of intercalants for m-MXene, various polar organic molecules, including 

hydrazine, urea, dimethyl sulfoxide (DMSO), and isopropylamine or large organic base 

molecules,[51, 81] are good choices for swelling the multilayered structure. DMSO was 
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one of the first reported intercalants for enlarging the layer spacing of m-Ti3C2Tx etched 

with HF. The flakes delaminated from DMSO intercalation-bath sonication usually 

have a diameter in the order of a few hundred nanometers.[112, 122] On the other hand, 

TBAOH and tetramethylammonium hydroxide ((CH3)4NOH, TMAOH) can also 

exfoliate MXene.[50] Unlike the DMSO intercalation-sonication strategy, the TBAOH 

and TMAOH delamination technique is based on ion exchange between protons (H+) 

and bulky tetraalkylammonium ions (TMA+ or TBA+), leading to MXene structure 

swelling and further delamination with manual shaking.[50, 113]  

  Aside from the organic solvent intercalation, m-MXene can also be intercalated by 

different metal cations spontaneously, such as Li+, Na+, K+, Mg2+, Al3+ , NH4
+ , Sn4+  

and Ca2+ etc, [111, 123] due to the intrinsic negative charges on MXenes. The intercalated 

ions enlarge the interlayer spacing of m-MXene, and weaken the Van der Waals force 

among the layers as a result. Upon multiple washes with deionized water, the pH of the 

suspension increases, leading to a gradually swollen m-MXene. Further sonication or 

manual shaking of the m-MXene suspension initiate the delamination, forming stable 

solutions enriched with predominantly single layer nanosheets.[50, 124] 

 3.2 Bottom-up Strategy 

  Unlike the top-down synthesis routes, which involve HF solution or a strong etchant 

to obtain m-MXene, bottom-up synthesis represents a controllable route to obtain few-

layer MXene epitaxial films.[50, 75, 120] Halim et al. performed the first bottom-up 

synthesis of MAX film, based on which transparent MXene films were prepared 

through selective removal of A-element.[120] In this first report, they employed DC 

magnetron sputtering to deposit Ti3AlC2 thin films onto a TiC layer (which functioned 

as an incubation layer) under an ultrahigh vacuum at 780 °C. After removing the 

aluminum layer using HF or NH4HF2, transparent, conductive Ti3C2Tx epitaxial films 

were obtained, with metallic conductivity well maintained down to 100 K.[120] 

Moreover, by increasing the temperature, transition metal carbide thin films can be 

synthesized through chemical vapor deposition (CVD)[125, 126] and atomic layer 
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deposition (ALD).[72] Xu et al. performed the pioneer work and obtained high-quality, 

ultrathin, defect-free α-Mo2C, tungsten carbide (WC) and tantalum carbide (TaC) 

nanosheet crystals by CVD method.[126] For example, 2D ultrathin α-Mo2C crystals 

with an uniform thickness of no more than 3 nm and lateral sizes of over ≈100 μm were 

synthesized at 1085 ℃ using methane as a carbon source and a Cu foil sitting on an Mo 

foil as the substrate. Importantly, the α-Mo2C crystals showed a crystal thickness-

dependent superconductivity, and strong anisotropy with magnetic field orientation. [126] 

In another report by Geng et al., a molten Mo-Cu alloy catalyst was used in the CVD 

process to grow well-faceted Mo2C single crystals on graphene.[127] The Mo2C crystals 

were ~50-100 μm in width and ~8 nm in thickness and were vertically aligned on 

graphene.[126-129] During the growth, graphene could passivate the catalyst surface and 

prevent the Mo atoms from reacting with methane, resulting in a change of growth 

mechanism from precipitation-limited to diffusion-limited process. Despite the 

advantages of growing perfect ultrathin transition metal carbide nanosheet crystals, the 

bottom-up approach is limited by its low yield and complex treatments, including 

substrate and thin film transfer, the latter may give rise to the concern of polymeric 

substrate residuals. By further optimizations, such as lowering the temperature, 

improving the Cu etching and decreasing the residuals, the bottom-up synthesis route 

may give high quality transition metal carbides and nitrides ultrathin films at much 

lower costs.  

4. Properties of MXenes 

  4.1. Theoretical Capacity 

  A summary of MXene properties is shown in Figure 3.[67, 111, 124, 130-133] In particular, 

Ti3C2Tx MXene possesses a high specific capacitance due to the abundant 

pseudocapacitive sites.[65] Due to the protonation of oxygen functional groups,[134] the 

valence state of Ti that bonds to the oxygen surface groups change continuously, leading 

to a remarkable pseudocapacitive charge storage properties of MXenes in the acidic 

electrolyte and the electrochemical reaction can be presented as:[118]  
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𝑇𝑇𝑇𝑇3𝐴𝐴2𝑂𝑂𝑥𝑥(𝑂𝑂𝐻𝐻)𝑦𝑦𝐹𝐹𝑧𝑧 + 𝛿𝛿𝐻𝐻+ + 𝛿𝛿𝛿𝛿− ↔ 𝑇𝑇𝑇𝑇3𝐴𝐴2𝑂𝑂𝑥𝑥−𝛿𝛿(𝑂𝑂𝐻𝐻)𝑦𝑦+𝛿𝛿𝐹𝐹𝑧𝑧 

The maximum theoretical capacity for Ti3C2Tx can be estimated to be ~615 C g-1 using 

Faraday's law in the potential range of -0.6 to 0 V.[118]  

 

Figure 3. Summary of the properties of MXenes (thermal conductivity, work function, 

band gap, mechanical property, electrical conductivity, optical conductivity, charge 

carrier mobility). 

  However, the experimentally measured values are around 135 C g-1 for a voltage 

window of 0.55 V, much lower than the theoretical capacity. Possible reasons could be 

either the low utilization of active sites, or incomplete redox reactions limited by the 

narrow potential range. Typically for the electrochemical evaluation of MXenes, 

platinum or gold are employed as current collectors.[118] However, by doing so, the 

repeated charge-discharge process may split water in the potential range of interest, and 

lower down the Coulombic efficiency. To avoid this, Lukatskaya et al.[118] used glassy 

carbon as current collectors for the MXene electrode and achieved a wide potential 

window of 1V. This is because glassy carbon possesses an exceptional overpotential for 
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hydrogen evolution reaction, allowing the probe of intrinsic ability of different 

materials in the interested potential range without splitting water. [135] As a result, a 

specific capacitance up to 450 F g-1 along with exceptional rate performance were 

achieved in the 90-nm-thick electrodes, corresponding to an ultrahigh volumetric 

capacitance of ~1500 F cm-3.[118] By modifying the surface chemistry and/or doping 

heteroatoms, the theoretical capacitance of MXene can be pushed further. For example, 

Yang et al. successfully fabricated flexible and freestanding N-doped Ti3C2Tx films 

through solvothermal treatment. [136] The resultant nitrogen-doped Ti3C2Tx films 

exhibited an ultrahigh capacitance of 2836 F cm-3 (927 F g-1) at 5 mV s-1 in the 3 M 

H2SO4 electrolyte, being the record for all known MXene-based materials.[136]  

 4.2 Electronic Band Structure 

  One of the most important properties of MXene is the metallic behavior with a well-

fixed electron density near the Fermi level, analogous to MAX phases.[68] The metallic 

behavior can be tuned by the formation of additional Ti-X bonds. By adjusting the 

functional termination groups, MXenes can demonstrate a narrow band-gap 

semiconductor behavior. Except for Sc2C(OH)2 which has a direct band gap, most 

MXenes have indirect band gaps.[67, 72] The electronic structure of the MXene surface, 

which can be influenced by the surface functionalization, plays a key role in their 

electronic properties.[137] F and OH groups exhibit similar effects on the electronic 

structures of MXene because the oxidation states of F and OH groups are rather 

identical and allow the acceptance of a single electron. However, O groups behave 

differently because they accept two electrons in the equilibrium state.[72] Depending on 

their spin-orbit coupling, MXene can show either trivial or non-trivial band structure 

topology. 

  In addition, according to their electrical conductance, MXene can be classified into 

metallic, semi-metallic, and semiconducting types. Compared to graphene, Ti3C2Tx 

filtrated film has abundant chemical with high intrinsic electronic/ionic 

conductivities.[68, 111] Experimentally, Ti3C2Tx film possesses higher metallic 
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conductivity than any other 2D metal sulfide/hydroxide; however, the electrical 

conductivity of Ti3C2Tx strongly depends on its morphological and surface 

characteristics because good contact between individual flakes and large flake size 

generally results in high conductivity. For instance, thin films made of delaminated 

Ti3C2Tx flakes with few defects exhibit high conductivity of 9880 S cm-1 (Figure 3) (for 

comparison, graphene is ~6000 S cm-1[138]
 and restacked MoS2 is 1.37 × 10−2 S cm-1[139]), 

while the value of highly defective HF-etched Ti3C2Tx powders is less than 1000 S cm-

1.[50, 140] 

 4.3 Morphologies and Surface Chemistries 

  The etching method and etchant concentration heavily influence the resultant MXene 

morphologies. Starting from MAX phase (Figure 4a), using the HF etching route with 

different HF concentrations results in the formation of accordion-like m-MXene, with 

higher HF concentration corresponding to more apparent openings of MXene lamellas, 

as shown in Figure 4b-d. LiF-HCl and other fluoride-based etching routes result in m-

MXenes with negligible openings of MXene lamellas, as shown in Figure 4e-f. Despite 

sharing a similar morphology with the MAX phase, these mild-etching routes (mild 

LiF-HCl and fluoride-based routes) have indeed removed the "A" element through a 

low concentration of in-situ formed HF (i.e. 3-5 wt.%). As such, the accordion-like 

morphology should not be regarded as the only criteria of successful removal of Al 

from the MAX; instead, X-ray diffraction (XRD) and energy-dispersive X-ray spectrum 

(EDX) measurements should be performed.[50] 

  The flake stacking and surface terminations of various MXenes were studied recently 

by electron energy-loss spectroscopy in transmission electron microscopy (TEM),[141] 

neutron scattering[142] and nuclear magnetic resonance (NMR) spectroscopy.[143, 144] 

These studies confirmed that there is a random distribution of MXene surface 

terminations, rather than having a specific type of functionalities in one region.[144] 

According to the DFT calculations, -OH and -F are directly bonded on the surface of 

MXene flakes and water molecules are hydrogen bonded to the -OH groups.[143] Also, 
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there are no neighbouring -OH terminations.[144] These studies provide a realistic map 

of surface terminations on Ti3C2 sheets that can be used for predicting their properties. 

 

Figure 4. SEM image of a) MAX phase; Multilayered Ti3C2Tx powder synthesized 

with b) 30 wt.% HF; c) 10 wt.% HF; d) 5 wt.% HF; e) ammonium hydrogen fluoride; 

and f) 10M LiF in 9M HCL (mild etching). Reproduced with permission from ref. [50] 

Copyright 2017, American Chemical Society.  

Based on the neutron scattering measurements of Ti3C2Tx, it is pointed out that 

interlayer interactions can be described by hydrogen bonding between O or F groups of 

one side of nanosheet and the -OH surface groups of the opposing side, and van der 

Waals bonding of O and/or F atoms between the sheets.[145] The strength of interlayer 

hydrogen bonding depends on the orientation of the -OH groups relative to the layers 

and the amount of -OH relative to the -O and -F moieties positioned on the opposing 

surface.[146] When water molecules are present between the layers, the hydrogen bonds 
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form on the sheet surfaces. Moreover, the intercalation of cations can cause easy sliding 

of the Ti3C2Tx sheets relative to each other, change their rheological properties and 

result in a clay-like behavior.[116] 

 4.4 Optoelectronic Properties 

  By solution processing MXene nanosheet dispersions, one can easily prepare 

MXene-based thin films with excellent electronic conductivity and mechanical 

flexibility. Moreover, no post deposition annealing process is required; the solution 

processed films can be dried naturally with excellent optoelectronic properties. These 

advantages of MXenes suggest their great promises in transparent conductive coatings, 

transparent energy storage devices, photothermal conversion, compared to other 2D 

materials such as graphene.[58, 124, 147, 148] For example, spin coating of MXene aqueous 

solution resulted in highly conductive MXene-based transparent films, showing an 

excellent optical transmittance of ~93% at a thickness of 4 nm.[124] Increasing the film 

thickness accordingly decreased the optical transmittance, i.e. when the transmittance 

decreased to 86%, the sheet resistance also decreased to 330 Ω sq-1.[140] Indeed, one 

layer of nanosheet (~1.2 nm in thickness) leads to ~3% loss in transmittance, which is 

quite similar to that of graphene nanosheets (~2.3% loss per layer, 0.34 nm).[140] It's 

worth mentioning that thin film fabrication routes are of importance; spin-coating 

Ti3C2Tx MXene generally showcases better optoelectronic performance compared to 

that of spray coated or sputtered transparent MXene films. For instance, the figure of 

merit, FoMe (defined as the ratio of DC conductivity to optical conductivity) reached 

15 in the spin-coated Ti3C2Tx film aligned with large flakes, while 0.5-0.7 in the spray-

coated films.[54, 124] In addition, spin-coated films exhibit extremely small optical 

absorption, which is crucial for realizing high-performance displays and photovoltaic 

cells.[140, 149-151] To date, Ti3C2Tx exhibits the best optoelectronic properties compared 

to other types of MXenes. For example, V2CTx displays a FoMe of 6.5,[152] while Ti2CTx 

showcases a FoMe of 5.[153]  

  Another issue that must be taken into consideration is the percolation problems in 
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highly transparent conductive films. Usually films will encounter a dramatically 

increased sheet resistance as thinning down the film thickness to a threshold, so-called 

percolation threshold.[154, 155] In practice, the percolation problem is inevitable and 

undesirable. Nevertheless, the spin-coated MXene films showcase a sheet resistance 

that scales almost inversely with film thickness, as shown in Figure 5a. [124] Such a 

behavior is typically observed in bulk-like films, indicative of no apparent percolation 

problems. Such excellent optoelectronic properties allow the MXene-based transparent 

films to be sufficiently thin without compromising the electronic conductivity too much. 

Because of this, MXene can work as transparent supercapacitors without additional 

current collectors. 

 4.5 Mechanical Properties  

  Delaminated MXene nanosheets possess excellent mechanical flexibility, 

particularly for the MXene monolayer (Figure 5b).[131] While it's easy to measure the 

Young's modulus of a freestanding MXene films by vacuum filtrating dalaminated 

MXene solution, measuring the mechanical properties of a monolayer or bilayer 

nanosheet has proven to be quite challenging. Recently, Lipatov et al. measured the 

elastic properties of monolayer and bilayer Ti3C2Tx with nanoindentation assisted by 

the atomic force microscope tip (Figure 5c).[35] During the tests, the force-displacement 

curves were recorded, based on which the effective Young's modulus of a single layer 

of Ti3C2Tx was determined to be 0.33 TPa.[35] Actually, this measured value is close to 

the predicted value of the intrinsic in-plane Young's modulus of freestanding monolayer 

Ti3C2, 502 GPa.[111] Due to the stretch and shrinkage of Ti-C bonds, bare 2D Ti3C2 could 

sustain strains of 9.5% under biaxial tension, while sustaining strains of 18% and 17% 

under uniaxial tension along the x and y direction, respectively.[111] After 

functionalizing the surface with oxygen, the strains at break of 2D Ti2CO2 increased to 

20%, 28%, and 26.5% due to strong covalent bonds between the Ti atom and the surface 

terminal groups. In other words, the bonding strength is the key element for maintaining 

the elastic stiffness of the nanosheets. On the other hand, the mechanical characteristic 
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of Ti3C2Tx films could be improved by introducing polymers such as chitosan and 

polyethylene.[156] The introduction of chitosan could expand the displacement of 

Ti3C2Tx nanosheets and increase the tensile strength of films from 8.2 to ~43.5 MPa.[156] 

By introducing polyvinyl alcohol (PVA) to the MXene matrix, the composite could 

envisage a much improved mechanical strength. For instance, Ling et al. intercalated 

PVA to the Ti3C2Tx, the composite films displayed good electronic conductivity as well 

as excellent mechanical properties, which can sustain 5000 times their own weight.[157] 

This study opens vast opportunities for formation of conductive polymer/MXene 

composites for various applications, i.e. reinforcement composites.  

Figure 5. a) (i, ii) Photographs of flexible, transparent Ti3C2Tx film on PET substrate; 

(iii) Rs plotted as a function of thickness for Ti3C2Tx films. (iv) Transmittance spectra 

of Ti3C2Tx films. Reproduced with permission from ref. [124] Copyright 2017, John 

Wiley & Sons. b) Stress–strain curves obtained for the Ti2C, Ti3C2, and Ti4C3 samples 

during their tensile deformation. Reproduced with permission from ref. [131] Copyright 

2015, Institute of Physics. c) Scheme of nanoindentation of a suspended Ti3C2Tx 

membrane with an AFM tip together with an AFM image of the fractured membrane, 

and comparison of experimental F-δ curves for monolayer graphene and Ti3C2Tx 

membranes. Reproduced with permission from ref. [35] Copyright 2018, the American 
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Association for the Advancement of Science. 

 4.6 Thermal stability properties 

Understanding MXene’ thermal stability is of critical importance for both, the 

solution/thin film storage and applications. By combining thermogravimetric and mass 

spectrometry analysis, it was found that the thermal stability of MXenes is strongly 

dependent on their chemical composition and the environment.[51, 111] A recent study 

shows that Ti3C2Tx (Tx =F or OH) is stable at 500 ℃ and the hexagonal crystal structure 

of Ti3C2 is preserved even at 800 °C in Ar atmosphere.[158] According to the 

thermogravimetric analysis, Ti3C2Tx undergoes a substantial weight loss above 800 ℃ 

in argon (Ar) atmosphere, due to the conversion to TiC.[159] On the other hand, when 

annealed in the oxygen atmosphere, Ti3C2Tx MXene is partly oxidized into anatase TiO2 

nanocrystal at 200 ℃ and completely converted to rutile TiO2 at 1000℃.[160] By 

controlling heating rate, annealing temperature and oxidation time, Ti3C2Tx MXene can 

be transformed into TiO2 with different crystal structures and morphologies, forming 

various MXene based hybrids or derivatives.[161] However, MXenes with exposed metal 

atoms on the surface are usually thermodynamically metastable with high surface 

energy, and are typically spontaneously oxidized in air.[75]  For the Ti2C MXene, the 

unsaturated Ti 3d orbitals on the pristine Ti2C surface interact strongly with the 

approaching O2 molecules, leading to effective O2 dissociation. Consequently, the 

adsorbed O on the Ti2C compromises the thermodynamic stability of the latter. [162]  

Furthermore, the outstanding thermal conductivity of MXene is also beneficial for the 

electronic devices.[111] The thermal conductivity of MXene is lateral size dependent. 

For example, at room temperature, the thermal conductivity of Hf2CO2 is predicted to 

be 86.25 W m−1 K−1 in a 5-μm flake , which increases to 131.2 W m−1 K−1 in a 100-µm 

flake.[133] The room temperature thermal expansion coefficient of Hf2CO2 is 

6.094 × 10−6 K−1
. By n-doping of MXene, the thermal conductivity of single-layer 

Mo2C is enhanced from 48.4 W m−1 K−1 to 64.7 W m−1 K−1 in the armchair direction 

at room temperature.[163] 
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5. MXene Composites  

  By introducing guest inorganic nanostructures to MXene, composites with much 

improved charge storage properties could be expected. Previous reports indicate that Al 

has to be completely removed from the MAX phase. Recently, Guo et al. partially 

removed gallery Al layers in Ti3AlC2 to obtain Ti3C2Tx with appropriate Al interlayers 

(Ti3C2Tx@Al), which demonstrated excellent areal capacitances.[164] In another report, 

hexagonal WO3 was deposited on Ti3C2 to enhance the electrical conductivity and 

surface area.[165] Benefiting from the advanced architecture, the charge storage 

performance was greatly improved.[165] 

  It's worth mentioning that MXene-inorganic nanostructure composites are typically 

prepared by calcination and (hydro-) solvothermal strategies. The calcination 

temperature influences crystal structures and morphologies of MXene. By calcining at 

a certain temperature, the thermodynamically metastable MXene can transform to more 

stable, densified transition metal oxides composites. For instance, Ti3C2/TiO2/CuO 

ternary nanocomposite could be synthesized by heating the cupric nitrate on the surface 

of Ti3C2 at 500 °C under Ar atmosphere.[166] The cupric nitrate was completely 

decomposed to CuO while Ti3C2 was partly thermal-transformed into TiO2. Aside from 

the thermal annealing, the (hydro-)solvothermal method is also effective for the 

formation of MXene-inorganic nanostructure composites with high crystallinity. Pan et 

al. reported a sandwich-like Ti3C2/CuS composite through the reaction of 

Cu(NO3)2·3H2O, thioacetamide (TAA) and Ti3C2 powders in the ethylene glycol 

solution at 150 °C for 9 h.[167] Due to the electrostatic interaction, the positively charged 

Cu2+ ions are uniformly attracted onto the surface of negatively charged Ti3C2, forming 

a homogeneous composite upon the solvothermal treatment. Nevertheless, questing 

more efficient methods with improved control of the guest species' shape, size, 

crystallinity, etc. still need to be developed. 

Compared with MXene-inorganic nanostructure composites, the intercalation of 

polymers into MXene layers can exploit the synergistic effects between MXene and 
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polymer molecules, such as high conductivity and mechanical flexibility. In addition, 

the incorporation of polymer can slow down the MXene oxidation kinetics. Solution 

mixing is a simple method for the synthesis of MXene-polymer composites. The 

solvent compatibility between polymer and MXene ensures a good dispersion.[111, 112] 

PEDOT:PSS has a high solubility in water and affluent number of dioxitiophene groups 

along the molecular chain, which can be used to form hydrogen bonds with the rich 

electronegative oxygen and fluorine groups on MXene. Thus, PEDOT:PSS/Ti3C2Tx 

composites can be readily produced in aqueous solution (Figure 6a).[78] Similarly, 

poly(ethylene oxide) (PEO)/Ti3C2Tx nanocomposites were prepared by a direct mixing 

strategy.[168] With addition of MXene, crystallization rates of PEO first increased and 

then decreased because of heterogeneous nucleation and confinement effects. After 

electrospinning or vacuum-assisted filtration, MXene–polymer nanofibers and films 

could be formed.[168] Gogotsi and co-works successfully prepared flexible Ti3C2Tx-

sodium alginate(SA) polymer composite films by using vacuum-assisted filtration; the 

composite film exhibited extraordinary performance in electromagnetic interference 

shielding.[55] In situ polymerization is also a powerful tool to modify MXene with 

polymers. For instance, a polypyrrole (PPy)/MXene hybrid film was synthesized using 

the in-situ formed PPy molecules as pillars between Ti3C2 MXene layers.[109] Besides, 

polar polymers with charged nitrogen-containing ends have strong interactions with 

Ti3C2Tx sheets, leading to much larger interlayer spacing of Ti3C2Tx compared to that 

of nonpolar polymer- and neutrally-charged polar polymer-MXene composites.[169]  

Recently, carbonaceous/MXene composites, including graphene-Ti3C2Tx, carbon 

nitride-Ti3C2Tx, carbon nanotube (CNTs)-Ti3C2Tx, activated carbon-Ti3C2Tx, MOFs-

Ti3C2Tx, etc. are frequently reported for electrochemical applications.[77, 170-173] For 

instance, an activated carbon/MXene composite film was realized by a self-assembly 

process of negatively charged Ti3C2Tx MXene and positively charged active carbon in 

a layer-by-layer electrostatic fashion (Figure 6b).[171] The activated carbon particles 

between the MXene layers serve as supporting pillars, allowing fast electrolyte ion 

delivery in the enlarged sheet–sheet spacings and improving the rate performance. Ma, 
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et al.[172] reported a hybrid film made up of overlapped g-C3N4 and Ti3C2Tx nanosheets 

and achieved excellent electrochemical performances in the oxygen-evolution-reaction 

and in Zn-air batteries, which can be fairly attributed to the analogous 2D nanosheets 

geometry and the synergistic Ti-Nx bonds between g-C3N4 and Ti3C2Tx. Another 

example for the efficient assembly of MXene composites is to achieve the sandwich-

like MXene/CNT composites using an alternating filtration method.[174] The CNTs are 

intimately attached to the negatively charged Ti3C2Tx nanosheets surfaces, enabling fast 

ionic and electronic charge transfer kinetics. 

Figure 6. a) Schematic illustration of the fabrication of flexible Ti3C2/PEDOT:PSS 

hybrid electrode based on spray-coating method and the cell configuration of symmetric 

ECs with two identical electrodes deposited on Au-patterned PET film and PVA-

PHEMA networked hydrogel electrolyte. The digital photographs show rolled, folded, 

bent, and flat states and scalability of the hybrid electrode. Reproduced with permission 

from ref. [78] Copyright 2019 Elsevier Ltd. b) Schematic diagram for the fabrication 

of MXene-bonded AC (activated carbon) films, including mixing MXene flakes and 

AC particles in water, vacuum-assisted filtration, peeling off, and drying. Reproduced 
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with permission from ref. [171] Copyright 2018 American Chemical Society. 

6. High Performance Supercapacitors 

Supercapacitors, also known as electrochemical capacitors, are promising energy 

storage devices that possess high power density, quick charge/discharge ability and long 

lifetime.[175, 176] However, supercapacitors usually suffer from low energy density 

compared to that of Li-ion batteries or Li-S batteries, which greatly limits their range 

of applications.[177] According to the equation E = 1/2CV2,[178] where E is volumetric 

(or areal) energy density, C is volumetric (or areal) capacitance and V is voltage, 

increasing the volumetric capacitance and broadening the voltage operation window 

are two effective methods to improve the device volumetric energy density. Compared 

with gravimetric capacitance (F g-1), areal capacitance (F cm-2) and volumetric 

capacitance (F cm-3) are two more relevant metrics in the practical application. In 

general, the capacitance of supercapacitors relies on the properties and structure of the 

electrode materials. Materials with large specific surface area and high conductivity 

typically possess high capacitance, and thus have drawn intensive research attention.[179] 

MXenes have demonstrated ultrahigh areal/volumetric capacitance when compared 

with traditional carbon-based materials, which can be fully credited to their exotic 

properties as mentioned in the previous sections such as high mass density, metallic 

conductivities, hydrophilic characteristics and large faradaic pseudocapacitance 

originated from the abundant surface chemistries.[118, 126, 180, 181] Thus, MXenes can be 

used as active material to store charge as well as current collector to transport electrons. 

This in turn eliminates the necessity of an additional heavy copper current collector, 

and enables the formation of all-MXene supercapacitor devices with high areal 

capacitance and volumetric capacitance. Consequently, high areal/volumetric energy 

density of supercapacitors can be further built to power smart electronics and wearable 

textiles. 

 6.1 High Areal Capacitance 
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Ti3C2Tx is the most reported MXene for supercapacitors due to its metallic 

conductivity as well as abundant pseudocapacitive sites for fast, reversible redox 

reactions.[118, 182] The areal capacitance can be described according to the equation: 

C/A=C/M×M/A, where C/A is areal capacitance (mF cm-2), C/M is specific capacitance 

(F g-1), M/A is mass loading (mg cm-2). In order to promote the areal capacitance of 

Ti3C2Tx-based supercapacitors, increasing the electrode mass loading or promoting the 

specific capacitance have been proved as effective ways. For example, Lin et al.[183] 

discovered that the electrode made from Ti3C2Tx with a high mass loading of 7.6 mg 

cm-2 achieved an areal capacitance of 579 mF cm−2 at 2 mV s−1, in sharp contrast to 211 

mF cm−2 when the electrode mass loading is 1.8 mg cm-2. We note that specifying the 

scan rate when reporting the capacitance is necessary, since the scan rate heavily affect 

the ion diffusion kinetics and thus the utilization of active sites. On the other hand, the 

specific capacitance of Ti3C2Tx can be greatly improved by increasing the redox active 

sites such as nitrogen doping, enlarging the interlayer spacing, and/or mixing with 

pseudocapacitive materials (i.e. metal oxide), etc.[49, 75, 165]  

Moreover, by engineering the electrode configuration, surface functional groups, and 

the material morphology, the capacitance can be further improved. For instance, 

introducing macroporous electrode architectures as well as suppressed pore tortuosity 

can be efficient to improve capacitive performance of Ti3C2Tx (Figure 7a).[118] 

Homogeneous macroporosity in MXene films was realized using polymeric spheres as 

templates.[118] For 180 μm-thick macroporous electrodes, the areal capacitance was 

above 1.5 F cm-2 at a scan rate of 1 mV s-1, and maintained 0.54 F cm-2 at 1 V s-1. 

Decreasing the electrode thickness to 13 μm led to the areal capacitances of 0.135 F 

cm-2 and 0.09 F cm-2 at 0.01 and 10 V s-1, respectively. Mo2CTx MXene also exhibited 

a similar trend; that is, much higher areal capacitance was achieved at a thicker 

electrode.[118] Another typical example on engineering the electrode configuration is the 

partial removal of the Al layer from the Ti3AlC2 phase, leading to Ti3C2Tx MXene with 

a stable layered structure and minimized flake restacking.[164] The removal of Al freed 

up space for easy electrolyte infiltration while the preserved Al as “electron bridges” 
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ensured high out-of-plane conductivity (Figure 7b).[164] Very recently, Li et al.[48] 

proved that, by replacing the fluorine-containing functional groups with the oxygen-

containing functional groups through an alkali-assisted hydrothermal method (Figure 

7c), the specific capacitance of Ti3C2Tx (T= -OH, -O) could be significantly increased, 

reaching 314 F g-1 and 2661 mF cm-2 at 2 mV s1 in 1 M H2SO4, which surpassed by 

~214% the capacitance of the multilayer Ti3C2Tx prepared via HF treatments.[48]  

 

Figure 7. a) SEM image of (i) macroporous templated Ti3C2Tx electrode cross-section 

and (ii) Ti3C2Tx MXene hydrogel cross-section. Scale bars are 5 μm. Insets show 

schematically the ionic current pathway in electrodes of different architectures. (iii) 

Comparison of ion transport resistance for hydrogel (black squares) and macroporous 

(yellow circles) electrodes extracted from EIS collected at different applied potentials. 

Reproduced with permission from ref. [118] Copyright 2017 Springer Nature. b) 

Schematic demonstration of the synthesis process for Ti3C2Tx@Al (together with 

corresponding HRTEM images) and transfer of electrons and ions in it. Reproduced 

with permission from ref. [164] Copyright 2018, John Wiley & Sons. c) The reaction 
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between Ti3AlC2 and NaOH water solution under different conditions. (i) Al (oxide) 

hydroxides block the Al extraction process under low temperatures; (ii) Some Al (oxide) 

hydroxides dissolve in NaOH under high temperatures but low NaOH concentrations. 

Here, high water content leads to the oxidation of MXene and yields Na/K-Ti-O 

compounds. (iii) According to the Bayer process, high temperatures and high NaOH 

concentrations will help dissolve the Al (oxide) hydroxides in NaOH. Reproduced with 

permission from ref. [48] Copyright 2016, John Wiley & Sons. 

On top of that, introducing heteroatoms, such as nitrogen, can also dramatically boost 

the Ti3C2Tx capacitance. For instance, Wang et al. reported nitrogen-doped Ti3C2Tx 

through annealing the multilayered Ti3C2Tx in ammonia at different temperatures.[181] 

The nitrogen amount can be easily tuned in the range of 1.7-20.7%. They confirmed the 

substitution of carbon atoms by nitrogen atoms during the doping process, leading to 

enlarged interlayer spacing (c-lattice parameter) and thus higher capacitance (~6 times 

higher compared to the pristine MXene).[181] It's also reported that nitrogen doping is 

beneficial to enhance the electrical conductivity. Yu et al.[184] similarly used melamine 

as the nitrogen source to realize the crumpled nitrogen-doped Ti3C2Tx, which 

showcased a high areal capacitance (70.1 mF cm-2) coupled with improved cycling 

performance, demonstrating a great potential for the heteroatom doping in achieving 

advanced MXene-based supercapacitors with high charge storage properties.  

Another strategy to introduce pseudocapacitive sites is the formation of 

MXene/conducting polymer or MXene/metal oxide hybrids. Through electrochemical 

polymerization in the MXene colloidal solution, 2D MXene-doped conductive polymer 

conjugated films can be easily prepared with much enhanced areal capacitance.[185] 

Gogotsi et al. reported poly (3,4-ethylenedioxythiphene) polystyrene sulfonate 

(PEDOT:PSS)-MXene composites by spraying the mixed colloidal solution.[78] Besides, 

conducting polymers can also be in-situ formed in the MXene colloidal solution via a 

electrochemical polymerization method, as reported by Qin et al.[185] The 3D porous 

polymer-MXene composite realized excellent pseudocapacitance (47.4 mF cm-2) and 
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ultrahigh energy density (20 mWh cm-2). By combining metal oxides with MXene, high 

faradaic pseudocapacitance can also be achieved. For instance, NiMoO4/Ti3C2Tx 

nanosheets with interconnected porous channels were fabricated by hydrothermal and 

post-calcination treatments.[186] The electrode exhibited very high specific capacitances 

(1364 F g−1 and 3.41 F cm-2 at 0.5 A g−1) which can be explained by the much improved 

electrolyte penetration along the interconnected porous paths. 

 Beside the abovementioned strategies, a better design of the device architecture has 

also been proven as an efficient way to boost the areal capacitance. Micro-

supercapacitors (MSCs), for example, well exploit the advantages of the elaborate 

design, including shortened ion diffusion path, co-planar configuration without the need 

of separator. Fabricating MXene-based microsupercapacitors with high mass loading 

generally results in high areal capacitance.[116, 187] For instance, Alshareef et al.[116] 

coated MXene viscous slurry using a Meyer rod on a A4 paper followed by laser cutting 

(Figure 8a). The electrode thickness reached 125 µm, resulting in an areal capacitance 

of 25 mF cm-2 at 20 mV s-1. Similarly, Peng, et al. fabricated all-MXene Ti3C2Tx solid-

state interdigitated micro-supercapacitors by a solution spray-coating method followed 

by direct laser cutting.[187] Areal capacitance of 27 mF cm-2 at a scan rate of 20 mV s-1 

was achieved in the device.[187] Other reports on the formation of MXene MSCs include 

filtration on the pre-patterned templates,[188] double-side coating-laser cutting etc.[189] 

For instance, Shan et al. reported on a double-side MSC by coating the MXene slurry 

onto both sides of Ni, followed by a laser cutting treatment. Thanks to the high electrode 

mass loading (~3 mg/cm2), very high areal capacitance of 52 mF cm-2 in the resultant 

MSC have been achieved.[189] On the other hand, Zhang and coworkers reported on an 

efficient stamping method to rapidly produce all-MXene MSCs with high areal 

capacitance.[65] By blushing the MXene viscous ink onto 3D printed stamps, whose 

shape can be easily designed, MXene MSCs were scalable produced at a low cost.[65] 

These devices delivered a high areal capacitance of 61 mF cm−2 at 25 µA cm−2 (Figure 

8b), showcasing promising scale-up possibilities for the stamped devices.[65] 

Furthermore, Quain, et al. reported on an additive-free, single step formulation of 
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MXene-in-water inks that are suitable for stamping, printing, painting, and writing 

(Figure 8c).[63] Conductive MXene inks allowed fabrication of current-collector-free 

microsupercapacitors on a wide variety of substrates. An areal capacitance of 5 mF cm-

2 was achieved in the device,[63] which is superior to carbon-based micro-

supercapacitors fabricated in a similar format.[190] 

Figure 8. a) (i) Meyer rod coating of Ti3C2 MXene slurry on an A4 sheet, inset shows 

the snapshot of progression of coating process; (ii) flexibility of the MXene/paper 

(Foldable); (iii) schematic illustration of laser patterning of MXene coated paper to 

fabricate interdigitated electrodes for microsupercapacitors, and fabricated MXene 

based MSC device along with crystallographic arrangement of Ti (grey color) and C 

(black color) atoms in MXene sheets; the digital photograph shows laser patterning of 

MXene/paper in the form of interdigitated electrode designs; (iv) A low magnification 

SEM image of a laser patterned MXene electrode, inset showing the width of one 

electrode finger (750 μm); (v) cross‐sectional view of MXene coated paper. 

Reproduced with permission from ref. [116] Copyright 2016, John Wiley & Sons. b) 

(i-iii) Fabrication of all‐MXene‐based MSCs using the stamping method; (iv) as‐

stamped MXene MSCs with various architectures; (v) SEM image of interdigitated (I‐) 

Ti3C2Tx ink on paper substrate. Reproduced with permission from ref. [65] Copyright 

2018, John Wiley & Sons. c) (i) automatic drawing apparatus (AxiDraw) set up for 
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computer-controlled patterning; (ii) images of the rollerball pen used for direct writing 

of Ti3C2 inks (iii) four MXene microsupercapacitors connected in series on a curved 

paper cup; and (iv) corresponding CV at 50 mV s-1. Reproduced with permission from 

ref. [63] Copyright 2019, John Wiley & Sons. 

  

6.2 High Volumetric Capacitance 

Volumetric capacitance is another important metrics when evaluating the charge 

storage properties of supercapacitors. Similar to the areal capacitance, volumetric 

capacitance is defined as as C/V=C/M×M/V, where C/V is volumetric capacitance (F 

cm-3), C/M is specific capacitance (F g-1), and M/V is electrode tap density (g cm-3). 

Therefore, one needs to either increase the tapdensity of the electrode, or improve the 

specific capacitance similarly as described in the areal capacitance section. Comparing 

to carbon electrodes, MXene films possess a much higher tap density, leading to 

excellent volumetric performances. For example, Lukatskaya et al. reported a vacuum-

filtrated free-standing MXene paper which provided a volumetric capacitance >340 F 

cm-3 without substantial degradation in KOH solution.[108] This value is higher than 

those of carbon materials, considering the tortuous porosities in the carbon electrodes. 

Through immersing Ti3C2Tx into LiCl solution and subsequent vacuum filtration, Li+ 

intercalated Ti3C2Tx could be prepared and exhibited a high volumetric capacitance of 

892 F cm-3 with long-term cyclic stability.[191] Ghidiu et al. reported the mild synthesis 

of Li-intercalated Ti3C2Tx by etching the MAX phase in the HCl-LiF mixed solution 

instead of concentrated HF.[79] The mild route not only enables the formation of MXene 

clay which can be rolled into flexible freestanding films (as demonstrated in Figure 9a), 

but also allows the in-situ intercalation of Li+.[79] The resulting Ti3C2Tx electrode 

displayed a high volumetric capacitance of 900 F cm-3 in H2SO4, which can be 

attributed to the efficient H+-induced redox reactions and compacted thin film 

morphology, the latter ensures a high tap density.  
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To push the limit further, MXene hydrogel electrodes enabled a high volumetric 

capacitance up to 1500 F cm−3, according to Gogotsi et al.[118] The pre-intercalated 

bulky electrolyte ions greatly open the interlayer spacing for more efficient ion 

accommodation, leading to very high specific capacitance and excellent rate 

performance, that can be charged-discharged at much higher scan rates without 

apparent capacitance decay.[118] By doping nitrogen to the delaminated Ti3C2Tx 

nanosheets through solvothermal treatments, the nitrogen-enriched MXene showcased 

2836 F cm-3 at 5 mV s-1 in 3 M H2SO4 solution (Figure 9b).[49] Such a high volumetric 

capacitance is certainly attributed to the doped nitrogen species, which promote the 

electrolyte ion intercalation and reaction with the pseudocapacitive sites. Other 

MXenes, such as (Mo2/3Y1/3)2CTx, also demonstrated a quite high volumetric 

capacitance of 1500 F cm-3 in KOH which surpassed that of its Mo1.33C counterpart 

(Figure 9c).[192]  

Figure 9. a) MAX phase is etched in a solution of acid and fluoride salt, then washed 

with water to remove reaction products and raise the pH towards neutral. The resulting 

sediment behaves like a clay; it can be rolled to produce flexible, freestanding films, 

moulded and dried to yield conducting objects of desired shape, or diluted and painted 

onto a substrate to yield a conductive coating. Reproduced with permission from ref. 
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[79] Copyright 2014 Springer Nature. b) Schematic illustration of film preparation and 

electrode fabrication of the urea‐assisted nitrogen‐doped delaminated Ti3C2. 

Reproduced with permission from ref. [49] Copyright 2018, John Wiley & Sons. c) 

(Left) STEM image of (Mo2/3Y1/3)2AlC along a [110] zone axis with corresponding 

structure model, prior to etching. (Middle) Depending on the etching protocol two 

different structures are obtained; one in which only Al is removed (top) or one in which 

both Al and Y are removed (bottom). (Right) Top view of corresponding structures 

obtained. (Note presence of vacancies in bottom right and their absence in top panel). 

Reproduced with permission from ref. [192] Copyright 2018, John Wiley & Sons. 

On the other hand, there is a limitation on increasing the tap density of the MXene 

or MXene-based composites. This is especially true as one needs to maintain the 

developed ion diffusion/intercalation paths. In other words, the main strategy in 

achieving high volumetric capacitance of MXene-based electrodes or devices lies in the 

electrode design; that is to say, formation of electrodes with compact stacking feature 

while maintaining abundant pseudocapacitive sites simultaneously. 

A typical example is to fabricate MXene-rGO hybrid electrodes. By mixing colloidal 

solutions of positively charged rGO nanosheets and negatively charged MXene 

nanosheets, MXene/reduced graphene oxide (rGO) films can be easily obtained through 

electrostatic attraction, as schematically demonstrated in Figure 10a.[77] The presence 

of rGO nanosheets between MXene layers can effectively prevent the self-restacking 

of the latter, enabling rapid electrolyte ion penetration in the enlarged sheet–sheet 

spacing. As a result, the freestanding MXene/rGO film exhibited a high volumetric 

capacitance, an impressive rate capability and long cycle life.[77] Compositing with 

conducting polymer is another promising approach to achieve high volumetric 

performance of MXene-based electrode.[193] Compared with carbon materials, 

polymers embedded within nanosheets can promote molecular-level coupling between 

them. As such, the strength and flexibility of MXene-polymer hybrid films are 

improved while the MXene self-oxidation is suppressed. For example, 
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Mo1.33CTx/PEDOT:PSS composite films were obtained by the common filtration 

method (Figure 10b).[180] After the removal of PSS using concentrated H2SO4, an 

electroactive PEDOT nanofiber network was formed between the adjacent MXene 

layers. The network enlarged the interlayer spacing between the MXene flakes and thus 

effectively enhance the ion diffusion rate. Consequently, the hybrid film displayed a 

volumetric capacitance of 1310 F cm−3 and excellent rate performances.[180] 

Figure 10. a) (i) Schematic illustration for the synthesis of the MXene/rGO hybrids 

together with Digital photographs of G‐PDDA, MXene suspension, and M/G‐5% 

hybrid; (ii) cross‐sectional SEM image of the pure MXene; (iii) cross‐sectional SEM 

image of MXene/rGO hybrid film; (iv) cross‐sectional TEM images of the MXene/rGO 

‐5% hybrid film show the alternating single layers of MXene and rGO. Reproduced 

with permission from ref. [77] Copyright 2017, John Wiley & Sons. b) (i) Schematic 

illustration of the preparation of composite films and its cross‐sectional SEM image 

(Scale bar is 2 µm); (ii) Nyquist plot of the device tested at the open‐circuit potential 
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within the frequency range from 10−2 to 105 Hz; (iii) shows the same plot enlarged in 

the high‐frequency region; (iv) CV curves of the MXene:PEDOT = 10:1 device bended 

with different angles at 100 mV s−1. Reproduced with permission from ref. [180] 

Copyright 2018, John Wiley & Sons. 

 
7. High Performance Li-ion Batteries (LIBs) 

The boom of portable, wearable electronics has greatly accelerated the development 

of rechargeable lithium ion batteries (LIBs).[194, 195] Compared to supercapacitors, LiBs 

possess much higher energy densities and thus are extensively used as power sources 

for electric vehicles (EV) and stationary energy storage applications.[196, 197] In practical 

cases, focusing on the charge storage capacity achieved per unit area (mAh cm-2) or 

volume (mAh cm-3) is more of interest, [198, 199] rather than merely focusing on the 

gravimetric capacity (mAh g-1). This highlights the importance of designing of 

electrode nanostructures, including compositing with high-theoretical-capacity 

materials, as well as increasing the mass loading/tap density of the electrode. In the 

commercialized LiBs, the graphite anode generally gives areal capacity and volumetric 

capacity of ~2 mAh cm-2 and less than 600 mAh cm-3, respectively. This is far behind 

the surging demands for the ever-increasing electronic devices. MXenes on the other 

hand, possess high theoretical Li storage capacity, excellent metallic conductivity, low 

operating voltage and Li+ diffusion barrier. As a result, MXenes have been regarded as 

one of the most promising anode material for the next-generation LIBs.  

7.1 High Areal Capacity 

  As discussed in the previous section, the areal capacity (C/A, mAh cm-2) can be 

similarly expressed as C/A=C/M×M/A, where C/M is specific capacity (mAh g-1) and 

M/A is electrode mass loading (mg cm-2). As an important metrics for LiBs, high C/A 

electrodes can be achieved either by greatly promoting C/M or increasing M/A, or 

both.[198] In general, to fabricate high C/M electrodes is relatively easy, which can be 

easily achieved by incorporating highly redox active materials to the composite 
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electrode. On the other hand, increasing the electrode M/A without compromising the 

electrode structural integrity is quite challenging. This is because crack forms when the 

electrode thickness surpasses a certain threshold, so-called critical cracking thickness, 

CCT.[200, 201] Pushing the CCT further will greatly improve the electrode M/A. 

Nevertheless, when the electrode grows thicker, Li+ diffusion kinetics will be affected, 

limiting the specific capacity, C/M as well as rate handling. This is best evidenced by 

that fact that high gravimetric capacities are typically achieved in the low mass loading 

electrodes, for the sake of improved ion diffusion kinetics. However, the specific 

capacities quickly degraded as increasing the electrode thickness.[198, 202]  

  Gogotsi et al. reported binder-free MXene-based anodes with high mass loading.[104] 

Through cold pressing the multi-layered Ti3C2Tx powders with carbon black at room 

temperature (Figure 11a), high-density electrode discs with different thicknesses (also 

mass loading) were achieved.[104] When the electrode thickness is ~352 μm, the as-

prepared Ti3C2@carbon black composite anode delivers a high areal capacity of 5.9 

mAh cm-2,[104] exceeding that of commercial carbon anodes.[203] To further increase 

C/A, Zhang et al. reported viscous MXene ink for the fabrication of thick MXene-Si 

electrodes for LIBs.[200] Through mixing Si powder with MXene aqueous ink, the 

composite slurry was coated onto Cu foil using an universal slurry-casting technique, 

which is compatible with the industrialized process in the electrode fabrication. After 

drying, the nanoscale Si (nSi) particulates are uniformly wrapped by the MXene 

skeleton (Figure 11b). As such, the 2D MXene nanosheets act as the conductive binder 

to resolve the volume change issues and the mechanical instability of Si, resulting in 

very high areal capacity up to 23.3 mAh cm-2.[200]. Cui et al. designed a Ti3C2Tx film 

electrode with planar macropores and expanded interlayer spacing, showcasing an areal 

capacity of 2.22 mA h cm-2.[204] 
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Figure 11. a) (i) Cross-section of the disc; (ii) areal capacities of pure Ti3C2Tx 

electrodes with different thicknesses cycled at 30 mA/g (C/3); (iii) areal capacity for 0, 

5, 10, and 15 wt. % CB mixtures. Cells were cycled at a rate of C/3 (30 mA/g, 1.5 

mA/cm2). Reproduced with permission from ref. [104] Copyright 2014, Elsevier ltd. b) 

(i) Composite electrode preparation from Si/MXene ink-based slurry. The slurry drying 

process and scheme displaying the resulting Si/MXene composite. The MXene 

nanosheets form a continuous scaffold and enable the formation of a thick electrode. 

The SEM image is the cross-sectional view of the nSi/MX-C electrode, showing the Si 

nanoparticles are well wrapped by the MX-C nanosheets in a manner of sandwiching 

(scale bar is 1 µm); (ii) Left: GCD profiles of Gr-Si/MX-C electrodes with various M/A 

at 0.1 A g−1 (~1/20 C-rate). Right: first CE (up) and C/A (down) of Gr-Si/MX-C plotted 

as a function of MGr-Si/A; (iii) Areal capacity comparison of this work to other 

Si/conductive-binder (Si/C-binder) systems, showing that Si/MX-C electrodes have 

exhibited both high MActive/A and C/A compared to the literature. Reproduced with 

permission from ref. [200] Copyright 2019 Springer Nature. 
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 7.2 High Volumetric Capacity 

The demands for thinner LIBs keep surging in order to satisfy the ever-increasing 

flexible electronics markets. As a result, the pursuit of high volumetric LIBs is of 

practical significance.[205] MXenes hold a great promise for high volumetric energy 

storage due to their remarkable electrical conductivity, low Li+ diffusion barrier and 

superior tap density. Luo et al. reported a Ti3C2 hybrid electrode decorated with 

polyvinylpyrrolidone (PVP) and Sn4+.[199] As shown in Figure 12a, the “pillar effect” 

of Sn4+ between Ti3C2 layers and the synergistic effect between the Ti3C2 matrix and 

Sn4+ lead to a superior reversible volumetric capacity of 1375 mAh cm-3 (at 216.5 mA 

cm-3) and excellent rate performances.[199] Recently, 2D high-density η-MoC/MXene/C 

nanocomposite electrodes (Figure 12b) have displayed an ultrahigh volumetric capacity 

(2460 mAh cm-3), which is over 4 times higher than that of graphite anode (550 mAh 

cm-3), as well as extremely slow capacity loss (0.002 % per cycle at high current 

rate).[205] Zhao et al. reported a sandwich-like Ti3C2Tx/Co3O4 hybrid films by an 

alternating filtration method.[206] The highly-densified (tap density reached 4.2 g cm-3) 

hybrid films displayed a volumetric capacities of ~2700 mAh cm-3 at 0.1 C and 

excellent rate performances compared to most of the graphene/TMO hybrids at similar 

current rates (Figure 12c).[206] Similar to strategies in promoting the volumetric 

capacitance for supercapacitors, effective measures in enhancing LIBs volumetric 

capacity are also confined within electrode architectures and fabrication. Introducing 

more active sites for redox reactions (such as enlarged interlayer spacing), as well as 

incorporating high-theoretical-capacity materials into the electrodes, have been proved 

to be efficient in boosting electrodes' specific capacities. In addition, fabricating high-

tap-density electrodes without sacrificing the ion diffusion channels are also necessary 

to achieve high volumetric capacity on the device level.  
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Figure 12. a) Schematic illustration of the fabrication process of PVP-Sn(IV)@Ti3C2 

nanocomposites and corresponding SEM images. Cycling performance and Coulombic 

efficiency at a current density of 216.5 mA cm–3 (0.1 A g–1). Reproduced with 

permission from ref. [199] Copyright 2016 American Chemical Society. b) (i) a 

comparison between reported anodes and η-MoC/MXene/C with CB or MXene as the 

conductive agent in volumetric capacity; (ii) long-term cycling stability of η-

MoC/MXene/C+MXene electrodes at high current rate of 10 A g–1. All the 

electrochemical tests are conducted between 0.01 and 3.0 V. Reproduced with 

permission from ref. [205] Copyright 2018 American Chemical Society. c) (i) 

Schematics of synthesis processes for the fabrication of free-standing and flexible 

Ti3C2Tx/TMO hybrid films through sandwich-like assembly by alternating filtration or 

spray coating methods; (ii) charge-discharge curves at 1 C; (iii) cycling profiles at 1 C. 

Reproduced with permission from ref. [206] Copyright 2016, Elsevier ltd. 

8. Application in Other Types of ESDs 

Besides their promising applications in supercapacitors and LIBs, MXenes have also 

demonstrated good performances in other energy storage systems as an anode, such as 

Na-ion, K-ion, Mg-ion, Ca-ion and Al-ion ESDs,[207-212] either as active materials or as 

conductive additives. It's worth noting that the development of non-Li alkali metal-ion 
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batteries is of significance, due to the abundant natural resources of these metals on 

earth. The working mechanisms in these types of ESDs are roughly similar, mainly 

involving ion (i.e., Na+, K+, Zn2+, etc.) insertion into the layered compounds (in this 

case, MXenes). However, due to the ion size effect, the intercalation kinetics of these 

bulkier ions in the layered MXene is much more sluggish compared to the Li+ 

intercalation process. As a result, specific capacities are much lower. By utilizing the 

conversion type materials (such as sulfur, S) and fabricating Li-S batteries, the 

capacities and energy densities can be much improved. The layered conductive MXenes 

can be used either as efficient hosts for accommodating a high amount of sulfur, or a 

protective membrane to suppress the shuttle effect of polysulfides (LiPSs).[213, 214] 

Besides, MXene nanosheets also possess a high aspect ratio, rendering a good 

flexibility which can be used as conductive binder for these battery materials and 

maintain the mechanical stability of the electrodes. 

8.1 Li-S Batteries 

Compared to conventional LIBs, rechargeable Li-S batteries have a great potential 

for the next generation power sources since they are able to provide higher energy 

density at a lower cost and better environmental benignity.[215-217] The theoretical energy 

density of Li-S battery reaches 2600 Wh kg−1 on a weight basis, which is 3 to 5 times 

higher than that of the most advanced commercial LIBs.[218-221] However, issues like 

the insulating nature of sulfur (∼10−30 S cm−1), strong self-discharge behavior and the 

notorious shuttling effect of the as-formed intermediate products (so-called lithium 

polysulfides, Li2Sn, n= 1-8) during cycling, result in low Coulombic efficiency and 

quick capacity loss in the Li-S cells.[222-226]. These issues must be addressed before the 

real application of Li-S cells in future flexible, wearable electronics. Endeavors include 

but not confine to, adding sufficient conductive fillers, chemisorption of LiPSs and 

coating an extra layer on the separator, etc. Attention has been paid to MXene recently 

because this new class of 2D material possesses unique properties that can 

simultaneously conduct electrons efficiently and strongly retard the LiPSs shuttling 
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effects, thanks to the functionalized surface on the polar MXenes.  

Figure 13. a) Optimized structures of Li2Sm on Ti2C, Ti2C(OH)2, Ti2CO2, Ti2CF2. Ti: 

green balls; C: gray balls; O: red balls; H: white balls; F: pink balls; S: yellow balls; Li: 

purple balls. Reproduced with permission from ref. [227] Copyright 2017 American 

Chemical Society. b) Density of states of (i) Ti2CF2 with Li2S4, and (ii) Ti2CO2 with 

Li2S4 before (solid red line) and after (solid blue line) adsorption of adsorbate; Projected 

density of states of valence orbitals of the Ti2CO2 (iii) before adsorption, and (iv) after 

adsorption of the Li2S4. Solid gray line, blue line, and red line denoted 3d orbital of 

titanium, 2p orbital of carbon, and 2p orbital of oxygen, respectively. In all of them the 

vertical dotted lines indicate the Fermi level. Reproduced with permission from ref. 

[228] Copyright 2017, Elsevier ltd. 

 

Taking F/O-functionalized Ti2C as an example. By using a density functional theory 

(DFT) method, Rao et al. investigated the adsorption mechanism of LiPSs on the Ti2C 

with different surface-terminated functional groups (Figure 13a),[227] assuming the 

long-chain LiPSs are soluble and exhibit the shuttle effects.[226] It is noted that the LiPSs 

anchoring behaviors on the F-terminated and O-terminated Ti2C are different. [227] 

While the former can effectively suppress the shuttle effect because of stronger binding 

energy (Eb) of LiPSs intermediates, the latter prefers to convert the long-chain LiPSs 

into insoluble elemental S, thus retards the shuttle effect.[228] In other words, the 

interaction between the functionalized surface (-F or -O) and LiPSs should be 
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emphasized in realizing high capacity, long lifetime Li-S batteries(Figure 13b).[228]  

Liang et al. employed Ti2C MXene for the sulfur host and fabricated Li-S 

batteries.[207] They claimed that the hydroxyl groups on the Ti2C surface were 

substituted by sulfur/sulfide species and thus exposed Ti acidic sites for the formation 

of strong S-Ti-C bonds.[207] Therefore, the dissolution of LiPSs phenomenon was 

greatly suppressed and stable cycling performance with a capacity fade rate (0.05 % 

per cycle) was achieved (Figure 14a).[207] However, in that report, a large amount of 

TiO2 was found in the X-ray photoelectron spectroscopy (XPS) of Ti2C-S composites, 

rendering it's difficult to tell if the suppressed LiPSs shuttle effect is due to the intrinsic 

surface of MXene or because of the as-oxidized TiO2, since the latter has been shown 

to be effective in retarding the LiPSs diffusion process.[229, 230] Alternatively, Zhang et 

al. reported a S@Ti3C2Tx composite viscous ink which can be directly casted onto Al 

foil (and other various substrates) as the cathode.[214] The Ti3C2Tx flakes in the obtained 

S@Ti3C2Tx films were continuously cross-linked to each other and efficiently wrapped 

the S nanoparticles uniformly (Figure 14b).[214] Assisted by DFT calculations and XPS 

results, they observed the in-situ formation of a thick sulfate complex from the 

interactions between the surface-terminated hydroxyl groups and the long-chain LIPSs. 

The sulfate complex layer covered the MXene surface tightly and efficiently blocked 

the polysulfides migration.[105, 214] Consequently, the S@Ti3C2Tx free-standing 

electrodes exhibited high capacities (1350 mAh g−1 in 50% S and 1244 mAh g−1 in 70% 

S electrodes), as well as ultralow capacity decay rates (less than 0.04 % per cycle after 

cycling).[214] Other types of MXenes (Ti3CN and V2C) also showed similar results, 

suggesting that this new 2D family materials are indeed very promising hosts for high-

performance Li-S batteries.  
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Figure 14. a) Replacement of the Ti‐OH bond on the MXene surface with a S‐Ti‐C 

bond on heat treatment or by contact with polysulfides and cycling performance of 70 

wt. % S/d‐Ti2C at C/5 and C/2. Reproduced with permission from ref. [207] Copyright 

2015 American Chemical Society. b) Schematic demonstration of Ti3C2Tx entrapping 

the polysulfides by forming a sulfate complex protective barrier and Comparison of 

capacity decay rate (per cycle) of this work to reported Li‐S cathodes. The dashed line 

corresponds to the decay rate of 0.035%. Reproduced with permission from ref. [214] 

Copyright 2018, John Wiley & Sons. c) Schematic of the fabrication of the flexible and 

integrated a-Ti3C2–S/d-Ti3C2/PP electrode for Li–S batteries and preparation of d-Ti3C2 

nanosheets and a-Ti3C2–S hybrid. Ragone plot of a-Ti3C2–S/d-Ti3C2/PP, m-Ti3C2–S/d-

Ti3C2/PP, S/d-Ti3C2/PP, and a-Ti3C2–S/Al electrodes based on the mass of cathode 

electrodes. Inset: Two Li–S coin cells power an LED array panel of “Li–S” letters. 

Reproduced with permission from ref. [231] Copyright 2018, American Chemical 

Society. 

 

Besides, due to the chemisorptive nature of the MXenes and the low LIPSs 

permittivity across the compacted nanosheet film, MXene colloidal solution can be 
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vacuum-filtrated onto the porous membrane, forming a physical protective barrier to 

suppress the LIPs shuttle effect. For instance, Lin et al. designed a few-layered Ti3C2Tx 

nanosheets covered glass fibres (GF) to serve as separator for Li-S batteries.[213] 

Compared to the conventional polymeric separator, the GF membrane was proven to 

possess a superior battery performance. To further take advantage of the MXene’s 

unique surface chemistry and lower the capacity decay rate, MXenes can be used as 

both the host material and the interlayer. Wu et al. demonstrated this concept by coating 

the S-Ti3C2Tx slurry onto the pre-vacuum-filtrated Ti3C2Tx/polypropylene (PP) 

separator, forming an all-MXene-based flexible and integrated cathode side, as shown 

in Figure 14c.[231] Compared to the bare PP separator-based pouch cell, the integrated 

S-Ti3C2Tx//Ti3C2Tx-PP cathode showcased higher capacities (1062 mAh g-1 at 0.2 C) 

and better S utilization.[231] 

8.2 Na-ion, K-ion, Al-ion Batteries 

Taking the abundant natural sources of the alkali metals on earth into consideration, 

it's anticipated that developing non-Li metal ion batteries can lower down the cost, next 

to potentially improving the battery safety. Thus, questing suitable anodes for the non-

Li metal ion batteries have become the research focus in recent years.[208, 232, 233] By 

adjusting the interlayer spacing of MXenes, the intercalation kinetics of bulkier ions 

(such as Na+, K+, Al3+, etc) can be improved, enabling high performance of MXene-

based non-Li metal ion batteries. Luo et al. used a Sn2+ pillared Ti3C2Tx for Na metal 

ion batteries.[232] The Sn2+ pillars have been proved to be efficient in guiding the 

uniform deposition of Na within the expanded interlayer space. As a result, the MXene-

based Na metal showcased high current density (up to 10 mA cm-2) and high areal 

capacity (up to 5 mAh cm-2) with long lifetime, as shown in Figure 15a. Simon et al. 

performed the pioneered work on the vanadium carbide (MXene) for Na-ion 

batteries.[233] By pre-intercalating Na+ into the V2CTx MXene interlayer space (Figure 

15b) and combining with hard carbon as negative electrode, the Na-V2CTx hybrid Na-

ion battery demonstrated a capacity of 50 mAh g-1 and a wide voltage window of 3.5 

V.[233]  
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Figure 15. a) Schematic illustration of preparation of CT‐Sn(II)@Ti3C2 by CTAB 

prepillaring process followed by a method of Sn2+ pillaring and diagrams for the 

comparison of Na nucleation, deposition in Ti3C2 and CT‐Sn(II)@Ti3C2 matrixes. Full‐

cell configurations of Na3V2(PO4)3/bare Na and Na3V2(PO4)3/CT‐Sn(II)@Ti3C2/Na 

cells, and their cycling performance at 1 C (117 mA g−1) for 200 cycles. Reproduced 

with permission from ref. [232] Copyright 2019, John Wiley & Sons. b) (i) Schematic 

illustration of the synthesis of V2CTx and its sodium intercalation; (ii) cyclic 

voltammetry of V2CTx at different scan rate; and (iii) summary of the rate performance. 

Reproduced with permission from ref. [233] Copyright 2015, American Chemical 

Society. c) Bonding charge density for adatoms (being adsorbed at the A site) in the 

Ti3C2Mx system obtained as the charge density difference between the valence charge 

density before and after the bonding. Red and blue colors indicate electron 

accumulation and depletion, respectively. The color scale is in the units of e/Bohr3. 

capacity and ionic radius for adsorption on both sides. The maximum adatom content 

and capacity of Li, Na, and K follow a linear relationship. Ca deviates from the linear 

expression due to its different valence electron structure. Reproduced with permission 

from ref. [208] Copyright 2014, American Chemical Society. d) Schematic illustration 

of the expansion/contraction behavior of V2CTx during sodiation/desodiation: the 

interlayer distance of V2CTx is increased upon Na+ intercalation during sodiation 
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process, then partially reduced upon Na+ deintercalation, because of the trapped Na+ 

between V2CTx layers, which behaves as a pillar during desodiation. Reproduced with 

permission from ref. [234] Copyright 2017, John Wiley & Sons. 

Indeed, the alkali metal ion intercalation/adsorption process can be simulated by 

first-principle DFT calculation. As Shenoy et al. pointed out,[208] a larger metal ionic 

radius increases the interactions between alkali atoms and thus lowers down the 

coverage on the Ti3C2Tx MXene, resulting in lower theoretical capacities (Figure 15c). 

Based on this, Ti3C2Tx possesses theoretical capacities of 352 mAh g-1, 320 mAh g-1, 

and 192 mAh g-1 for Na, Ca, K-ion batteries, respectively, the trend of theoretical 

capacity is just the opposite of the alkali metal ionic radius (K+ >Ca2+ >Na+). Similarly, 

V2CTx MXene has also been simulated as anodes for Na ion storage (Figure 15d), 

demonstrating highly reversible capacities, excellent rate performance and long cycling 

stability.[234]  

By the integration of 2D materials into 3D macroscopic structures, the ionic and 

electronic transport in electrode materials can be improved simultaneously, resulting in 

high-performance MXene-based non-Li metal ion batteries. Zhao et al. reported on 

processing 2D MXenes into hollow spheres and 3D architectures via sacrificial 

poly(methyl methacrylate) (PMMA) spherical templates.[235] The as-fabricated 3D 

macroporous MXene frameworks were highly flexible and conductive. Based on this, 

3D MXene films (including Ti3C2Tx, V2CTx and Mo2CTx) were used as anodes for Na-

ion battery and exhibited much improved capacity, power capability, and cycling 

stability compared to multilayer MXenes (Figure 16a).[235] Besides, V2CTx MXene has 

also shown excellent Al3+ storage capacities due to its enlarged interlayer spacing. 

Beidaghi et al. demonstrated the reversible Al3+ intercalation between the V2CTx 

MXene layers (Figure 16b), with specific capacities >300 mAh g-1 was achieved 

coupled with high discharge rates and high energy density.[236] To date, extensive efforts 

are being paid on questing other types of MXenes or adjusting the chemistries of 

MXenes, so that the Al3+ intercalation/adsorption kinetics could be improved and 
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charge storage capacities could be pushed further. Ultimately, cheaper and safer alkali 

metal ion batteries with improved charge storage performance can be envisaged. In 

other words, it is quite reasonable to anticipate that MXenes can play an important role 

in the next generation energy storage devices. 

 

Figure 16. a) (i) Digital image showing the flexibility of a 3D macroporous Ti3C2Tx 

film; (ii) cross‐sectional SEM images of the 3D macroporous Ti3C2Tx film; (iii) TEM 

image showing the interfacial structure between two neighboring Ti3C2Tx hollow 

spheres in the 3D film; and (iv) long cycling performance of the 3D macroporous 

MXene film electrodes at 2.5 C. Reproduced with permission from ref. [235] Copyright 

2017, John Wiley & Sons. b) Schematic illustration of the proposed mechanism for an 

Al battery with V2CTx MXene as the cathode during discharge in 1.3:1 AlCl3/[EMIm]Cl 

ionic liquid electrolyte. Comparison of the performance of V2CTx MXene cathodes 
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with some of the notable previously reported cathode materials for rechargeable Al 

batteries. Reproduced with permission from ref. [236] Copyright 2017, American 

Chemical Society. 

9. Conclusions and Perspectives 

Two-dimensional transition metal carbides and nitrides, so-called MXenes, have 

triggered intensive research attention covering biomedical technology, environmental 

science, energy storage and conversion, catalysis and other areas. Benefiting from their 

unique surface chemistry features (i.e., termination with oxide- or hydroxide-like 

functionalities), layered structure, exotic optoelectronic properties and high charge 

carrier density, MXenes have shown excellent performances in supercapacitors, Li-

ion batteries, Li-S batteries, Na- and other alkali metal ion batteries, suggesting 

promising applications of this new class of 2D materials for the next-generation energy 

storage and conversion devices. [3, 51, 53, 72, 75, 111, 119]  

In order to further promote the energy storage performances of MXenes and realize 

the scalable production of MXene-based energy storage devices (i.e., supercapacitors 

or batteries), considerable collaborative efforts should still be invested, including: 

1) Understanding the limiting factors during the large-scale synthesis of MAX 

phases and multilayered MXenes . Lowering down the cost without compromising the 

MAX and MXene qualities needs efforts from both fundamental studies and scale-up 

engineering approaches. In addition, exploring new etching methods for MXene 

synthesis is of significance for the yield, cost and safety.  

2) Understanding the interactions of delaminated MXene nanosheets with various 

organic solvents and other species thoroughly. Aqueous colloidal solutions of MXenes 

decay fast without any protective measures, due to the attack from dissolved oxygen 

and water molecules on the defects/edges of the nanosheets. By more thorough studies, 

such as the addition of anti-oxidant, revealing the interaction mechanism between the 
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nanosheets and anti-oxidant and/or organic solvents, flake size effects, etc., the shelf-

life of MXene dispersions can be greatly extended. In addition, since the oxidation 

starts from the edges, passivating the edges using polyphosphate or other chemicals 

would also be helpful in extending the shelf-life of MXene dispersions. 

3) Understanding the influence of MXenes' structural architectures, such as surface 

chemistry, interlayer spacing, and nanosheets stacking behaviors on the charge storage 

properties. Measures on broadening the interlayer spacing of MXenes should be 

explored further, so that ion diffusion/intercalation kinetics can be better facilitated. 

Widening the distance between the sheets is also beneficial for loading a higher 

amount of guest species, such as S, transition metal oxides and polymers. As such, the 

areal capacity (or capacitance) can be improved considerably.  

4) More engineering studies should be carried out on the MXene-based devices, 

especially on proper encapsulation of these air-sensitive nanomaterials. Since 

delaminated MXene flakes are easily oxidized if MXene thin films are exposed to the 

ambient environment, developing suitable encapsulating methods is extremely useful 

and practical for the sake of long lifetime MXene-based devices.  

5) Theoretical studies and experimental research should be performed 

simultaneously and in more depth. This includes screening new types of possible 

MXenes, predicting ion intercalation behaviors and theoretical capacity, adsorption 

energy, and charge storage mechanisms. 
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