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strength and flexibility.[13–17] In light of 
these fascinating characteristics, 2D mate-
rials demonstrate vast potential applica-
tions in the fields of chemistry, materials 
science, and nanotechnology.[18–21]

2D transition metal carbides, nitrides, 
and carbonitrides (abbreviated as MXenes) 
have emerged as a new branch of 2D 
materials and triggered great interest in 
recent years.[22–24] Distinguishing them 
from other 2D materials, MXenes are 
mainly obtained from their MAX precur-
sors by a two-step approach composed 
of a selective etching and exfoliation pro-
cess.[25] The research of MXenes can be 
traced back to 2011 when the first MXene 
Ti3C2 compound was developed and has 
since evolved into a large family with more 
than 30 members.[26] From the aspect of 
elemental composition, MXenes exhibit a 
chemical formula of Mn+1XnTx (n = 1, 2, 3,  
and 4) or M1.33XTx, where M represents an 
early transition metal (e.g., Sc, Ti, V, Cr, 
Hf, Mo, Nb, and Zr), X is carbon and/or 

nitrogen, while Tx corresponds to the various surface function-
alities derived from the synthetic procedures such as F, OH, 
O, and Cl. In 2018, Sang et al. synthesized Ti5C4 MXene by 
growing a TiC single layer on a Ti3C2 MXene substrate.[27] Very 
recently, an MXene with nine atomic layers (five layers of transi-
tion metals and four layers of carbon) was synthesized by Dey-
sher et al. where Mo4VC4Tx MXene was experimentally obtained 
from the Mo4VAlC4 precursor and the stability of other M5AlC4 
(M′ and M′′ are V, Sc, Mo, Hf, Zr, Ti, Ta, Nb, and W) MAX 
phases were simulated.[28] Unlike all other known MAX phases 
or MXenes, Mo4VC4Tx MXene exhibits twinning at the center M 
layers and Mo/V layers that are disordered on the M site, indi-
cating an additional structure of M5X4Tx in the MXene family.

Since their discovery in 2011, MXenes (abbreviation for transition metal 
carbides, nitrides, and carbonitrides) have emerged as a rising star in the 
family of 2D materials owing to their unique properties. Although the primary 
research interest is still focused on pristine MXenes and their composites, 
much attention has in recent years been paid also to MXenes with diverse 
compositions. To this end, this work offers a comprehensive overview of 
the progress on compositional engineering of MXenes in terms of doping 
and substituting from theoretical predictions to experimental investigations. 
Synthesis and properties are briefly introduced for pristine MXenes and then 
reviewed for hetero-MXenes. Theoretical calculations regarding the doping/
substituting at M, X, and T sites in MXenes and the role of vacancies are 
summarized. After discussing the synthesis of hetero-MXenes with metal/
nonmetal (N, S, P) elements by in situ and ex situ strategies, the focus turns 
to their emerging applications in various fields such as energy storage, elec-
trocatalysts, and sensors. Finally, challenges and prospects of hetero-MXenes 
are addressed. It is anticipated that this review will be beneficial to bridge 
the gap between predictions and experiments as well as to guide the future 
design of hetero-MXenes with high performance.

1. Introduction

Atomically thin 2D materials have drawn extensive attention in 
the past decade owing to their conspicuous virtues compared 
with the bulk counterparts.[1] The discovery of graphene triggered 
a booming development of various 2D materials,[2] and more 
than 20 kinds of 2D materials have been developed from single 
elements (e.g., Si,[3] Ge,[4] Te,[5] Bi,[6,7] and P[8]) to compounds (e.g., 
graphitic carbon nitride,[9] transition metal dichalcogenides,[10] 
and layered double hydroxides[11,12]). Unique nanostructures 
have endowed the 2D materials with intriguing physicochemical 
properties such as excellent electrical conductivity, high optical 
transparency, large specific surface area, outstanding mechanical 
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Due to the variety of M and X elements as well as the var-
ious terminations, the properties of MXenes can be precisely 
tuned to meet the requirements of many applications.[29–32] 
For instance, the outstanding electronic properties endow 
MXenes with applications in energy storage and conversion 
such as supercapacitors, rechargeable batteries and electrocat-
alysts.[33–36] In addition, MXenes are used for electromagnetic 
interference (EMI) shielding owing to their excellent electronic 
conductivity.[37–39] Furthermore, the unique optical response 
makes MXenes promising materials in the areas of non-
linear photonics,[40–45] saturable absorbers,[46–48] photothermal 
therapy,[49–52] field effect transistors,[53] as well as photocata-
lysts.[54–56] However, the development of pristine MXenes has 
been impeded due to several drawbacks such as inevitable 
restacking, large contact resistance, low flexibility, and poor 
stability in oxygen atmosphere. Inspired by the various doping 
strategies in graphene,[57–59] elemental doping approaches have 
proved to be effective strategies to optimize the properties of 
pristine MXene, such as electronic, optical, magnetic proper-
ties. Generally, the heteroatom content in doped materials is 
at very low levels (<≈1%) while those with higher heteroatom 
content can be termed as substituted ones. Here, substituted-
MXenes not only represent the partially  substituted ones by 
post-treatment but also  those synthesized from the  corre-
sponding MAX phases. In addition, both of the doped and the 
substituted MXenes can be regarded as hetero-MXenes due to 
the incorporated heteroatoms. Ascribing to the distinguished 
atomic structures, either the surface terminations or the lattice 
structures can be remarkably changed.

Generally, the synthesis of hetero-MXenes can be classi-
fied into two main categories according to the character of the 
dopant, namely ex situ and in situ strategies. The as-synthe-
sized MXenes are used as precursors in ex situ strategies and 
the dopants are then required for the postmodification proce-
dure. In contrast, dopants required during the fabrication of 
predoped/substituted MAX phases and hetero-MXenes can 
be obtained by subsequent selective etching. The lattice struc-
ture is less changed by the ex situ approach since the doping/ 

substituting only occurs within a specific thickness on the sur-
face, while it is significantly varied after in situ doping/substi-
tuting due to the “lattice mismatch” effect. Figure  1 presents 
an overview of the hetero-MXenes from the aspects of theoret-
ical calculations (gray) and experimental investigations (blue). 
According to the publication trends, there have been a few early 
works focusing on the compositional engineering of MXenes 
while they have dramatically increased in numbers during 
the recent five years. The predicted properties and employed 
dopants are summarized in the pie chart, which also makes 
reference to a number of relevant publications. The inner ring 
shows hetero-MXenes with nonmetal (N, S, P, and B) and metal 
(M) elements while the outer ring summarizes the practical 
applications according to experiments. Apparently, most of the 
theoretical predictions are focused on the doping/substituting 
of M atoms while more experimental studies have been carried 
out for hetero-N-MXenes. Upon compositional engineering, 
abundant active sites can be introduced while the original 
intriguing properties of MXene precursors are perfectly inher-
ited, providing great application prospects in a cornucopia of 
fields such as energy storage, electrocatalysts, and sensors.[60–64]

Although research on MXenes is still at its infancy, several 
reviews have been published on their synthesis, properties, and 
applications.[65–68] However, the previous reviews have mainly 
been focused on pristine MXenes and MXene-based compos-
ites while less attention has been paid on hetero-MXenes. With 
the ever-increasing attention to these rapidly developing mate-
rials, a special review is in demand to summarize their theoret-
ical simulations, synthesis, and emerging applications. In this 
regard, we provide here a comprehensive summary of recent 
progress toward the compositional engineering of MXenes and 
offer an overview of this new aspect of hetero-MXenes based 
materials. First, we briefly introduce the synthesis and prop-
erties of pristine MXenes which are the precursors for subse-
quent doping/substituting. Then available theoretical predic-
tions of hetero-MXenes are comprehensively summarized 
regarding the three doping/substituting positions at the M, X, 
and T sites of the MXenes and taking into account also vacancy-

Figure 1. Summary of publication trends for the hetero-MXenes from theoretical calculations and experimental investigations.
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induced properties. For the experimental investigations, the 
synthesis and applications of hetero-MXenes with metal and 
nonmetal elements are addressed and compared with their pre-
cursors. Finally, outlooks and prospects for future opportunities 
and challenges of hetero-MXenes are presented. We envisage 
that this timely and focused review will not only be beneficial 
to bridge the gap between theoretical predictions and experi-
mental investigations, but that it will also provide guidelines for 
the further design of hetero-MXenes with high performance.

2. Preparations and Properties of MXenes

The name MXene refers to the graphene-like 2D structure and 
intimate relation to MAX phases.[26] It is well accepted that 
MAX phases are the precursors of MXenes, possessing the 
composition of Mn+1AXn (n = 1, 2, 3, or 4) where M represents 
a transition metal, A is a group IIIA or IVA element, and X 
stands for C and/or N. Generally, MXenes can be obtained by 
removing the “A” element from the MAX precursors, resulting 
in the chemical formula Mn+1XnTx (Tx refers to the surface 
termination). Figure  2a summarizes the reported elements 
in MAX phases and MXenes, as well as the surface termina-
tions and intercalated ions in MXenes. Apparently, there are 
at least 100 stoichiometric MXene compositions based on the 
combinations of various transition metals and C/N elements. 
As shown in Figure 2b, about 38 kinds of MXenes have been 
experimentally obtained in the past decade. It has been revealed 
that the surface of MXenes can be functionalized by fabrication 
strategies and subsequent delamination. As a consequence, the 
properties of MXenes can be significantly tuned not only by the 
composition design but also by synthetic approaches.

2.1. Synthesis of MXenes

Similar to the synthesis of traditional 2D materials, there are 
two main strategies for the fabrication of MXenes–top-down 
and bottom-up approaches. Generally, the former category is 
based on the MAX phases or their analogues, while the latter 
refers to an opposite process where the materials are grown 
from atoms or molecules. MXenes fabricated by the top-down 
approach contain various terminations and flake sizes ranging 
from nanometer to microscale.[69] In contrast, there are no ter-
minations in MXenes obtained by the bottom-up approach.

2.1.1. Top-Down Approach

Due to the relatively strong metallic MA bonds, MXenes can 
hardly be obtained by mechanical exfoliation of MAX phases. 
Fortunately, MA bonds are more chemically reactive than 
the MX bonds, making it possible for selective etching of 
“A” layers by various etchants. As shown in Figure 3a, the first 
member of the MXene family (Ti3C2) was successfully obtained 
by etching a Ti3AlC2 precursor with concentrated hydrofluoric 
acid (HF).[26] Generally, the mechanism of HF-etching of MAX 
(taking M3AX2 as an example) phases can be demonstrated by 
the following equations

M AX 3HF AF (3/2)H M X3 2 3 2 3 2+ = + +  (1)

M X 2H O M X OH H3 2 2 3 2 2 2( )+ = +  (2)

M X 2HF M X F H3 2 3 2 2 2+ = +  (3)

The A element act as a reducing agent for H+ ions and can 
be oxidized to A3+ after reaction (1). With regard to the H+ ions 
in reactions (2) and (3), they can be reduced by M2+ which 
converts to M3+ after the reactions. Therefore, the surface of 
MXenes can be functionalized with various groups (OH, and F),  
resulting in a hydrophilic nature of the HF-etched MXenes.

In order to avoid direct usage of the toxic HF acid, milder bif-
luoride etchants (such as NH4HF2, NaHF2, and KHF2) have been 
applied to etch MAX phases. Very recently, Natu et  al. demon-
strated that Ti3AlC2 MAX can be etched directly in polar organic 
solvent with the assistance of NH4HF2, facilitating their further 
applications in water-sensitive circumstances (Figure 3b).[70] The 
obtained MXene flakes exhibit rich fluorine termination and 
possess nearly double capacity in Na-ion batteries compared to 
Ti3C2Tx etched in water. Recently, Li et  al. developed a general 
approach to fabricate Zn-based MAX phases by replacing the “A” 
element with late transitional element atoms under high temper-
ature (Figure  3c).[71] Interestingly, chlorine-terminated MXenes 
can be achieved by increasing the amount of ZnCl2. The molten 
Lewis acidic etching approach not only opens the gate to explore 
unconventional MAX phases but also provides a green and viable 
route to preparing unique chlorine-terminated MXenes.

Considering the difficulty in post-treatment of fluoride-
containing waste solution, fluoride-free chemical approaches 
have raised great attention in recent years. A milder method 
was developed by Xuan et  al. by using tetramethylammonium 
hydroxide (TMAOH) as an etchant.[75] The Al layer can be etched 
by TMAOH while the large TMA+ cation facilitates the delami-
nation of Ti3C2 flakes. In 2019, Pang et al. explored the HF-free 
electrochemical etching method to various MXenes, such as 
Ti2CTx, Cr2CTx, and V2CTx.[72] As can be seen in Figure 3d, the 
Al layer was first etched out in the beginning while both the Al 
and Ti layers can be etched with the increment of etching time, 
resulting in carbide-derived carbon on the surface. It is also 
verified that the etching efficiency can be increased by gentle 
heating. These green synthetic approaches avoid the utilization 
of hazardous and highly corrosive acids, which is of great interest 
in fabrication of other MXenes from UV-sensitive MAX phases.

2.1.2. Bottom-Up Approach

The bottom-up approach is another powerful strategy which has 
been applied to fabricate MAX phases as well as high-quality 
MXenes.[74,76,77] As revealed by Halim et al., the Ti3AlC2 MAX phase 
can be fabricated by directly sputtering desired elements (Ti, Al, 
and C) onto an insulating sapphire substrate.[78] It is revealed that 
the chemical vapor deposition (CVD) method can be used to fab-
ricate MXenes with large area and high-quality (Figure 3e).[73] By 
taking methane as the carbon source and a Cu/Mo foil as a sub-
strate, Xu et al. first demonstrated ultrathin α-Mo2C (≈3 nm) with 
a lateral dimension over 100 µm at the temperature of 1085 °C.[76] 
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Interestingly, the CVD method can also be used to fabricate 
MXene-based heterostructures. As shown in Figure 3f, large-area 
2D Mo2C in situ grows on a graphene nanosheet, forming a novel 
Mo2C/graphene vertical heterostructure.[74] Unlike those MXenes 
obtained by top-down strategies, the as-synthesized Mo2C by the 
CVD method is free of terminations with few defects, so facili-
tating the exploration of its intrinsic properties.

In addition to the CVD method, Xiao et al. developed a salt-
templated approach to synthesize ultrathin 2D transition metal 
nitrides, such as V2N, W2N, and Mn3N2.[79,80] Recently, novel 2D 
transition metal carbides (Ti4C3 and Ti5C4) were fabricated by in 
situ atomic layer growth of TiC on substrates with similar hex-
agonal-metal lattice, leading to the development of a bottom-up 
strategy.[27] As revealed, a hexagonal TiC single layer forms on 
the surface of the Ti3C2 MXene under electron-beam irradiation 
and thermal exposure, providing a controllable synthesis of the 
transition metal carbides with large area and high quality.

2.2. Properties

2.2.1. Structural Properties

In order to elaborate the properties of MXenes, one has 
to thoroughly understand the special atomic structures of 
MXenes.[81–83] After removal of “A” elements from the MAX 
phases, transition metal atoms (M) are interleaved with carbon 
and/or nitrogen atoms (X) and the overall crystal remains as a 
hexagonal close-packed structure (Figure  4). Interestingly, the 
ordering of the M atoms in M2X is a bit different from those in 
M3X2 and M4X3, where the M atoms follow ABABAB ordering 
in M2X and ABCABC packing in M3X2 or M4X3. In addition, 
the atomic lattices are found to be significantly influenced by 
the synthetic methods, even for a certain kind of MXene.

It should be noted that bare MXene without surface 
terminations can hardly be experimentally achieved and that 

Figure 2. a) Periodic tables presenting compositions of MAX phases and MXenes. b) Experimentally obtained MXenes reported to date. a) Reproduced 
with permission.[23] Copyright 2019, American Chemical Society.
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the surface termination is another essential component in 
MXenes.[84] In wet-etching processes, the terminations on the 
MXenes are hydrophilic H, F, O, and OH groups, facil-
itating a good dispersion of MXene flakes in water. These sur-
face terminations have been confirmed by neutron scattering 
and NMR spectroscopy and the ratio between various surface 
terminations can be tuned by a synthetic method and post- 
treatment.[85–87] Understanding the surface terminations is of 
 paramount importance to elucidate their roles in affecting the 
properties of MXenes. As a consequence, the fundamental proper-
ties of MXenes are found to be generally dominated by their atomic 
structures and surface terminations, which are greatly affected by 
not only the synthetic approaches but also by the post-treatment.

2.2.2. Atomic Defects

Intrinsic point defects are often almost unavoidable in 2D mate-
rials. Typically, a large amount of defects is formed especially 
during the exfoliation process affecting the electronic, optical, 
and electrical properties of the various 2D materials (graphene, 
transition metal dichalcogenides, etc.).[88–91] Similar to other 

2D materials, defects can affect the properties of MXenes.[92,93] 
Therefore, the overview of intrinsic defects in MXenes is here 
aimed to determine and understand the related properties and 
could benefit defect engineering of MXenes.

Intrinsic point defects like Ti vacancies and adatoms can be 
observed in Ti3C2 MXenes (Figure  5a,b) when the respective 
MAX phase is treated by HF in aqueous solution. Ti vacancies 
are mainly formed on the outer layers directly interacting with 
the solution, while vacancies in the inner metallic layer can also 
be formed with lower probability.[83,94] The vacancy concentra-
tion can be regulated by the HF concentration where etching of 
Ti3C2Tx  MXene with 2.7 wt% HF aqueous solution produces a 
lower amount of vacancies compared to 7 wt% HF (Figure 5c). 
Since HF solutions result in harmful effects on the quality of 
the MXene, dissolving LiF in 6  m HCl is less harsh,[95] while 
minimally intensive layer delamination (MILD) offers the best 
quality.[25] Avoiding sonication during the exfoliation process can 
also allow one to fabricate larger sheets with fewer defects.[96] It 
should be noted that a higher concentration of defects leads 
to lower quality and environmental stability of MXenes.[69] 
Based on first-principle calculations, the formation of a single 
Ti or C vacancy was described and mainly associated with two 

Figure 3. a–d) Synthesis of MXenes by top-down strategies: a) HF etching; b) milder bifluoride etching; c) molten salt etching; d) fluoride-free elec-
trochemically etching. e,f) Bottom-up strategies: e) Schematic illustration of the synthesis process for Mo2C. f) Growing mechanism of Mo2C crystals 
under low and high flow rates of CH4. a) Reproduced with permission.[26] Copyright 2011, Wiley-VCH. b) Reproduced with permission.[70] Copyright 2020, 
Elsevier. c) Reproduced with permission.[71] Copyright 2019, American Chemical Society. d) Reproduced with permission.[72] Copyright 2019, American 
Chemical Society. e) Reproduced with permission.[73] Copyright 2015, Springer Nature. f) Reproduced with permission.[74] Copyright 2017, Wiley-VCH.
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competing factors where dangling bonds lead to an increase 
in the total energy, while structural deformation-induced Ti 3d 
state splittings result in a decrease in the total energy.[97] Theo-
retical methods also reveal that compared to other 2D materials 
like MoS2 and graphene the formation energy of carbon vacan-
cies in Ti2C MXene is lower and is energetically more favorable 
than Ti-vacancy and O-vacancy enhancing metallic character of 
MXene.[98,99] Therefore such kind of vacancy should also exist 
in MXenes. Interestingly, the amount of carbon atoms slightly 
depends on the number of layers in the T3CxTy phase increasing 
from the multilayered structure (x = 1.82 ± 0.08) to monolayer 
(x = 2.08 ± 0.09).[83] Structural variations are often observed at 
the edges of MXenes where termination by metal atoms results 
in sharp contrast in STEM images, while termination by light-
weight atoms produces a diffuse image (Figure 5d).[83] The pres-
ence of Ti vacancies in Ti-based MXenes can be responsible for 
higher friction coefficients between layers compared to the ideal 
surface. Such an effect was explained in terms of increased sur-
face roughness and induced additional attractive forces between 
adjacent layers.[100] Ti and C adatoms can be formed through 
a surface diffusion mechanism on the Ti3C2  under electron 
beam irradiation at high temperature (>500 °C). These adatoms 
migrate from Ti3C2 flakes onto bare hexagonal Ti surface planes 
of monolayer Ti3C2 forming h-TiC monolayers (Figure  5e) 
above.[27] Therefore, other predicted transition metal nitrides 
with one-atom-thick hexagonal structures and intriguing 

magnetic and piezoelectric properties are awaiting their experi-
mental confirmation.[101–103]

Besides, vacancies can induce or enhance magnetic prop-
erties of MXenes. Magnetic behavior has been demonstrated 
in Ti2XT2 with X vacancy except for Ti2CO2

[104] and line 
defects.[105] Both Ti and N vacancies could enhance magnetism 
in Ti4N3 sheets, so increasing the total magnetic moment from 
1.173 to 1.817 µB for VTi and to 2.373 µB for VN systems.[106] 
However, the most promising characteristic of vacancies in 
MXenes is the ability to host guest atoms toward catalytic and 
Li-ion battery applications that are explained in the following 
parts of this review. For example, Zhang et. al immobilized 
single Pt atoms on Mo2TiC2Tx nanosheets (Figure 5f) achieving 
mass activity about 40 times greater than the commercial Pt/C 
catalyst, as an effective hydrogen evolution.[60]

It is important to note that well-ordered double vacancies 
in initial 3D laminate MAX phases change the atomic struc-
ture resulting in novel so-called in-plane ordered MAX phases  
(i-MAX phases) that can be subsequently used to produce 
W1.33C and Mo1.33C based MXene sheets with ordered metal 
divacancies.[107,108] For instance, Mo1.33C demonstrates signifi-
cantly (65%) higher volumetric capacitance compared to its 
parent compound Mo2C.

Defects play a vital role in the stability of MXenes. Utilizing 
scanning transmission electron microscopy (STEM), Xia et  al. 
demonstrated the mechanism of ambient degradation of Ti3C2 

Figure 4. Atomic structures of 2D MXenes (M2X, M3X2, M4X3, and M5X4). Reproduced with permission.[31] Copyright 2019, Elsevier.
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MXene where titanium oxide starts to grow in the vicinity of 
basal and edge atomic defects.[109] Positively charged titanium 
vacancies induce the formation of amorphous carbon, while 
oxidation of Ti cations and the following formation of TiO2 
occur at nearby positions. At the same time, Nb adatoms at the 
Nb2CTx MXene surface contact with ambient O, forming oxide 
nanoclusters that start to destroy local structural order with fol-
lowing degradation of the entire MXene sheet.[110] It has been 
revealed that the degradation process is size-dependent and 
small MXene nanoparticles are less stable.[111] Compared to the 
widely used top-down approach, the bottom-up method allows 
more precise control of experimental preparation of MXenes, 
therefore resulting in a better quality of the materials.[74,76] Thus, 
an enhancement of the production methods is required to max-
imally avoid such defects and therefore to prevent the oxida-
tion process. At the same time, atomic vacancies can provide 
a beneficial effect for elemental doping/substituting since they 
provide a suitable site hosting a guest metal atom that can be 
designed for various catalytic applications.[60,112,113]

Over the past decade, various properties of MXenes have been 
revealed by both theoretical simulations and experimental inves-
tigations, predicting that they can be significantly influenced by 
their intrinsic compositions and post-treatments. Consequently, 
2D MXene materials have been extensively used in various 
fields, such as energy storage devices,[34] biomedicine,[49] EMI 
shieldings,[37] catalysts,[31] sensors,[20] and other fields.[14,29] The 
property modifications of MXenes are still ongoing to further 
enhance the performance of MXene-based devices. In order to 
further extend the applications of MXenes, elemental doping/
substituting has been widely investigated based on both theo-
retical calculations and experimental verifications, showing 

that doping/substituting can be used to tune the properties of 
MXenes at the atomic level. Detailed elemental doping/substi-
tuting of MXenes will be discussed in the following sections.

3. Theoretical Calculations of Elemental Doping/
Substituting
In order to precisely control the properties of MXenes, ele-
mental doping/substituting has been proved to be one of the 
most promising strategies since it can adjust the intrinsic 
structures of MXenes at the atomic level. To date, various syn-
thetic strategies have been demonstrated for the fabrication of 
MXenes: defects on the MXenes may arise during the synthesis, 
providing the opportunities for elemental doping/substituting. 
Generally, both M and X elements of MXenes can be substituted 
by various elements either in the MAX phase or after exfolia-
tion, resulting in stoichiometric or nonstoichiometric MXenes 
with unique properties. In addition, elemental exchange of sur-
face terminations (T) also has considerable influence on the 
properties of MXenes. In this section, theoretical calculations 
for compositional engineering of MXenes are summarized, 
which offer guidelines for further experimental design.

3.1. Computational Approaches

Theoretical simulations are of scientific and technological sig-
nificance to deeply understand the fundamental properties 
and practical applications of hetero-MXenes. Recently, signifi-
cant advances in density functional theory (DFT) and low-cost 

Figure 5. a–f) Atomic defects in MXenes: a) Ti vacancy in single and double MXene sheets and Ti adatom on single and double MXene sheets (from 
left to right). b) Comparison between experimental and simulated HAADF-STEM images of single and bivacancy. c) HAADF-STEM images from single-
layer Ti3C2Tx MXene flakes prepared using etchants with different HF concentrations. d) Edges of single and double sheets. e) Schematic illustration 
of the homoepitaxial growth process to form single layer h-TiC on a monolayer Ti3C2 substrate through electron-beam irradiation and heating. f) Illus-
tration of synthesis mechanism for Mo2TiC2O2-PtSA (left) and magnified HAADF-STEM (middle) and STEM-EDS (right) images of Mo2TiC2Tx-PtSA.  
a,d) Reproduced with permission.[83] Copyright 2015, American Chemical Society. b,c) Reproduced with permission.[94] Copyright 2016, American 
Chemical Society.  e) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/
licenses/by/4.0).[27] Copyright 2018, The Authors, published by Springer Nature. f) Reproduced with permission.[60] Copyright 2018, Springer Nature.
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computations have enabled the generation of reliable data from 
fundamental physical equations.[55] Although DFT in the local 
density function approximation is a reliable method to predict 
physical and chemical phenomena at the atomic level, there are 
method limitations, e.g., in the prediction of bandgap values 
and van der Waals interactions.[114] To correct such imperfec-
tions, higher level methods, like the hybrid functional method 
using the Heyd–Scuseria–Ernzerhof (HSE06) functional,[115–117] 
are generally accepted along with various empirical corrections 
including DFT-D2, DFT-D3 (Grimme),[118] and DFT+U.[119,120] 
As summarized in Table  1, theoretical calculations of hetero-
MXenes generally focus on three positions (M, X, and T) of 
MXenes, which can be named as M-doped, X-doped, and 
T-substituted MXenes, respectively. Apparently, many theo-
retical simulations predict doping/substituting of M atoms 
in MXenes by transition metal elements while the elemental 
doping/substituting of X atoms and surface terminations also 
have been revealed. According to Table 1, GGA-PBE is the most 
widely used method which has also been combined with other 
methods to further predict the properties of MXenes, such as 
band structure, electronic, optical, mechanical, and magnetic 
properties. In addition to the intrinsic properties, potential 
applications of hetero-MXenes such as catalyst (HER, ORR, 
NRR, and OER), SCs, and rechargeable batteries are also 
predicted.

3.2. M-Doped MXenes

It is well accepted that the fascinating properties of MXenes 
stem from the open d orbitals of the M atoms. For instance, 
Khazaei et  al. predicted that the bandgaps increase with the 
increment of M in the order of Hf2CO2 > Zr2CO2 > Ti2CO2.[161] 
Therefore, the modification of the transition metal M is antici-
pated to generate dramatic alteration of their intrinsic prop-
erties. Recently, the development of double-transition metal 
MXenes has expanded the MXene family, where sandwiched 
configurations of two different transition metals is observed.[162] 
Such MXenes with more than one kind of transition metal 
can be regarded as typical hetero-M-MXenes, including solid 
solution, ordered double metal MXenes, and ordered diva-
cancy. As revealed by Anasori et  al. by calculating the forma-
tion energies (Figure  6a,b), there are many kinds of ordered 
M′2M′′C2 and M′2M2′′C3 compounds that can stably exist.[162] 
Combining GGA-PBE and HSE06 calculations, the electronic 
properties of M′2M′′C2 (M′ = Mo, W and M′′ = Ti, Zr, Hf) can 
be systematically estimated, exhibiting topological nontrivial 
gaps ranging from 0.119 to 0.409 eV.[131] As revealed by Si et al., 
the Mo-based Mo2MC2O2 (M = Ti, Zr, Hf) are also predicted 
as robust quantum spin Hall insulators, which exhibit high 
resistance to oxidation due to the oxygen terminations and 
therefore mutual electrostatic repulsion.[132] The magnetic prop-
erties of Cr2MC2T2 (M = Ti, V) have also been investigated by  
Yang et  al., where Cr2VC2T2 is calculated to be ferromagnetic 
and Cr2TiC2T2 exhibits both nonmagnetic and anti-ferromag-
netic features.[129]

DFT serves as an ideal tool to assess the potential applica-
tion of MXenes for electrocatalysis, since it provides a frame-
work for rapid, systematic and qualitatively correct predictions 

of the catalytic performance. The calculated reactivity is mainly 
based on the binding strength to a particular surface structure, 
which can be greatly influenced by the intrinsic metal orbital 
hybridization, surface terminations as well as layer thickness 
of MXenes. Owing to the partially filled d orbital of transition 
metal atoms, a high DOS of the MXenes near the Fermi level 
is expected to favorably interact with the hydrogen 1s orbital. 
Therefore, the entire basal plane of MXene’s highly anisotropic 
structure can potentially act as an active site for hydrogen 
adsorption with a performance better than that of inert 2D 
materials.

It has been revealed that bimetal MXenes are also promising 
materials for catalysis with performances mainly dependent on 
the outermost transition metal. Ling et  al. predicted that the 
hydrogen evolution reaction (HER) performance of TiVCO2 is 
better than those of Ti2CO2 and W2CO2.[122] More recently, Jin 
et al. performed effective screening of active catalysts for HER 
among M′2M′′C2Tx and M′2M′′2C3Tx (M′  = Cr, V, Ti, Nb and 
M′′  = Nb, Ta, Ti, V) MXenes, and 18 of them were predicted 
to show active HER performance.[163] Owing to the near-zero 
Gibbs free energy (≈0.003 eV) and the lowest theoretical over-
potential, Mo2NbC2O2 is estimated to be the best candidate 
for HER (Figure 6c). In addition to the stoichiometric double-
M MXenes, nonstoichiometric MXenes (also called as MXene 
alloys) have been theoretically investigated. For instance,  
Tan et al. carried out calculations of structure–stability relation-
ships of (M′1−xM′′x)3C2 alloys (M′ = Ti, V, Nb, Ta and M′′ = Mo, 
Nb, Ta, V) by DFT and cluster expansion methods.[126] Based on 
Monte Carlo simulations, the surface layers of Mo-rich MXene 
are found to be occupied by Mo atoms to form a stable struc-
ture (Figure  6d). The positions of Ti atoms in various MXene 
alloys depend on the composition, where they prefer to occupy 
both surface layers in Ti-rich MXenes and one surface layer in 
Ti-poor MXenes. Moreover, (Ti1−xVx)3C2 alloys show fully dis-
ordered structures, resulting in solid solutions regardless of 
the compositions. In order to increase the ordering of various 
transition metals in MXene alloys, postannealing at moderate 
temperatures is proved to be an efficient approach.

Owing to the simple atomic structure, the intrinsic proper-
ties of hetero-M M2C have been extensively predicted, including 
electronic, structural, and magnetic properties. As summarized 
in Table 1, most of the hetero-M M2C compounds are calculated 
by replacing a part of the M atoms with transition metals, such 
as Ti/V/Cr/Mn-doped Sc2CT2,[123] V/Sc-doped Ti2C,[124,125,134] 
and Co-doped Mo2C.[133] As revealed by Li et  al., increased lat-
tice parameters and decreased layer thickness are observed in 
Sc-doped Ti2C.[125] V substitutions could further enhance the 
mechanical properties of Ti2C and a maximum elastic strength 
of 425 GPa is obtained in (Ti0.25V0.75)2CO2, which is about 
3-folds higher than that of Sc-doped (Ti0.125Sc0.875)2CO2. In addi-
tion, the doping by V atoms endows Ti2C magnetic feature 
where the magnetic moments of 2.61 and 1.52 µB per cell are 
determined for (Ti0.5V0.5)2CO2 and (Ti0.375V0.625)2CO2, respec-
tively. Similar results are obtained in Co-doped Mo2C for which 
the total magnetic moment increases from 1.2 to 2.03 µB as 
the Co content increases from 3% to 8%, whereas the pristine 
Mo2C is calculated to be nonmagnetic.[133] The magnetic and 
electronic properties of Sc/V/Zr-doped Ti4N3 were revealed by  
Zhou et  al., where the magnetism is significantly enhanced 
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Table 1. Theoretical calculations of the hetero-MXenes.

MXene Hetero elements Properties/applications Simulation method Ref.

1. M-doped

V2CO2 Fe, Co, Ni HER GGA-PBE [121]

MVCO2 Ti, Zr, Nb, Hf, Ta HER GGA-PBE/DFT-D2 [122]

MWCO2 Cr, Mo HER GGA-PBE/DFT-D2 [122]

Sc2CT2 Ti, V, Cr, Mn Magnetic/electronic GGA-PBE [123]

Ti2C V Mechanical GGA+U [124]

Ti2CO2 Sc, V Mechanical/electronic GGA [125]

(M′1−xM′′x)3C2 M′: Ti, V, Nb, Ta
M′′: Mo, Nb, Ta, V

Stability PBE [126]

Mo2TiC2O2 3d, 4d, and 5d TM NRR GGA-PBE/DFT-D3 [127]

M2CO2 (M: Ti, V, etc.) 3d, 4d, and 5d TM HER GGA-PBE [128]

Cr2MC2T2 Ti, V Electronic/magnetic GGA-PBE [129]

Tin+1CnTx Pt ORR GGA-PBE [130]

M′2M′′C2 M′: Mo, W
M′′: Ti, Zr, Hf

Electronic GGA-PBE/HSE06 [131]

Mo2MC2O2 Ti, Zr, Hf Electronic GGA-PBE/HSE06 [132]

Mo2C Co Electronic/magnetic GGA-PBE [133]

Ti2CO2 V, Sc Electronic GGA-PBE [134]

Mo2CO2 Pd CO Oxidation GGA-PBE [135]

Mo2CO2 Cu3 CO Oxidation GGA-PBE [136]

Cr2CO2 Ni, Co HER GGA-PBE/DFT-D3 [137]

Cr2CO2 Ag, Au, Co, Fe, Ir, Mn, Mo, etc HER/OER GGA-PBE/DFT-D3 [138]

Ti3C2 Fe, Co, Ni, Cu, Zn, Ru, Rh, etc Stability GGA-PBE [139]

M2CO2 (M: Sc, Ti, etc) Mn CO adsorption GGA-PBE [140]

Ti4N3 Sc, V, Zr Electronic/magnetic GGA-PBE [106]

Nb2CT2 Pt, Pd ORR/OER GGA+U/DFT-D3 [141]

2. X-doped

Sc2C(OH)2 Si, Ge Electronic GGA-PBE [142]

Ti2CF2 Si, Ge, Sn, F, B, N, S Electronic/optical GGA-PBE [143]

Sc2CF2 Si, Ge, Sn, F, S, N, B, B+N Electronic GGA-PBE [144]

Ti2C B Mechanical GGA+U [124]

Ti2CO2 B, N Mechanical/electronic GGA [125]

Ti3CNT2 N LIBs GGA-PBE/DFT-D2 [145]

Ti3C2 N SCs GGA-PBE [146]

M2C (M: Ti, Mo) N, B, P, S HER GGA-PBE [147]

3. T-doped

M2XT2 (M: Sc, Ti, V, Cr, Zr, etc; X: C, N) S Stability/electronic GGA-PBE [148]

Zr2CT2 F, O, S Electronic GGA-PBE [149]

Ti2CT2 F, O, S LSBs GGA-PBE [150]

Ti3C2T2 O, S NIBs GGA-PBE [151]

M2NT2 (M: V, Ti) S L/NIBs GGA-PBE [152]

Cr2CTT′ H, F, Cl, Br, OH Magnetic/electronic GGA-PBE/DFT+U [153]

Nbn+1CnT2 F, O, OH, OCH3 Work function GGA-PBE [154]

Cr2TiC2T2 F, Cl Magnetic HSE06 [155]

Ti3C2T2 N, O, F, S, Cl LSBs GGA +U/DFT-D3 [156]

Ti3C2T2 O, S, Se, Te LIBs GGA-PBE/DFT-D2 [157]

Ti2CT2 S MIBs GGA-PBE/DFT-D2 [158]

Ti3CNO2 Ir, Os, Re, Rh, Fe, Zn HER GGA-PBE/DFT-3 [159]

M2CO2 (M: Ti, Zr, etc) B NRR PBE/DFT-D3 [160]
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and high spin polarizability is remained.[106] As revealed in that 
work, the structural stability and large magnetism of M-doped 
Ti4N3 can be ascribed to the direct magnetic exchange between 
the doping element and Ti atoms. Recently, Gao et al. systemati-
cally predicted the adsorption or substitution of single transition 
metal atoms on Ti3C2, showing that the adsorption of single 
transition metal atoms gives a good linear relationship between 
adsorption energy and chemical property (Figure 6e).[139]

According to theoretical and experimental evidence, there 
are several methods that can be used to enhance the HER 
activity of MXenes, such as surface modification, interlayer 
delamination, interfacial coupling, chemical modification, and 
introducing external strain, etc. It has been revealed that the 

HER performance of M2C can be remarkably enhanced by 
elemental doping/substituting, including surface and chemical 
modifications. In 2016, Ling et al. predicted that pristine V2CO2 
is not suitable for HER while extremely high catalytic activity 
is observed in Fe/Co/Ni-doped V2CO2.[121] By tuning the type 
and the coverage of transition metal atoms, the binding energy 
between hydrogen and oxygen is weakened and the hydrogen 
adsorption free energy can reach optimal value (Figure 6f). In 
addition, Fe/Co/Ni-doped catalysts show good stability and can 
be further modulated by external strain. As shown in Figure 6g, 
Cheng et  al. revealed the stability and electrocatalytic perfor-
mance of M-doped Cr2CO2 by introducing various TM atoms, 
such as Ag, Au, Co, Fe, Ir, Mn, Mo, Ni, Pd, and Ru.[137,138] Taking 

Figure 6. a) Predicted stabilities of M′2M′′C2 MXenes. b) Predicted stabilities of M′2M′′2C3 MXenes. a,b) Reproduced with permission.[162] Copyright 
2015, American Chemical Society. (https://pubs.acs.org/doi/10.1021/acsnano.5b03591; further permissions related to the material excerpted should 
be directed to the ACS). c) Calculated Gibbs free energy for double TM MXenes. Reproduced with permission.[163] Copyright 2020, American Chemical 
Society. d) Schematic illustration of the formation of MXene alloys. Reproduced with permission.[126] Copyright 2017, American Chemical Society.  
e) The predicted charge density differences of M-doped Ti3C2. Reproduced with permission.[139] Copyright 2019, Elsevier. f) Schematic illustration of 
the HER performance of TM-doped V2CO2. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0).[121] Copyright 2016, The Authors, published by Wiley-VCH. g) Relationship of overpotentials with various TM.  
h) Calculated Gibbs free energy for Ni-doped Gr2CO2 in different sites. g,h) Reproduced with permission.[138] Copyright 2019, American Chemical Society.
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advantages of ultrahigh Ni oxide formation pressure and the 
electron transfer from Ni to O*, Ni atoms can be strongly fixed 
on the surface of Cr2CO2 with a uniform distribution, providing 
a satisfactory catalytic activity with the low overpotential of  
0.16 V for HER (Figure 6h). More recently, the TM doping effect 
on the HER catalytic performance of M2CO2 (M = Ti, V, Hf, Zr, 
and Ta) has been systematically estimated.[128] As revealed in 
that work, the change of Gibbs free energies of doped MXene 
is strongly related to the electronegativity of the TM elements, 
and also shows a remarkable periodic law. As a consequence, a 
number of M-doped M2CO2 compounds have been proved to 
be excellent HER catalysts, such as W-doped Ti2CO2, Os-doped 
Hf2CO2, Mo/Re-doped Zr2CO2, and Os/Ru/Ir/Rh/Au/Cu/Pd-
doped Ta2CO2.

In addition to HER, other catalytic processes of M-doped M2C 
compounds have been calculated such as CO adsorption,[140] CO 
oxidation,[135,136] oxygen evolution reaction (OER),[138,141] oxygen 
reduction reaction (ORR),[130,141] and nitrogen reduction reaction 
(NRR).[127] The M-doped MXenes are sensitive to small mole-
cules such as NO and CO. As shown in Figure 7a, the distances 

between adsorbed CO and Mn-doped M2CO2 are in the order 
of Sc2CO2 < Hf2CO2 < Zr2CO2 < Ti2CO2, demonstrating strong 
adsorption of CO molecules for Mn-doped Sc2CO2.It should 
be noted that good adsorption is not only a condition for the 
application of gas sensors since the detection of a gas molecule  
is dependent on a measurable property variation. Fortunately, 
there is an obvious depletion region around the doped Mn atom 
in Mn-doped Sc2CO2 and an accumulation area under the C 
atom of the adsorbed CO molecule, indicating charge transfer 
from the substrate to the adsorbed CO molecule. Therefore, Mn-
doped Sc2CO2 is proved to be a promising material for gas sen-
sors based on measuring the change of resistance.[140] In order 
to realize the practical applications, other parameters of gas 
sensors should be taken into consideration such as response/
recovery time, desorption speed, and long-term cycling stability, 
that also can be tuned by the compositional engineering. More-
over, the CO oxidation reaction on MXenes can be promoted by 
elemental doping/substituting. As demonstrated by Cheng et al., 
the single Pd atom decorated defective Mo2CO2 with oxygen 
vacancy (Pd/OV–Mo2CO2) shows an excellent activity for CO 

Figure 7. a) Side views for the optimized atomic structures of CO molecule adsorption on Mn-doped M2CO2 (M = Sc, Ti, Zr, and Hf). Reproduced 
with permission.[140] Copyright 2019, Elsevier. b) Reaction pathways of CO oxidation via trimolecular Eley-Rideal mechanism on Pd-doped Mo2CO2. 
Reproduced with permission.[135] Copyright 2018, Royal Society of Chemistry. c) Volcano plot for the ORR potentials for Pt-doped Tin+1CnT2 (n = 1, 2, 
and 3; T = O and F). Reproduced with permission.[130] Copyright 2019, American Chemical Society. d) Scheme of Pt-doped Nb2CT2 (T = O and F) and 
their ORR and OER performances. Reproduced with permission.[141] Copyright 2020, Royal Society of Chemistry. e) NRR performance of TMSA-doped 
Mo2TiC2O2 and the configurations of key species during reactions. Reproduced with permission.[127] Copyright 2019, Wiley-VCH.
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oxidation according to the trimolecular Eley–Rideal mechanism 
(Figure 7b).[135] Those Pd atoms serve as active centers that pro-
mote the electron transfer from adsorbed CO to the 2π* orbital 
of O2, resulting in a scission of the OO bond and formation of 
CO2. Similar results are observed in Cu3-cluster-doped Mo2CO2, 
which also exhibit good stability and reactivity for CO oxida-
tion.[136] Liu and Li found that Pt-doped Tin+1CnT2 (n  = 1, 2, 3) 
exhibit good performance in ORRs, where the F-terminated 
MXene shows a better performance but lower stability in ORR 
than the O-terminated one due to the weaker binding energy 
(Figure 7c).[130] Bifunctional ORR and OER catalysts are achieved 
by doping Pt/Pd single atoms in Nb2CT2 MXene (Figure 7d).[141] 
As demonstrated, the excellent catalytic activity mainly relies on 
the electron donor capacity as well as on the synergistic effect 
between surface terminations and the noble metal atoms. 
According to DFT computations, the chemisorption of N2 on 
MXenes is spontaneous regardless of the relatively inert fea-
ture of N2. Importantly, the triple bond in N2 is calculated to be 
stretched (>20%) on the surface MXenes compared to the gas 
phase, indicating an enhanced activity. Recently, the electrochem-
ical NRR activities of MXenes have been promoted by doping of 
single transition metal from 3d, 4d, and 5d periods (Figure 7e), 
resulting in a reduced energy input during the reaction.[127] Zr/
Mo/Hf/Ta/W/Re/Os-doped Mo2TiC2O2 are predicted theoreti-
cally to be promising for N2 capture and to exhibit outstanding 
performance in NRR catalysis. In addition, the overpotential of 
Fe-doped Mo2N was calculated to be 0.47 V, indicating that the 
Fe-dopants can significantly weaken the metal-nitrogen interac-
tion as well as promote the formation of ammonia. Furthermore, 
the single Zr atom doped Mo2TiC2O2 shows the lowest known 
barrier potential of −0.15 V and is suggested to be the most 
promising catalyst for high-performance reduction of N2 to NH3 
under ambient condition. Therefore, doping or substituting with 
distinct metal atoms can be considered as an effective strategy to 
tune the performance and sensing properties of MXenes.

3.3. X-Doped MXenes

Compared with M-doped MXenes, the elemental doping of X in 
MXenes has been less simulated although it also has a significant 
influence on the properties of MXenes. As revealed by Balci et al., 
Si/Ge-doped monolayer Sc2C(OH)2 are calculated to be topolog-
ical insulators and an occurrence of band inversion is observed 
according to the projection of electronic orbitals, indicating a new 
mechanism involving s and pd states.[142] The electronic properties 
of X-doped Sc2CF2 are investigated by substituting C atoms with 
Si, Ge, Sn, F, S, N, B, and B+N.[144] As shown in Figure 8a, the 
bandgaps of Si/Ge/Sn/B/(B+N)-doped monolayer Sc2CF2 range 
from 0.24 to 0.55 eV while a transition between semiconductor 
to metal occurs in the F/S/N-doped ones. Interestingly, the spin 
polarization phenomenon is only observed in B-doped Sc2CF2 due 
to the half filling of the defect band. According to the calculated 
total energies, experimental substitution of C atoms by F, N, S, 
and B+N are favorable while the doping of Si, Ge, or Sn element is 
less favorable. However, the substitutions of various heteroatoms 
in Sc2AlC MAX phases are calculated to be exothermic, providing 
an appealing strategy for in situ fabrication of X-doped MXenes.

Among the various MXenes, transition metal carbonitrides 
(M3CN) can be regarded as typical hetero-N-MXenes with a 

substitution of 50%. Due to the stronger electronegativity of 
nitrogen than that of carbon, the M–N interatomic distances are 
expected to be shorter than those of M–C, resulting in smaller 
lattice constants and layer thicknesses. Therefore, the physical 
and electronic properties of M3CN are predicted to distin-
guish from those of transition metal carbides, such as high in-
plane Young’s modulus, improved electronic conductivity, and 
enhanced catalytical activity.[164] Similar to most of the MXenes, 
Ti3CN is calculated to be metallic.[48] In 2016, Chen et al. inves-
tigated the adsorption and diffusion mechanisms of Li ions on 
the surface of Ti3CNT2 (T = O, F, OH) by DFT and DFT+U com-
putations.[145] In order to form a more stable structure, Li ions 
prefer to adsorb on the nitrogen side for pristine Ti3CN while 
they tend to adsorb on the carbon side of Ti3CNT2 (Figure 8b). 
Huang et  al. carried out a comprehensive theoretical study of 
the HER mechanism of M3CN (M = Ti, V, Cr, Zr, Nb, Mo, Hf, 
and Ta).[159] Although all pristine M3CN compounds exhibit 
strong binding between H atom and catalysts, only Ti3CNO2 
and Nb3CNO2 are predicted to have the potential as HER cata-
lysts based on the calculated H-adsorption free energy.

Ti2C is another widely investigated MXene and its X doping has 
also attracted great attention, providing the guidelines for other 
X-doped MXenes. Owing to the weakened Ti–B binding energy, 
B-doped Ti2C shows significantly improved elastic properties 
such as reduced in-plane stiffness, decreased Young’s modulus, 
and enhanced yield strength, compared with pristine Ti2C.[124] As 
revealed by Li et al., the structural parameters are slightly affected 
by doping of N and B atoms while the layer thickness of B-doped 
Ti2CO2 increases with the increment of the stoichiometric composi-
tions.[125] In 2019, Zhang et al. systematically investigated the struc-
tural, electronic and optical properties of X-doped Ti2CF2 by intro-
ducing various heteroatoms such as Si, Ge, Sn, F, B, N, and S.[143] 
Among various doped Ti2CF2, N-doped Ti2CF2 has the most stable 
structure with the calculated cohesive energy of −6.49 eV/atom and 
binding energy of −9.4 eV. For Si/Ge/Sn-doped Ti2CF2, the p-level 
of doped atoms shifts with the increment of doped atom diameter, 
and additional bands can be observed around the Fermi energy. 
The absorption coefficient of B-doped Ti2CF2 decreases to zero with 
the increment of wavelength while other doped ones have larger 
absorption coefficients. More recently, Ding et  al. demonstrated 
the electrochemical mechanisms of heteroatom (N, B, P, S) doped 
M2C (M = Ti, Mo).[147] Although the pristine M2C MXenes are not 
suitable as HER catalysts, all those nonmetallic doped Ti2CO2 com-
pounds exhibit high catalytic activities with Gibbs free energies of 
hydrogen adsorption (ΔGH) lower than 0.2 eV. In addition, the ΔGH 
of N-doped Ti2CO2 is calculated to be similar to that of the tradi-
tional Pt catalyst, indicating a great potential for HER application. 
Furthermore, Lu et  al. comprehensively studied the underlying 
mechanisms of nitrogen doping of 2D Ti3C2.[146] These authors 
found that the nitrogen dopants can be accommodated by three 
positions of Ti3C2 including lattice substitution (LS) of C atoms, 
function substitution (FS) of OH groups, and surface absorption  
(SA) on O terminations with the calculated formation energy of 
−1.31, −4.71, and −2.87 eV, respectively (Figure  8c). Although the 
lowest formation energy is generally required to form the most 
stable model, it is still hard to predict which nitrogen dopant is 
dominant due to the different transition states of these three con-
figurations. As shown in Figure 8d, the surface adsorption turns 
out to be more feasible than the substitution of C vacancy due to 
the negative formation energies at most locations. The maximum 
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capacitance of N-doped Ti3C2 is predicted by the order of LS < FS < 
SA (NH) < SA (N) through a pseudocapacitive mechanism. There-
fore, more efforts have to be made to investigate the T-substituted 
MXenes.

3.4. T-Substituted MXenes

It is well-known that surface terminations have a significant 
influence on the properties of MXenes and a large number of 
calculations have been performed based on the most common 

terminations (F, O, and OH). In this section, we mainly 
focus on other elemental substitutions of the terminations on 
MXenes such as chalcogen (S, Se, and Te), halogen (Cl and 
Br), and metals. As can be seen in Table 1, most of the T-sub-
stituted MXenes are related to sulfur terminations. Yang et al. 
systematically investigated the stability and electronic proper-
ties of 20 kinds of M2XS2 compounds (M = Sc, Ti, V, Cr, Zr, 
Nb, Mo, Hf, Ta, and W; X = C and N).[148] According to molec-
ular-dynamic simulations and phonon frequency analysis, 
V2CS2, Cr2NS2, Nb2CS2, Hf2CS2, and Ta2CS2 are predicted to 
be the most stable structures (Figure 9a). Owing to the positive  

Figure 8. a) Atomic structure of X-doped Sc2AlC and the calculated band structures of doped Sc2CF2. Reproduced with permission.[144] Copyright 2017, 
Royal Society of Chemistry. b) Li adsorption process on Ti3CN and Ti3CNF2 and the calculated Li adsorption energy profiles on Ti3CNT2 (T = F, O, and 
OH). Reproduced with permission.[145] Copyright 2016, Royal Society of Chemistry. c) Nitrogen doping positions in Ti3C2 and the calculated formation 
energies. d) Transition state energy calculation results of N-doped Ti3C2. Reproduced with permission.[146] Copyright 2020, Wiley-VCH.
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formation enthalpies, V2CS2, Ta2CS2, Nb2CS2 and Hf2CS2 can 
be straightforwardly synthesized while the negative formation 
enthalpy of Cr2CS2 indicates that it is relatively challenging to 
fabricate the 2D Cr2CS2 compound. In addition, the low binding 
energies (<0.18 eV atom−1) of V2CS2, Nb2CS2, and Cr2NS2 sug-
gest that they can be easily separated into monolayers while 
Ta2CS2 and Hf2CS2 can hardly be separated due to the relatively 
high binding energies. By using the HSE06 hybrid functional 
in DFT calculations, Ta2CS2 is found to be a semiconductor 
with a direct bandgap of 0.36 eV. Further calculations indicate 
that Cr2NS2 is a ferromagnetic material with an average mag-
netic moment of 1.60 µB. However, the termination group is 
not responsible for magnetism but rather Cr2N itself is the 
origin of intrinsic magnetic properties. Undoubtedly, the pre-
dictions of novel sulfur terminated MXenes will broaden their 
further applications in various fields.

Interestingly, most of the S-substituted MXenes are predicted to 
be promising materials for rechargeable batteries such as Li-ion, 
Na-ion, other metal-ion (K-, Mg-, Ca-, and Al-ion), and Li–S bat-
teries. In 2016, Zhu et al. demonstrated the effect of Li decoration 
of various terminated Zr2CT2 (T = OH, F, O, S, Se, and Te) and 
found that Zr2CS2 exhibits high electric conductivity and cycling 
rates for Li-ion batteries.[149] As revealed, the surface modification 
of S groups is kinetically feasible by reacting with CS2 in solu-
tion. More recently, Li et al. investigated the geometric structures, 
mechanical properties and electrochemical performance of chalco-
genated Ti3C2X2 (X = O, S, Se, and Te).[157] An increased interlayer  

distance is observed with the increment of the atomic number, which 
improves the Li-ion storage capacity. Due to the enhanced shielding 
effect of the Li–Ti repulsion, Ti3C2S2 and Ti3C2Se2 show the high Li 
storage capacities of 462.6 and 329.3 mAh g−1, and low Li-ion dif-
fusion energy barrier of 0.25 and 0.15 eV, respectively. As shown 
in Figure  9b, Shukla et  al. reported high adsorption energies of  
Li/Na ion and significant charge transfer on the surface of 
M2NS2 (M = Ti and V).[152] As anode materials in Li-ion bat-
teries, the theoretical Li storage capacities are estimated to be 
299.5 and 308.3 mAh g−1 for V2NS2 and Ti2NS2, respectively. In 
addition, the Ti3C2S2 MXene has been proved to be a promising 
anode material for Na-ion batteries.[151] Unlike the adsorption 
of a single Na layer on the surface of Ti3C2 and Ti3C2O2, Ti3C2S2 
shows multilayer adsorption ability and forms a chemical stoi-
chiometry of Ti3C2S2Na4, resulting in a much higher Na storage 
capacity of 463 mAh g−1. Similar results are observed in Ti2CS2 
monolayer, where three layers of Na and Mg atoms are stably 
adsorbed.[158] Compared with the storage capacities of Li-ion 
(311.86 mAh g−1), K-ion (416.33 mAh g−1), Ca-ion (623.72 mAh g−1),  
and Al-ion (308.74 mAh g−1), the Ti2CS2 monolayer shows much 
higher capacities of Na-ion (935.57 mAh g−1) and Mg-ion (1871.13 
mAh g−1), indicating a more attractive application of Ti2CS2 in 
Na-ion and Mg-ion batteries (Figure 9c).

With respect to the traditional metal-ion batteries, Li–S bat-
tery technology is an alternative with high theoretical capacity 
(1675 mAh g−1) and energy density (2600 Wh kg−1).[165] It can here 
be noted that the ideal sulfur host material should have a high 

Figure 9. a) Configurations and the lattice parameter for M2XS2 (M = Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, and W). Reproduced with permission.[148] Copy-
right 2018, Elsevier. b) Atomic structures and Li intercalation profile for Ti2NS2 and V2NS2. Reproduced with permission.[152] Copyright 2019, Elsevier. 
c) Theoretical maximum capacities of Ti2CS2 in various metal ion batteries. Reproduced with permission.[158] Copyright 2020, Elsevier. d) Adsorption 
energies of S and Li2Sn on Ti3C2T2. Reproduced with permission.[156] Copyright 2019, American Chemical Society. e) Atomic structure and energy gaps 
of Janus Cr2CTT′. Reproduced with permission.[153] Copyright 2016, Royal Society of Chemistry. f) Atomic structure and free energy change at PDS for 
B-doped M2CO2. Reproduced with permission.[160] Copyright 2019, American Chemical Society.
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specific surface area, excellent electric conductivity, and good 
affinity to polysulfide species. Owing to the intrinsic high elec-
trical conductivity and metal–sulfur interaction with polysulfides, 
S-substituted MXenes have been demonstrated as excellent sulfur 
battery hosts. As shown by Liu et al., the S-substituted Ti2C com-
pound has high stability due to the strong Ti–S interaction.[150] 
As a sulfur host material for S cathodes, Ti2CS2 exhibits stronger 
affinity to polysulfides than other surface-terminated Ti2C com-
pounds (Ti2CO2 and Ti2CF2), efficiently suppressing the shuttling 
behavior of polysulfides in Li–S batteries. Moreover, both the low 
diffusion barrier of Li ions on Ti2CS2 and high intrinsic electrical 
conductivity can promote the electrochemical process during the 
charge/discharge process. Recently, Wang et al. proposed a gen-
eral strategy to improve the electrochemical performance of Li–S 
batteries by using surface functionalized Ti3C2T2 (T = N, O, F, S, 
and Cl).[156] Although pristine Ti3C2 is not suitable for sulfur host 
materials, the dissolution and shuttling of Li2Sn/S8 are effectively 
suppressed due to the moderate adsorption strength of Ti3C2T2  
(T = N, O, and S). As shown in Figure 9d, sulfur modified Ti3C2 
(Ti3C2S2) exhibits stronger interactions with various lithium 
polysulfides (Li2Sn/S8) than other elements. Therefore, Ti3C2T2 
MXenes show high electrocatalytic activity for Li2S decomposition 
and exhibit high performances in Li–S batteries. Among different 
terminations, S and O are the best choices since the decompo-
sition barrier of Li2S significantly decreases to 0.411 and 0.351 
eV for Ti3C2O2 and Ti3C2S2, respectively. Moreover, a low Li ion 
diffusion barrier for Ti3C2T2 is predicted, ranging from 0.187 to 
0.573 eV, indicating a high Li ion diffusivity on the surface. It is 
also revealed that those advantages can be retained under high 
sulfur loading, facilitating the practical applications of Ti3C2T2 as 
a sulfur host material of S cathodes in Li–S batteries. Moreover, 
the surface vacancies on Ti3C2T2 also promote the anchoring and 
electrocatalytic activity, which further boosts the electrochemical 
performance of Li–S batteries.

In addition to the S-substituted MXenes, the surface termi-
nations can be substituted by other elements. For instance, He 
et  al. proposed the property prediction of asymmetrically func-
tionalized Cr2CTT′ (T, T′ = H, F, Cl, Br, and OH), which exhibits 
bipolar magnetic semiconductivity with zero magnetization.[153] 
The Néel temperature is calculated to be as high as 400 K for 
Cr2CFCl, Cr2CClBr, Cr2CHCl, Cr2CHF, and Cr2CFOH materials, 
and the bandgaps of those Janus MXenes can be effectively tuned 
by the types as well as the proportions of surface terminations 
(Figure  9e). Similar results are observed in Janus Cr2TiC2FCl, 
which is calculated to be a novel bipolar antiferromagnetic semi-
conductor (BASF) with vanishing magnetism.[155] A transition 
from BAFS to antiferromagnetic half-metal can be achieved by 
manipulating the spin carrier orientation via doping of electron 
and hole. It is also revealed that the surface terminations show a 
significant influence on the work functions of MXenes. Xin and 
Yu showed that the work function of Nbn+1Cn (n = 1, 2, 3, and 4) 
dramatically decreases to 1.0 eV by introducing OCH3 termi-
nations.[154] Therefore, the efficiencies of organic electronics and 
electron emission devices can be significantly enhanced by using 
ultralow work function Nbn+1Cn(OCH3)2 compound.

Recently, surface modification studies of MXenes have 
remarkably improved their catalytic activities. Huang et al. pre-
dicted the modification of Ti3CNO2 by various single TM d-elec-
tron atoms, such as Ir, Os, Re, Rh, Fe, and Zn.[159] As demon-
strated in that work, single TM on the C-side of Ti3CNO2 pro-

vides moderate binding strength for H adsorption compared to 
those at the N-side, and significant improvements of HER activi-
ties could be achieved in Ir/Rh/Zn-doped Ti3CNO2 due to the 
electron transfer from the TM atoms to O atoms. In addition, 
the electrochemical NRR activities of single B-doped M2CO2 (M 
= Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W) have been systematically 
investigated.[160] As shown in Figure 9f, B atoms prefer to insert 
into the O vacancies and form strong bindings with MXenes 
due to their high binding energies (>2 eV), suggesting a substi-
tutional B dopant in the O layer. Due to the relatively high dif-
fusion barrier of B atoms, the B-doped MXenes are kinetically 
stable and the aggregation of B atoms is unfavorable, guaran-
teeing good durability of B-doped MXenes during the catalytic 
process. It is revealed that the NRR activity depends on the elec-
tron donation from B to adsorbate, which is governed by the 
interaction between a d orbital of M and a p orbital of B. There-
fore, an optimized electron donation can be achieved by tuning 
the transition metal in MXenes, where the B-doped Mo2CO2 and 
W2CO2 compounds are singled out as the most promising can-
didates with limited potentials of −0.20 and −0.24 V, respectively.

As mentioned above, a large amount of theoretical inves-
tigations have been carried out to predict the properties of 
hetero-MXenes. Generally, there are three main positions in 
the MXenes that can be modified with distinct atoms, namely 
internal M and X as well as external T terminations. Apparently, 
all three strategies can adjust both lattice structure and proper-
ties of the MXenes depending on the stoichiometry. As summa-
rized, replacement of TM atoms in M-doped MXenes has been 
widely investigated theoretically, which not only reveals the 
elemental doping/substituting effect but also extend the MXene 
family to alloyed compositions with diverse properties suitable 
for energy-related applications. Meanwhile, the computations 
on the X-doped and T-substituted MXenes are relatively rare 
and require further efforts, which can be helpful to guide the 
design of hetero-MXenes as well as their practical applications.

4. Hetero-MXenes

According to the elemental property, the dopants in MXenes 
can be separated into two parts: nonmetal and metal. From 
an experimental viewpoint, the elemental doping/substituting 
of MXenes can be achieved by in situ and ex situ strategies, 
where the in situ doping/substituting requires a presynthesis 
of a doped MAX phase and the ex situ doping/substituting can 
be regarded as postmodifications of as-synthesized MXenes. In 
this section, experimental doping/substituting results of var-
ious MXenes are systematically discussed, including nonmetal 
(N, S, P) doping/substituting and metal doping/substituting.

4.1. Hetero-N-MXenes

Nitrogen is one of the main elements in pristine MXenes such 
as M3CN and Mn+1Nn (n  = 1, 2, or 3). However, the nitride 
MXenes can hardly be fabricated via a traditional wet-etching 
strategy due to the less stable MN bond and higher forma-
tion energy. Fortunately, nitrogen doping/substituting has been 
developed by both in situ and ex situ strategies, which further 
modify the MXene properties and extends their applications.
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4.1.1. In Situ Doping/Substituting

Regarded as a typical N-substituted MXene, M3CN exhibits a  
stoichiometric structure and can be obtained by selective etching 
from M3AlCN phases. As revealed, many of the MAX phases 
are fabricated at temperature as high as 1600 °C and nitrogen 
atoms can be simultaneously introduced by adding suitable 
dopant during the preparation of bulk MAX phases, which cor-
responds to the in situ doping/substituting strategy. In 2012, 
Naguib first demonstrated the fabrication of the Ti3AlCN phase 
by heating the mixture of Ti, AlN, and graphite (ratio of 3:1:1) at 
1500 °C for 2 h.[166] It was also revealed that the N/C ratio in the 
MAX phase can be tuned by changing the amount of N dopant, 
resulting in a nonstoichiometric M3C2−xAlNx. For instance, 
Yang et al. synthesized Ti3AlC1.8N0.2 through a vacuum atmos-
phere sintering method with a mixture of TiN, TiC, Al, and 
Ti (ratio of 0.2:1.8:1.2:1.0).[167] More recently, Ti3AlC1.6N0.4 has 
been successfully obtained via a similar method, indicating that 
the N content in the MAX phase can be well controlled.[168] By 
using a simple wet-etching method, M3C2−xNx MXenes with 
various N contents can be obtained. However, the N/C ratio 
might change during the selective etching process probably due 
to the presence of both carbide and carbonitride MAX phases.

4.1.2. Ex Situ Doping/Substituting

Table  2 summarizes representative hetero-N-MXenes fabri-
cated by both in situ and ex situ strategies. Compared with the 
presynthesis of N-doped MAX phases by the in situ strategy, 
the modifications of as-synthesized MXenes are more preferred 
and most of the hetero-N-MXenes are fabricated by this ex situ 
strategy. As can be seen in Table 2, various methods have been 
developed to synthesize hetero-N-MXenes by utilizing different 
N-dopants, such as ammonia, nitrogenous organic compounds, 
nitric monomers, ammonium salts, etc.

Ammonia is one of the most widely used dopants for 
N-doped MXenes, which also has been directly used to synthe-
size nitride MXenes such as Mo2N and V2N. As revealed, the 
room-temperature electrical conductivities of M2N (M = Mo, V) 
are significantly higher than those of the M2C precursors.[169] In 
2017, Wen et  al. first demonstrated the fabrication of N-doped 
MXene by annealing Ti3C2Tx in ammonia atmosphere.[170] 
According to the XPS results, the surface nitrogen concentra-
tions increase from 1.7% to 20.7% as the increment of annealing 
temperature (200–700 °C). Furthermore, a remarkable enlarged 
c-lattice parameter was observed in N-Ti3C2Tx due to the intro-
duction of the nitrogen heteroatoms. As shown in Figure 10a, 
Le et al. also reported a facile and general strategy to synthesize 
N-Ti3C2Tx by a similar ammonia treatment approach.[171] The 
SEM-EDX elemental mapping spectra indicates the presence 
of Ti, C, N, O, and F elements and the amount of TiN bond 
increases as the increment of annealing temperature. Recently, 
Xu et al. also demonstrated a hydrothermal method to fabricate 
N-Ti3C2 QDs by using ammonia.[172] In addition to Ti3C2Tx, the 
ammonia annealing effect on V4C3Tx has also been revealed.[173] 
The nitrogen concentration in N-V4C3Tx increases with the 
increment of treating temperature according to the VN bond 
in XPS spectra.

Nitrogenous organic compounds have also been widely 
used for the fabrication of N-doped MXenes, including urea, 
melamine, 2-methylimidazole and other organic amines. 
Urea is an environmentally friendly material with low-cost, 
which can serve as both intercalant and N source. As dem-
onstrated by Yang et  al., multilayer Ti3C2 can be efficiently 
delaminated with the assistance of urea molecules in water 
(Figure  10b).[174] The delaminated Ti3C2 flakes were mixed 
with the same amount of urea and the mixture was carbon-
ized at 500  °C for 3 h to fabricate N-Ti3C2. In addition, a 
facile hydrothermal reaction with urea has been developed 
to fabricate both multilayer N-Ti3C2 and delaminated N-Ti3C2 
flakes.[180,195] Recently, this hydrothermal approach was  
further used to synthesize N-Nb2CTx. As demonstrated by  
Liu et  al., the N content of N-Nb2CTx is about 4.5% after 
thermal reaction with urea and the measured c-lattice para-
meter is about 1.25 nm larger than that of Nb2CTx due to the 
incorporation of nitrogen.[188]

Owing to the high N content, melamine is another prom-
ising dopant for N-doped MXenes. As shown in Figure  10c, 
Bao et  al. demonstrated a novel one-step thermal annealing 
approach to fabricate crumpled N-Ti3C2Tx.[62] Owing to the 
electrostatic interaction, positively charged melamine can be 
inserted into negatively charged Ti3C2Tx and a crumpled struc-
ture was formed after annealing at 550 °C. Wang et al. revealed 
that HCl treated melamine can also be used to fabricate 
N-Ti3C2Tx by a pyrolysis method.[192] With the catalysis of Ni2+, 
carbon nanotubes (CNTs) can be in situ formed on the sur-
face of N-Ti3C2Tx flakes, forming a porous and conductive net-
work composed of N-Ti3C2Tx and the CNTs. Taking melamine 
as carbon and nitrogen sources, both N-Ti3C2Tx@CNT flakes 
and microspheres can be achieved. Recently, the melamine 
formaldehyde (MF) templating method has been developed to 
fabricate crumpled N-Ti3C2Tx, which efficiently prevents the 
restacking of MXene flakes.[175,196,201] As shown in Figure  10d, 
the surface of MF spheres can be covered by the as-synthesized 
Ti3C2Tx flakes due to the electrostatic interaction and the MF 
spheres can be decomposed under high temperature, resulting 
in the formation of porous N-Ti3C2Tx. It is confirmed that the 
MF templates not only prevent MXene flakes from restacking 
but also introduce nitrogen into the frameworks, further aug-
menting the conductivity and electrochemical reactivity of the 
N-doped MXenes.

Recently, Jiang et  al. demonstrated that a zeolite imidazole 
framework (ZIF) could in situ self-assemble on the surface 
of Ti3C2 due to the coordination between 2-methylimidazole 
and Co2+ ions (Figure 11a).[187] By simple annealing and acidic 
washing, N-Ti3C2 coated with carbon (N-Ti3C2/C) can be 
achieved. In this approach, poly(vinylpyrrolidone) is added to 
serve as a binder between MXene and ZIF due to the strong 
hydrogen interaction, and acts as a nitrogen source during 
the annealing process. In addition to the TN bond, pyridinic 
N, pyrrolic N, and graphitic N were also observed in the XPS 
spectra, indicating that both Ti3C2 and surface carbon are 
nitrogen doped. A similar method is applied by Wang et al.[193] 
and Zhang et  al.[197], where MXene-based Co, N-doped porous 
carbon nanosheets (MCoNPCNSs) and Ti3C2Tx intercalated 
with N-doped carbon (NC-Ti3C2Tx) have been successfully syn-
thesized, respectively.
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To achieve high N-doping levels, excess amounts of urea 
and ammonia are required due to their low boiling points, 
resulting in a waste of the N-source. Besides, it might gen-

erate undesired environmental pollution by using those volatile 
nitrogen sources. Therefore, other organic amines with high 
boiling points have been applied to fabricate N-doped MXenes. 

Table 2. Summarized hetero-N-MXenes by various dopants and methods and their potential applications.

Materials Dopant Method Application Ref.

Ti3CN AlN Sintering Mode-locker [48]

Ti3−xCNTy/CNT AlN Sintering KMBs [176]

Ti3C2−xNx TiN Sintering OER [168]

N-Mo2C Phenylamine Carburization HER [177]

N,S-Mo2C Thioacetamide Carburization HER [177]

N,P-Mo2C@C Phosphomolybdic acid/pyrrole Carburization HER [178]

N-Mo2C Dicyandiamide Calcine HER [179]

N-Ti3C2 Urea Hydrothermal SCs [180]

N-Ti3C2Tx Ammonia Annealing SCs [170]

N,S-Ti3C2 Thiourea Carbonization SCs [181]

N-Ti3C2 Urea Carbonization SCs [174]

Ti3C2Tx@NC Dopamine Carbonization SCs [182]

N-Ti3C2Tx Melamine Thermal treatment LSBs [62]

N-Mo2C@NC Aniline + pyrrole Carbonization HER [183]

N,S-Mo2C@C Dicyandiamide/thioacetamide Hydrothermal HER [184]

N-Ti3C2 QDs Ethanediamine Hydrothermal Detector [61]

N-Ti3C2 Urea/monoethanolamine Solvothermal SCs [167]

N-Ti2CTx Cyanamide Annealing SCs [185]

N-Ti2CTx Sodium amide Heat-treatment HER [186]

N-Ti3C2/C 2-Methylimidazole+PVP Annealing LSBs [187]

N-Ti3C2Tx Ammonia Heat-treatment HER [171]

N-V4C3Tx Ammonia Annealing SCs [173]

N-Nb2CTx Urea Hydrothermal LIBs [188]

N,O-C@Ti3C2 Ammonium citrate Sintering SCs [189]

RuSA-N-S-Ti3C2Tx Thiourea Annealing HER [190]

N-Ti3C2Tx Ammonium fluoride Calcination SCs [191]

N-Ti3C2@CNT Melamine Pyrolysis LSBs [192]

MCoNPCNSs 2-Methylimidazole+PVP Carbonization LSBs [193]

N,S-Ti3C2 QDs Na2S2O3/NH3∙H2O Hydrothermal LEDs [172]

N-Ti3C2 QDs Ammonium hydroxide Hydrothermal LEDs [172]

N-Ti3C2 Diethanolamine Solvothermal SCs [194]

N-Ti3C2/rGO Urea Hydrothermal SCs [195]

N-Ti3C2 Melamine formaldehyde Annealing SCs [196]

NC-Ti3C2Tx 2-Methylimidazole Annealing SCs [197]

N-Ti3C2Tx/P EDTA/RP Annealing LIBs [198]

N-Ti3C2/Fe2O3 Cyanamide Thermal treatment LIBs [199]

N-Ti3C2Tx Ammonium chloride Annealing Seawater desalination [200]

N,V-Ti3C2Tx Ammonium vanadate Microwave irradiation LIBs [112]

N-Ti3C2Tx Melamine formaldehyde Annealing SIHC [201]

N-Ti3C2 QDs Diethylenetriamine Solvothermal Detector [202]

N-Ti3C2 NSs N2 Cold plasma SCs [146]

N-Ti3C2 Melamine formaldehyde Annealing Li–S batteries [175]

P-Ti3C2@NiCo2S4 Dopamine hydrochloride Hydrothermal SCs [203]

N-TiO2/TiN/Ti3C2Tx Hexamethylenetetramine Hydrothermal SCs [204]
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For instance, ethanediamine[61] and diethylenetriamine[202] 
were used to synthesize N-Ti3C2 QDs by hydrothermal and 
solvothermal methods, respectively. In order to acquire better 
nitrogen doping, diethanolamine is intercalated into Ti3C2 
flakes with the assistance of methanol solvent and N-Ti3C2 
nanosheets can be achieved by a subsequent solvothermal reac-
tion (Figure  11b).[194] Zhang et  al., dissolved ethylenediamine-
tetraacetic acid by a small amount of ammonium hydroxide 
before mixed with Ti3C2Tx flakes, and a walnut-like N-Ti3C2Tx 
matrix was achieved by spray drying and high-temperature 
annealing.[198] Moreover, red phosphorus particles were in situ 
formed on N-Ti3C2Tx by chemical vapor deposition, resulting 
in the formation of walnut-like N-Ti3C2Tx/P composites. More 
recently, Yang et  al. demonstrated an effective hydrothermal 
approach to synthesize N-TiO2/TiN/Ti3C2Tx by hexamethylene-
tetramine.[204] It was also revealed that hexamethylenetetramine 
serves as both a nitrogen source and as intercalants while the 
Ti3C2Tx itself provides the titanium element. In addition to 

the Ti3C2Tx MXene, Yoon et  al. reported a thermal treating 
method to fabricate N-Ti2CTx with a nitridation degree that can 
be tuned from 2% to 11% by increasing the amount of sodium 
amide (Figure 11c).[186] Due to the introduction of both Na and 
N atoms, the interlayer distance and specific surface area of 
N-Ti2CTx remarkably increases, indicating a better electrochem-
ical performance than that of the Ti2CTx precursor.

Yoon et  al. proposed a step-by-step strategy to synthesize 
N-Ti2CTx by the polymerization of cyanamide (NH2CN) and 
subsequent decomposition.[185] As shown in Figure 11d, parts of 
the NH2CN are covalently bonded with Ti2CTx (NH2CN-Ti2CTx) 
through a nucleophilic substitution reaction or ring-opening 
amidation while the others are adsorbed on the surface of 
Ti2CTx by hydrogen bonding and electrostatic interactions. As 
the temperature increased to 500 °C, 2D polymeric graphitic 
carbon nitride (p-C3N4) formed due to the polymerization 
of NH2CN. With further increment of temperature, highly 
nitrogen-doped Ti2CTx can be achieved due to the thermal 

Figure 10. a–d) Synthesis of hetero-N-MXenes by various dopants: a) NH3; b) urea; c) melamine; d) MF-template. a) Reproduced with permission.[171] 
Copyright 2019, American Chemical Society. b) Reproduced with permission.[174] Copyright 2017, Elsevier. c) Reproduced with permission.[62] Copyright 
2018, Wiley-VCH. d) Reproduced with permission.[175] Copyright 2020, Elsevier.
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decomposition of p-C3N4. The simultaneously released vola-
tile NH3 during decomposition can serve as a nitrogen dopant, 
which also caused an explosive expansion of the interlayer dis-
tance of the MXenes and resulted in an ultrathin nanosheet 
with porous structure. The formation mechanism of N-Ti2CTx 
was further verified by thermal gravimetric analysis, where the 
first weight loss at ≈250  °C represents the polymerization of 
NH2CN and the second weight loss at ≈500 °C corresponds to 
the thermal decomposition of p-C3N4. It was also revealed that 
the N content increases with the increment of NH2CN amount 
as well as the annealing temperature, which can be tuned in 
the range of 7.96–18.21%. As revealed by Zhang et al., crumpled 
N-Ti3C2 nanosheets were successfully fabricated by thermal 
annealing of NH2CN-Ti3C2, which have been used as a matrix 
to fabricate MXene-based composite (N-Ti3C2/Fe2O3).[199] Fur-
thermore, other nitric monomers have been used to synthesize 
N-doped MXenes via a two-step strategy, including polymeri-
zation and thermal decomposition, such as phenylamine,[177] 
pyrrole,[178,183] dopamine,[182] and dopamine hydrochloride.[203]

Due to the negatively charged surface of MXenes, an ammo-
nium ion can be electrostatically sipped into the interlayer of 
MXene flakes, and N-doped MXenes can be obtained by subse-
quent heat treatment. Therefore, various ammonium salts have 
been used to fabricate N-doped MXenes such as ammonium 

citrate[189], ammonium chloride,[200] and ammonium fluoride 
(NH4F).[191] As revealed by Pan and Ji, ammonium citrate mole-
cules can be adsorbed on the surface of Ti3C2 sheets and N, 
OC@Ti3C2 composites can be obtained after calcination in 
Ar/NH3 atmosphere.[189] As shown in Figure  11e, in situ con-
densation polymerization of ammonium citrate occurs at high 
temperature and the following carbonization can introduce an 
N element into Ti3C2 as well as N, O codoped carbon on the 
surface of Ti3C2. Similarly, porous N-Ti3C2Tx was obtained by 
thermal annealing a mixture of Ti3C2Tx and ammonium chlo-
ride at 600 °C under nitrogen atmosphere.[200] The N element 
was verified by EDS and the N content was estimated to be 
11.52% according to XPS spectra. An NH4F/HCl mixture was 
used to etch Ti3AlC2 powders by Tian et  al., while the excess 
amount of NH4F was added into the resultant Ti3C2Tx suspen-
sion as an N source.[191] Hence, N-containing terminations (such 
as NH2, OTiN, and TiON) were formed on the surface 
of Ti3C2Tx after calcination at various temperatures. Recently, 
Cheng et  al. demonstrated a microwave irradiation method 
to achieve codoping of nitrogen and vanadium in multilayer 
Ti3C2Tx.[112] By irradiating the mixture of Ti3C2Tx particulates 
and ammonium vanadate in ethylene glycol, both nitrogen and 
vanadium elements can be incorporated into Ti3C2Tx with the 
forms of TiON, CVOH, CVO, and VO, resulting in 

Figure 11. a) Synthesis of N-Ti3C2/C nanosheets by 2-methylimidazole and ZIF-67. Reproduced with permission.[187] Copyright 2019, Elsevier. b) Fabri-
cation of N-doped Ti3C2 by solvothermal process with diethanolamine. Reproduced with permission.[194] Copyright 2020, American Chemical Society.  
c) Synthesis of N-Ti2CTx by nitridation process with NaNH2. Reproduced with permission.[186] Copyright 2018, Royal Society of Chemistry. d) Synthesis 
procedures of N-Ti2CTx by NH2CN. Reproduced with permission.[185] Copyright 2018, Wiley-VCH. e) Synthesis process and reaction mechanism of N,O 
codoped C@Ti3C2 by ammonium citrate. Reproduced with permission.[189] Copyright 2019, Elsevier. f) Atomic scheme of N-doped Ti3C2Tx at various 
sites and the corresponding XPS spectra. Reproduced with permission.[146] Copyright 2020, Wiley-VCH.
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the formation of N, V-Ti3C2Tx. In addition, codoping of nitrogen 
and sulfur has also been realized via various dopants such as 
dicyandiamide/thioacetamide,[177,184] thiourea[181,190] and sodium 
thiosulfate/ammonium hydroxide,[172] which further extend the 
applications of hetero-MXenes.

Very recently,[146] Lu et  al. systematically investigated the 
nitrogen doping effect on MXenes by doping Ti3C2 with three 
different methods, including hydrothermal reaction with 
urea (HND), cold plasma in N2 (PND), and selective etching 
of in situ formed Ti3AlCN. According to the XPS results, 
the nitrogen contents in HND, PND, and Ti3CN MXenes 
were calculated to be 2.3%, 9.1%, and 6.1%, respectively. It is 
doubtless that the nitrogen atoms reside in the lattice site of 
Ti3CN while those in HND and PND should be on the sur-
face of Ti3C2. As shown in Figure 11f, three binding energies 
of 396.0, 399.7, and 401.9 eV in the high-resolution N 1s spec-
trum were observed, corresponding to the lattice substitution 
(LS) of carbon in Ti3CN, function substitution (FS) of OH 
in HND, and surface absorption (SA) on PND, respectively. 
Recently, Yang et al. also compared the electrochemical perfor-
mance of in situ and ex situ doped MXenes.[167] Due to the reg-
ulating nitrogen species and content by solvothermal doping 
method, the capacitance of urea-assisted N-Ti3C2 is larger than 
that of in situ N solid solution (Ti3C1.8N0.2). It was demon-
strated that the surface N-containing groups (such as NH2, 
OTiN. and TiON) can remarkably enhance the electro-
chemical performance of N-Ti3C2Tx based materials while the 
nitrogen atoms substituting the carbon atoms in the lattice 
make almost no contribution.[170,191] Therefore, the N elements 
can occupy different positions in MXenes due to the various 
doping/substituting approaches, which also is a beneficial fact 
for the further tuning of the properties of hetero-N-MXenes.

As can be seen in Table 2, sintering is the only method for 
the in situ strategy while more methods (such as carburization, 

hydrothermal, pyrolysis, microwave irradiation, cold plasma, 
etc.) can be applied using the ex situ strategy during the fabri-
cation of hetero-N-MXenes. Apparently, this can be ascribed to 
the various dopants for the ex situ approach while only metal 
nitride (formula of MN) has been demonstrated for the in 
situ approach. Due to the higher density of states at the Fermi 
level, some properties of N-containing MXenes are superior to 
those of carbide MXenes, such as electronic conductivity and 
catalytic activity. In addition, nitride MXenes generally demon-
strate better capacitive performance compared to the carbide 
ones. Therefore, most of the hetero-N-MXenes are applied as 
rechargeable batteries (including Li-ion and Li–S batteries) 
and supercapacitor electrodes, exhibiting more excellent per-
formance than those of carbide MXene precursors. Moreover, 
parts of hetero-N-MXenes have also been also as HER cata-
lyst, heavy metal ion detectors, LEDs, etc. (Table  2), further 
extending the applications of MXene-based materials.

4.2. Hetero-S-MXenes

Similar to the fabrication of hetero-N-MXenes, hetero-S-MXenes 
can be synthesized by in situ and ex situ doping/substituting 
strategies (Table 3). For instance, Bao et al. reported the prepa-
ration of Ti3AlC2Sx by sintering a mixture of titanium, alu-
minum, graphite and sulfur at 1650 °C for 2 h (Figure 12a).[208] 
After selective etching and delamination processes, multilayer 
S-Ti3C2Tx nanosheets were obtained. In contrast, most of the het-
ero-S-MXenes are obtained by ex situ doping/substituting with 
sulfur which has been proved to be a dopant with high potential. 
Chen et  al. revealed a facile method to prepare a MoS2–Mo2T-
iC2Tx heterostructure by a sulfidation of Mo2TiC2Tx MXene.[205] 
As shown in Figure 12b, the MoO bonds can be transformed 
into 2D MoS2 by heating a mixture of S/Mo2TiC2Tx in an inert  

Table 3. Summarized hetero-S-MXenes by various dopants and methods and their potential applications.

Materials Dopant Method Application Ref.

S-Mo2C Sodium thiosulfate Carburization HER [177]

N,S-Mo2C Thioacetamide Carburization HER [177]

N,S-Ti3C2 Thiourea Carbonization SCs [181]

MoS2-Mo2TiC2Tx Sulfur Heat treatment LIBs [205]

S-Ti3C2Tx Thiourea Heat treatment SIBs [206]

N,S-Mo2C@C Dicyandiamide/thioacetamide Hydrothermal HER [184]

S-TiO2@C Sulfur/Ti3C2 Oxidation HER [207]

S-Ti3C2Tx Sulfur Sintering NSBs [208]

S-TiO2/Ti2C Sulfur Mechanically mixing LSBs [209]

CT-S-Ti3C2 Sulfur Heat treatment NIBs [63]

RuSA-N-S-Ti3C2Tx Thiourea Annealing HER [190]

S-Ti3C2Tx Na2S∙9H2O Solution soaking NIBs [210]

S-Ti3C2Tx Sulfur Vapor deposition LSBs [211]

S-Ti3C2@PDA Sulfur Solution mixing LSBs [212]

S-TCD/TCS Sulfur Heat treatment LSBs [213]

N,S-Ti3C2 QDs Na2S2O/ammonium hydroxide Hydrothermal LEDs [172]

S-Ti3C2 QDs Sodium thiosulfate Hydrothermal LEDs [172]

S-Ti3C2Tx Sulfur NPs Heat treatment LIBs [214]
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atmosphere. Interestingly, Yuan et al. found that the heat treat-
ment of S/Ti3C2 in CO2 atmosphere can result in oxidation of 
Ti3C2 flakes and produce sulfur-doped TiO2 on a carbon sub-
strate (S-TiO2@C).[207] As revealed, the incorporation of sulfur 
can significantly improve the response to visible light due to the 
analogical electron structure with O atoms. It was also revealed 
that S atoms can hardly diffuse in pristine Ti3C2 while it can 
easily intercalate those MXenes that are treated with surfactants. 
As demonstrated by Luo et al., Ti3C2 pretreated by cetyltrimeth-
ylammonium bromide (CTAB) to increase the interaction with 
sulfur and S-intercalated Ti3C2 can be achieved by thermal diffu-
sion of sulfur at 155 °C (Figure 12c).[63] TiS bonds were formed 
on the surface of Ti3C2 by annealing at high temperature and 
the unreacted sulfur was removed by washing with copious 
amounts of CS2 solvent owing to the good solubility.

As mentioned, sublimed sulfur powders are mechani-
cally mixed with MXenes in bulk or solution and the hetero-
S-MXenes with controllable S content can be obtained by 
 subsequent thermal annealing.[209,212,213] Tang et  al. developed 
a robust S-Ti3C2Tx conductive paper with excellent conductivity 

and mechanical properties by a filtration–evaporation method 
(Figure  12d).[211] The Ti3C2Tx film was obtained by vacuum-
assisted filtration (VAF) and sulfur was introduced into the 
Ti3C2Tx film by a simple vapor deposition approach with a con-
tent as high as 30%. Although the electronic conductivity of 
S-Ti3C2Tx paper is a bit lower than that of pristine Ti3C2Tx paper, 
it is significantly higher than that of a Ti3C2Tx/S mixture. This 
can be ascribed to the inhomogeneous distribution of S atoms 
and to the loss of their contact with respect to the Ti3C2Tx matrix 
in the physically mixed Ti3C2Tx/S. In contrast, sulfur exhibits 
a uniform distribution in the as-synthesized S-Ti3C2Tx paper 
according to EDX elemental mapping. Taking the advantage of 
low sublimation temperature, sulfur particles can be used as a 
sacrificial template to fabricate 3D MXene foam with a porous 
structure.[214] The sulfur particles can be produced by a chemical 
reaction between sodium thiosulfate and excessive HCl, which 
show controllable size and exhibit better dispersion in water than 
that of commercial sublimed sulfur. As shown in Figure  12e, 
sulfur particles were mixed with Ti3C2Tx flakes to fabricate free-
standing films by the VAF method while an appropriate amount 

Figure 12. a) In situ synthesis process of S-doped MAX and MXene. Reproduced with permission.[208] Copyright 2019, American Chemical Society.  
b) Schematic illustration of Mo2S/MXene hybrid. Reproduced with permission.[205] Copyright 2018, Wiley-VCH. c) Synthesis of S-intercalated Ti3C2. 
Reproduced with permission.[63] Copyright 2019, Wiley-VCH. d) Fabrication of conductive Ti3C2Tx/S paper by a filtration–evaporation method. Repro-
duced with permission. [211] Copyright 2019, Wiley-VCH. e) Preparation of 3D porous MXene foam with the assistant of sulfur NPs. Reproduced with per-
mission.[214] Copyright 2019, Wiley-VCH. f) Schematic illustration of the synthesis of S-decorated Ti3C2 by Na2S∙9H2O. Reproduced with permission.[210] 
Copyright 2019, Elsevier. g) Preparation of S-doped Ti3C2Tx by thiourea. Reproduced with permission.[206] Copyright 2018, Royal Society of Chemistry.
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of PVP (≈0.012%) was added to prevent the aggregation of sulfur 
particles. A 3D porous Ti3C2Tx foam can be obtained by subli-
mating the sulfur particles at 300 °C, and the elemental doping 
of sulfur can be simultaneously achieved. Furthermore, the 
porosity and porous structure can be controlled by the loading 
amount and particle size of the sulfur template, respectively.

In addition to the simple substance sulfur, other S-dopants 
are also used to synthesize S-doped MXenes such as sodium 
thiosulfate,[172,177] sodium sulfide (Na2S∙9H2O),[210] and thio-
urea.[206] In 2015, Ang et  al. fabricated S-Mo2C by annealing 
the molybdenum oxide/phenol/sodium thiosulfate hybrid in 
H2/Ar (5/95%) atmosphere at 700 °C.[177] As revealed, different 
dopants can be added during the fabrication of a molybdenum 
oxide/phenol hybrid, indicating the feasible doping/substituting 
of other elements. Sun et  al. established a facile and environ-
mentally friendly method to synthesize sulfur-decorated Ti3C2 
by soaking Ti3C2 flakes in Na2S∙9H2O solution (Figure 12f).[210] 
According to the FT-IR, Raman and XPS analysis, the formula 
of S-Ti3C2Tx was testified as Ti3C2O1.4(OH)0.3S0.4, indicating a 
sulfur content of ≈6.16%. Furthermore, sodium was also con-
firmed in the interlayer of S-Ti3C2Tx flakes, which will be benefi-
cial to its further application in sodium-ion batteries. As shown 
in Figure 12g, thiourea has been used as an S source to fabricate 
S-doped multilayer Ti3C2Tx by a simple sulfidation reaction.[206] 
Although the S atoms are at the C positions in Ti3C2Tx, the 
interlayer spacing of S-Ti3C2Tx is expanded, resulting in a large 
surface area. This can probably be attributed to the larger radius 
of the S atom than that of a carbon atom, as well as the changed 
microenvironment of the nearby carbon atom by S-doping. As 
mentioned above, thiourea also serves as N source during the 
doping process, resulting in a codope of N and S elements in 
MXenes.[181,190] Other S-containing dopants such as sodium 
thiosulfate/ammonium hydroxide[172] and dicyandiamide/thio-
acetamide[177,184] have also been used to fabricate N, S codoped 
MXenes, providing novel approaches to produce hetero-MXenes 
as well as extending their further applications. With regard to 
the aforementioned S-containing dopants, various methods have 
been developed for the fabrication of S-MXenes such as carburi-
zation, mechanically mixing, sintering, hydrothermal and heat 
treatment. As can be seen in Table 3, most of the synthesized 
S-MXenes are used as electrolyte materials for rechargeable bat-
teries while parts of them also can be applied in HER reactions, 
LEDs, and supercapacitors. Owing to the high compatibility with 

the sulfur matrix, the performance of S-MXene based Li-/Na–S 
batteries can be significantly enhanced. Moreover, chalcogens 
such as selenium and tellurium might be also introduced into 
MXenes due to their similarity with sulfur, something that will 
further promote the development of MXene-based materials.

4.3. Hetero-S-MXenes

It is confirmed that the electrical negativity of P (2.19) is lower 
than those of carbon (2.55), sulfur (2.58), and nitrogen (3.04), 
indicating that the P-doping of MXenes can effectively vary the 
electronic configuration of P-MXenes and endow them intrinsi-
cally improved properties.[215] Table  4 summarizes the hetero-
P-MXenes by various dopants and methods. As one of the 
widely investigated metal carbides, Mo2C can be obtained by 
annealing molybdenum-containing precursors at high tempera-
ture in argon atmosphere. Therefore, P atoms can be doped/
substituted into Mo2C either before or after the annealing pro-
cess. For instance, Chen et al. demonstrated the fabrication of 
N,P-Mo2C@C nanospheres by using phosphomolybdic acid as 
P and Mo sources and pyrrole as N source.[178] Due to the mole-
cular scale of phosphomolybdic acid in the polymer network, 
those formed Mo2C nanocrystals were well dispersed inside the 
nanospheres, resulting in a unique pomegranate-like structure 
(Figure 13a). Similarly, Wang et al. synthesized an N,P-Mo2C@C 
hybrid by annealing the mixture of phosphomolybdic acid and 
dicyandiamide.[184] In addition, Shi et  al. fabricated a ternary 
hybrid of MoOx–phytic acid–polyaniline (MoOx–PA–PANI) by 
in situ polymerization of aniline with the assistance of phytic 
acid and subsequent hybridization of ammonium molybdate 
tetrahydrate (Figure 13b).[215] With a simple carbonization reac-
tion, the MoOx–PA–PANI hybrid can be successfully trans-
formed to P-Mo2C@C nanowires and the P-doping content can 
be tuned up to 3.4% by changing the P-dopant feeding. In con-
trast, Chi et al. developed a post-treatment strategy to produce 
Mo2C/MoP@NPC by using sodium hypophosphite (NaH2PO2) 
as P-dopant.[216] As revealed, Mo2C@NC nanospheres were 
obtained by pyrolyzing the MoO4

2−@polymer precursor while 
parts of the Mo2C species can be converted to MoP by treating 
with NaH2PO2 at 750 °C in argon atmosphere.

Generally, simple substance phosphorus can be directly 
used to modify the as-synthesized MXene flakes by various met

Table 4. Summarized hetero-P-MXenes by various dopants and methods and their potential applications.

Materials Dopant Method Application Ref.

N,P-Mo2C@C H3PMo12O40/pyrrole Carburization HER [178]

P-Mo2C@C Phytic acid Pyrolysis HER [215]

Mo2C/MoP@NPC Sodium hypophosphite Calcination HER [216]

BPQDs/Ti3C2 BP Solution mixing LIBs [217]

P-Mo2CTx Red phosphorus Annealing HER [218]

N,P-Mo2C@C H3PMo12O40/dicyandiamide Calcination HER [184]

P-V2CTx Triphenyl phosphine Heat treatment HER [219]

RPNDs/Ti3C2Tx Red phosphorus Ball milling NIBs [220]

N-Ti3C2Tx/P EDTA/RP CVD LIBs [198]

FePS3@Ti3C2Tx Fe, P, S Solution mixing NIBs [221]
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hods.[198,217,218,220] Meng et  al. established a liquid-solid-phase 
assembly approach to anchor black phosphorus (BP) QDs on 
Ti3C2 nanosheets by a facile solution mixing (Figure  13c).[217] 
The strong covalent interaction (P–O–Ti) between BPQDs and 
Ti3C2 nanosheets was confirmed by XPS, which can induce 
atomic charge polarization within the composite and endow the 
BPQDs/Ti3C2 enhanced pseudocapacitive charge storage. Simi-
larly, red phosphorus (RP) nanodots (NDs) are immobilized on 
the Ti3C2Tx flakes by a high-energy ball milling method.[220] The 
resultant RPNDs/Ti3C2 was calculated to be the most stable 
among Ti3C2/M (M = P, Si, and Sn) composites, which also 
inherits the high capacity of RP and excellent conductivity of 
Ti3C2Tx. In addition, RP has also been used to substitute the 
surface terminations of MXenes. As demonstrated by Qu et al., 
P-Mo2CTx was fabricated by annealing RP and Mo2CTx at 550 °C  
under argon flow while the RP was on the upstream side 
(Figure 13d).[218] Moreover, a walnut-like N-Ti3C2Tx/P composite 
was synthesized by condensing RP vapor onto the N-Ti3C2Tx 
matrix in a vacuum glass tube.[198] Due to the synergistic effect 
between P and MXenes, the hetero-P-MXenes exhibit excellent 
performance in the field of energy conversion.

Recently, Yoon et  al. fabricated P-V2CTx by heat treating 
V2CTx in the presence of phosphine derived from triphenyl 
phosphine (Figure  13e).[219] Interestingly, P atoms are on the 
surface of V2CTx by forming PO bonds at low temperature 
while PC, and PV bonds are observed at high temperature, 
indicating that P elements can be doped inside of V2CTx flakes. 
Moreover, the amount of P decreases with the increment of 
treating temperature due to low stability of P chemical bonds 
on V2CTx surface. Besides, other P-containing nanomaterials 

have also been incorporated with MXenes to fabricate MXene-
based composites with enhanced performance. Very recently, 
Ding demonstrated a novel 2D/2D heterojunction based on 
solution mixing of FePS3 nanosheets and ultrathin Ti3C2Tx 
MXene (Figure 13f).[221] Combing the merits of oriented nano-
engineering with the intrinsic phase transformation process of 
pristine FePS3, the resultant FePS3@MXene hybrid was proved 
to be a promising material for sodium-ion batteries with supe-
rior rate capacity and cycle stability.

Compared with hetero-N and hetero-S-MXenes, the hetero-
P-MXenes have been little investigated. As can be seen in 
Table 4, various methods have been demonstrated to introduce 
P element into MXenes ranging from simple solution mixing 
to complicated CVD approaches. However, most of the exam-
ples have been focused on the surface modification of MXenes, 
probably due to the lack of P-dopants as well as lack of syn-
thetic strategies. Therefore, more efforts are required to further 
explore the preparation of hetero-P-MXenes, especially for the 
internal P-doping of MXene flakes. With regard to the reported 
applications, P-MXenes are mostly applied as active materials 
for HER reactions and Li-/Na-ion batteries, while more pos-
sibilities probably remain unrevealed. For example, owing 
to the high photo-thermal conversion efficiency of MXenes 
and biocompatibility of phosphorus, hetero-P-MXenes could 
exhibit great potential for biological applications such as drug 
delivery and photothermal therapy. In addition, the synergistic 
effect between introduced P elements and original MXenes 
still require investigations, which would be helpful to deeply 
understand the working mechanisms of P-MXenes as well as to 
extend their potential applications.

Figure 13. a) Synthesis of pomegranate-like Mo2C@C nanospheres. Reproduced with permission.[178] Copyright 2016, American Chemical Society. 
b) Schematic illustration of the fabrication of P-Mo2C@C nanowires. Reproduced with permission.[215] Copyright 2017, Royal Society of Chemistry.  
c) Synthesis of BPQD/TNS composite. Reproduced with permission.[217] Copyright 2019, Wiley-VCH. d) Preparation of P-doped Mo2CTx. Reproduced 
with permission.[218] Copyright 2018, American Chemical Society. e) Synthesis of P-doped V2CTx by using triphenyl phosphine. Reproduced with permis-
sion.[219] Copyright 2019, Wiley-VCH. f) Synthesis of FePS3/Ti3C2 composites. Reproduced under the terms of the CC-BY Creative Commons Attribution 
4.0 license (https://creativecommons.org/licenses/by/4.0).[221] Copyright 2019, The Authors, published by Springer Nature.
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4.4. Hetero-M-MXenes

Although MXenes doped/substituted with various transition 
metals have been widely simulated, the calculations have been 
mainly focused on the doping/substituting of M-sites and there 
still remain challenges for experimental fabrications due to the 
lack of synthetic strategies. Table 5 summarizes the various het-
ero-M-MXenes and their potential applications. As mentioned 
in the second section, stoichiometric MXenes with ordered 
double-M can be obtained from their MAX phases which are 
synthesized by an in situ strategy. Therefore, various stoichio-
metric MXenes have been developed such as Mo2TiC2, Cr2TiC2, 
Mo2ScC2, Cr2VC2, and Mo2M2C3 (M = Ti, V, or Nb).[162,222] Gen-
erally, those MAX precursors can be fabricated by a simple 
elemental mixing and subsequent sintering process, providing 
the possibility for the fabrication of nonstoichiometric MXenes 
(known as solid solution double-M MXenes). For instance, 
Zhou et  al. found that the exfoliation efficiency of (V1−xTix)2C 
was significantly improved by alloying with Ti, resulting in 

a better multilayered morphology.[223] Similar results were 
observed by Wang et al. where the percentage of Ti was tuned 
to 30%, 50%, and 70% in (VxTi1−x)2AlC phase.[224] Recently, 
Kuznetsov et  al. demonstrated a Co doped MAX phase by a 
two-step approach where a β-Mo2C:Co hybrid was first obtained 
by sintering a (NH4)6Mo7O24·4H2O/Co(NO3)2·6H2O mixture 
and a Mo2Ga2C:Co phase was then prepared by subsequent 
annealing the Ga/β-Mo2C:Co mixture.[225] By a selective HF 
etching process, a Co-doped MXene was achieved with a cobalt 
content in Mo2CTx:Co that was estimated to be ≈0.04 wt%. In 
addition, other solid solution double-M MXenes have been fab-
ricated such as (Ti,V)2N, (Ti,Nb)2C, (Ti0.5V0.5)3C2, Ti2.5Nb0.5C2, 
and (Nb,M)4C3 (M = Ti or Zr), so remarkably extending the 
family of MXenes.[226,227]

Rare-earth metal-doped MXenes are of special interest since 
they make it possible to induce stable room temperature mag-
netism in 2D MXenes. Gd3+ and La3+ doped Ti3C2 developed 
by the coprecipitation method demonstrated high magnetic 
moments and ferromagnetic order in the Gd-doped sample at 

Table 5. Summarized hetero-M-MXenes by various dopants and methods and their potential applications.

Materials Dopant Method Application Ref.

Mo2TiC2Tx Ti Sintering LIBs [162]

Mo2Ti2C3Tx Ti Sintering Thermoelectric [222]

(V1−xTix)2C Ti Sintering LIBs [223]

(Ti0.5V0.5)3C2 Ti Sintering HER [226]

(VxTi1−x)2C Ti Sintering LIBs [224]

K+-Ti3C2Tx KOH/KOAc Delamination SCs [228]

Sn4+-Ti3C2 SnCl4 Solution mixing LIBs [229]

KOH-Ti3C2Tx KOH Intercalation/calcination SCs [230]

CTAB-Sn4+-Ti3C2 SnCl4∙5H2O Solution mixing LICs [231]

KOH-Ti3C2Tx KOH Intercalation Detector [232]

La3+-Ti3C2 La-nitrate Coprecipitation Magnetic [233]

Fe2+-Ti3C2Tx FeCl2 Solution mixing SCs [64]

Co3+-M2CTx Co(NO3)3 Solution mixing HER/OER/ZIBs/ZABs [72]

N-CoSe2/3D Ti3C2Tx Co2(CO)8 Solution mixing ORR/OER/ZABs [234]

KOH-Ti3C2Tx KOH Solution mixing SCs [235]

K+-Ti3C2Tx KOH Hydrothermal Thermoelectric [236]

Gd3+-Ti3C2 Gd(NO3)3∙6H2O Coprecipitation Spintronics [237]

PtNP/e-TAC H2PtCl6 Reduction ORR [238]

PtNP/Nb2CTx Pt(NO3)2(NH3)4 Impregnation/annealing Catalyst [239]

Ti3C2Tx/PtNP H2PtCl6 Reduction Sensor [240]

Mo2TiC2Tx-PtSA Pt Electrochemical exfoliation HER [60]

Ni1−xCox@Ti3C2Tx Ni/Co-LDHs Reduction HER [227]

Ni1−xCox@Ti2.5Nb0.5C2Tx Ni/Co-LDHs Reduction HER [227]

Ti3C2Tx/PtNP H2PtCl6 Reduction HER/OER [241]

V-Ti3C2Tx NH4VO3 Hydrothermal SCs [242]

Mo2CTx:Co Co(NO3)2∙6H2O Carburization HER [225]

RuSA-N-S-Ti3C2Tx RuCl3∙xH2O Annealing HER [190]

PtSA-Ti3−xC2Ty H2PtCI6∙6H2O Reduction Formylation [113]

N,V-Ti3C2Tx NH4VO3 Microwave irradiation LIBs [112]

PtNP/CNT-Ti3C2Tx H2PtCI6∙6H2O Reduction ORR [243]
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room-temperature, while competition between FM and AFM 
orders was found in La-doped samples. The origin of magnetism 
was attributed to Ti 3d states, which enhance spin-polarization 
upon doping/substituting.[233,237,244] It should be noted that 
a new class of layered solid i-MAX phases (Mo2/3RE1/3)2AlC, 
where RE elements are Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, 
and where Lu has been discovered and characterized.[245,246] 
The magnetic properties reveal long-range order ranging from  
3.8 up to 28 K for all phases except Sm and Tm and some of 
them were labeled to be frustrated magnetic systems due to 
competing intra- and in-plane magnetic interactions highly sen-
sitive to applied temperature and magnetic field. Later, a similar 
family contained Ga interlayered atoms (Mo2/3RE1/3)2GaC has 
been reported.[247] Such structures have clear prospects with 
respect to their cleavage into 2D MXenes. The recent computa-
tional results based on crystal orbital Hamilton population anal-
ysis and calculated exfoliation energies suggest the possibility 
to exfoliate RE-i-MAX into 2D RE-i-MXenes.[248]

Ex situ strategies have also been applied to fabricate hetero-
M-MXenes by postmodification of the parent MXenes. Due to 
the similar atomic size and electronic structure of V to Ti, vana-
dium has been proved as a feasible choice for metal doping/
substituting of Ti3C2 MXene.[249] For the first time, Gao et  al. 
developed a simple hydrothermal method to fabricate V-doped 
Ti3C2Tx by using NH4VO3 as a V source (Figure  14a).[242] By 
increasing the mass ratio between NH4VO3 and Ti3C2Tx flakes, 
the V content ranged from 9% to 33% as confirmed by EDS 
spectra. The V-doped Ti3C2Tx showed a similar morphology 
and crystalline structure as the parent Ti3C2Tx while the TiO2 
particles gradually formed on the surface as the increment of 
doping level. By using the same V-dopant, Cheng reported N, V 
codoped multilayer Ti3C2Tx by a microwave irradiation method, 
where the V atoms can occupy the Ti vacancy.[112]

Due to the abundant vacancies in the as-prepared MXenes, 
single metal atoms can be readily introduced into the outer 
M-layer of MXenes. As revealed, the as-formed Mo vacancies 
in Mo2TiC2Tx can be occupied by single Pt atoms during elec-
trochemical exfoliation.[60] The trapped Pt atoms can be further 
confirmed by high-angle annular dark-field STEM (HAADF-
STEM) images (Figure 5f). Recently, Zhao et al. demonstrated 

a simultaneous self-reduction stabilization method to fabri-
cate single Pt atom doped Ti3C2 (Figure  14b).[113] Due to rich 
Ti vacancies on Ti3−xC2Ty, it exhibits high reducibility and can 
be used to reduce metal salt without any additional reducing 
agent. Moreover, the surface oxygen-rich terminations (such 
as O and OH) on MXenes can strongly interact with or adsorb 
metal ions, promoting subsequent reduction and trapping of 
single metal atoms.[190] Therefore, Ti3C2 with rich defects is 
expected to be a promising candidate to immobilize various 
single atoms such as Ru, Rh, Ir, and Pd (Figure 14c).

Furthermore, metal nanoparticles (NPs) can be simultane-
ously immobilized on the surface of MXenes during the reduc-
tion from their metal salt precursors. Generally, H2PtCl6 is widely 
used to produce Pt NPs onto MXene surfaces.[113,238,240,241,243] 
For instance, Xie et  al. demonstrated the in situ fabrication of 
Pt NPs on surface Al etched Ti3AlC2 particles, which exhibited 
significantly enhanced activity and stability for ORR owing 
to the strong interaction between the Pt NPs and Ti3C2 flakes 
(Figure  15a).[238] In addition, Filip et  al. systematically investi-
gated the structure and composition of Ti3C2Tx/PtNP under 
various reaction conditions.[241] As revealed, Pt NPs stacked into 
clusters under the reduction of NaBH4 while H2PtCl6 was more 
intensively reduced by initial MXenes without any reducing 
agent. Moreover, other metal precursors (such as AgNO3, 
HAuCl4 and PdCl2 salts) have been spontaneously reduced by 
Ti3C2Tx, resulting in MXene-based hybrids containing Au, Pd, 
and Ag NPs.[250] Early in 2015, Sabnis et  al. reported the syn-
thesis of metal/Mo2C catalysts by combining incipient wetness 
impregnation and high-temperature reduction in H2 atmos-
phere.[251] As demonstrated, various metal NPs (such as Pt, Pd, 
Ni, Cu, and Ag) have been immobilized on Mo2C and Pt-Mo 
bimetallic alloy nanoparticles were observed after carburiza-
tion at 600 °C. A similar phenomenon was observed by Li et al., 
where Pt–Nb bimetallic alloy nanoparticles were formed on the 
surface of Nb2CTx MXene probably due to the enhanced ther-
modynamic stability of Pt/Nb alloy than Pt NPs at high temper-
ature.[239] In addition, Ti3C2Tx and Ti2.5Nb0.5C2Tx decorated with 
Ni/Co alloy nanoparticles have been successfully fabricated by a 
low-temperature reduction of Ni/Co-LDHs, resulting in double 
metal-doped MXenes (Figure 15b).[227]

Figure 14. a) Synthesis of V-doped Ti3C2Tx by a hydrothermal method. Reproduced with permission.[242] Copyright 2019, Wiley-VCH. b) Synthetic pro-
cess of the single Pt doped Ti3−xC2Ty. c) Doped Ti3−xC2Ty with various metal atoms. b,c) Reproduced with permission.[113] Copyright 2019, American 
Chemical Society.
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Due to the negatively charged surface, metal cations can 
be adsorbed on MXenes by a solution mixing process and 
hetero-M-MXenes can be achieved by subsequent thermal 
treatment. Generally, MXene flakes can be alkalized by various 
alkalis with the KOH compound being the most widely applied 
one.[228,230,232,235,236] As shown in Figure 15c, the interlayer dis-
tance of Ti3C2Tx can be significantly expanded by the intercala-
tion of K+, and the F terminations can be substituted by OH 
groups from KOH.[230] After calcination at 400 °C, the interlayer 
distance remains unchanged while the effective interlayer voids 
increase from 0.48 to 0.77 nm due to the disappearance of sur-

face terminations. It is also found that the cation size shows a 
minimized effect on the interlayer distance of base treated sam-
ples due to the interlayer water molecules but has a remarkable 
influence on the interlayer voids after calcination. Besides, the 
morphology of MXenes can be changed by alkalization where 
unique Ti3C2 nanoribbons were observed by Wu et al.[252,253] As 
can be seen in Figure 15d, Liu et al. developed a hydrothermal 
approach to fabricate metal ion doped Ti3C2Tx flakes by using 
various metal salt (KCl) or alkalis (NaOH and KOH).[236] As 
revealed, the resultant film exhibited expanded bandgap and 
improved Seebeck coefficient due to termination modification 

Figure 15. a) Synthesis of Pt NPs on surface Al etched Ti3AlC2 particles. Reproduced with permission.[238] Copyright 2014, Royal Society of Chemistry.  
b) Atomistic configuration of Nb doped Ti3C2O2 and Co/Ni replaced Ti atom on Nb-doped Ti3C2O2 and TEM image of Ni0.9Co0.1 alloy NPs on Nb doped 
Ti3C2O2. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/
by/4.0).[227] Copyright 2019, The Authors, published by Wiley-VCH. c) Schematic illustration of KOH treated Ti3C2. Reproduced with permission.[230] Copy-
right 2017, Wiley-VCH. d) Fabrication of Ti3C2Tx MXenes and their modification with KOH by a hydrothermal treatment. Reproduced with permission.[236] 
Copyright 2020, Elsevier. e) Schematic illustration of the synthesis of CoSe2/Ti3C2Tx, CoSe2/3D Ti3C2Tx, and N-CoSe2/3D Ti3C2Tx composites. Reproduced 
with permission.[234] Copyright 2019, American Chemical Society. f) Formation of Ti3C2Tx hydrogel by metal ion-initiated interaction. g) Ti3C2Tx MXene 
mixed with different ions. f,g) Reproduced with permission.[64] Copyright 2019, Wiley-VCH. h) Summarized application areas of hetero-MXenes.

Adv. Mater. 2021, 2004129

https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0


© 2021 Wiley-VCH GmbH2004129 (27 of 43)

www.advmat.dewww.advancedsciencenews.com

during the hydrothermal reaction, which also showed high 
electrical conductivity due to the cation intercalation.

With pretreatment by alkali or cationic surfactants, the inter-
layer distance of MXenes can be expanded, promoting further 
intercalation of metal ions with large sizes. For instance, the 
intercalation of Co3+ ions has been achieved in NaOH treated 
M2CTx (M = Cr, V, and Ti)[72], and Sn4+ ions have been success-
fully introduced into multilayer Ti3C2Tx by mixing SnCl4 with 
prealkalized or CTAB-treated MXene.[229,231] In addition, other 
metal ions have also been introduced to synthesize hetero-M-
MXenes. As demonstrated by Zeng et al., the Co4+ ion decorated 
on Ti3C2Tx can transform into CoSe2 nanocrystals, resulting in 
a bifunctional N-CoSe2/3D Ti3C2Tx composite (Figure  15e).[234] 
Rizwan et al. developed a coprecipitation approach to introduce 
La3+ and Gd3+ ions into Ti3C2Tx MXene.[233,237] As revealed, the 
doping of La3+ can slightly increase the in-plane lattice parame-
ters and decrease the layer distance perpendicular to the planes 
while the incorporation of Gd3+ ions endows Ti3C2 room-
temperature ferromagnetism.

Recently, Deng et  al. revealed that Ti3C2Tx can be readily 
gelatinized by adding various metal ions.[64] As can be seen in 
Figure  15f, the electrostatic repulsion force between MXenes 
can be destroyed by Fe2+ ions which also act as joining sites 
linking individual MXene flakes due to their strong binding 
energy with the surface -OH. In addition to Fe2+ ions, a Ti3C2Tx 
hydrogel can be achieved with the addition of Mg2+, Co2+, Ni2+, 
or Al3+, while K+ only results in the aggregation of Ti3C2Tx 
flakes (Figure  15g), providing a feasible approach to fabricate 
metal-doped MXene-based hydrogels. It should be noted that 
the properties of hetero-M-MXenes can be greatly influenced 
by the selected metal elements due to their synergistic effect 
with the MXene matrix. Generally, the metal ions (such as Li+, 
Na+, Mg2+, K+, and Al3+) can spontaneously and readily inter-
calate between the MXene layers, resulting in a downshift of 
the (002) peak position and an increase of the c-lattice para-
meter. However, Li-doped MXene is preferred to be applied as 
an anode in LIBs while the existence of residual Na+ or K+ will 
affect the Li+ storage performance, indicating that the metal 
doping/substituting of MXene should be designed based on 
their aimed applications[229]In addition, the variations of sur-
face terminations and interlayer spacing should be taken into 
consideration for practical applications of hetero-M-MXenes, 
which can be significantly influenced by the processing condi-
tions such as metal ion concentration and pH of the solution.

Briefly, the nonmetal dopants can occupy the three positions 
(M, X, T) of MXenes by either in situ or ex situ strategies. As 
mentioned in the theoretical simulations, the properties of 
hetero-MXenes can be adjusted by the sites of heteroatoms, 
resulting in various potential applications of these hetero-
MXenes. Figure  15h summarizes the reported applications of 
hetero-MXenes including the aforementioned N-, S-, P-, and 
M-MXenes. Due to the enhanced electronic conductivity and 
capacities, the N-MXenes have mainly been applied as super-
capacitor materials while their applications in rechargeable bat-
teries and catalysts have also been revealed. However, there has 
rarely been any example of supercapacitors for S-MXenes and 
P-MXenes, which are mostly applied in rechargeable batteries 
and catalysts. Especially, S-MXenes are widely used to enhance 
the performance of MXene-based Li–S batteries owing to their 
high compatibility with the sulfur matrix. For the M-MXenes, 

the simple substance metals and the single metal atoms reside 
mainly in the M layers of the MXenes while the metal NPs/ions 
are generally found on the surface of the MXenes. Taking the 
advantages of the high catalytic activity of single metal atoms, 
those M-MXenes have extensively been investigated in the field 
of electrochemical catalysts (such as HER, OER, ORR, etc.). 
In addition, the excellent electronic conductivity and capaci-
tive performance also endow M-MXenes great potential for 
rechargeable batteries and supercapacitors. To date, there are 
more examples of nitrogen/metal doped/substituted-MXenes 
than those with sulfur/phosphorus, probably due to the rela-
tively mature synthetic methods and abundant dopants. More 
efforts are required for the synthesis of other nonmetal hetero-
MXenes (such as the theoretically investigated boron-doped 
MXenes), which would be helpful for the extension of practical 
applications.

5. Applications of Hetero-MXenes

Considering the unique physicochemical properties as well 
as the abundant structural varieties, MXene materials have 
been widely applied in various fields exhibiting excellent 
performance.[29,31,34,35] However, there are several drawbacks 
impeding the development of pristine MXenes such as large 
contact resistance, inevitable restacking, and poor stability 
at oxygen atmosphere. As a traditional functionalization 
approach, elemental doping/substituting has been proven to 
be an effective strategy to improve the properties of MXene 
materials as well as to extend their further applications. Due 
to the distinguished atomic structures, the incorporation of 
heteroatoms can remarkably change the lattice structure and 
interlayer distance of MXenes. In addition, the hetero-MXenes 
not only inherit the original fascinating properties but also 
contain abundant active sites, exhibiting great application 
prospects in various fields such as energy storage, catalysts, 
sensors, etc.

5.1. Energy Storage

Due to the excellent electrical conductivity and efficient ion 
transport, MXenes have been proven to be promising electrode 
materials in electrochemical capacitors and different kinds of 
rechargeable batteries (such as Li-ion, Na-ion, and Li–S bat-
teries). Moreover, compositional engineering can trim the 
electron–donor capability of the electrode materials as well as 
modify their surface wettability and electronic conductivity, so 
further enhancing the corresponding performance of hetero-
MXenes.[167] Regarding the energy storage applications of het-
ero-MXenes, half of the hetero-N and hetero-M MXenes have 
been focused on the supercapacitors (SCs) while the applica-
tions of hetero-S and hetero-P-MXenes have mainly concerned 
rechargeable batteries (Figure 1).

5.1.1. Supercapacitors

As one of the most promising futuristic energy consumption 
devices, SCs have raised considerable attention due to their 
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intriguing merits of high power density, fast charge/discharge 
rates, and high cycling stability. Owing to different energy-
storage mechanisms, SCs can be classified into either pseudo-
capacitors or electrical double-layer capacitors (EDLCs), where 
the former are based on reversible redox reactions near the 
surface of the electrode while the latter depends on the rapid 
adsorption/desorption of electrolyte ions at the interface of the 
electrode/electrolyte. Recent investigations of SCs are mainly 
focused on the energy density per unit volume, and MXenes 
with high volumetric capacitances have been demonstrated as 
promising electrodes for SCs. Generally, the predominant elec-
trochemical behavior of MXenes is pseudocapacitive and the 
subsequent elemental doping/substituting can promote the 
electrochemical redox reaction, resulting in enhanced capaci-
tive performance.[173] The recent improved performances of SCs 
based on hetero-MXenes are summarized in Table 6.

In 2017, Wen et  al. developed an N-doped MXene by the 
postannealing approach and the as-synthesized N-Ti3C2Tx 
exhibited drastically improved electrochemical capacitances 
comparing with the original Ti3C2Tx material (Figure  16a).[170] 
As illustrated in Figure  16b, the enhanced capacitive perfor-
mance of N-Ti3C2Tx can be ascribed to the synergistic effect 
of expanded interlayer distance and N-containing terminations, 
where the former one can accelerate the adsorption/desorption 
of hydrated ions (EDLCs) while the latter one promotes the sur-
face redox reactions (pseudocapacitance). Interestingly, the 
capacitive enhancement of N-Ti3C2Tx in an H2SO4 electrolyte 
was calculated to be 465% (Figure  16c), which is significantly 
higher than that in MgSO4 electrolyte (≈58%, Figure  16d), 
something that probably can be ascribed to the presence of a 

rather large solvation coordination shell around the Mg2+ ions 
that hamper the electrochemical performance. In addition, flex-
ible N-doped MXene films can be directly used as electrodes in 
SCs. As revealed by Yang et al., diethanolamine molecules can 
be successfully introduced into Ti3C2 flakes with the assistance 
of a high fluidity methanol solvent by an ex situ solvothermal 
method.[194] As a binder-free electrode in an asymmetric three-
electrode Swagelok system, the compact N-Ti3C2 film exhibits 
an excellent volumetric capacitance (3123 F cm−3 at 5 mV s−1) 
and outstanding stability (≈100% retention after 10 000 cycles), 
which are significantly higher than those of pristine Ti3C2 and 
N-doped carbon-based materials (Figure 16e,f).

It has been revealed that the choice of doping/substituting 
sites in MXene shows an important influence on the electro-
chemical properties of N-doped MXene. Yang et  al. fabricated 
three kinds of N-doped Ti3C2 by both ex situ doping (urea 
for UN-Ti3C2 and monoethanolamine for MN-Ti3C2) and in 
situ doping (TiN for TN-Ti3C2) strategies.[167] Compared with 
the pristine Ti3C2 (605 F g−1), significantly higher gravimetric 
capacitance values were observed in UN-Ti3C2 (927 F g−1) and 
MN-Ti3C2 (786 F g−1) while that of a TN-Ti3C2 film dropped 
down to only 520 F g−1 at a scan rate of 5 mV s−1 (Figure 16g). 
As can be seen in Figure 16h, this interesting phenomenon can 
be ascribed to the intrinsic properties of various N-functional 
groups such as quaternary nitrogen (N-Q), nitride (N-Ti), oxyni-
tride (N-O), pyrrolic nitrogen (N-5), and pyridinic nitrogen 
(N-6). As demonstrated, the N-Q, N-5, and N-6 bonds are 
beneficial to enhance the electrochemical performance while 
the NO bond degrades the rate performance of N-doped 
Ti3C2. Most importantly, the N–Ti compound is not suitable 

Table 6. Performance of supercapacitors with hetero-MXenes as electrodes.

Materials Capacitance [F g−1@mV s−1] Electrolyte RCa) [%] Range [mV s−1] Cycles Rb) [%@A g−1] Ref.

N-Ti3C2 156@5 6 m KOH 54.9 5–200 5000 100@5 [180]

N-Ti3C2Tx 192@1 1 m H2SO4 67 1–200 10 000 92@50 mV s−1 [170]

N,S-Ti3C2 175@2 1 m Li2SO4 42.9 2–200 5000 90.1@2 [181]

N-Ti3C2 267@5 6 m KOH 79 5–200 2000 86.4@2 [174]

Ti3C2Tx@NC 442@1 A g−1 1 m H2SO4 92.5 5–100 5000 91.9@10 [182]

N-Ti3C2 2836 F cm−3@5 3 m H2SO4 61.7 5–200 20 000 100@10 [167]

N-Ti2CTx 327@1 A g−1 6 m KOH 86.2 10–100 5000 96.2@5 [185]

N-V4C3Tx 210@10 1 m H2SO4 54.1 5–100 10 000 96.3@10 [173]

N,O-C@Ti3C2 251@1 A g−1 6 m KOH 48.6 5–200 5000 94@5 [189]

N-Ti3C2 3123 F cm−3@5 3 m H2SO4 84.9 5–200 10 000 100@20 [194]

N-Ti3C2/rGO 445 F cm−3@1 A g−1 6 m KOH 66.8 1–100 10 000 100@10 [195]

N-Ti3C2 8.2 F cm−2@10 3 m H2SO4 48.8 10–100 7000 92@5 mA cm−2 [196]

NC-Ti3C2Tx 82.8@1 A g−1 6 m KOH 59.8 500–3000 5000 100@2 [197]

P-Ti3C2@NiCo2S4 1927@2 3 m KOH 49.3 2–20 4000 67.57@5 [203]

N-TiO2/TiN/Ti3C2Tx 361@1 A g−1 1 m H2SO4 80.3 5–100 10 000 85.8@8 [204]

K+-Ti3C2Tx 325@2 1 m H2SO4 41.8 2–100 10 000 100@5 [228]

KOH-Ti3C2Tx 517@1 A g−1 1 m H2SO4 40.6 2–100 10 000 99@1 [230]

Fe2+-Ti3C2Tx 272@2 3 m H2SO4 83.1 2–1000 10 000 97.1@1 V s−1 [64]

V-Ti3C2Tx 394@1 A g−1 2 m KCl 35.1 2–2000 5000 95@10 [242]

a)Rate capacity; b)Capacitance retention.
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for improving the capacity, resulting in the lowest gravimetric 
capacitance in TN-Ti3C2 MXene. Recently, Lu et al. determined 
N-doping sites in Ti3C2Tx by combining DFT calculations and 
XPS experiment.[146] As revealed, three favorable doping sites 
were confirmed as function substitution (FS), lattice substitu-
tion (LS), and surface absorption (SA), which corresponds to 
the XPS banding energies of 399.7, 396.0, and 401.9 eV, respec-
tively. Theoretical calculations indicated that the capacitance 
contributed by N follows LS < FS < SA while that contributed 
by Ti atoms is predicted as LS > SA > FS. According to the 
electrochemical measurement, the capacitance of the N-Ti3C2 
electrode is briefly composed of diffusion-controlled and 
capacitor like behavior. The former relies on the oxidation state 
of Ti element and can be enhanced by LS while the latter is 

greatly influenced by the interlayer distance, surface termina-
tion and absorption, which can be improved by either FS or SA 
(Figure  16i). Therefore, the N-doping in each site can signifi-
cantly enhance the specific capacitance of a Ti3C2 electrode.

Although the high theoretical capacitance of MXenes 
has been calculated, the potential interlayer energy-storage 
space has not been fully utilized due to the van der Waals 
force induced restacking. Recently, Deng et  al. demonstrated 
fast gelation of a Ti3C2Tx solution by metal ions which act as 
linkers to bond the flakes.[64] The 3D MXene hydrogel can be 
directly applied as a freestanding electrode without the addition 
of inactive binders and conductive additives (Figure  17a). As 
shown in Figure 17b, the rate capability of the MXene hydrogel 
slightly decreases from 272 to 226 F g−1 with the increment of 

Figure 16. a) Synthesis of N-doped Ti3C2Tx. b) Schematic illustration of charge storage in Ti3C2 and N-doped Ti3C2. c) Specific capacitances of Ti3C2Tx 
and N-Ti3C2Tx in 1 m H2SO4 under various scan rates. d) Specific capacitances of Ti3C2Tx and N-Ti3C2Tx in 1 m MgSO4 under various scan rates.  
a–d) Reproduced with permission.[170] Copyright 2017, Elsevier. e) Volumetric capacitances of Ti3C2 and N-doped Ti3C2 electrodes at various scan rates. 
f) Cycling stabilities of Ti3C2 and N-doped Ti3C2 electrodes at 20 A g−1. e,f) Reproduced with permission.[194] Copyright 2020, American Chemical Society. 
g) Gravimetric capacitances and volumetric capacitances of pristine and doped Ti3C2 films at various scan rates. h) XPS spectra of the pristine and 
doped Ti3C2 film samples. Reproduced with permission.[167] Copyright 2018, Wiley-VCH. i) Specific capacitances of pristine and doped Ti3C2 at various 
scan rates. Reproduced with permission.[146] Copyright 2020, Wiley-VCH.
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scan rates while that of MXene powder dramatically decreases 
from 241 to 33 F g−1 under the same condition. This can be 
ascribed to the better contact with the electrolyte as well as to 
a fast electrolyte ion diffusion in 3D MXene hydrogel, which is 
further confirmed by the Nyquist plots. Moreover, the MXene 
hydrogel exhibits outstanding cycling stability with high capaci-
tance retention of 97.1% after 10 000 cycles under a scan rate of 
1000 mV s−1 (Figure 17c).

Due to the hydrophilic nature, MXene flakes can be well dis-
persed in aqueous solution at a high concentration, facilitating 
the fabrication of flexible SCs by direct printing techniques. For 
instance, Yu et  al. fabricated a flexible quasi-solid-state micro-
supercapacitors (MSCs) based on crumpled N-doped Ti3C2Tx 
by a screen printing method (Figure  17d).[196] Benefiting from 
the enhanced redox activity of doped N atoms and free elec-
trolyte transport channels in porous conductive networks, the 
areal capacitances of N-Ti3C2Tx MSCs are markedly higher than 
those of pristine Ti3C2 and other MSCs under various scan rates 
(Figure 17e). In addition, 3D-printed SCs were further obtained 
by extrusion printing viscous N-Ti3C2Tx ink (Figure  17d). 
Interestingly, the areal capacitance increased with the incre-
ment of printed layer thickness and reached 8.2 F cm−2 for a 
three-layered electrode (Figure  17f). Owing to the high-mass-
loading electrode architecture, the 3D-printed N-Ti3C2Tx based  
symmetric SCs manifest superior cycling stability (96.2% after 
5000 cycles) and exhibit significantly higher areal energy den-
sity (≈0.42 mWh cm−2) than those of state-of-the-art printed 
SCs. As summarized in Table 6, other kinds of SCs have also 

been developed by various hetero-MXenes, such as a Li-ion 
capacitor based on CTAB-Sn(IV)@Ti3C2

[231] and a Na-ion hybrid 
capacitor based on porous N-Ti3C2Tx,[201] which also show 
enhanced capacitive performance.

To sum up, with expanded interlayer distance, convertible 
terminations, and porous conductive networks, the accelerated 
ion adsorption/desorption, enhanced redox reactions, and con-
structed ion diffusion channels could be achieved with the het-
ero-MXenes. Combining with other strategies such as electrode 
structure design and forming composites is expected to further 
improve the capacitive performance.

5.1.2. Rechargeable Batteries

Owing to the light weight and long cycle life, rechargeable 
batteries represent another most widely used power source, 
especially for portable electronics. 2D MXene materials have 
been employed in rechargeable batteries since the second year 
of their discovery and the corresponding studies are continu-
ously growing both with respect to theoretical calculations and 
experimental investigations.[34,114,254] In order to satisfy the 
requirements for flexible and wearable electronics, much effort 
has been made to further improve the capacity of MXenes by 
various approaches such as elemental doping/substituting, sur-
face modification, and hybrid composites. Notably, elemental 
doping/substituting strategies have been proved to efficiently 
enhance the performance of various rechargeable batteries, 

Figure 17. a) Electrode fabricated from the Ti3C2Tx hydrogel. b) Rate performances of Ti3C2Tx powder and monolith at different scan rates. c) Capaci-
tance retention test of Ti3C2Tx hydrogel electrode. a–c) Reproduced with permission.[64] Copyright 2019, Wiley-VCH. d) Schematic illustration of direct 
N-doped Ti3C2Tx ink printing. e) Comparison of the areal capacitances under various scan rates. f) Relationship between layers and areal capacitances 
at various scan rates. d–f) Reproduced with permission.[196] Copyright 2019, Wiley-VCH.
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including Li-ion, Na-ion, K-ion, Zn-ion, Li–S, Na–S, and Zn–air 
batteries.

Li-ion batteries (LIBs) represent the first energy storage system 
and have been widely used in portable electronic devices due to 
high energy density and excellent cycling performance. The per-
formance of LIBs mainly relies on the properties of the electrode 
materials where high rate capability and Li storage capacity are 
demanded. In 2016, Luo et  al. fabricated Sn4+ decorated Ti3C2 
nanocomposites via a facile PVP-assisted liquid-phase immersion 
process (Figure 18a).[229] Owing to the “pillar effect” of Sn aggre-
gates and their synergistic effect between MXene matrices, the 
PVP-Sn(IV)@Ti3C2 anode remained a reversible specific capacity 
of 1375 mAh cm−3 after 50 cycles at 100 mA g−1, which is much 
higher than that of the pristine Ti3C2 electrode (Figure  18b). By 
elemental doping/substituting of N elements, the specific sur-
face area and electrical conductivity of Nb2CTx are significantly 
improved.[188] Therefore, the reversible capacity of N-doped Nb2CTx 
was measured to be ≈90% higher than that of original Nb2CTx and 
a specific capacity of 288 mAh g−1 was retained after 1500 cycles 
under 0.5C. In addition, nitrogen and vanadium codoped Ti3C2Tx 
has been designed as an excellent anode material for LIBs, mani-
festing exceptional rate capability and cycling performance.[112] The 
enhanced LIB performance is relevant to the co-incorporation of 
N and V atoms, since the N atoms increase the ability to change 
the oxidation state of Ti while the introduction of V can patch up 
the Ti vacancies. As revealed, the reversible capacity of N,V-Ti3C2Tx 
increases with the increment of V content, and an impressive 
value of 98.3 mAh g−1 was achieved for the V0.5–Ti3C2Tx electrode 
after 1000 cycles under a current density of 3C.

The LIBs performance of hetero-MXenes can be further 
enhanced by combing with other nanomaterials. Owing to the 
high Li-ion-storage capability, Fe2O3 NPs have been selected to 
combine with crumpled N-Ti3C2 as a high-performance anode 
for LIBs.[199] It should be noted that the in situ formed Fe2O3 NPs 
are evenly dispersed on the substrate, preventing the cracking 
of the MXene matrix during charge/discharge cycling. More-
over, N-Ti3C2 nanosheets and Fe2O3 NPs can efficiently serve as 
mutual spacers to avoid the aggregation of NPs and restacking 
of the MXene nanosheets, further buffering the volume change 
of the electrode during the cycling. As a result, the proposed 
crumpled N-Ti3C2/Fe2O3 electrode exhibits robust cycling sta-
bility (no capacity decay after 400 cycles at 2 A g−1) and fast 
charge/discharge ability, and shows a high reversible capacity of 
1065 mAh g−1 at a scan rate of 100 mA g−1. Recently, a walnut-
like N-doped Ti3C2Tx compound adsorbed with red phosphorus 
NPs (N-Ti3C2Tx/P) was obtained by combining spray drying 
and vapor deposition, which was employed as anode for LIBs 
(Figure  18c).[198] Astonishingly, a trend of increasing capacity 
was observed in the long-cycle measurement at high current 
density, which can be attributed to the increased interlayer dis-
tance resulting from the volume expansion of P as well as the 
ion strike toward layered N-Ti3C2Tx (Figure 18d). Due to the for-
mation of TiOP bonds, N-Ti3C2Tx/P shows a stable structure 
even after long-time cycling at higher current density, resulting 
in a high reversible capacity (≈801 mAh g−1) after 1040 cycles 
under 500 mA g−1. Similar results have previously been observed 
in the BPQDs/Ti3C2 composite, where the POTi bonds are 
found to polarize the atomic charge and improve the charge 

Figure 18. a) Fabrication process of PVP-Sn(IV)@Ti3C2 nanocomposites. b) Cycling performance and coulombic efficiency of pristine and doped Ti3C2 
at a scan rate of 100 mA g−1. a,b) Reproduced with permission.[229] Copyright 2016, American Chemical Society. c) Preparation of N-Ti3C2Tx/P composite. 
d) Cycling performance of N-Ti3C2Tx/P at 500 mA g−1. c,d) Reproduced with permission.[198] Copyright 2019, American Chemical Society. e) Schematic 
illustration of the DMES mechanism in the discharge process of the BPQD/Ti3C2 electrode. Reproduced with permission.[217] Copyright 2018, Wiley-VCH.  
f) Synthesis of Ti3C2 MNRs by shaking in KOH solution. Reproduced with permission.[253] Copyright 2017, Elsevier.
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adsorption and interfacial electron transfer, resulting in an 
enhanced pseudocapacitive charge-storage (Figure  18e).[217] 
Therefore, the BPQDs/Ti3C2 composite exhibits an extraordi-
nary comprehensive LIBs performance including high reversible 
capacity (1124 mAh g−1 at 50 mA g−1) and long cycling stability 
with the capacity impressively increasing to 520 mAh g−1 after 
2400 cycles under high current density of 1000 mA g−1.

Nonlithium-Ion Batteries: Due to limited natural sources of 
lithium, nonlithium-ion batteries (NLIBs) have been developed 
to meet the demand of an increasing global market, such as 
sodium-ion (SIBs),[63,206] potassium-ion (PIBs),[253] and Zn-ion 
(ZIBs) batteries.[72] As revealed by Lian et  al., alkalized Ti3C2 
(a-Ti3C2) nanoribbons can be fabricated through continu-
ously shaking of pristine Ti3C2 in KOH aqueous solutions.[253] 
As shown in Figure  18f, the interlayer distance of the MXene 
is expanded due to the doping of K element while the 3D 
porous framework further improves the structure stability and 
enhances the ion reaction kinetics. Therefore, the a-Ti3C2 com-
pound shows excellent performance in both SIBs and PIBs, 
providing high reversible capacities (168 and 136 mAh g−1 at  
20 mA g−1 for SIBs and PIBs, respectively) and long-term 
cycling stabilities (50 mAh g−1 for SIBs and 42 mAh g−1 for 
PIBs after 500 cycles at 200 mA g−1), though the capacity is far 
less effective than that of LIBs.

Recently, hetero-S-MXenes have attracted extensive attention 
as anode materials in SIBs because of the robust electrochem-
ical reaction between surface metal–sulfur bonds and Na ions. 
S-doped multilayer Ti3C2Tx was successfully prepared by Li et al. 
via a facile sulfidation reaction with thiourea, which exhibited 
an enlarged interlayer spacing and improved electrical conduc-
tivity.[206] As an anode for SIBs, the S-doped multilayer Ti3C2Tx 
shows a high specific capacity of 183.2 mAh g−1 after 100 cycles 
at 100 mA g−1 and excellent rate capability of 121.3 mAh g−1  
at 2 A g−1. Notably, a reversible capacity of 138.2 mAh g−1 was 
retained after 2000 cycles at 0.5 A g−1, which is about two 
times of that of a pure Ti3C2Tx electrode under the same con-
dition, indicating robust long-term cycling stability of S-doped 
multilayer Ti3C2Tx. In addition, the electrochemical reaction 
between S atoms and intercalated Na ions can spontaneously 
open the layers of MXenes by volume expansion, endowing a 
larger space for Na storage. As demonstrated by Luo et  al., a 
facile process can be developed to fabricate S-intercalated Ti3C2 
MXene (CT-S@Ti3C2) by pretreating with a CTAB surfactant 
and thermal diffusion of sublimed S.[63] After annealing under 
inert atmosphere and washing by CS2 solvent, S atoms are effi-
ciently immobilized on the interface of the MXene by forming 
Ti-S bonds, endowing the CT-S@Ti3C2 compound a fast storage 
kinetics and abundant storage sites for Na ions. Therefore, 
the CT-S@Ti3C2 based electrode possesses improved capacity  
(550 mAh g−1 at 100 mA g−1) and outstanding cycling stability 
even after 5000 cycles under the high scan rate of 10 A g−1.

Other Rechargeable Batteries: In addition to the LIBs and 
NLIBs, other rechargeable batteries have also been achieved 
by hetero-MXenes, such as Li–S batteries, Na–S batteries, and 
Zn–air batteries. N-doped MXenes have been successfully uti-
lized as novel sulfur hosts for Li–S batteries due to the strong 
physical and chemical interaction with polysulfide. In 2018, 
crumpled N-Ti3C2Tx nanosheets were synthesized by Bao et al. 
by a simple thermal annealing method, which was employed in 

Li–S batteries to accommodate sulfur.[62] As demonstrated, the 
doped N elements effectively improve the electrochemical reac-
tivity and chemical adsorption capability of MXenes. Moreover, 
the unique porous structure of crumpled N-Ti3C2Tx increases 
the sulfur loading and physically prevents the dissolution of 
polysulfide (Figure 19a). As shown in Figure 19b,c, the as-syn-
thesized crumpled N-Ti3C2Tx/S composite electrode exhibits a 
high reversible capacity of 1144 mAh g−1 at 0.2C and excellent 
cycling stability (remains 610 mAh g−1 after 1000 cycles under 
0.2C). Similar results were obtained by Song et  al. who could 
show that a porous an N-doped Ti3C2 (P-NTC) MXene promotes 
the nucleation and decomposition of Li2S in the discharge/
charge process (Figure  19d).[175] Hence, the S/P-NTC cathode 
showed a high areal capacity of 9.0 mAh cm−2 and a low 
capacity decay rate of 0.033% per cycle. In addition, a flexible 
Li–S pouch cell was achieved and could enable a continuous 
powering of a LED under various bending states, indicating a 
great potential of P-NTC materials for practical applications in 
flexible energy storage devices (Figure 19e).

Generally, S-doped MXenes are widely used in Li–S batteries 
which can efficiently suppress the lithium polysulfide (LiPS) 
shuttle effect. As demonstrated by Tang et al, a robust Ti3C2Tx/S 
conductive paper was synthesized by a filtration–evaporation 
method and employed as a cathode in Li–S batteries.[211] The 
Ti3C2Tx/S paper exhibited a high capacity of 1383 mAh g−1 at 
0.1C and an ultralow capacity fading rate of 0.014% per cycle. 
This excellent performance can be ascribed to the in situ 
formed sulfate complex during cycling, which serves as a pro-
tective membrane to retard the shuttling of LiPSs and improve 
the utilization of sulfur (Figure 19f). The S-doped MXenes can 
also be employed as a cathode in Na–S batteries due to high 
sulfur loading and strong affinity to sulfur species. For instance,  
Bao et al. developed an in situ doping method to fabricate wrin-
kled S-doped Ti3C2Tx which showed an excellent performance in 
room temperature Na–S batteries.[208] Due to the high polarity, 
the S-Ti3C2Tx compound significantly restricts the diffusion of 
sodium polysulfide. Accompanying with the accelerated redox 
rate and enhanced areal sulfur loading (≈4.5 mg cm−2), a high 
capacity of 577 mAh g−1 remained after 500 cycles at 2C for the 
as-prepared S-Ti3C2Tx/S cathode (Figure  19g). Notably, zinc–
air batteries (ZABs) are promising alternative energy devices 
with the merits of mild neutral electrolytes and low recycling 
costs (Figure 19h).[234] As revealed, ZABs with excellent perfor-
mance have also been achieved based on Co3+-decorated M2CTx  
(M = Ti, Cr, and V)[72] and N-CoSe2/3D Ti3C2Tx,[234] further 
extending the application of hetero-MXenes in the field of 
energy storage. Along with other materials such as TMDs, 
MXenes demonstrate perspectives as electrode materials for 
LIBs, NLIBs, and other rechargeable batteries. Modification 
of MXenes by distinct atoms can further enhance the electro-
chemical performance of such batteries.

From the above summary, we can understand that elemental 
doping/substituting serves as a promising strategy to obtain 
better rate capability and cycling performance for batteries with 
MXene-based anodes due to significantly improved specific 
surface area, electrical conductivity, and ion reaction kinetics. 
Also, hetero-MXenes serve as good hosts for sulfur electrodes 
or protective layers for Li metal anodes, showing excellent prop-
erties and promising applications in energy storage systems. 

Adv. Mater. 2021, 2004129



© 2021 Wiley-VCH GmbH2004129 (33 of 43)

www.advmat.dewww.advancedsciencenews.com

Due to the complexity and systematic engineering for battery 
system design, the compatibility between elemental doping/
substituting MXene-based anodes and electrolytes/cathodes, 
which has rarely been studied, still needs to be investigated to 
further stabilize the solid electrolyte interface and improve the 
charge–discharge efficiency to achieve practical applications for 
batteries with superior cycling performance and rate capability.

5.2. Electrocatalysts

Considering the environmental pollution and energy shortages 
caused by excessive consumption of fossil fuels, efficient elec-
trochemical energy conversion is of great importance to convert 
Earth abundant resources to sustainable and renewable energy. 
Generally, the performance of an electrochemical system is 
mainly contingent on the activity and stability of the electrocata-
lyst, where a lower overpotential catalyst allows a faster reac-
tion rate. Recently, MXenes have shown interesting properties 
in catalytic energy conversion ascribing to their excellent elec-
trical conductivity and abundant surface terminations.[31,55] The 

elemental doping/substituting endows the MXenes more active 
sites, so promoting their applications in various electrochemical 
energy conversion systems such as for hydrogen evolution reac-
tions (HER), oxygen evolution reaction (OER), oxygen reduc-
tion reactions (ORR), and nitrogen reduction reactions (NRR).

As one of the two half reactions in electrochemical water 
splitting, HER generates a new type of clean energy H2. Com-
pared with conventional noble metal catalysts, hetero-MXenes 
is a very competitive alternative with the virtue of low cost. Yoon 
et  al. evaluated the HER catalytic activity of N-doped Ti2CTx 
(N-Ti2CTx) which was synthesized by a chemical nitridation 
reaction with sodium amide.[186] Unlike the nonelectrocatalytic 
Ti2CTx precursor, the N-Ti2CTx was proved to be a high active 
electrocatalyst resulting from the enlarged interlayer distance 
and the in situ formed Ti–Nx motifs. In the HER evaluation, 
the N-Ti2CTx compound exhibits high catalytic reactivity with 
an overpotential of −215 mV (vs NHE) at 10 mA cm−2, which is 
about three times better than that of pristine Ti2CTx (−645 mV 
under the same condition). Similar results were observed in 
N-Ti3C2Tx where other N-containing species (such as N–H, and 
O–Ti–N) were found to influence the electronic configuration, 

Figure 19. a) Synthesis of the crumpled N-Ti3C2Tx/S composite. b) Cycling performance of crumpled N-Ti3C2Tx/S and mixed Ti3C2Tx/S electrodes at 
0.2C for 200 cycles. c) Long cycling of crumpled N-Ti3C2Tx/S and mixed Ti3C2Tx/S electrodes at 2C for 1000 cycles. a–c) Reproduced with permission.[62] 
Copyright 2018, Wiley-VCH. d) The role of P-NTC electrocatalyst in a Li–S cell battery. e) Schematic diagram of a flexible Li–S pouch cell and the lightened 
LED under various bending angles. d,e) Reproduced with permission.[175] Copyright 2020, Elsevier. f) The entrapping of the polysulfides on the Ti3C2Tx 
by the formation of a sulfate complex. Reproduced with permission.[211] Copyright 2019, Wiley-VCH. g) Cycling performances of S-doped Ti3C2Tx/S and 
bare Ti3C2Tx/S cathodes at 2C for 500 cycles. Reproduced with permission.[208] Copyright 2019, American Chemical Society. h) Schematic illustration of 
a ZAB. Reproduced with permission.[234] Copyright 2019, American Chemical Society.
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resulting in a modulation of the active sites.[171] As revealed,  
the synergistic effects between N-containing species and 
decrease of detrimental F terminations on N-Ti3C2Tx can sig-
nificantly enhance the intrinsic catalytic reactivity, providing 
a low overpotential of −198 mV (vs RHE) at 10 mA cm−2, and 
small Tafel slope of 92 mV dec−1 (Figure  20a,b). Moreover, 
much lower overpotential can be achieved by single atom 
doped MXenes, exhibiting better mass activities than the com-
mercial Pt/C catalyst. For instance, an overpotential of −76 mV  
was observed in RuSA–N–S–Ti3C2Tx

[190] while a much lower value  
of −30 mV was obtained in Mo2TiC2Tx-PtSA

[60] at 10 mA cm−2 
(Figure  20c–e). Furthermore, enhanced HER performance can 
be observed in other hetero-MXenes such as P-doped 
V2CTx,[219] P-dopedMo2C@C nanowires,[215] N/S codoped Mo2C 
nanosheets,[177] and N/P-doped Mo2C@C nanospheres.[178]

Benefiting from the oxygen adsorption favorable sites and 
the synergistic effect with electrocatalytic active promoters, 
hetero-MXenes have emerged as efficient electrocatalysts for 
electrochemical OER and ORR. N-doped Ti3C2 MXenes have 
been successfully synthesized by an in situ nitrogen doping 
method, which exhibits excellent electrocatalytic activities due 
to abundant active sites.[168] As revealed, the OER performance 
improves with the increment of N content, and Ti3C1.6N0.4 
shows a smaller onset overpotential and a lower Tafel slope 
than those of pristine Ti3C2 and Ti3C1.6N0.4. Inspired by the 
high affinity toward transition metals, Pang and co-workers 
decorated M2CTx (M = Ti, Cr, and V) with OER-catalytic cobalt 

ions.[72] As demonstrated, the OER catalytic feature of Co-
MXene is attributed to the synergistic effect between pore-rich 
MXene and Co species while it is independent on the transi-
tion metal in MXenes. Moreover, Zeng et al. demonstrated that 
the bifunctional catalyst N-CoSe2/3D-Ti3C2Tx can be synthe-
sized from Co-doped MXene, exhibiting excellent performance 
in both OER and ORR.[234] According to DFT calculations, 
enhanced catalytic activity stems from efficient electron transfer 
from MXene to CoSe2 and the decreased reaction energy bar-
riers result from N doping (Figure 20f). In addition, 3D porous 
Ti3C2Tx scaffolds also provide a large specific surface area and 
good conductivity, further enhancing the catalytic performance.

Recently, in situ growth of noble metal NPs on MXene has 
been developed to produce high-performance electrocatalysts. 
For instance, Filip et  al. fabricated a PtNP-decorated Ti3C2Tx 
hybrid by either a spontaneous or an NaBH4-induced reduc-
tion approach.[241] As revealed, the hybrid with 14 wt% Pt shows  
an excellent HER performance with a low onset potential of 
−75.9 mV at a current density of 10 mA cm−2. Liu et al. immo-
bilized Au NPs on the surface of Ti3C2 by an ultrasound reduc-
tion approach, resulting in a strengthened chemical bonding 
effect toward N2 molecules.[255] DFT calculations revealed that 
the high energy of N2 adsorption on the interface between Ti3C2 
and Au NPs weakens the NN triple bond while the stabiliza-
tion of N2* and destabilization of NH2NH2* reduce the reac-
tion energy barrier (Figure 20g). As can be seen in Figure 20h, 
Au/Ti3C2 shows an excellent NRR performance with an average 

Figure 20. a) HER polarization curves of pristine and N-doped Ti3C2Tx. b) Tafel plots of pristine and N-doped Ti3C2Tx. a,b) Reproduced with permis-
sion.[171] Copyright 2019, American Chemical Society. c) Schematic illustration of photocathode device. d) HER polarization curves of RuSA–N–S–Ti3C2Tx 
and other catalysts. c,d) Reproduced with permission.[190] Copyright 2019, Wiley-VCH. e) HER polarization curves of Mo2TiC2Tx-PtSA and other catalysts. 
Reproduced with permission.[60] Copyright 2018, Springer Nature. f) Schematic diagram for OER/ORR path based on the charge density of N-CoSe2/3D 
Ti3C2Tx. Reproduced with permission.[234] Copyright 2019, American Chemical Society. g) Free energy profile for various NRR pathways on Au(111), Ti3C2, 
and Au/Ti3C2. h) NH3 yields and faradic efficiency of various catalysts. g,h) Reproduced with permission.[255] Copyright 2019, American Chemical Society.
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NH3 production of 30.06 µg h−1 mg−1 and a high Faraday effi-
ciency of 18.34%. However, elemental doping/substituting 
of noble metal species might not always be the best choice 
for electrocatalysts and more efforts are demanded to further 
explore the electrocatalytic applications of hetero-MXenes.

5.3. Others Applications

In addition to the aforementioned applications for energy 
storage and conversion, hetero-MXenes can be employed 
in other fields such as sensors,[61,202,232,240] optoelectronic 
devices,[48] seawater desalination,[200] and catalysts.[113,239] Sim-
ilar to pristine MXenes, hetero-MXenes are suitable to detect 
small molecules and heavy metal ions due to their high spe-
cific surface areas. For instance, Xu et al. revealed that N-doped 
Ti3C2 (N-Ti3C2) MXene QDs show high sensitivity to Fe3+ ions, 
exhibiting a detection limit of 100 × 10−6 m.[61] Similarly, Feng 
et  al. found that the N-Ti3C2 QDs exhibit distinguished fluo-
rescence quenching response to various metal cations and that 
show a higher sensitivity for Cu2+ ions than that of Fe3+ ions 
(Figure  21a).[202] In addition, alkaline intercalated Ti3C2 was 
used as an electrode material to detect trace amounts of heavy 
metal ions, exhibiting high sensitivity for Cd2+, Pb2+, Cu2+, and 
Hg2+ ions with detection limits of 0.098 × 10−6, 0.041 × 10−6, 
0.032 × 10−6, and 0.13 × 10−6 m, respectively (Figure 21b,c).[232] 
Moreover, mutual interference among various cations has been 
explored in the electrochemical detection, where Pb2+ ions are 
preferred to deposit in the presence of other ions while the sen-
sitivity for Hg2+ ions can be enhanced in the presence of Cd2+.

Ti3CN MXene has been successfully applied as a mode-locker 
to produce femtosecond laser pulses owing to the excellent con-
ductivity. As revealed by Jhon et al., Ti3CNTx can be used as a 
saturable absorber (SA) to produce mode-locked laser pulses 
with a temporal width as short as 660 fs and a repetition rate 
of 15.4 MHz (Figure 21d–f).[48] DFT calculations also predicted 
that the Ti3CNTx SA can cover frequencies from near- to far-
infrared regions, indicating a promising potential of Ti3CNTx 
for broadband SA applications. Very recently, Amiri et al. dem-
onstrated that N-doped Ti3C2Tx (N-Ti3C2Tx) can be employed 
in seawater desalination by an energy-efficient approach of 
capacitive deionization (Figure  21g).[200] Taking the advantages 
of porous structures (pore volume of 0.84 cm3 g−1) and high 
specific surface area (368.8 m2 g−1), the N-Ti3C2Tx electrode 
showed the high salt adsorption capacity of 117 ± 4.7 mg cm−3 
(43.5 ± 1.7 mg g−1) in 5 g L−1 NaCl solution while no noticeable 
decline was observed over 24 charging (1.2 V)/discharging (0 V) 
cycles (Figure 21h,i).

Due to the satisfactory catalytic activities, hetero-MXenes 
have also been employed as promising candidate catalysts for 
various reactions. For instance, Nb2CTx MXene with Pt/Nb 
alloy NPs shows a weak CO adsorption and high H2O activa-
tion ability owing to the reactive metal-support interaction 
(Figure  21j).[239] In addition, Zhao et  al. demonstrated that 
single Pt atom doped Ti3−xC2Ty MXene can efficiently promote 
the formylation of amines with high conversion and selectivity 
under ambient pressure (Figure  21k).[113] According to DFT 
calculations, the adsorption and activation energy of reaction 
reagents (such as silane, CO2, and aniline) are remarkably 

reduced due to the partial positive charges and atomic dis-
persion of single Pt atoms, resulting in an excellent catalytic 
performance exceeding that of commercial Pt catalysts and 
Pt NPs/Ti3−xC2Ty (Figure  21l). Moreover, other single metal 
atoms (such as Ru, Rh, Ir, and Pd) have been successfully intro-
duced into Ti3−xC2Ty MXene, manifesting the generality of the 
simultaneous self-reduction stabilization approach for single-
atom catalysts, and further extending the catalytic application 
of hetero-MXenes. It should be noted that the hetero-MXenes 
not only inherit the properties of their precursors but also pos-
sess unique properties resulting from the doping/substituting 
procedure. Therefore, various applications of hetero-MXenes 
are still under investigation, which will be beneficial to further 
explore the potential of MXene-based materials.

6. Summary and Outlook

Hetero-MXenes have attracted great attention due to their 
unique crystal structures and excellent properties. The past five 
years have witnessed a rapid development of hetero-MXenes 
not only by means of theoretical calculations but also through 
a very wide experimental endeavor. Generally, hetero-MXenes 
can inherit the excellent properties of their mother compounds 
while the lattice structure and surface terminations might be 
changed, so generating more active sites. In this review article, 
we have briefly introduced the synthesis and properties of 
pristine MXenes which are the precursors for compositional 
engineering. With regard to the hetero-MXenes, we compre-
hensively summarized theoretical calculations focusing on the 
doping/substituting at three positions (M, X, and T). The exper-
imental doping/substituting of MXenes has been systematically 
provided in several comprehensive tables focusing on nonmetal 
(N, P, and S) and metal elements (simple substance metals, 
single metal atom, metal NPs and ions). Owing to the exotic 
properties that distinguish them from pristine MXenes, the 
hetero-MXenes exhibit excellent performance in various fields 
including energy storage (SCs and rechargeable batteries), elec-
trocatalysts (HER, OER, ORR, NRR) and sensors. Undoubtedly, 
compositional engineering has emerged as a powerful strategy 
to tailor the properties of MXenes, making these prominent 2D 
materials even more attractive for practical applications.

Despite the aforementioned significant progress, our under-
standing of the details related to hetero-MXenes is still at a nas-
cent stage and a series of scientific issues remain unresolved 
in terms of synthetic approaches, structure–property relation-
ships, and intrinsic mechanisms for performance enhance-
ment. First of all, there still remains confusion between the 
notions of doped and substituted MXenes. According to 
the heteroatom content, MXenes with low levels of dopants  
(ppm or lower levels) should be termed as doped MXenes, espe-
cially for the MXene-based catalysts with single atoms located at 
the defect sites of the MXene. In contrast, MXenes with higher 
heteroatom content can be denoted as substituted MXenes, which 
would exhibit different properties comparing to the doped ones. A 
much clearer distinction between doped and substituted MXenes 
is beneficial for the further investigation of their formation mech-
anisms and potential applications. As reviewed here, theoretical 
calculations have mainly focused on the doping/substituting  
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Figure 21. Other applications of hetero-MXenes. a–c) Detectors: a) Photoluminescence quenching of N-doped Ti3C2 QDs in the presence of various 
metal cations. Reproduced with permission.[202] Copyright 2020, Elsevier. b) Square wave anodic stripping voltammetry response of alk-Ti3C2 to the var-
ious metal cations. c) Calibration curves of various metal cations as a function of concentration. b,c) Reproduced with permission.[232] Copyright 2017, 
Elsevier. d–f) Mode-lockers: d) Schematic illustration of the ring-cavity erbium-doped fiber laser based on the stacked Ti3CNTx saturable absorbers. e) 
The measured oscilloscope trace of the output pulses. f) The tested autocorrelation trace of the output pulses. d–f) Reproduced with permission.[48] 
Copyright 2017, Wiley-VCH. g–i) Seawater desalination: g) Schematic illustration of capacitive deionization electrode based on N-doped Ti3C2Tx. h) 
Desalination capacities of the pristine and N-doped Ti3C2Tx electrodes. i) Electrosorption and regeneration cycles of the N-doped Ti3C2Tx electrode in 
500 mg mL−1 NaCl solution. g–i) Reproduced with permission.[200] Copyright 2020, Elsevier. j–l) Catalysts: j) Reaction orders for CO, CO2, H2, and H2O 
for 1% Pt/Nb2CTx. Reproduced with permission.[239] Copyright 2018, Springer Nature. k) Schematic illustration of the formylation reaction based on 
single Pt doped Ti3−xC2Ty and the calculated energy profile. l) DFT calculations of the reaction pathway for the formylation reaction on isolated Pt of 
Pt1/Ti3−xC2Ty. k,l) Reproduced with permission.[113] Copyright 2019, American Chemical Society.

Adv. Mater. 2021, 2004129



© 2021 Wiley-VCH GmbH2004129 (37 of 43)

www.advmat.dewww.advancedsciencenews.com

at the M-sites of MXenes with various TMs. However, there 
still remain challenges for experimentally synthesizing those 
hetero-MXenes to verify the predictions due to the lack of syn-
thetic strategies. Generally, the fabrication of hetero-MXenes 
can be divided into two main categories of in situ and ex situ 
strategies, where the former depend on a doped MAX phase 
and the latter are modifications of as-synthesized MXenes. The 
lattice structure is less changed by an ex situ approach and the 
doping/substituting only occurs within a specific thickness on 
the surface. Considering the lack of suitable dopants, TM-based 
hetero-MXenes can hardly be obtained by an ex situ strategy. 
Although the in situ approach can introduce TMs into MXenes, 
a complicated etching process is required which also makes 
the content of TMs uncontrollable. Inspired by the bottom-up 
strategy, TM-based hetero-MXenes can be achieved by methods 
such as atomic layer deposition, CVD and direct current magne-
tron sputtering. By means of precise control over the elements, 
both the type and content of TMs in MXenes can be systemati-
cally tuned. From the perspective of practical applications, scale-
up preparation of hetero-MXenes are imperatively demanded, 
requiring the exploration of novel synthetic approaches for 
MXene precursors with high yield and quality. In addition, 
unique properties and applications can be accomplished via 
controllable codoping of multiple heteroatoms due to their syn-
ergistic effects. Several works have preliminarily explored the 
codoping of MXenes while more efforts are required to further 
understand the mechanism of enhanced performance.

The causal relationships between structures and proper-
ties are an eternal topic and the underlying scientific issues 
for accurate characterization of hetero-MXenes are still to be 
addressed. The difficulties lie in understanding the detailed 
bonding nature between the heteroatoms and the MXene 
precursors, the regulation rules between dopants and sur-
face terminations, as well as the doping/substituting content. 
Although many conventional characterization approaches have 
been employed to confirm the structures of hetero-MXenes, 
burgeoning techniques also represent good attempts to more 
accurately characterize the doped/substituted materials, 
such as solid-state nuclear magnetic resonance (NMR), X-ray 
absorption near-edge spectroscopy (XANES), and extended 
X-ray absorption fine structure (EXAFS). As demonstrated, 
the dynamic mechanisms of MXene-based materials can be 
revealed by operando X-ray measurements. In addition to the 
microstructures of hetero-MXenes, the interaction between 
dopants and MXene precursors can also be well understood 
by these novel in situ techniques, providing useful insight 
for better understanding the dynamic processes of compo-
sitional engineering. Moreover, the doped/substituted con-
tent can be readily controlled through varying the dosage of 
dopants, subsequently revealing the influence on the proper-
ties of hetero-MXenes. As a consequence, the performance of 
hetero-MXenes can be optimized to meet the requirements of 
practical applications.

There is no doubt that theoretical calculations are of vital 
importance to elucidate intrinsic mechanisms for enhanced 
performance of hetero-MXenes, especially in the fields of 
energy storage and electrocatalysis. However, recent compu-
tational investigations of hetero-MXenes have mainly been 
dominated by semilocal DFT which might be problematic in 

evaluating small bandgaps. Fortunately, a more robust many-
body perturbation treatment (well known as the GW approxi-
mation) has been employed in the simulations of other 2D 
materials such as MoS2 and graphitic carbon-nitrides, which 
also can be used to simulate hetero-MXenes.[256–258] It is antici-
pated that a systematic study of the electronic structures of 
hetero-MXenes might reveal particularly intriguing applica-
tions in energy storage. For the exploitation of hetero-MXenes 
in electrocatalysis, more simulation efforts toward the evolution 
of the surface state and electrochemical potential as functions 
of reactive conditions are required. Therefore, advanced theo-
retical simulations and systematic experimental investigations 
are suggested to be performed at the same time, which not only  
can explain the experimental phenomena but also predict the 
physicochemical properties of hetero-MXenes for the purpose 
of further understanding of their intrinsic mechanisms in 
various applications.
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