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A B S T R A C T   

Supercapacitors, which are essential for addressing modern energy challenges, possess outstanding energy 
storage capabilities without requiring manual maintenance. However, their low energy density and capacity 
limit their applicability for electrode materials. Recently, two-dimensional materials (2D), and particularly 2D 
transition metal carbonitrides (MXenes) have attracted considerable interest for developing energy storage de-
vices because of their large specific surface area and fast ion-transport pathways. MXenes mainly comprise a 
transition metal (M) layer, carbon and/or nitrogen (X) layer, and active functional groups exterior to the layer. 
Metallic properties of the M layer offer excellent pseudocapacitance characteristics, while X layer is character-
ized by abundant active sites and conductivity similar to that of graphene. Compared with conventional mate-
rials, the existence of various functional groups on the surface of MXenes endows them with stronger 
hydrophilicity and higher wettability in aqueous electrolytes, which, combined with their diverse frame struc-
tures and functional group combinations, significantly augment their applicability for energy storage devices. 
Therefore, it is necessary to summarize and analyze the research results on MXenses. This review addresses the 
applications of MXenes in energy storage supercapacitors along with current challenges and solutions including 
intercalation, doping, surface modification methods, and heterogeneous structures. Finally, the prominent 
contemporary research trends are comparatively discussed to promote research and development in this field in 
the near future.   

1. Introduction 

The present world is experiencing an unprecedented energy crisis. 
Economic development in the past few decades has been highly 
dependent on limited fossil fuels [1]. The depletion of oil resources, 
accumulation of greenhouse gases, abnormal climate, and environ-
mental pollution have posed a threat to human survival [2–5]. There-
fore, developing a green economy that efficiently utilizes renewable 
resources is a viable way to sustain human civilization. Currently, 
renewable resources, such as solar energy, wind energy, and photovol-
taic power, manage to alleviate the pressure of energy shortage to a 

certain extent [6]. However, the constant availability of such energy 
sources is naturally limited, which is difficult to control, thereby high-
lighting the need for efficient energy-storage media to accommodate the 
needs of modern society [7]. Supercapacitors occupy a dominant posi-
tion in the energy storage field, owing to their high power density, super 
cycle-life, and non-requirement of manual maintenance. These charac-
teristics render them highly suitable for green and sustainable devel-
opment, and thus crucial for addressing the energy crisis [8]. 

Energy storage mechanism classifies supercapacitors into electric 
double-layer capacitors (EDLCs) and pseudocapacitors. The energy 
storage mechanism of EDLCs relies purely on physical electrostatic 
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adsorption; therefore, energy storage performance is highly dependent 
on specific surface area (SSA) of the electrode materials [9]. In contrast, 
the energy storage mechanism of pseudocapacitors is based on revers-
ible electrochemical reactions (redox reactions) that occur on the elec-
trode material’s surface, and help achieve a higher specific capacitance 
and energy density than the traditional EDLCs. Although pseudocapa-
citors represent the future development trend of supercapacitors, their 
energy storage characteristics involve multiple caveats such as the SSA, 
number of active sites, and redox functional groups of the materials. 
Therefore, the development of pseudocapacitors is directly related to the 
efficiency of the electrode materials. 

Recently, 2D materials, and especially MXenes, have attracted 
considerable attention for their applications in supercapacitors due to 
their high specific surface area and short ion transport pathways. The 2D 
transition metal carbides and carbonitrides, an emerging family of ma-
terials called Mxenes, were pioneered by Gogotsi et al. [10]. In addition 
to their traditional 2D material properties, these also possess unique 
physical and electrochemical properties. Moreover, their varied layered 
structures, transition metal frameworks, and extra-layer functional 
groups endow them with numerous unexplored possibilities [11]. 
MXenes-based adsorbent materials have also found potential applica-
tions in the realm of electronic waste (e-waste) and mineral treatment 
due to their capacity for metal (e.g., Au, Ag, etc.) adsorption from both 
ore and e-waste sources. Similar to graphene structure, their discovery 
has kickstarted a wave of research endeavors that expands over many 
fields, including batteries, supercapacitors, and photocatalysis, with 
related reports that have increased exponentially in just ten years 
(Fig. 1). Despite having already been reviewed by many scholars, the 
logical relationship between the material structure of MXene and its 
physical properties remains unclear [12–15]. Also, owing to their 
significantly different storage mechanisms, approaching different stor-
age mechanisms such as batteries, EDLCs, and pseudocapacitors, from a 
common scientific standpoint is almost impossible [16–18]. 

Majority of findings mainly focus on studies conducted before 2017, 
suggesting that few researchers have summarized and analyzed the 
explosive growth in recent years for pseudocapacitors with higher en-
ergy density (the best commercial EDLCs only reach ~ 10 Wh/kg) and 
their application prospects [12,19]. Given the large number of related 
publications, it is significant to promote the development of new 
MXenes for applications in pseudocapacitors as novel energy sources to 

systematically address the current energy crisis. 
In this review, we discuss and analyze the latest research results on 

the use of MXenes in the field of pseudocapacitors to better clarify the 
logical relationship between their material structure and mechanism of 
pseudocapacitive storage from the prospects of surface functional 
groups, spatial design, and effect of elemental content on electro-
chemical performance. From the birth, development, technical diffi-
culties, and prospects of MXene materials, their application path in 
pseudocapacitors is discussed. Current technical problems and material 
modification methods are introduced, which will provide valuable 
insight for more profound application research. This article’s basic 
knowledge encourages new researchers to enter the field of MXene- 
based pseudocapacitors. The more advanced parts of this review stim-
ulate researchers to generate more novel ideas and promote their ap-
plications in the energy storage field. 

2. Family of MXenes 

2.1. Origin of MXene 

MXene is novel 2D material invented in 2011 and developed into a 
family of materials in just a few years. It is a general term for transition 
metal carbides (TMC) and transition metal nitrides (TMN) formed by the 
selective etching of MAX phase precursors [20]. The origin of this name 
is closely related to the MAX precursor. MAX is a ceramic material (such 
as Ti3SiC2 and Ti2AlC), where M represents the transition metal, A is the 
main group element, and X is carbon and/or nitrogen [21]. The atomic 
layers of MAX are mainly connected by van der Waals forces, of which 
the force between layers A and MX is weak; therefore, layer A is easily 
etched away to form the MX material. After the etching process, 2D 
sheet structure with graphite-like physical and electrochemical proper-
ties is formed, known as MXene (pronounced MXene) [10]. It is also 
worth mentioning that in the exfoliation process of the main group 
element layer under different environments, various functional groups 
(-F, –OH, and -O) with different distributions are often introduced to the 
surface of MXene. The complete MXene material can be regarded as 
consisting of a transition metal layer (M), carbon–nitrogen layer (X), and 
termination layer (T); therefore, its general chemical formula can be 
expressed as Mn+1XnTx(n = 1–4). After different combinations and cal-
culations of the M− layer and X-layer elements, many scholars have 

Fig. 1. Trend in the number of citations and publications related to MXenes and its numerous uses according to the data from the Web of Science.  
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predicted and synthesized multiple MXenes. In 2015, Anasori et al. [22] 
calculated and predicted more than 25 ordered MXenes using density 
functional theory (DFT). Subsequently, in 2017, Anasori et al. [23] 
predicted more than 40 different MXene types and pointed out that more 
than 20 have been synthesized at that stage. Recently, in 2019, Gogotsi 
et al. [11] reported at least 100 stoichiometric combinations of MXenes. 
Overall, the MXene family has expanded exponentially over the past few 
years, demonstrating its remarkable versatility. 

Generally, different MAX precursors can be selectively exfoliated 
from layer A to obtain specific MXene systems, which are mainly divided 
into M2XTx, M3X2Tx, and M4X3Tx. Fig. 2a. [24] shows the preparation 
process, that is, the selective A layer-etching process [24]. Each family 
contains several MXene materials: for example, the M2XTx type includes 
Ti2CTx [25,26], Mo2CTx [27,28], Nb2CTx [29], and Hf2CTx [30]. The 
M3X2Tx type includes Ti3C2Tx [31–33], Cr3C2Tx [34], and Hf3C2Tx [35], 
and the M4X3Tx contains Nb4C3Tx [36], Ti4N3Tx [37], etc. Fig. 2b [20] 
illustrates the selective exfoliation process of different MAXs to obtain 
specific MXene types, where M2AX, M3AX2, and M4AX3 cover all kinds 
(211 phase, 312 phase, and 413 phase) of MAX phase. The classification 
of these phases depends on the value of n in the general formula 
Mn+1AXn. Until this point, more than 70 MAX phases have been found 

[38]. From this, it can be undoubtedly inferred that the structure of the 
precursor MAX plays a pivotal role in determining the MXene type. 
However, some researchers have used non-MAX materials instead of 
traditional precursor sources and have successfully prepared MXenes 
with the same properties. Meshkian et al. [39] prepared 2D Mo2CTx 
using a gallium-based atomic laminate Mo2Ga2C (double A-layer phase) 
under hydrofluoric acid etching. Correspondingly, Zhou et al. [40] 
synthesized Hf-containing MXenes by following a selective exfoliation 
process and using a Hf3[Al(Si)]4C6 (non-MAX phase) compound as the 
precursor. Although these materials are prepared via the exfoliation of 
the MAX-like phase rather than MAX precursors, such as solid solution 
double M− layer, ordered double M− layer and ordered divacancy MAX- 
like phase [11,38,41], they are all 2D transition metal carbonitrides in 
nature; hence, they also belong to the MXene material family. To obtain 
MXenes with higher energy storage performance, many scholars have 
conducted research on multi-transition metal (bimetal or above) 
MXenes [42]. Therefore, MXene is classified as 2D product formed by 
the selective exfoliation of MAX materials. However, it is necessary to 
pay attention to whether the structure of the material satisfies the 
framework of the MXene system, because its frame structure is of 
paramount importance in determining its pseudocapacitive 

Fig. 2. (a) Preparation principle of MXene: selective exfoliation etching by MAX phase. Reproduced with permission from Ref. [24] Copyright 2012, American 
Chemical Society. (b) The process of generating different types of MXenes. Reproduced with permission from Ref. [20] Copyright 2014, Wiley-Blackwell. (c) MXene 
species that have been practically synthesized or theoretically formed at present. Reproduced with permission from Ref. [11] Copyright 2019, American Chemi-
cal Society. 

R. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 472 (2023) 144913

4

performance. 
All possible chemical formulas of MXene materials that can be ob-

tained after the removal of the A layer can be calculated based on the 
precursor MAX phase species that are currently known. Fig. 2c [11] 
shows the most promising MXene types that have been practically syn-
thesized, or theoretically formed at the current stage because currently, 
it is not feasible to extract these MXene materials by exfoliating the too 
excessively robust metal bond of layer A since this process remains a 
challenge (Specifically, it will be discussed in detail in section 3 of 
Synthesis.). Altogether, their families will become more prominent with 
further research. 

2.2. Structure and properties of MXene 

The family line refers to the general name of a class of substances 
with similar structures and properties. MXene is a hexagonal crystal 
system that belongs to the P63/mmc space group, identical to MAX. In 
the MAX phase, the M (transition metal) and X (carbon–nitrogen) atoms 
are covalently linked to form the M6X octahedron, where the X atom is 
located in the octahedral center. The M atoms are hexagonal close- 
packed (hcp), whereas the A atoms are staggered between the space 
group and the gap. Compared with M and X atoms, A atoms are more 
active, have weaker bond energy, and are easier to chemically remove 
by etching. During the selective peel-off of the A layer, the M− X cova-
lent bond remains intact. Still, new miscellaneous terminations (–OH, 
-O, -F, etc.) are formed, and the original area space of the A atomic layer 
is squeezed. After further compression, the whole material forms a 2D 
layered structure [41,42]. Consequently, MXene is mainly composed of 
M, X, and T functional groups outside the layer, which is a compressed 
2D layered structure. At present, the first approach discussed above 
constitutes the conventional research methodology on the structure of 
MXenes. However, it ignores the influence of surface defects and as-
sumes that the T functional terminations outside the layer are uniformly 
distributed [45]. 

Microscopically, MXene is generally shaped like a multilayer accor-
dion (Fig. 3a. [46]), where strong van der Waals forces keep the layers 
interlinked. The abundant terminations on the outer surface endow the 
material with extreme hydrophilicity, comparable to that of graphene 
oxide [45,46]. It is worth noting that MXene surface functional groups 
are both hydrophilic and conductive, which is not common in 2D ma-
terials. For example, the termination on the surface of graphene signif-
icantly reduces its conductivity, although it is hydrophilic. Therefore, 
various researchers have been developing high-purity reduced graphene 
oxide (rGO) to control the presence of functional groups [47,48]. 
However, the surface terminations of MXene do not significantly reduce 

the electrical conductivity of the material. And its storage performance 
is largely attributed to its external functional groups, which offer lim-
itless possibilities for tuning. Therefore, compared to other conventional 
2D materials, MXene allows for more extensive and controllable ad-
justments. In contrast, the rich and varied structure and distribution of 
the surface functional groups offer many modification possibilities, 
which is a current research hotspot. 

First-principles and experimental studies have shown that the energy 
storage performance of MXene is closely related to its miscellaneous 
groups (Fig. 3b, 3c, and 3d) [51]. Feng et al. [52] highlighted that the -F 
and –OH surface groups exacerbate the difficulty of delamination during 
the selective etching process, which, apart from increasing the prepa-
ration time of MXene, may also cause a stacking effect. Zhan et al. [53] 
pointed out that the surface -H terminations can influence the point of 
zero charges (PZC) in MXenes, which affects their pseudocapacitive 
properties. Subsequently, Mu et al. [54] observed via in situ X-ray ab-
sorption spectroscopy that -O terminations actively participate in the 
pseudocapacitive reactions, which is conducive for enhancing the 
pseudocapacitive performance. Overall, by merely changing their outer 
terminal groups, MXenes can be designed to accomplish different 
functionalities, showing their versatility for energy storage applications. 

Further, the multiple transition metal particles existing in the M layer 
on the MXene surface endow it with pseudocapacitive properties, owing 
to the reversible electrochemical reactions of the transition metal 
multivalent states. Accordingly, the transition metal element is the most 
critical factor in determining the pseudocapacitive performance, and the 
design of MXenes using multicomponent composite metals is of great 
significance [55]. Although the transition-metal layer increases the 
pseudocapacitance of the material in terms of energy storage, it also 
increases its chemical activity, making it more susceptible to ambient 
temperature and humidity. When the material is warm and moist, it is 
easily oxidized or decomposed into metal oxides and carbon [54,55]. 
The entire oxidative decomposition process is mainly caused by the 
gradual spread of metal oxide crystals from the edge to the center of the 
2D layered structure through nucleation and growth. The initial oxida-
tion of MXene reduces the number of active energy storage sites on the 
material surface. In contrast, further oxidation leads to the decomposi-
tion of the entire MXene and the complete loss of its performance. Zhang 
et al. [58] compared the morphologies of MXenes at the initial stages of 
preparation and storage in air for 7 and 30 d, and discovered that their 
color gradually became lighter under extended air exposure till it finally 
turned transparent. SEM observations revealed that the oxidative 
decomposition process started from the edge of the material and grad-
ually spread to the center (Fig. 3e, f, and g [58]). Moreover, the per-
formance of the oxidized MXenes progressively decreased, showing 

Fig. 3. (a) Cross-sectional SEM image of Ti3C2 
showing its typical layered accordion shape. Repro-
duced with permission from Ref. [46] Copyright 
2017, Wiley-Blackwell. (b) Side and top views of 
Ti3C2Tx (–OH termination) monolayer. (c) Side and 
top views of Ti3C2Tx (-O termination) monolayer. (d) 
Additional lithium ions adsorbed on the -O termina-
tions of the Ti3C2O2Li2 monolayers. Reproduced with 
permission from Ref. [51] Copyright 2014, American 
Chemical Society. SEM images of standard Ti3C2Tx 
Mxene solution before and after exposure to air for 7 
days (f), and for 30 days (g). Reproduced with 
permission from Ref. [58] Copyright 2017, American 
Chemical Society.   
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metastable behavior [59]. 
In view of the above findings, improving the oxidation resistance of 

MXenes and ensuring the preservation of their electrochemical and 
physical properties has been a research hotspot in recent years. Zhang 
et al. stored Mxene colloids in a sealed bottle filled with argon in a low- 
temperature environment, which considerably prolonged their storage 
life [58]. Chae et al. found that under a low enough storage temperature 
(-80 ◦C), the oxidation reaction of Ti3C2Tx stagnates, prolonging its 
stability for more than 39 weeks [57]. 

The carbon/nitrogen atomic layer, namely the X layer, renders s 
MXene with excellent conductivity and increases the specific surface 
area of the material. The 2D carbon-based layered structure gives MXene 
the same remarkable properties as graphene. However, the most notable 
feature is the abundance of ion mosaic active sites per unit area that 
enable the reversible intercalation and deintercalation of Li+, Na+, K+, 
Cs+, Pb2+, Mg2+, Al3+, and NH4

+ plasmons. In addition to its incredible 
ability to accumulate energy, MXene has excellent mechanical and 
magnetic properties. Kurtoglu et al. [45] reported that MXene has a high 
modulus of elasticity when stretched along the base surface; specifically, 
its C11 value surpassed by almost 40% of the precursor MAX phase, but 
remained lower than that of graphene. 

Guo et al. [60] studied the mechanical flexibility of Ti2CTx and found 
that its richness in hybrid terminations (e.g., -O) is key in enhancing its 
flexibility, allowing it to sustain increased strain. Undoubtedly, the 
robust mechanical properties of these materials offer vast application 
prospects in flexible capacitors. Furthermore, MXenes demonstrate 
unique electromagnetic properties. Because the valence electrons in the 
layered structure of transition metals are entirely free, and their valence 
states change with different bond formations, MXenes based on sundry 
bond states can exhibit diametrically opposite properties of ferromag-
netism and anti-ferromagnetism. According to literature, Cr2CTx, 
Cr2NTx [59], and Ta3C2Tx [62] are ferromagnetic, whereas Ti3C2Tx and 
Ti3N2Tx [63] behave exactly in the opposite manner. Xie et al. [64] 
discovered that the magnetism of MXene originates from 3D electrons of 
transition metal atoms, and functionalization of terminations outside 
the layer can be used as electron donors to combine with metal atoms, 
thus weakening or even eliminating the magnetism of the materials. The 
ferromagnetic properties of MXenes present broad application prospects 
for electromagnetic interference shielding and 2D spintronics [65]. 

3. Methods of synthesis 

Currently, MXenes are produced by the selective etching of MAX; but 
early selective etching of MAX is an arduous process. Gogotsi, the 
pioneer of MXene, initially used various etching agents such as fluorine 
gas, hydrogen fluoride, and some molten salts (commonly used etchants 
for etching titanium and silicon); however, all these efforts were in vain. 
Although, they finally obtained a Ti-C-O-F cubic phase structure, it was 
not the ideal energy storage material [66]. Finally, a breakthrough was 
achieved by etching Ti3AlC2 in a hydrofluoric acid solution. They found 
that the Al layer in Ti3AlC2 could be dissolved by hydrofluoric acid, 
leaving a layered two-dimensional material of Ti3C2, which was the first 
MXene synthesis [10]. Thus, the technology to prepare MXenes has 
steadily advanced. 

3.1. Solution etching methods 

The solution etching of MAX phase, a selective exfoliation method to 
form MXene, is one of the most conventional and prevalent preparation 
methods. The core idea of this method is to utilize the strength differ-
ence between metal–metal and metal–carbon/nitrogen bonds to destroy 
the former while retaining the latter to achieve selective etching. The 
available etchants are divided into three main categories: (1) acid so-
lutions, such as hydrofluoric acid (HF) [65,66], (2) mixed solutions of 
fluoride (LiF, NH4F) and benign acids (HCl, H2SO4) [67,68], fluorine- 
containing acidic solutions (NH4HF2, NH4F) [71,72], and (3) alkaline 

solutions, such as potassium hydroxide (KOH, NH4OH) [73] and suc-
cessive use of acidic and alkaline solutions [74,75]. The first MXene, 
Ti3C2Tx (Tx represents termination), was synthesized in this manner. 
Fig. 4a [10] shows the X-ray powder diffraction (XRD) patterns of 
Ti3AlC2 before and after selective solution-etching. The primary peak 
position of the material moved approximately from 401 to 101◦ (2θ), 
which demonstrates that the HF aqueous solution successfully etched 
the aluminum layer from the Ti3AlC2 phase. By comparing the main 
peak and remaining impurity peaks of the etched material, many simi-
larities were found with the two (–OH) peaks of Ti3C2F2 and Ti3C2, 
suggesting that Ti3C2Tx (MXene) formed after the etching with HF 
aqueous solution contained both -F and –OH hetero-terminations. 
Raman spectroscopy (Fig. 4e [10]) showed that after etching the 
vibrational breakage of Al-Ti metal bonds induced the disappearance of 
peaks I, II, and III. Simultaneously, introducing hybrid terminations 
caused peaks IV, V, and VI to merge, broaden, and move down. The 
Raman pattern of this changing trend was consistent with the Raman 
features of very thin inorganic layered compounds [76,77]. In addition, 
it is worth noting that peaks V and VI were related to the oscillation of 
the Ti-C bond, which indicated that Al-Ti bond was destroyed by the 
etchant in contrast to Ti-C bonds. Finally, the existence of Ti-C and Ti-O 
bonds was observed in the X-ray photoelectron spectroscopy (XPS) 
spectra, further proving that etchant solution effectively introduced a 
variety of functional groups on the MXene surface during the solution 
etching treatment. 

In the initial steps of the MXene synthesis process, HF was selected as 
the etchant to facilitate the insertion and extraction of ions during the 
electrochemical reaction and create more and larger spaces [78]. 
However, other cases of acid etching are rarely reported because most 
acid etchants will etch layer X, while etching layer A failed to achieve 
the purpose of selective exfoliation. The inventor of MXene, Naguib, 
used various etchants to etch MAX precursor before synthesizing the 
first MXene, but none of them achieved the purpose of selective etching, 
and a cubic product of Ti-C-O-F was obtained [66]. Parallelly, the HF 
aqueous solution was only used to selectively etch the MAX phase with 
the Al layer (A = aluminum layer) because of the bonding strength be-
tween different M and A elements. To achieve the selective exfoliation of 
different MAX phases, it was necessary to modify the etching environ-
ment (choice of etchant, etching temperature, etching time, etc.) to 
achieve selective exfoliation of different MAX phases [79]. 

Systematic research on solution etching has been conducted made by 
Naguib et al. [24] who used an HF aqueous solution to selectively etch 
Ti2AlC, Ta4AlC3, (Ti0.5, Nb0.5)2AlC, (V0.5, Cr0.5)3AlC2, and Ti3AlCN 
precursors and obtained the expected MXene materials, thus verifying 
the feasibility of employing HF to exfoliate the Al-containing layer in the 
MAX phase. To further investigate the mechanism of HF-selective 
etching, Srivastav et al. [80] simulated the HF etching process using 
first-principles calculations and developed a theoretical model (Fig. 4d 
[80]). They pointed out that HF in aqueous solution intercalated from 
the edges of the MAX phase, forcing the Al layer to exfoliate. Simulta-
neously, the Ti atoms on the surface were gradually functionalized. With 
the continuous influx of HF into the MAX phase, the constant generation 
of AlF3 and H2 caused the material layer spacing to expand gradually 
and form a 2D structure. Finally, an MXene material with similar Gibbs 
free energy was formed. 

Alhabeb et al. [81] investigated the effect of different concentrations 
of HF on the etching time of Ti3AlC2 at room temperature (RT) and 
discovered that the higher the consistency of the solution, the less the 
etching time required (e.g., 5 wt% for 24 h, 10 wt% for 18 h, and 30 wt% 
for 5 h). Su et al. [82] highlighted that an appropriate high temperature 
and ball milling are more conducive toward improving the etching ef-
ficiency and capacitance capacity of MXenes. Nevertheless, the disad-
vantages of HF etching began to manifest with more in-depth research. 

As is well-known, HF is hazardous and must be handled carefully, 
with many researchers expressing concerns about the potential safety 
hazards and environmental problems caused by HF etching. 

R. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 472 (2023) 144913

6

Additionally, the massive introduction of -F terminals during the HF 
etching process negatively impacts the adsorption and energy storage 
performances of MXenes [83,84]. Therefore, a series of novel solution 
etching methods have been developed. In 2014, a combination of fluo-
ride salts (such as LiF, and KF) and more benign acids (such as HCl) was 
proposed for the selective etching of the MAX phase. Soundiraraju et al., 
[85] used KF salt and HCl to etch Ti2AlN, successfully prepared Ti2NTx 
(MXene) and characterized the material. Liu et al. [86] combined HCl 
with LiF, NaF, KF, and NH4F to etch Ti3AlC2 and Ti2AlC to obtain MXene 
and found that cations in fluoride salt had a profound effect on the 
adsorption capacity of the material. Khazaei et al., [87] calculated the 
relationship between force constant and static exfoliation energy of the 
MAX phase and found that the total force constant of the A atom in the 
MAX phase was linearly related to the exfoliation energy, thereby pre-
dicting the minimum stripping energy required for the synthesis of 
MXene. This study provided valuable insights into new MXene prepa-
ration methods. 

Zhang et al., [88] used a high-concentration KOH solution (≈93.3 wt 
%) to etch Ti3AlC2 at 180 ◦C for 24 h and obtained unique MXene 
nanoribbons with abundant hydroxyl terminal groups, which showed 
excellent energy storage performance. Wu et al., [89] etched Ti3AlC2 
using choline chloride and an oxalate-based deep eutectic solvent (DES) 
in the presence of NH4F. Finally, MXene of 98% purity was successfully 
obtained, while the purity of the HF-etched MXene was 95%. Since the 

first MXene synthesis in 2011, solution etching has been oriented to-
wards green, mass production, and high-purity preparation. The syn-
thesis of fluorine-free solutions has become a mainstream method for 
solution etching. 

Solution etching is one of the most popular methods for synthesizing 
MXenes because of its high production efficiency, simple operation, and 
low cost. Wang et al., [90] etched Ti3AlC2 powder in an HF solution to 
obtain Ti3C2Tx sheets. Then, a 3D interconnected 1-MoS2/Ti3C2Tx het-
erostructure was successfully prepared by combining MXene with 1 T- 
MoS2 through hydrothermal and magnetic hydrothermal syntheses, and 
it was used in symmetric supercapacitors. The device exhibited a specific 
area capacitance of 347 mF/cm2 at the scan rate of 2 mA/cm2. Levitt 
et al., [91] placed a 3 g MAX phase with a mesh size of less than 45 um 
into 60 ml of a mixed solution containing 9 M HCl and 49% HF for se-
lective etching. Finally, a multilayer Ti3C2Tx was obtained, which was 
compounded with polyacrylonitrile (PAN) nanofibers to prepare a 
supercapacitor composite electrode material with good energy storage 
performance. 

Li et al. [92] successfully synthesized Ti3C2Tx(X = –OH/-O) with 
high purity (92 wt%) using a completely HF-free alkali-assisted hydro-
thermal method. This green fluorine-free synthesis provides a new 
approach to the terminal group controllability of MXene. Zhang et al. 
[93] added 1 g Ti3AlC2 powder to a mixed solution containing 1 g LiF 
and 9 M HCl and subsequently stirred at 35 ◦C for 24 h to prepare a 

Fig. 4. (a) XRD patterns of Ti3AlC2 before and 
after etching and standard patterns of compar-
ative materials. (b) Raman spectra of the mate-
rial before and after etching. (c) XPS spectra of 
the material before and after etching. a, b, c) 
Reproduced with permission from Ref. [10] 
Copyright 2011, Wiley-Blackwell. (d) Mecha-
nism of etching the lowest atomic energy 
configuration in an aqueous solution: (I) the 
original MAX phase (Ti3AlC2). (II-IV) The pro-
cess of HF entering the MAX phase. (V-VII) The 
process of continuously generating H2 and AlF3. 
(VIII) The Al layer gradually peels off to form 
the MXene. The colors of silver, blue, orange, 
cyan, and pink represent Ti, C, Al, F, and H 
atoms, respectively. Reproduced with permis-
sion from Ref. [80] Copyright 2016, American 
Chemical Society. (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the web version of this 
article.)   
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Ti3C2Tx MXene. Ghidiu et al. [94] mixed Ti3AlC2 with a solution of HCl 
and LiF. Finally, the clay-like filtrate was rolled after washing into a film 
to prepare Ti3C2Tx clay. Remarkably, the supercapacitor electrode pre-
pared from this clay showed an ultrahigh specific capacitance of 900F/ 
cm3 at a scanning rate of 2 mV/s, and almost no capacity loss after 
10,000 cycles. 

3.2. Electrochemical etching methods 

Electrochemical etching is an environmental-friendly and efficient 
method for preparing MXenes with high energy consumption. The pre-
cursor MAX phase serves as an electrode that forms a circuit with a 
specific electrolyte to selectively remove the A layer under a particular 
voltage to obtain the MXene. The essence of the electrochemical etching 
process is the interaction between the electron flow and Gibbs free en-
ergy. If the established electrochemical reaction system is appropriate 
and the apparent voltage is correctly applied to the electrode materials, 
the expected selective shedding of the MAX phase can be realized 
[93,94]. Compared to solution etching, electrochemical selective 
etching utilizes the difference in the electron localization function (ELF) 
in the MAX phase to accomplish its goal. For example, in Ti3AlC2 ma-
terials, the ELF of Ti-C bonds is powerful (0.8–0.9), while that of Ti-Al 
bonds is relatively weak (0.4–0.6). Therefore, when the circuit is 
loaded with an appropriate voltage, the impact of electrons preferen-
tially destroys the Ti-Al bonds and leads to the Al layer falling off to 
achieve selective etching [97]. 

Yin et al. [98] used a non-aqueous ionic [BMIM][PF6]-based solution 
as an electrolyte to establish an electrochemical etching system that 
could control the degree of surface fluorination, to prepare an MXene. 
Sun et al. [99] prepared an MXene by using dilute hydrochloric acid as 
the electrolyte and Ti2AlC as the corrosion electrode. Although the 
MXene prepared by this method only contained -Cl, -O, and –OH groups, 
a certain amount of carbide-derived carbon (CDC) was detected in the 
MXene material owing to over-etching. Lukatskaya et al. [100] observed 
the etching of the MAX phase electrode into the CDC material when the 
electrochemical etching system was loaded with an excessive voltage. If 
the applied voltage window is too wide, it causes the M− A bond to 
break. After the A layer is completely peeled off, the M layer is further 
removed under the action of voltage, leaving only the amorphous carbon 
material. Therefore, in the electrochemical selective etching process, 
regulating the etching voltage is crucial. Pang et al. [101] fabricated 
ultrathin flower-like MXene flakes via electrochemical etching; howev-
er, the generation of the CDC layer impaired the etching efficiency of 
MXene during the preparation process. Therefore, it is necessary to 
develop a large-scale and high-efficiency MXene synthesis method that 
inhibits the growth of CDCs. 

Despite the numerous advantages of electrochemical etching, such as 
being environmental-friendly and discarding the abuse of fluoride ions, 
concerns remain regarding the existence of CDCs [94,100]. In a recent 
study, Heidarpour et al., [103] prepared and characterized CDCs, 
highlighting their content in graphene, amorphous carbon, and other 
carbon structures. This implies that CDCs in specific structures may 
improve the energy storage performance of materials, suggesting that 
balancing the performance impact of CDCs and MXenes during elec-
trochemical etching is a fascinating topic. 

The advantage of electrochemical etching lies in its environmental 
protection and low energy needs, which are especially important given 
the world’s unprecedented increase in energy consumption. In addition, 
electrochemical etching is entirely independent of the etchant, thereby 
avoiding the adverse effects of etchants on MXenes (introduction of 
fluorine-containing groups, low purity caused by the etchant, etc.) 
[104]. Cao et al. [105] electrochemically etched Ti3AlC2 in a low-risk 
NH4HF2 solution at room temperature, successfully obtaining Ti3C2Tx 
in only 1.5 h at a voltage of 7.5 V. Zhao et al. [106] successfully prepared 
Cl- and N-doped Ti3C2Tx MQDs (MXene quantum dots) via an electro-
chemical approach using Ti3AlC2 as the working electrode, Pt wire as the 

counter electrode, and a mixed solution of 0.1 M tetramethylammonium 
hydroxide (TMAOH) and 0.2 M NH4Cl as the electrolyte. The etching 
process was conducted at a low voltage of 0.1 V for 1 h, offering a new 
strategy for the green synthesis of MQDs. Mai et al. [107] synthesized a 
Ti3C2Tx/Cu composite structure via an electrochemical deposition 
approach for the first time, pointing out that the green and efficient 
electrochemical synthesis of MXene-based composite coatings has vital 
application prospects in tribology. 

3.3. Molten salt methods 

Molten salt synthesis is a green, environmental-friendly, highly 
efficient, and easy to operate method for the preparation of MXenes 
[108]. Its most striking feature is that it can effectively realize the 
control of MXene surface terminations, thus enabling a facile prepara-
tion of fluorine-free MXenes [109]. The preparation process is divided 
into four distinct steps. First, the reactants and salt compounds are 
mixed in an appropriate ratio; second, the salt in the mixture is heated in 
a specific atmosphere (vacuum, inert, reaction, or catalytic gas) to form 
a melt, thus creating a melting environment for the liquid phase; third, 
the reactants undergo a series of responses in a molten salt environment 
to develop new products with specific morphological characteristics; 
and finally, pure MXenes are obtained by washing. (Fig. 5a [110]). 
However, not every salt compound can be used to prepare MXenes using 
this method. Generally, salt is composed of ionic bonds and has a fixed 
melting temperature (Tm) and boiling temperature (Tb). When the 
temperature is higher than Tm, the salt is in a molten state, which pro-
vides a liquid reaction environment. In this fluid environment, the 
molten salt is endowed with higher diffusivity, further accelerating the 
chemical reactivity with the precursor phase [111]. 

To ensure the stability of the melt liquid-phase environment, it is 
necessary to choose a salt with an extreme temperature difference be-
tween Tm and Tb. Some salts of covalent compounds, such as AlCl3, 
FeCl3, and ZnCl2, have continuous Tm and Tb values, implying that they 
are vaporized during melting, which destabilizes the liquid-phase re-
action environment; therefore, they cannot be used as molten salts 
[112]. In addition, it should be noted that the grain size of the molten 
salt is a crucial factor in determining the product’s success. Shi et al. 
[113] successfully refined commercial NaCl with a larger grain size 
(greater than100 µm) into a molten salt with a smaller grain size (10–30 
µm) via a recrystallization process (Fig. 5c and d) [113]). In contrast to 
the smaller grain template, no 2D products were observed on the salt 
template with larger grain sizes. 

The application of molten salt synthesissynthesis has led to the rapid 
development of nitrogen-based MXenes (transition metal nitrides 
(TMNs)). Until 2015, only carbon-based MXenes (transition metal car-
bons, TMCs) were prepared using HF and other etching techniques, 
while the breakthrough of TMDs stemmed only from first-principles 
calculations [61,102]. The preparation of TMN using conventional 
methods is challenging. One of the important reasons is that TMNs have 
higher forming energy than their precursor MAX phase, so it is difficult 
to peel off layer A from the nitrogen-based MAX phase selectively. 
However, TMNs are unstable in many etching solutions, so solvents 
easily dissolve them [100,110]. In the molten salt method, the etchant in 
the molten state mainly exists in the form of “naked” ions. These bare 
ions are not solvated, which significantly alleviates the high activation 
potential energy in the solvent deionization process. Therefore, bare 
ions in the molten salt system were more aggressive than their in- 
solution counterparts (Fig. 5e [114]). 

Relevant research has shown that the reaction process of a perfect 
molten salt preparation system takes only a few minutes, achieving, on 
average a super-high preparation efficiency [116]. In addition, it is 
interesting that some materials are insoluble in water or other solvents 
but have high solubility in molten salts. Therefore, substances that so-
lution synthesis approaches cannot prepare can often be prepared using 
the molten salt method [117]. Urbankowski et al. [118] mixed three 
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fluoride salts (KF, NaF, LiF) with MAX for the first time and prepared 
Ti4N3TX under an argon atmosphere at 550 ◦C, creating a precedent for 
experimental research on TMN materials. The prepared MXene con-
tained fluoride salt impurities that needed to be further purified. Arole 
et al. [119] mingled Ti3AlC2 with SnF2, heated it in an argon atmosphere 
for 6 h to prepare Ti3C2Tx, and successfully prepared water-dispersible 
MXene by KOH washing. Guo et al. [120] mixed Ti3C2TX (MXene with 
-F terminations) with LiCl-KCl-K2CO3 co-molten salt, followed by heat-
ing at 450 ℃ for 12 h. The results showed that the -F terminals were 
mostly replaced by -O terminals during molten salt synthesis. Further-
more, the intercalation of K+ ions also increased the interlayer spacing 
of the 2D structure, thus greatly improving the energy storage 
performance. 

Additionally, 2D TMN exhibits strong pseudo-capacitance due to its 
nitrogen-rich phase [121], which brings the energy storage effect of 
MXene to a new level. As shown in Fig. 5f [115], the surface of TMN 
electrode can undergo rapid redox reaction with the OH– ions, and such 
a fast and reversible Faradaic reaction makes the TMNs possess excellent 
energy storage properties (more details, shown in section 4). Overall, the 
molten salt method offers significant scope for the development of high- 
efficiency synthesis of MXenes, especially the 2D TMN. 

3.4. Lewis acidic etching methods 

In recent years, the Lewis acidic etching method has become the most 
popular synthesis method for MXenes. This synthesis method is similar 
to the molten salt approach discussed above; however, its etching 
mechanism is entirely different. Considering that this method has 
significantly promoted the MXene material family in the emerging 
supercapacitor material field, it is necessary to distinguish it from 
molten-salt synthesis. 

Lewis acid etching method is also known as the element replacement 
approach [122]. Lewis acid salts produce metal cations with strong 
electron acceptors in the molten state, which can efficiently react with 
the metal elements in the MAX phase to selectively discard the A layer 
[118,119]. Compared to conventional molten salts, Lewis acid salts are 
generally transitioned metal halides, such as CuCl2, ZnCl2, CuI, ZnBr2. 
This series of covalent compounds cannot be used in the traditional 
molten salt method because of their continuous Tm and Tb values [112]. 
When MAX phase of the precursor is immersed in a Lewis molten salt, 
the metal cation dissociated from the Lewis molten salt undergoes a 
displacement reaction with the metal in the A layer, resulting in a gas- 
phase halide salt. With the volatilization of the gas-phase halide salt, 
the A layer is selectively etched, thus forming a 2D structure. Finally, 

Fig. 5. (a) Molten salt synthesis process. 
Reproduced with permission from 
Ref. [110] Copyright 2020, Elsevier. (b) 
Recrystallization process after molten salt 
solution. (c) Crystal size and distribution 
of commercial NaCl salts. (d) Crystal size 
and distribution of recrystallized NaCl 
powder. Reproduced with permission 
from Ref. [113] Copyright 2015, Wiley- 
VCH. (e) Etching mechanism of agent- 
naked ions and accelerated 2D structure 
formation during molten salt synthesis. 
Reproduced with permission from 
Ref. [114] Copyright 2017, Springer Na-
ture. (f) Pseudocapacitive reaction mech-
anism of 2D TMN electrodes, taking VN as 
an example. Reproduced with permission 
from Ref. [115] Copyright 2019, Elsevier.   
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pure MXene is obtained by washing the product. (Fig. 6a [124]). It is 
worth noting that a two-step chemical reaction equation can describe 
the whole preparation process. Taking the reaction of Ti3SiC2 (precur-
sor) and CuCl2 (Lewis acid salt) as an example, this synthesis involves 
the following reactions [124]: 

Ti3SiC2 + 2CuCl2→Ti3C2 + SiCl4(g)↑ + 2Cu (1)  

Ti3C2 +CuCl2→Ti3C2Cl2 +Cu (2) 

The essence of the reaction is to provide the redox potential of the 
molten salt and precursor phase and then realize the selective etching of 
the MAX phase by the Gibbs free energy replacement reaction. Li et al. 
[124] demonstrated that an ideal MXene could be successfully prepared 
when the Lewis salt satisfies the Gibbs free energy substitution reaction 
conditions in a high-temperature melting state. They constructed a 
mapping of the Gibbs free energy reaction and proposed a general 
strategy for synthesizing MXene using a Lewis molten salt (Fig. 6b 
[124]). 

The preparation method is not only green, safe, and entirely fluorine- 
free, but also has the significant advantage of extending and bridging 
various extra-layer functional groups (Tx). Generally, almost all MXene 
terminals are dominated by -O,–H, and –OH groups [125]. In 2020, 
Kamysbayev et al. [126] synthesized various MXenes, such as Ti3C2Br2, 
TI2CBr2, and Ti2CCl2, by Lewis molten salt etching. Compared with 
traditional MXenes (with -F and –OH groups), MXenes with -Cl and -Br 
terminal groups are covalently functionalized easily. Then, the -Br and 
-Cl groups are substituted by chemical reactions to form -O, –NH, -S, -Se, 
and -Te terminal groups, which not only achieves the covalent modifi-
cation of MXenes, but also expands their performance development 
potential (Fig. 6i [126]). Undoubtedly, covalently functionalized ter-
minals push the MXene material family to a new research era; however, 
reports on the properties and synthesis methods of covalently func-
tionalized MXenes are still lacking. 

Lewis acid etching is an emerging strategy for the preparation of 
MXenes. This method is environment-friendly, safe, controllable, and, 
most notably, it can introduce covalent functional terminal groups in 
MXenes [126]. Perhaps the most promising attribute of this strategy is 
its potential for modifying the Tx of MXenes. Luo et al. [127] reported a 
simple one-step Lewis acid-etching method for the synthesis of MXenes. 
They reacted Ti3AlC2 with Lewis acid CoCl2 at 750 ℃ to prepare a Co- 
modified MXene composite. The prepared MXene had a -Cl terminal 
and exhibited enhanced electrochemical performance [99]. In addition, 
the intercalation of Co further increased the interlayer spacing of the 
MXene, thus improving its energy storage effect. 

Zeng et al. [128] synthesized a Prussian blue analogues@MXene and 
investigated the degradation performance of coumarin. The results 
showed that the Lewis acid site of the MXene was critical for the 
degradation performance. Khan et al. [129] prepared Ti3C2Cl2, Ti3C2I2, 
and Ti3C2Br2 by mixing Ti3AlC2 with CuCl2, CuI2, and CuBr2 Lewis acid 
salts, respectively. They studied the pseudo-capacitance behavior of the 
materials, which showed fast charge and discharge rates in a 3 M H2SO4 
electrolyte, with specific capacitances of 92, 29, and 63C/g, respec-
tively. In addition, many studies have shown that the surface of MXene 
contains abundant Ti sites that promote the interaction between Lewis 
acids and polysulfides and increases the chemical adsorption capacity of 
polysulfides [130–132]. This result is vital for lithium-sulfur batteries 
and MXene-based polysulfide composite pseudocapacitors. 

3.5. Other synthesis methods 

Numerous emerging preparation methods have been reported along 
with the in-depth study of MXene materials. MXenes prepared using 
these methods exhibit different shapes and properties. Although the 
synthetic methods discussed here are not mainstream, they still deserve 
attention. For example, MXene thin films with ultrahigh charge con-
ductivities that are suitable for electronic parts and electrode materials 

have been prepared via vacuum filtration (Fig. 7a [133]) and rolling 
(Fig. 7b [134]). In addition, spin coating (Fig. 7c [135]) and painting 
(Fig. 7d [136]) techniques have also been used to prepare MXene films 
with micron-scale thickness, which are suitable for optical and elec-
tronic components. Further, spray coating (Fig. 7e [137]) has been 
widely used in the preparation of large-area films for electromagnetic 
shielding owing to its efficient forming method. 

Huang et al. [138] reported vacuum-filtration-assisted synthesis 
strategy for designing MXene/carbon nanotube@MnO2 composite 
pseudocapacitor electrode. The prepared capacitor device demonstrated 
energy and power densities of 24.5 mW⋅h/cm3 and 2.5 W/cm3, 
respectively. Tian et al. [139] successfully prepared a silicon/MXene 
composite paper by following a vacuum filtration synthesis method, and 
utilized it in a lithium-ion battery. They discovered that this synthesis 
method effectively alleviated the re-stacking of MXene sheets, while 
providing them with additional active sites, promoting ion transport, 
and improving their energy storage performance. Yang et al. [140] 
synthesized an MXene-boron nitride-MXene flexible supercapacitor by 
rolling. They discovered that the mesopores and macropores of the 
MXene layer were densified during rolling, increasing its density and 
making the structure more rigid. 

Qin et al. [141] prepared an MXene-based translucent electrode via 
spin coating and used it in a supercapacitor. This research profoundly 
impacts the flexible design of MXenes and their application in photo-
voltaic energy. Li et al. [142] injected ultrathin Ti3C2Tx nanosheets into 
the electrode materials of supercapacitors using spraying technology to 
form an MXene/NiCo2S4@carbon fiber cloth flexible electrode. They 
found that the injected MXene nanosheets effectively improved the 
conductivity of the electrode, which demonstrated an ultrahigh specific 
capacity of 2326F/g at a current density of 1 A/g. Finally, chemical 
vapor deposition (CVD) [143], physical vapor deposition (PVD) [144], 
and atomic layer deposition (ALD) [145] have also been used in the 
synthesis of MXene thin films. These methods effectively reduced the 
oxidation and hybridization ends of MXene. 

Appropriate preparation of MXene with an ideal structure using 
different synthesis methods is the key to improve the properties of the 
materials. The formation of a unique MXene design heavily relies on the 
initial preparation environment. Therefore, exploring the mapping 
relationship between the synthesis method and final product structure is 
still an important research topic. 

4. Applications in pseudosupercapacitors 

4.1. Charge storage mechanism 

The main energy storage mechanisms of EDLC capacitors are divided 
into the reversible electrosorption of ions on the surface of the material 
and fast reversible redox reactions that occur near the surface and 
interior of the material. This paper mainly discusses pseudocapacitance. 
The prefix pseudo comes from the Greek word pseûdos, which means 
approaching, almost, or trying to be. Unlike EDLCs, pseudocapacitive 
energy storage originates from the Faraday effect. It involves the back- 
and-forth movement of charges between two layers of electrodes that 
causes a potential difference during the charge movement, similar to 
battery charging and discharging. Since this energy storage mechanism 
is similar to that of a battery, but not identical, it is called pseudoca-
pacitance [146]. 

Owing to their fast electron transport capabilities, MXenes have 
greatly contributed to the energy storage performance of pseudocapa-
citors. During MXene-assisted pseudocapacitive energy storage in an 
aqueous solution, various ions reversibly intercalate the MXene layers 
and occupy the electrochemically active sites on the MXene surface, thus 
realizing the energy storage mechanism [147,148]. In this type of 
pseudocapacitance energy storage, the reversible insertion and removal 
of charged ions cause the c-lattice parameters to fluctuate. The fluctu-
ation value decreases with an increase in voltage (Fig. 8a [149]), 

R. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 472 (2023) 144913

10

Fig. 6. (a) Schematic of Lewis Acidic Etching Methods. (I) MAX precursor is immersed in Lewis molten salt. (II) Metal cations react with elements in layer A by 
substitution. (III) Gas-phase halide salt evaporates and separates to form a 2D structure. (VI) MXene is obtained after further washing. (b) Gibbs free energy diagram 
(700 ◦C) is used to guide the selection of Lewis acid Cl salts: the A layer element of the MAX precursor (X-axis), the cation of the Lewis acid Cl salt (Y-axis), and the 
star shape have been demonstrated experimentally, and the dot shape is the theory. (c-h) Etching of different MAX phases obtained by MXene micromorphology with 
diverse Lewis Cl salts. (c) Ti2AlC by CuCl2. (d) Ti3ZnC2 by CuCl2. (e) Ti3AlCN by CuCl2. (f) Ti3AlC2 by NiCl2. (g) Ti3ZnC2 by FeCl2. (h) Ta2AlC by AgCl. Reproduced 
with permission from Ref. [124]. Copyright 2020, Springer Nature. (i) Covalent functionalization process of MXene surface: (I) Lewis acid salt etching process. (II) 
The atomic resolution high-angle annular dark-field (HAADF) image of Ti3C2Br2 MXene. (III) Energy dispersive X-ray (EDX) analysis of Ti3C2Br2 MXene. (IV) The 
HAADF image of Ti3C2Te. (V) The HAADF image of Ti3C2S. (VI) The HAADF image of Ti3C2□2 (□ Represents vacancy). Reproduced with permission from Ref. [126]. 
Copyright 2020, American Association for the Advancement of Science. 
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confirming that the pseudocapacitance of MXene is mainly due to the 
number of active sites embedded by reversible ions on the surface of the 
material. Therefore, the layered structure of MXene provides suitable 
adsorption sites for these active sites, which are called deep and shallow 
adsorption sites (Fig. 8b [150]). In addition, pseudocapacitors exhibit 
characteristic cyclic voltammograms (CV) and galvanostatic char-
ge–discharge curves (GCD). Fig. 8c-k shows the CV for different types of 
capacitors, whereas Fig. 8e, 8 h, and 8 k demonstrate the GCD curves. 
Pseudocapacitor materials usually conform to one or several combina-
tions of Figs. b, d, and e [147]. 

4.2. Advantages of MXene-based pseudocapacitors 

As a new energy storage material with high volume-specific capacity 
and energy density, MXene has attracted much attention. In particular, 
the abundant functional groups outside the layer are considered active 
sites that can effectively promote and activate the insertion and removal 
of active ions between layers and interfaces/surfaces [151]. In addition, 
the unique morphology of MXene contributes to the electrochemical 
performance of the pseudocapacitors to a certain extent. For instance, 
following the etching of layer A from the MAX phase, 2D slits are formed 
that can trap some water molecules inside and thus enhance the mate-
rial’s capacitance [24,152]. Furthermore, owing to the negative 
dielectric constant of water, the dipole polarization of these water 
molecules can shield the external electric field and further augment 
capacity. In addition, the smaller lateral dimension of the layer allows it 
to boost ion diffusion and enhance capacitance more than other con-
ventional materials [153]. 

Many studies have demonstrated the tailorable morphology of 2D 
MXene materials, suggesting that MXene-based pseudocapacitors are 
marginally affected by factors, such as shape, size, processing difficulty, 
or extrusion deformation. This dramatically expands the application 
prospects of MXenes in the energy field. Huang et al. [154] reported 
symmetrical MXene-based micro-supercapacitors (MSCs) (Fig. 9a), 

whose ultrasmall volume, high working voltage, and high power density 
offer broad prospects in the field of high-precision integrated circuits. 
HU et al. [155] prepared a Ti3C2Tx solid-state supercapacitor and tested 
its capacitance performance under various bending, twisting, and 
knotting conditions. The deformation state maintained good capaci-
tance performance, which was attributed to the unique flexible structure 
of the materials. Wang et al. [156] processed an MXene material into a 
flexible film and then designed a new super flexible capacitor endowed 
with a 3D ion transport channel with excellent mechanical properties. 
Guo et al. [157] reported an all-solid-state (ASS) ultrathin MXene-based 
supercapacitor with small volume and high energy density and applied it 
to an energy emergency system. In view of the above examples, it can be 
inferred that the energy storage advantages of MXenes (compared to 
other materials) in the field of supercapacitors are not only limited to 
their remarkable energy storage performance but also their adaptiveness 
and adjustability under changeable and complex load environments 
(Fig. 10). 

4.3. Mxene-based pseudocapacitors 

As one knows, the most significant advantage of the supercapacitor is 
its long cycle life, high power density, and no need for manual main-
tenance, which is the foundation of the green sustainable project. 
However, its low energy density has always been criticized; therefore, 
batteries and supercapacitors are always a dilemma. The formula for 
calculating the energy density of supercapacitors is as follows [158]: 

E =
C × V2

2 × 3.6
(3)  

where C is the specific capacitance, and V is the operating voltage 
window. Therefore, there are two methods to improve the energy den-
sity of MXene-based pseudocapacitors: expanding the voltage window 
and increasing the specific capacitance. 

Fig. 7. (a) Illustration of MXene synthesis by filtration. Reproduced with permission from Ref. [133] Copyright 2021, Elsevier. (b) Illustration of MXene synthesis by 
rolling. Reproduced with permission from Ref. [134] Copyright 2021, Elsevier. (c) Illustration of MXene synthesis by spin coating. Reproduced with permission from 
Ref. [135] Copyright 2019, Elsevier. (d) MXene thin films prepared on different substrates using brushes. Reproduced with permission from Ref. [136] Copyright 
2021, Royal society of chemistry. (e) Uniform MXene film prepared on fiber fabric by spraying. Reproduced with permission from Ref. [137] Copyright 2021, Royal 
society of chemistry. 
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4.3.1. Extended pseudocapacitor working voltage window 
The working voltage window of the capacitor is related to the elec-

trode material, electrolyte, and current collector. Therefore, when the 
electrode materials of the MXene-based pseudocapacitor are deter-
mined, it is possible to increase the working voltage window by using an 
appropriate current collector, organic solution/ionic liquid, or by 
assembling an asymmetric pseudocapacitor. Generally, platinum, nickel 
foam, and carbon paper as capacitor current collectors are used to lower 
the decomposition voltage of the solvent. Lukatskaya et al. [159] used 
glassy carbon as the current collector to test the electrochemical per-
formance of MXene and found that the voltage window could be 
extended to 1 V in 3 M H2SO4. In addition, graphite and Ti foils can 
expand the voltage window. On the other hand, the appropriate ionic 
electrolyte can also effectively improve the working voltage of MXene. 

Lin et al. [160] used an EMI-TFSI ion electrolyte with Ti3C2Tx gel to 
successfully control the working voltage to 0–3 V with a capacitance of 
70F/g at a scanning speed of 20 mV/s. In situ XRD results showed that 
the capacitance and working voltage window behavior of MXene may be 
changed by the polarization of the ionic liquid or the change in ion 
intercalation [161]. Finally, it has been hot research in recent years has 
focused on increasing the working voltage via the design of an asym-
metric pseudocapacitor to enhance the energy density. Related in-
vestigations include MXene// carbon-based materials (graphene, CNT, 
rGO, etc.), MXene// metal oxides (V2O5, RuO2, etc.), MXene// polymers 
(polyaniline, etc.), and other systems. Li et al. [162] assembled wavy- 
layered Ti3C2Tx MXenes with carbon-based materials (rGO/CNT/PANI 
ternary composites) to form a fully asymmetric pseudocapacitor. Its 
working voltage window increased significantly, showing a high volume 

energy density of 70 Wh/L, and its stable working voltage was about 
1.45 V. Wei et al. [163] mixed MXene with carbon fiber to form an 
MXene//MnO2 asymmetric all pseudocapacitor, and its working voltage 
window reached 1.5 V. The voltage was more than twice that of the 
symmetrical device and had a high energy density of 6.4 Wh/kg. 
However, owing to the compatibility of asymmetric capacitor materials, 
the difference between the actual and theoretical specific capacities of 
the positive and negative electrodes and the range of the electrolyte 
voltage window, there are still few reports on the mechanism of MXene- 
based asymmetric pseudocapacitors. 

4.3.2. Improving pseudo-capacitance of MXene 
The pseudocapacitance of MXene only involves a rapid and revers-

ible redox reaction on the surface and near the surface of the material. 
Therefore, it is only related to the number and density of active sites on 
the surface of the material and its conductivity but has nothing to do 
with the specific surface area and pore size distribution (which needs to 
be distinguished from the EDLC capacitance here). The following are 
some common ways to improve the pseudocapacitance of MXenes. 

4.3.2.1. Intercalation and dispersion modification. Intercalation and 
dispersion modification effectively use an intercalation agent to embed 
the MXene layered structure to expand the interlayer spacing and pre-
vent material stacking and aggregation. It is only necessary to mix the 
MXene and intercalating agent sufficiently during intercalation for ul-
trasonic vibration dispersion [164]. Many intercalation agents are 
available, including dimethyl sulfoxide (DMSO), TBAOH, and TMAOH 

Fig. 8. (a) In-situ XRD analysis showing 
the lattice parameter changes caused by 
ion insertion and removal at different 
potentials (Ti3C2Tx in 1 M KOH solution). 
Reproduced with permission from 
Ref. [149] Copyright 2013, American 
Association for the Advancement of Sci-
ence. (b) Active site provided by the 
specific layered structure of MXene. 
Reproduced with permission from 
Ref. [150] Copyright 2015, Wiley-VCH. 
(c, d, f, g, i, j) CV schematic diagrams: 
(c) EDLC materials; (d) surface redox 
materials; (f) intercalation materials; (g) 
intercalation with partial redox mate-
rials; (i) Faradaic-dominated materials; 
(j) typical battery materials. (e, h, k) 
Galvanostatic discharge curves. Repro-
duced with permission from Ref. [147] 
Copyright 2018, American Chemical 
Society.   

R. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 472 (2023) 144913

13

[165]. The pseudocapacitance enhancement of MXene by intercalation 
and dispersion modification is mainly due to two factors. First, the 
interlayer spacing of MXene is increased to expose more active sites, 
thus increasing the number of redox reactions. The other is that the 
distribution and types of groups on the surface of MXene change during 
intercalation, which will significantly change the energy storage per-
formance of MXene according to first principles [51]. Boota et al. [166] 
systematically compared the effects of nonpolar, polar, and alkyl chain 
polymer intercalation on the pseudocapacitance of MXene. The results 
showed that polar intercalation of the alkyl chain increased the inter-
layer spacing more easily, thus improving the specific capacity and cycle 
stability. 

Tomar et al. [167] prepared a Ti3C2Tx-based perovskite-oxide com-
posite electrode and intercalated it with cations and anions. Layered 
MXene and perovskite oxide showed cationic and anionic intercalation 
pseudo-capacitances, respectively. This study revealed a new double-ion 
intercalation field and provided a new idea for new MXene intercalation. 
Yang et al. [168] used ammonium citrate (AC) as an all-in-one inter-
calant, antioxidant, and nitrogen source and then annealed MXene in 
ammonia. It was found that the doping efficiency of the pre-intercalated 
MXene was higher, and the pseudocapacitor performance was better. 

4.3.2.2. Doping. Although MXene research has made extraordinary 
progress in energy production, common MXene-based energy materials 
are unsatisfactory. Studies have shown that doping strategies can 
effectively improve the functional surface structure of MXene and its 
energy storage performance [169]. Doped elements can not only 
generate or promote the generation of pseudo-capacitance but also 
improve its wettability in electrolytes and promote the diffusion of 
electrolyte ions. For the non-mental co-doping, N, P, and S doping 
strategies have been widely proven to be practical and feasible for 
significantly improving the electrochemical performance of MXene 
[170–172]. Liu et al. [173] successfully synthesized 4.5 at.% N-doped 
Nb2CTx MXene using urea as a nitrogen source in hydrothermal syn-
thesis. It was found that the lattice parameter of N-doped MXene 

increased from 22.32 Å to 34.78 Å, showing a higher specific capaci-
tance. For the metal co-doping, polyvalent metal particles can increase 
the pseudo-capacitance reaction of MXene. Gao et al. [174] prepared V- 
doped Ti3C2Tx MXene nanosheets via hydrothermal synthesis. Because 
V3+ and V4+ ions form V-C and V-O species on the surface of MXene, the 
V-doped MXene exhibits extremely high pseudo-capacitance, with the 
highest capacitance of 365.9F/g at 2 M KCl(10 mV/s scanning speed). In 
addition, element doping can change the energy band structure of the 
MXene material transforming its behavior from semiconducting to 
conducting [175]. 

Yang et al. [176] reported a solvothermal treatment with nitrogen 
doping. The solution used was a urea-saturated alcohol solution or 
monoethanolamine, which provided a nitrogen source for Ti3C2Tx. 
Compared with in situ solid N doping, MXene doped with a non-in situ N 
solvent showed a higher capacitance. Notably, the pair of electrons and 
π-conjugated rings was found in the XPS spectra, which significantly 
reduced their resistance. At present, improving the doping methods, 
such as developing in situ doping and exploring the doping of diversified 
elements and composite elements, are the most important for improving 
the electrochemical performance of MXene and realizing its theoretical 
capacity. 

4.3.2.3. Mxene-based composites. A single MXene material has the same 
defects as all 2D materials. It is easy to stack and collapse between 
layers, which reduces its effective specific surface area and buries its 
active sites, resulting in a waste of capacity [12,153]. The formation of a 
composite structure with other excellent electrode materials can effec-
tively adjust the overall frame performance of MXenes to improve their 
electrochemical performance. To date, tremendous efforts have been 
made to explore emerging MXene-based composites for Pseudosu-
percapacitors owing to their remarkable synergistic effect and broad 
application prospects. 

A compound with a semiconductor material forms a heterojunction 
composite material. MXene has a small band gap, and its band gap lies 
between that of the conductor and semiconductor [59,172]. Therefore, 

Fig. 9. (a) MXene-based (Ti3C2Tx) on-chip micro-supercapacitors. Reproduced with permission from Ref. [154] Copyright 2022, ACS Publications. (b) Normalized 
capacitance (C/C0, where C0 is the initialization capacitance) of all-fiber MXene-based (Ti3C2Tx) supercapacitors in various deformation modes (scan rate 20 mv/s). 
Reproduced with permission from Ref. [155] Copyright 2017, Wiley-VCH. (c) MXene flexible film and MXene-based supercapacitor power supply system. Repro-
duced with permission from Ref. [156] Copyright 2019, Wiley-VCH. (d) Ultra-thin ASSS MXene supercapacitor electrodes. Reproduced with permission from 
Ref. [157] Copyright 2019, Wiley-VCH. 
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MXene can be combined with other semiconductor materials to form 
MXene-based heterostructured electrode materials. Jiang et al. [178] 
prepared a 2D layered Co(OH)2/TiC2Tx heterojunction electrode. The 
TiC2Tx loading was 25 wt%, and its total pseudo-capacitance was twice 
that of bare Co(OH)2. The pseudocapacitance can reach 153.0F/g, and 
the capacitance only decreased by 1% after 1000 cycles. Sun et al. [179] 
compounded MXene with layered double hydroxides (LDHs) to form 
Ti3C2Tx/ZnMnNi LDH van der Waals heterostructured electrodes. The 

heterostructure combines the outstanding electronic conductivity and 
stability of MXene, high theoretical specific capacity, and rich redox 
active sites of LDHs. It showed an ultra-high pseudo-capacitance of 
2,065F/g at a scanning rate of 5 mV/s, and a capacitance retention rate 
of 99.8% after 100,000 cycles at a current density of 1 A/g. Lin et al. 
[180] used Ti3C2Tx MXene as a multifunctional interface modifier be-
tween the InGaN nanorods and Si for the first time. They formed type-II 
band alignment in the InGaN/MXene heterojunction and an Ohmic 

Fig. 10. Various methods of improving MXene pseudo-capacitance. (a) Schematic of intercalation and dispersion modification of MXene. (I) The original MAX phase 
(Ti3AlC2). (II-III) The preparation process of MXene. (III-IV) Process of intercalation and dispersion via sonication or intercalating agent. Reproduced with permission 
from Ref. [164] Copyright 2017, American Chemical Society. (b) Schematic of MXene nitrogen doping (Take Ti3C2Tx as an example). (I) Atomic structure diagram of 
nitrogen-doped MXene, including all doping sites. (II) Forming energy calculation results (the shaded part is positive). (III) Schematic of the doped unit cell (top 
view). (IV) The calculation result of the transition energy state. Reproduced with permission from Ref. [170] Copyright 2020, Wiley-VCH. (c) Schematic of the 
formation of self-assembled van der Waals heterostructure MXene matrix composites. Reproduced with permission from Ref. [179] Copyright 2020, American 
Chemical Society. (d) Composite of MXene and carbon-based materials (rGO). Reproduced with permission from Ref. [181] Copyright 2020, Elsevier. (e) Schematic 
of composite synthesis of MXene (T3C2Tx) and transition metal oxide (Fe2O3). Reproduced with permission from Ref. [186] Copyright 2019, Royal Society of 
Chemistry. (f) Schematic of the composite formation mechanism of MXene and a conductive polymer. Reproduced with permission from Ref. [33] Copyright 
2022, Elsevier. 
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junction at the MXene/Si interface, which significantly reduced the 
resistance of the semiconductor and electrolyte heterojunction and ob-
tained an 82% fast hole injection efficiency and excellent stability. 

Compounding with carbon-based materials can increase the effective 
SSA and prevent local collapse and stacking of material edges. Although 
a large SAA does not contribute to the pseudo-capacitance, it reduces the 
wrinkles of the material, leading to exposure to more active sites, 
especially the deep adsorption sites that are often buried in the cracks of 
the lamellae. Generally, the carbon materials to be compounded are 
carbon nanotubes, graphene, and their derivatives. Wang et al. [181] 
compounded fibrous redox graphene with MXene, and the results 
showed that the rGO/MXene hybrid had more micropores and exposed 
more active sites, thus increasing the capacitance. In addition, the rGO 
sheet effectively inhibited the oxidation of MXene and improved the 
cycle performance. The volumetric capacitance was approximately 
345.2F/cm3, and the gravimetric value was approximately 195F/g at 0.1 
A/g. 

HU et al. [182] reported the binding effects of redox-active mole-
cules on Ti3C2TX and CNT. These active molecules were beneficial for 
expanding the working voltage window, thus improving the overall 
capacitance and energy density. Yang et al. [183] compounded Ti3C2Tx 
MXene with porous g-C3N4 nanosheets to form composite Schottky 
junctions. The results showed that the formation of Schottky between 
MXene and g-C3N4 and the built-in electric field at the interface accel-
erated the charge separation in the internal space of the material, 
inhibited the recombination of electron-hole pairs, and thus improved 
the efficiency of photogenerated electrons. Zhang et al. [184] prepared 
three-dimensional Ti3C2Tx MXene/ rGO/ carbon (MGC-500) flexible 
hybrid electrode using a template method. This composite electrode 
material has high pseudocapacitance and good energy storage perfor-
mance under various deformation conditions. 

Compounding with transition metal oxides and derivatives can 
obtain higher pseudocapacitance owing to the polyvalent metal in the 
electrode/solution interface reaction process. Zheng et al. [185] bridged 
Ti3C2Tx MXene and MoO3 nanobelts with different mass ratios. The re-
sults showed that when the mass ratio was 8 (MoO3):2 (Ti3C2TX), the 
composite material exhibited the best performance, showing pseudo- 
capacitance of 837C/g and 1836C/cm3 at a current of 1 A/g. This was 
because the randomly oriented MoO3 nanobelts prevented MXene 
nanoplate stacking, thus exposing more active sites. Li et al. [186] 
coupled Ti3C2Tx MXene with Fe2O3 nanorod arrays immersed in carbon 
cloth (CC) to form a composite anode and used MnO2/CC as the cathode. 
It was found that multivalent Fe ions in Fe2O3 can provide the composite 
with higher electrochemical activity and large specific capacitance, 
while the MXene layer provided not only capacitance for flexible elec-
trodes, but also fast and efficient ion/electron transmission path for the 
Fe2O3, thus effectively improving the electronic conductivity, power 
density, and energy density of the capacitor. 

A metal–organic framework (MOF) was introduced to fabricate MX- 
based composites with better electrochemical performance and flexi-
bility. MOFs are structures composed of metal clusters or ions that form 
coordination bonds with organic ligands. These unique frameworks 
provide materials with high surface areas and adjustable pore sizes 
[187]. Xie et al. [188] developed CoFe2O4 nanorods from MOFs and 
combined them with MXene nanosheets. They observed that cobalt iron 
oxide can act as a support frame between MXene layers, increasing the 
spacing between 2D structural layers and preventing material stacking. 
In addition, Co-Fe also provides active sites for energy storage, which 
promotes charge transfer, and a volume capacitance of 2467.6F/cm3 is 
obtained in the LiCl electrolyte. From the pseudo-capacitance energy 
storage mechanism, introducing transition metal elements with multi-
valent state changes to form a composite structure with MXene is the 
most direct and effective method to improve pseudo-capacitance. 

Compounding with a conductive polymer can make the composite 
material produce higher Faraday pseudo-capacitance in the process of 
charge and discharge; hence, it is also a standard method to improve the 

performance of MXene-based pseudo-capacitance [189]. Fan et al. [33] 
inserted polypyrrole (PPy) particles and ionic liquid (ILs)-based micro-
emulsion particles as double spacers into the interlayer structure of 
Ti3C2Tx MXenes. It was found that these polymer particles can effec-
tively avoid the stacking collapse of MXene layers and, at the same time, 
contribute to the ideal capacitance of hybrid materials and increase the 
cyclic stability of the materials themselves. Ling et al. [190] composited 
Ti3C2Tx with poly-diallyl dimethylammonium chloride (PDDA) or 
electrically neutral polyvinyl alcohol (PVA) to synthesize Ti3C2Tx/ 
polymer composites. The synthesized composite films exhibited excel-
lent electrochemical performances. The specific capacity of the com-
posite film electrode with a thickness of only 13 um prepared by 
filtration with a microporous membrane was 528F/cm3 in 1 mol/L KOH 
electrolyte at a scanning speed of 2 mV/s. Muhammad et al. [166] 
compounded Ti3C2Tx with polyfluorene derivatives and studied its 
electrochemical properties. They pointed out that charged polar poly-
mers containing nitrogen are polymers with the strongest binding ten-
dency toward MXene. They can significantly increase the interlayer 
spacing, thus making it possible to insert more organic materials into the 
MXene layers. 

MXene and its modification methods to improve the performance of 
pseudocapacitor electrodes are listed in Table 1. MXene and its com-
posites show excellent performance in the field of supercapacitors; 
however, MXene is still in the development stage, and much research 
and exploration are needed regarding its mechanism and modification 
technology. 

5. Opportunities and future challenges 

Significant efforts have been made to design and develop new 
pseudocapacitor electrode materials based on MXenes, and remarkable 
results have been achieved. The preparation and modification of 
MXenes are the two crucial technical strategies for improving the energy 
storage performance of materials. In the synthesis of MXenes structures 
with more active sites, larger energy storage spaces, and lower re-
sistivities specifically favor pseudocapacitance. Specifically, controlling 
the carbon/nitrogen layer (X layer), transition metal layer (M layer), and 
extra-layer terminations (Tx) of MXene by adjusting the etching method, 
etchant concentration, etching time, and precursor phase, are critical 
steps for adjusting and controlling the rapid and reversible redox re-
actions of the materials. For example, the transition metal layer (M) 
exhibits higher pseudocapacitance characteristics because of its multi-
valent metals. 

The nitrogen/carbon layer (X) can often improve the cycle revers-
ibility of the entire material and ensure structural stability because of its 
large specific surface area and strength. However, different functional 
groups in the extra-layer terminal (Tx) are not unique. For instance, it is 
well known that the F terminal is not conducive to inserting and 
removing electrons and ions. On the other hand, material modification, 
such as intercalation, dispersion, recombination, heterojunction for-
mation, and doping, can also compensate for the inherent shortcomings 
of 2D materials and enhance their energy-storage performance. In recent 
years, research on the modification of MXenes has increased exponen-
tially, proving the feasibility of these methods. 

The problems faced by the MXenes still need to be resolved. First, the 
development of emerging selective etching technology is the top prior-
ity. At present, most of the MXenes are still in the early stages of theo-
retical synthesis, and there is no effective way to selectively etch their 
precursor MAX [11], which dramatically limits the expansion of MXene 
family members. In addition, most etching methods will produce 
external terminations that are not conducive to energy storage perfor-
mance [217]. Therefore, it is necessary to further modify the surface of 
MXene. Secondly, despite their prolonged existence in the industry, their 
commercialization is still to be achieved. At present, there are few re-
ports on the commercial preparation of MXenes in large quantities. The 
cost of experimental preparation is too high, and the preservation 
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conditions are too harsh (unable to be preserved for a long time). 
Investigating the stability of MXene is crucial in advancing the 
commercialization of energy storage devices based on MXene. Thirdly, 
although considerable research focus has been devoted to the perfor-
mance characterization of MXenes after the synthesis and modification 
stages, their energy storage mechanism is still to be completely explored. 
The research on energy storage mechanism of 2D materials has reached 
a level of depth (atomic layer level) that cannot be explained through 
conventional means. There is still a significant gap existing in the cur-
rent understanding of the mechanisms involved in energy storage 
research. Some researchers have recently started the study of the 
mechanism of MXenes by in situ characterization or molecular dynamics 
simulations [218], bringing a new research direction to the study of 
energy storage materials at the atomic level. However, the biggest flaw 
of MXenes lies in stacking and collapsing their material edges, which 
reduces SSA and burying the active points. This is also the root cause of 
their limited theoretical capacity. At present, alleviating stacking and 
collapsing phenomena in 2D materials is the core challenge. 

6. Conclusions 

This review discusses the historical development of novel 2D MXene 
material family, including the main synthesis strategies, unique 

properties, and specific applications in the field of pseudocapacitive 
supercapacitors. The energy storage challenges that have become 
increasingly urgent in the past decades have led to the innovation of 
supercapacitors. This review provides a comprehensive report on 
MXene-based capacitors to facilitate the exploration and discovery of 
advanced energy storage systems by integrating the latest research re-
sults with regard to their structural properties, pseudocapacitive energy 
storage mechanisms, and modification methods. 

MXene is a 2D layered material with advantageous features, 
including hydrophilicity, high conductivity, and adjustable functional 
terminal groups. Reports have constantly emerged in the past few de-
cades, specifically on Ti3C2Tx MXenes. In addition, pseudocapacitors 
have higher power and energy density than ordinary supercapacitors 
(because of the occurrence of redox reactions on their surfaces), thus 
providing a possible route to tackle the current energy dilemma. The 
research and development of MXenes in the field of pseudocapacitance 
are met with the trends: (1) preserving the composite structure design of 
MXenes and further improving their specific capacity and energy storage 
properties; (2) exploring the emerging flexible and miniature pseudo-
capacitors and expanding their application environment, particularly 
from the aspects of high load, high extrusion deformation, high preci-
sion, and delicate applications; (3) developing green, fluorine-free, and 
terminal-controlled MXene synthesis methods (especially in recent 

Table 1 
Different strategies used for improving the pseudocapacitance of MXenes.  

Materials Modification method Device type Specific 
capacitance 

Current density/ 
sweep rate 

Cycling 
retention 

Ref. 

Ti3C2Tx Intercalation Supercapacitor electrode 517F/g 1 A/g 10 000/99% [191] 
Ti3C2Tx Intercalation Supercapacitor electrode 380F/g 2 mV/s 10 000/98% [166] 
F-free Ti3C2Tx Intercalation All-solid-state flexible 

supercapacitor 
439F/cm3 10 m/s 10 000/~90% [97] 

Ti3C2Tx Intercalation All-solid-state flexible 
supercapacitor 

256F/cm3 5 m/s 10 000/ 
92.4% 

[192] 

N, O co-doped C 
@Ti3C2Tx 

Doping Symmetric supercapacitor 250.6F/g 1 A/g 5000/94% [193] 

N-doped V4C3Tx Doping Supercapacitor electrode 210F/g 10 mV/s 10 000/96.3% [194] 
N-doped Ti3C2Tx Doping Supercapacitor electrode 156F/g 5 mV/s 5000/100% [195] 
N-doped Ti3C2Tx Doping Supercapacitor electrode 192F/g 1 mV/s 10 000/92% [196] 
N, S co-doped Ti3C2Tx Doping Supercapacitor electrode 175F/g 5 mV/s 5000/90.1% [197] 
N-doped d-Ti3C2Tx Doping and dispersion Supercapacitor electrode 266.5F/g 5 mV/s 2000/86.4% [198] 
V-doped Ti3C2Tx Doping Supercapacitor electrode 365.9F/g 10 mV/s 5000/95% [174] 
Ti3C2Tx/ Ni-Co-Al-LDH Heterojunction All-solid-state flexible 

supercapacitor 
748.2F/g 1 A/g 10 000/97.8% [13] 

Ti3C2Tx /CoAl-LDH Heterojunction Symmetric supercapacitor 2472C/cm3 1 A/g 30 000/94.4% [199] 
V4C3Tx/NiCoAl-LDH Heterojunction Hybrid supercapacitors 627C/g 1 A/g 10 000/98% [200] 
d-Ti3C2Tx/Ni3S2 Heterojunction and dispersion Hybrid supercapacitors 2204F/g 1 A/g 5000/76.3% [201] 
Ti3C2Tx/MoS2 Heterojunction Micro-supercapacitors 383F/g 1 mV/s 6000/98% [202] 
Ti3C2Tx/MoS2 Heterojunction Supercapacitor electrode 303.8F/g 1 A/g 10 000/72.3% [203] 
Ti3C2Tx/rGO Composite with carbon-based materials All-solid-state flexible 

supercapacitors 
405.5F/g 1 A/g 10 000/100% [204] 

Ti3C2Tx/rHGO Composite with carbon-based materials Symmetric supercapacitors 1445F/cm3 2 mV/s 10 000/93% [205] 
Ti3C2Tx/BCN Composite with carbon-based materials All-solid-state supercapacitors 1173F/g 2 A/g 100 000/ 

100% 
[206] 

RuO2@Ti3C2Tx Composite with transition metal oxide Micro-supercapacitors 864.2F/cm3 1 mV/s 10 000/90% [207] 
Ti3C2Tx/ Ni-MOF Composite with MOF Supercapacitor electrode 1124F/g 1 A/g 4000/74.8% [208] 
Ti3C2Tx/Co(OH)2 Composite with transition metal 

derivatives 
Supercapacitor electrode 153F/g 0.5 A/g 1000/99% [178] 

MnO2@Ti3C2Tx Composite with transition metal oxide Flexible and symmetric 
supercapacitors 

390F/g 10 mV/s 6000/93% [209] 

Ti3C2Tx/Bi2S3 Composite with transition metal 
derivatives 

Symmetric supercapacitors 615C/g 3 A/g 1000/91% [210] 

Ti3C2Tx/ppy Composite with conductive polymer Pseudocapacitive electrodes 416F/g 5 mV/s 25 000/92% [211] 
Ti3C2Tx/BC@Ppy Composite with conductive polymer Micro-supercapacitors 388 mF/cm2 1 mA/cm2 25 000/95.8% [212] 
Ti3C2Tx/PDDA Composite with conductive polymer Supercapacitor electrode 528F/cm3 2 mV/s 10 000/~99% [190] 
Ti3C2Tx/ppy Composite with conductive polymer All-solid-state supercapacitors 406F/cm3 100 mV/s 20 000/ 

~100% 
[213] 

CNT/Ti2CTx Composite with conductive polymer and 
intercalation 

Supercapacitor electrode 515.3F/g 2 mV/s 5 000/95.3% [214] 

NiCo2-LDHs@Ti3C2Tx/ 
rGO 

Composite with carbon-based materials Hybrid supercapacitor 240F/g 1 A/g 10 000/92.8% [215] 

NixAly(OH)2/Ti3C2Tx Composite with transition metal 
hydroxides 

Supercapacitor electrode 1061F/g 1 A/g 4000/70% [216]  

R. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 472 (2023) 144913

17

years, covalent functional groups have been newly introduced, 
expanding the family of functionalized MXene materials [122] expo-
nentially); (4) design and development of hybrid pseudocapacitors with 
widened working voltage windows and improved energy density fea-
tures; (5) finally, MXenes also have the potential in ion kinetic batteries 
due to their ability to undergo fast and reversible redox reactions during 
the energy storage. Its 2D layered structure can be combined with 
different energy materials for more efficient energy storage. It is hoped 
that future studies will resolve these issues. 
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