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ARTICLE INFO ABSTRACT 
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MXenes, a family of 20 transition metal carbides/nitrides with a general formula of M.+t X,, T x (n=l ~3), show 
promising potential for energy storage applications owing to their 20 lamellar structure, impressive density, 
metallic-lilœ conductivity, tunable terminations and intercalation pseudocapacitance charge storage mechanism. 
Various combinations of transition metals, C and/or N, as well as different n layers result in a broad range of 
MXenes, but only about a small number have been prepared and used for capacitive energy storage applications 
(supercapacitors) so far, with Ti3Ci T x being the most studied one. This review summarizes the recent advances, 
achievements and challenges of MXenes for supercapacitors. The preparation methods, composition versatility, 
material and electrode architectures, chemical modification and hybridization with other active materials ofMX
enes are presented. Moreover, the electrochemical characterizations and energy storage mechanisms of MXenes 
in aqueous and non-aqueous electrolytes are discussed, as well as the preparation of flexible and printable MXene
based electrodes and devices. Flnally, perspective is also given, providing guidance for the future development 
of MXenes with advanced performances for designing the next generation of supercapacitors. 
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. Introduction

The decrease of fossil fuel stocks and the global warming concern are
ighlighting the urgent need to use alternative, clean energy sources. In
 future sustainable world, the electricity, generated from renewable 
nergy sources like solar, wind and hydro sources, should be stored 
nd then used on demand. Also, electric engines are targeted to re 
lace thermal for mobility applications. Electrochemical energy storage 
evices such as rechargeable batteries and electrochemical capacitors 
ECs, herein denoted as supercapacitors) are then key technologies to 
romote this sustainable development. Rechargeable batteries, due to 
heir high energy density, are promising for consumer electronics and 
lectric vehicles applications, but suffer from the limited power density
ecause of the sluggish ion intercalation/de intercalation processes in 
lectrode materials [1 4]. Supercapacitors with high power density and 
xcellent cycle stability can be a supplement or even an alternative to
echargeable batteries in some applications where high power output, 
ast charge discharge and ultra long cycle life are needed [5,6].  Accord 
ng to charge storage mechanism, supercapacitors can be classified into 
wo types: electrical double layer capacitors (EDLCs) and pseudocapac 
• Corresponding authors.
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tors [7]. Charge storage in EDLCs is electrostatic by nature, via the 
harge separation at the electrode/electrolyte interface [8 10]. Pseudo 
apacitive materials store the charge using fast, surface confined non 
iffusion limited redox reactions, resulting in so called pseudocapaci 

ance or redox capacitance mechanism [11, 12]. Recently, hybrid super 
apacitors combining a capacitive electrode with a battery type elec 
rode attracted much interest, since they could potentially offer high 
ower and high energy [13 15]. 

Electrode materials play a crucial role in supercapacitors, which de 
ermine the capacitance as well as cycle and rate performances of the 
evices. Conventional electrode materials used in supercapacitors in 
lude porous carbons for EDLCs, as well as transition metal oxides and 
onducting polymers for pseudocapacitors. Porous carbons generally 
tore charge by reversible physical adsorption/desorption of electrolyte 
ons at the interface between carbon electrode and electrolyte. Porous 
arbons exhibit high specific surface area, tunable pore size and good 
hemical stability, resulting in excellent rate performance and excep 
ional cycle life, besides being abundant and low cost materials [16 20]. 
evertheless, most of the EDLCs cannot store a large amount of charge 
ecause of the electrostatic storage mechanism, and the low electrode 
ensity results in low volumetric capacitance. Metal oxides can typi 
. Xu).



Fig. 1. (a) Advantages of MXenes for supercapacitor applications. (b) Schematic of the review content. 
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ally store much charge through pseudocapacitive processes, based on
eversible, surface confined redox reactions [11] . They can deliver high
apacity, but their use is currently restricted by limited electronic con
uctivity and electrochemical stability, leading to unsatisfactory rate ca
ability and cycle life. A promising and effective strategy is to develop
lectrode materials with intercalation pseudocapacitance behavior [21] .
his charge storage, based on ion intercalation and rapid ion transport

nside the host material, pushes the energy performance closer to batter
es while maintaining power performance close to that of ECs. Interca
ation pseudocapacitive materials, such as T Nb 2 O 5 , VOPO 4 , MoS 2 and

MoO 3 can achieve high capacitance even under heavy current [22
5] . However, most of these intercalation pseudocapacitive materials
uffer from low electronic conductivity.

2D transition metal carbides/nitrides, known as “MXenes ”, were
rstly reported by Barsoum and Gogotsi in 2011 [26] . They have a gen
ral formula of M n + 1 X n T x (M = Ti, Zr, V, Nb, Cr, Mo, etc.; X = C, N; T x = F,
OH, O, Cl, etc.; n = 1 ∼3) and are typically synthesized by extract
ng the “A ” layers from the layered carbides or carbonitrides (M n + 1 AX n 

hase, A = Al, Ga, Si, Ge, etc.) [27 30] . MXenes have many special and
unable properties, like 2D structure with atomic thickness, hydrophilic
urface and high mechanical performance, that make them suitable for
arious applications including sensors [ 31 , 32 ], medicine [33] , photo
nd electrocatalysis [34 36] , etc. Especially, MXenes are very promising
andidates as electrode materials for electrochemical energy storage ap
lications, due to their key features of intercalation pseudocapacitance
echanism, large density, metallic like conductivity, variable surface

erminations and 2D lamellar structure [37 39] ( Fig. 1 a). Numerous
tudies have been dedicated to MXenes as high rate electrode materi
ls [ 40 , 41 ] or conductive framework to support active materials [42
4] for energy storage. MXenes can achieve high capacitance (especially
olumetric capacitance) together with metallic like conductivity, which
ake them promising active materials for desiging supercapacitors with

oth high energy and high power densities, bridging the gap between
atteries and conventional electrical double layer supercapacitors. Their
D structure makes them also suitable for desiging flexible devices. Also,
hey can be used in combination with active materials with limited con
uctivity, such as metal compounds and conducting polymers. As a re
ult, many works have been reported recently on MXenes for designing
igh power energy storage devices. With these efforts, the huge poten
ial of MXenes and their applications in supercapacitors are gradually
eveloped. As shown in Fig. 1 b, this review article intends to give a
tate of the art of MXenes for supercapacitor applications, including ma
erials, energy storage mechanisms and electrochemical performances
s well as their application in hybrid and flexible supercapacitors. To
e consistent with the literature, we will describe the electrochemical
erformance of MXene using capacitance values (F), although capacity
C or mAh) should be alternatively used for pseudocapacitve materi
ls. Finally, the challenges with regard to the practical applications of
Xenes in supercapacitors and perspectives for future development are

ighlighted.
. Synthesis and key properties of MXenes

.1. Preparation strategies 

Since the discovery of Ti 3 C 2 T x MXene in 2011, about 30 compo
itions of MXenes have been synthesized by various strategies, such
s wet etching [45 47] , molten salt etching [ 30 , 48 , 49 ], chemical va
or deposition [ 50 , 51 ], and electrochemical etching [52] . Generally,
Xene flakes are prepared from their ternary MAX precursors. The
etal like M A bond makes the delamination of MAX precursors diffi

ult through physical exfoliation, e.g., ball milling and ultrasonication.
owever, the chemical reactivity of M A bond, higher than that of M
 bond, makes it possible to selectively remove the A layers from the
AX phases through etching methods [53] . Therefore, etching becomes

he mainstream preparation strategy for MXenes. When MAX phase pre
ursors are treated with specific etching agents such as HF containing
lectrolytes, the A atoms are selectively removed and substituted with
urface terminations, leading to the M n + 1 X n T x composition (where T x 

tands, for example, for OH, O, or F groups) [27] . Delamination can
e further obtained by further intercalation with various molecules or
ons, e.g., dimethyl sulfoxide (DMSO) [54] , tetrabutylammonium hy
roxide (TBAOH) [55] , and alkali metal ions [ 26 , 56 ], followed by son
cation, to prepare 2D single or few layer MXene flakes. Most of the
tching methods are based on immersion of the MAX precursor into HF
r HF containing electrolyte, and fluoride free etching routes have just
een recently reported ( Fig. 2 ). 

The first MXene (i.e., Ti 3 C 2 T x ) was prepared in 2011 by immersing
 Ti 3 AlC 2 powder in 50% concentrated HF for 2 h ( Fig. 2 a), resulting in
n accordion like multilayered structure with abundant surface termi
ations, such as O, OH, and F [27] . From then, a large variety of MX
nes, such as Ti 2 CT x , Ta 4 C 3 , TiNbC, (V 0.5 ,Cr 0.5 ) 3 C 2 and Ti 3 CN x , were
btained by HF etching using different HF concentration and etching
ime [28] . The etching synthesis reactions can be described as follows:

 𝑛 +1 Al X 𝑛 +3HF = Al F 3 +3∕2 H 2 + M 𝑛 +1 X 𝑛 (1)

 𝑛 +1 X 𝑛 +2 H 2 O = M 𝑛 +1 X 𝑛 ( OH ) 2 + H 2 (2)

 𝑛 +1 X 𝑛 +2HF = M 𝑛 +1 X 𝑛 F 2 + H 2 (3)

The delamination of exfoliated MXene into single  or few layer flakes
as further achieved by intercalating as prepared Ti 3 C 2 T x with DMSO
olecules followed by ultrasonication, which leads to an enlarged in

erlayer spacing and weak interlayer interaction [54] . In 2013, one
f the first application of MXenes as supercapacitor electrode material
as reported by exploring the capacitive performances of an exfoliated
i 3 C 2 T x powder prepared via HF etching of Ti 3 AlC 2 ( Fig. 2 b) [26] . Fur
hermore, the multilayer Ti 3 C 2 T x was delaminated by DMSO to pro
uce few layer MXene flakes, which were then fabricated into a binder
ree paper electrode through filtration [26] . However, DMSO has only



Fig. 2. Development of the preparation method of MXenes. (a) The first MXene material ever produced was prepared by HF etching Ti 3 AlC 2 followed by sonication 
in 2011. Reproduced from Ref. [27] with copyright permission from Wiley-VCH. (b) The first report of MXenes for supercapacitors was made in 2013, and the 
reported multilayer exfoliated Ti 3 C 2 T x was prepared by HF etching Ti 3 AlC 2 , following further delamination. Reproduced from Ref. [26] with copyright permission 
from American Association for the Advancement of Science. (c) A breakthrough was made in 2014 when self-supported MXene ‘clay’ films were prepared from 

HF-forming/containing etching agents. Reproduced from Ref. [56] with copyright permission from Springer. (d) A fluoride-free etching method based on the use of 
molten salts was proposed for decreasing the hazardous issues from fluoride. Reproduced from Ref. [49] with copyright permission from Springer. 
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een confirmed as efficient intercalated agent for the delamination of
i 3 C 2 T x [13] and (Mo 2/3 Ti 1/3 ) 3 C 2 T x [57] . Alternatively, other organic
olecules like TBAOH can be used to prepared delaminated samples,

ike achieved for V 2 CT x and Ti 3 CNT x [55] . 
A breakthrough was obtained in 2014 by Gogotsi and Barsoum, when

hey reported the MXene synthesis without the direct use of HF etchant.
his was achieved by adopting a mixed solution of LiF and HCl, which

n situ produces HF and selectively etches the Al layers from Ti 3 AlC 2 , re
ulting in the formation of Ti 3 C 2 “clay ” ( Fig. 2 c) [56] . Compared with
he direct HF etching method, this synthesis route combines the etch
ng and delamination procedures in one step, and decreases the safety
isk due to the use of concentrated HF. The cations (e.g. Li + ) interca
ate between the MXene nanosheets at the same time during the etching
rocess, leading to large interlayer spacing and weak interlayer interac
ion. As a result, the products could be directly delaminated into single
ayer flakes through only hand shaking or sonication. Combined with
mproved safety, employing LiF/HCl mixture as etchant has become the
ost widely studied approach in fabricating MXene monolayers. Addi

ionally, although MXene monolayers are easily oxidized in moist air or
queous solution, some methods have been proposed to mitigate the ox
dation tendency, such as heating MXene in reducing gas [58] , storing
Xene at low temperatures under inert atmosphere [59] and adding ad

itives [ 60 , 61 ]. With the development of these strategies, the oxidation
endency will no longer be a barrier for the application of MXenes. 

Besides LiF/HCl, other fluoride salts (i.e., NaF, KF, NH 4 F, FeF 3 )/HCl
ixtures or F containing ammonium salts (NH 4 HF 2 and NH 4 F) have

lso been used to obtain various MXenes, such as Ti 3 C 2 T x , Ti 2 CT x , and
 2 CT x [62 66] . Because of the NH 4 

+ intercalation between the MXene
heets during etching, the resultant MXenes have larger interlayer spac
ng than HF prepared, but cannot exfoliate single layer MXene flakes.
ifferently from the conventional etching in aqueous acidic solutions,
ogotsi et al. reported a novel non aqueous etching approach using a
ixture of molten fluoride salts (LiF, NaF and KF) as the etchant in 2016.
y this approach, the first 2D transition metal nitride, i.e., Ti 4 N 3 T x , was
uccessfully obtained, but the Ti 4 N 3 T x flakes still needed to be delami
ated [48] . 

Etching processes based on HF or F containing solutions are effec
ive, but the use of hazardous fluoride based etching agents causes con
iderable safety and environment issues [67] . In this regard, fluoride
ree etching agencies have been explored for sustainable development
f MXenes. For instance, an alkali assisted hydrothermal method was
roposed to prepare multilayer Ti 3 C 2 T x . In this process, Al layers are se
ectively removed by immersion at 270 °C in highly concentrated NaOH
27.5 M) from Ti 3 AlC 2 , yielding in multilayer Ti 3 C 2 T x with no F ter
inations as well as 92 wt% purity [68] . Another reported fluoride free
ethod for preparing Ti 3 C 2 T x MXene is to use electrochemical etch

ng in a binary aqueous system of 1 M NH 4 Cl and 0.2 M tetramethy
ammonium hydroxide (TMAOH) with pH > 9 [69] . Here, the presence
f Cl − ion helps in breaking the Ti Al bonds and etches Al atoms in
n electrochemical anodic process, followed by the NH 4 OH intercala
ion. This method provides the possibility of using a short etching time
5 h) under ambient conditions to produce single or bilayer Ti 3 C 2 T x 

anosheets. 
Recently, a general Lewis acidic molten salt etching route via a re

ox reaction mechanism was reported for preparing MXenes from vari
us MAX phases with a wide chemical range of A elements such as Al,
n, Si, Ga (e.g., Ti 2 AlC, Ti 3 ZnC 2 , Ti 3 AlCN, Ti 3 SiC 2 , Ta 2 AlC, Ti 2 GaC)
 30 , 49 ]. For instance, Ti 3 C 2 T x with Cl terminations was prepared by
mmersing Ti 3 SiC 2 in CuCl 2 molten salt ( Fig. 2 d) [49] . It is noteworthy
hat this etching strategy enables new MXenes to be produced, includ
ng some materials impossible to be prepared from conventional HF or
containing etching aqueous process. Moreover, the careful selection

f molten salts provides important opportunities for tuning the surface
hemistry and the properties of MXenes. The MXenes etched by this
uoride free approach present an accordion like multilayered structure
ith no F terminations, so the delamination process for these MXenes

s still needed to be explored to meet the application requirements. Most
ecently, on basis of the Lewis acidic molten salt etching method, a post
ynthetic covalent surface modification strategy by exchange reaction
as reported to install and remove surface groups [70] . By this strat

gy, bare MXenes without surface terminations was firstly synthesized,
nd MXenes with different terminations ( NH, S, Cl, Se, Br, Te,
tc.) were successfully produced, exhibiting unique structural and elec
ronic properties, even including superconductivity. This work offers the
iversity of MXene property and thus provides more chances for the ap
lication of MXenes. 
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.2. Properties of MXenes for supercapacitors 

From 2011, tens of stoichiometric MXene compositions and a lim 

tless number of solid solutions have been discovered, offering not
nly unique combinations of properties but also a way to tune them
y varying the compositions and ratios of M or X elements and sur 
ace chemistry. Their special and tunable properties, including metallic 
ike electronic conductivity, good mechanical properties, hydrophilic,
xide/hydroxide like polar surfaces, dispersibility in water, large elec 
rochemically active surface, etc., make MXenes very promising candi 
ates for designing advanced supercapacitors with both high energy and
ower densities since: 

(1) MXenes have high capacitance and long cycle life owing

o the ion intercalation pseudocapacitive charge storage mecha-

ism. Capacitance and cycle life are key parameters for supercapaci
ors. The 2D lamellar structure of MXene provides fast ion intercala
ion (e.g. H 

+ , Li + , Na + ), which facilitates the accessibility of the large
lectrochemically accessible active surface of MXenes, resulting in fast
seudocapacitive charge storage behavior associated with high perfor
ance in acid aqueous electrolyte and also (as recently shown) in non

queous electrolyte. MXenes thus exhibit high capacitance (300 ∼500 F
 

− 1 ), much higher than almost all the EDLC carbon materials in aque
us electrolytes. In addition, MXenes show excellent cycle life with tens
f thousands of cycles with no  or small  capacitance decay, which is
etter than conventional pseudocapacitive materials (metal oxides and
onducting polymers). 

(2) MXenes have ultrahigh volumetric capacitance originated

rom high density and high gravimetric capacitance. For realistic
pplications, volumetric capacitance of the electrode material is of key
ignificance for improving the energy and power density of the device.
hanks to their intrinsic properties, MXene electrodes show high density
about 3 ∼4 g cm 

− 3 for typical MXene films), offering great advantage
o reach high volumetric capacitance [ 53 , 56 ]. For instance, vacuum
ltered Ti 3 C 2 T x MXene film can deliver a volumetric capacitance of 900
 cm 

− 3 , while an even larger volumetric capacitance of 1500 F cm 

− 3 

ould be achieved when the MXene was fabricated into a hydrogel film
71] . The values outperform those of other electrode materials of super
apacitors, e.g., the best activated graphene (200 ∼350 F cm 

− 3 ) [ 72 , 73 ]
r activated porous carbon (60 ∼200 F cm 

− 3 ) [74 76] electrodes.
(3) MXenes have outstanding high-rate performance due to the

etallic-like electronic conductivity. High power density and fast
harge discharge are typical characteristics of supercapacitors, which
equire the electrodes with high conductivity. Depending on the com
osition of M, X, and surface terminations, MXenes may exhibit metallic,
emiconducting or even insulating properties [ 77 , 78 ]. A recent study in
icates that the Nb 2 C MXenes with surface terminations of Cl, S, Se,
NH even show superconducting transitions in the low temperature re
ions of below 6.3 K, 6.4 K, 4.5 K, 7.1 K, respectively [70] . So far, most of
Xenes show outstanding conductivity values versus other 2D materi

ls, e.g., MoS 2 and graphene [79] . In general, MXenes with large laterals
ize and low defect concentrations have higher conductivities [53] . For
xample, a spin cast Ti 3 C 2 T x MXene film etched by the LiF/HCl solu
ion can achieve an ultra high conductivity of 6500 S cm 

− 1 [80] , much
igher than the highly defective cold pressed Ti 3 C 2 T x MXene film (1000
 cm 

− 1 ) [81] . MXene films prepared by blade coating can even achieve
n ultrahigh conductivity of 15,000 S cm 

− 1 due to the large lateral size
nd highly ordered alignment of MXene flakes [82] . The extremely high
onductivity of MXenes not only is a key to achieve high power density,
ut also can eliminate the need for conductive agents during electrode
abrication or even current collector [56] , improving the energy density
f the whole device. 

(4) MXene suspensions / dispersion in either aqueous or non-

queous solutions can be prepared, making their processing easy.

n practical application, the dispersibility of electrode materials in var
ous solvents is the key for preparing the electrode ink to further pre
are the electrode or the composite electrode. Conventional synthesis
outes lead to various surface terminations ( O, OH, F, Cl, etc.),
hich allow for the preparation of stable MXene suspensions in aque
us solutions without the need for surfactants, making the processing
nd using of MXenes easy [83] . Moreover, surface termination groups
ainly drive their electrochemical performance and O, OH groups

ontribute to hydrophilicity, in favor of the electrolyte infiltration [83] .
n addition, good dispersibility of Ti 3 C 2 T x MXene can be also achieved
n some organic solvents with polarity and dispersion interactions, e.g.,
MF, NMP, PC, and ethanol [84] , which could drive the advances of MX
nes in various applications, including the fabrication of MXene based
omposites and films, inks for printable supercapacitors, and conductive
inders for electrode fabrication. 

(5) 2D-MXenes possess excellent mechanical flexibility, facili-

ating their use in flexible supercapacitor devices. There is grow
ng demand for devices for portable and wearable microelectronic sys
ems, such as flexible supercapacitors and micro supercapacitors. The
D lamellar structure and excellent mechanical properties of MXenes
acilitate their use in this field. For example, the effective Young’s mod
lus of the Ti 3 C 2 T x monolayer was measured to be 0.33 ± 0.03 TPa us
ng atomic force microscopy (AFM) indentation technique, outperform
ng those of other solution processed 2D materials measured by nanoin
entation [ 85 , 86 ]. To date, most researches focus on the mechanical
roperties of MXene based films, as 2D MXene nanosheets can be eas
ly assembled into film electrodes [87 89] . The assembled MXene films
an support various mechanical deformations, such as bending, twisting,
olling, and folding. Besides, a 5  𝜇m thick Ti 3 C 2 T x film rolled into a hol
ow cylinder can support about 4000 times its own weight, which even
ncreased up to 15,000 times when integrating with 10 wt% polyvinyl
lcohol (PVA) [87] . 

As a result, considerable research efforts on structure and morphol
gy control, chemical modification, composite construction, charge stor
ge mechanism, hybrid supercapacitor fabrication, flexible and micro
upercapacitor assembly, etc., have been done, and important key ad
anced and valuable progress has been achieved recently. 

. MXenes as electrode materials for supercapacitors

As mentioned above, MXenes have fast ion intercalation behav
or, which results in large electrochemically accessible active surface
nd pseudocapacitive mechanism in acid aqueous electrolyte and non
queous electrolyte. For example, Ti 3 C 2 T x undergoes reversible redox
eactions between the oxygen containing terminations and H 

+ protons
ssociated with the change of the Ti oxidation state during charg
ng/discharging in H 2 SO 4 electrolyte. As a result, MXene performs high
seudocapacitance, good cycle stability and high rate capability, mak
ng it a promising high performance electrode material for supercapac
tors. 

The first report of MXene as supercapacitor electrode materials was
one in 2013 [26] . Multilayer Ti 3 C 2 T x was synthesized via HF etching
i 3 AlC 2 and cation delamination, which was then further delaminated
y DMSO to produce few layer MXene flakes [26] . A Ti 3 C 2 T x binder free
aper electrode prepared by filtration could achieve a high volumetric
apacitance of 350 F cm 

− 3 in KOH electrolyte [26] , higher than those
eported for conventional EDLC carbons (60 ∼200 F cm 

− 3 ) [74 76] and
omparable to those of the graphene based materials (200 ∼350 F cm 

− 3 )
 72 , 73 ]. This result paved the way for developing MXene materials for
upercapacitor operating in aqueous electrolytes. 

In 2014, the use of LiF/HCl mixture as etching solution significantly
mproved the capacitive performance of MXene in H 2 SO 4 electrolyte
56] . LiF/HCl etched Ti 3 C 2 “clay ” prepared as free standing and flexi
le films showed a high gravimetric capacitance of 245 F g − 1 and an
utstanding volumetric capacitance of up to 900 F cm 

− 3 in the poten
ial range of 0.35 ∼0.2 V (vs. Ag/AgCl) at a scan rate of 2 mV s − 1 . The
ycling performance was also excellent with negligible capacitance loss
fter 10,000 cycles at 10 A g − 1 . In addition, the Ti 3 C 2 “clay ” can be fab
icated into a 75 𝜇m thick electrode with a capacitance of 350 F cm 

− 3 ,
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emonstrating the scalability of MXenes for supercapacitors. Further 
ore, capacitance as high as 380 F g − 1 or 1500 F cm 

− 3 could be also ob 
ained using hydrogel Ti 3 C 2 Tx  MXene electrodes within a 1 V potentia
indow ( 1.1 ∼ 0.1 V vs Hg/Hg 2 SO 4 ) in 3 M H 2 SO 4 electrolyte, thanks

o the use of glassy carbon current collectors [71].  Other F containing
tching electrolytes like NH 4 F aqueous and molten fluoride salts were
sed to prepare MXenes, but the energy storage performance of the ob 
ained MXenes still needs to be investigated. 

The development of fluoride free etching synthesis routes not only
akes the MXene preparation safer and environmentally sustainable,

ut also results in improved electrochemical performance due to
he elimination of the F containing terminations of prepared MXenes
67].  Multilayer Ti 3 C 2 Tx  prepared by the alkali assisted hydrotherma
ethod was fabricated into a film electrode with 52 𝜇m in thickness

nd 1.63 g cm 

− 3 in density, which showed a gravimetric capacitance
f 314 F g − 1 and a volumetric capacitance of 511 F cm 

− 3 at 2 mV
 

− 1 in H 2 SO 4 electrolyte [68].  MXene film assembled with the sin
le or bilayer Ti 3 C 2 Tx  nanosheets, which were prepared with aqueous
H 4 Cl/TMAOH solution, were used to assemble a symmetric superca 
acitor and areal and volumetric capacitances of 220 mF cm 

− 2 and 439
 cm 

− 3 at 10 mV s − 1 could be achieved, respectively [69]. 
However, while aqueous electrolyte offers great electrochemical per 

ormance in terms of capacitance, the limited voltage window to about
 V due to water electrolysis drastically limits the energy density of the
ells. An important challenge then lies on designing MXene materials
or non aqueous electrolytes. Ti 3 C 2 Tx  MXene with O and Cl termina
ions prepared by a Lewis acidic molten salt etching route showed re 
arkable pseudocapacitive like electrochemical signature together with
 high capacity of 200 mAh g − 1 in Li ion containing non aqueous elec 
rolytes, within a potential range of 2 V (from 0.2 V to 2.2 V vs Li + /Li).
hose results highlight the promising opportunities offered by MXenes
or high rate devices such as hybrid capacitors or high power Li ion bat 
eries [ 30,  49 ]. 

Along with the development of the preparation method, MXenes ex 
ibit various structural and chemical features, resulting in different elec 
rochemical energy storage properties. For further improvement of the
apacitive performance of MXenes, many strategies have been investi 
ated, such as more compositional versatility exploration, structure and
orphology control, as well as chemical modification. 

.1. A broad range of composition to be explored 

Besides Ti 3 C 2 Tx ,  the most studied MXene for energy storage applica
ions [ 90,  91 ], other MXenes have also been identified as promising can
idates as electrode materials for supercapacitors, see Table 1.  For exam
le, Ti 2 CTx  MXenes achieved impressive performance [92 96].  Nitride
ased MXenes can achieve higher conductivity than their carbide coun 

erparts [97].  A nanolayered Ti 2 NTx  with accordion like structure an
O/ OH terminations was prepared from Ti 2 AlN MAX phase using an
xygen assisted molten salt reaction followed by HCl treatment, which
howed a capacitance of 200 F g − 1 at 2 mV s − 1 and a potential window
f 1.2 V at 50 mV s − 1 in 1 M MgSO 4 electrolyte [98]. 

Vanadium based MXenes are expected to achieve high capacitance
hanks to the multiple oxidation states available for vanadium [ 99,  100 ]
elaminated HF etched V 2 C film electrode could achieve a gravimetric
apacitance of 487 F g − 1 in H 2 SO 4 electrolyte [101].  Next, considering
Xenes’ stability improvement with increasing n in Mn  + 1 Xn  Tx  [102
 4 C 3 Tx  was explored. A multi layered V 4 C 3 Tx  prepared by HF etchin
xhibited large interlayer spacing ( ∼0.466 nm) and good thermal stabil 
ty, but a practical capacitance of only ∼209 F g − 1 at 2 mV s − 1 in H 2 SO 4 
lectrolyte was reached, even lower than V 2 C [103].  

Moving to niobium carbides, a freestanding film of Nb 4 C 3 Tx  was pre
ared by HF etching and TMAOH delamination, which showed a large
nterlayer spacing of 1.77 nm and a volumetric capacitance of 1075 F
m 

− 3 at 5 mV s − 1 in 1 M H 2 SO 4 electrolyte [104].  However, those value
ere still lower than the predicted quantum capacitances by simulations
105] .

Ta based [106] and Mo based [46] MXenes were also evaluated as
lectrodes for supercapacitor application. Mo 2 CT x MXene was prepared
ia selectively etching Ga from Mo 2 Ga 2 C by two different routes [46] .
tching with LiF/HCl solutions produced less defective flakes but with
ow reaction yield, while etching with HF followed by tetrabutylammo
ium hydroxide (TBAOH) delamination resulted in smaller flakes and
igher fraction of single layer flakes. A 2 μm thick Mo 2 CT x “paper ” pre
ared with the latter route delivered gravimetric and volumetric ca
acitances of 196 F g − 1 and 700 F cm 

− 3 , respectively, at 2 mV s − 1 in
 M H 2 SO 4 electrolyte, still maintaining 120 F g − 1 and 430 F cm 

− 3 at
00 mV s − 1 . Also, a high capacity retention of above 95% was obtained
fter 10,000 cycles at 10 A g − 1 . 

Besides combining single transition metal with C and/or N, using
etal alloys on the M site broadens the MXene family to almost un

imited numbers. MXenes combining alloys with C and/or N predicted
rom density functional theory (DFT) calculations have been prepared.
ne example is the stable, ordered, double M MXene Mo 2 TiC 2 T x , which
as synthesized by HF etching followed by DMSO delamination [57] .
o 2 TiC 2 T x was isostructural with Ti 3 C 2 T x , but its electrochemical be

avior was quite different. Mo 2 TiC 2 T x has two voltage plateaus at 1.6 V
nd below 0.6 V during lithiation in Li + containing non aqueous elec
rolyte, and more rectangular CV curves than Ti 3 C 2 T x with a working
otential window of 0.1 ∼0.4 V (vs. Ag/AgCl) in H 2 SO 4 electrolyte [57] .
hese behaviors dominated by the surface Mo layers indicate that the
roperties of the MXenes with binary M elements were mainly decided
y their surface atoms. 

Based on various combinations of transition metals (such as Ti, Mo,
, Ta, Nb) and their alloys with C and/or N as well as surface termi
ations, stoichiometric phases of more than 100 different MXenes and
 limitless number of solid solutions have been predicted, out of which
nly about 30 different MXenes have been synthesized. Their properties,
ncluding atomic structure, conductivity, stability and electrochemical
erformance, strongly depend on the intrinsic nature of M and X ele
ents, and the surface terminations also play an important role. On one
and, as their properties can be tuned by careful selection of the various
, X elements and control of the surface terminations, there are end

ess and extensive opportunities for producing new MXenes with favor
ble capacitive properties. As shown in the computational screening of
he pseudocapacitive MXene in aqueous H 2 SO 4 electrolyte [107] , many
andidates could theoretically offer improved capacitive performances
ompared to the well known Ti 3 C 2 T x , especially considering nitrides
Zr 2 N, Zr 3 N 2 , Zr 4 N 3 ), although it has still to be verified in real exper
ments. Therefore, with prospective potential in supercapacitors, more
ew MXenes with improved electrochemical performance are expected.
n the other hand, every MAX precursor having unique atomic bonds,

uitable synthesis route including etching and delamination procedures
eeds to be optimized to achieve desirable structures and performance.
he exploration of new MXenes and preparation strategies needs signif

cant amount of research efforts, which is an important and challenging
ask. Theoretical calculations have been used to predict structures and
roperties of MXenes with different compositions, which is expected to
uide the experiments in the future. 

.2. Structure and morphology control 

Although MXenes have been identified as promising candidates
or supercapacitors, their practical capacitances are far from theo
etical values. For example, the maximum theoretical capacity of
i 3 C 2 O 0.85 (OH) 0.06 F 0.26 calculated by Faraday’s law is up to about
615 C g − 1 , while only 245 F g − 1 or ∼135 C g − 1 can be experimen

ally achieved using MXene clay as electrodes in a voltage window of
.55 V in 3 M H 2 SO 4 electrolyte [ 56 , 75 ]. Furthermore, while 90 nm
hick Ti 3 C 2 T x MXene film achieved a capacitance of 450 F g − 1 through
inimizing ion transport limitations, the capacitance decreased to 250



Table 1

Capacitive performances of various MXene versatilities as electrode materials for supercapacitors. 

Versatility Preparation method 
Electrode assembly 
method Electrolyte Potential Capacitance Cycle stability Ref. 

Ti 3 C 2 T x HF etching Ti 3 AlC 2 and

DMSO delamination

Filtrating into film 1 M KOH -0.4 ∼0.95 V

(vs. Ag/AgCl)

350 F cm 

− 3 

(2 mV s − 1 ) 

no degradation

(10,000 cycles)

[26]

Ti 3 C 2 T x HCl/HF etching Ti 3 AlC 2 Rolling 1 M H 2 SO 4 -0.3 ∼0.25 V

(vs. Ag/AgCl)

900 F cm 

− 3 or 245 F 

g − 1 

(2 mV s − 1 ) 

no degradation

(10,000 cycles)

[56]

Ti 3 C 2 T x Lewis acidic molten salt

etching Ti 3 SiC 2

Rolling 1 M LiPF 6 -EC/DMC 0.2 ∼2.2 V 

(vs. Li + /Li) 

738 C g − 1 or 205 mAh 

g − 1 (C/1.5 rate) 

90%

(2400 cycles)

[49]

Ti 2 CT x HF etching Ti 2 AlC Rolling 1 M KOH -0.3 ∼-1.0 V

(vs. Ag/AgCl)

517 F cm 

− 3 

(2 mV s − 1 ) 

no degradation

(3000 cycles)

[92]

Ti 2 NT x Oxygen-assisted molten

salt etching Ti 2 AlN 2 and

HCl treatment

Coating 1 M MgSO 4 -0.3 ∼-1.5 V

(vs. Ag/AgCl)

201 F g − 1 

(2 mV s − 1 ) 

140%

(1000 cycles)

[98]

V 2 C HF etching V 2 AlC and

TMAOH delamination

Rolling 1 M H 2 SO 4 -0.3 ∼-1.1 V

(vs. Hg/HgSO 4 )

487 F g − 1 

(2 mV s − 1 ) 

83%

(10,000 cycles)

[101]

V 4 C 3 T x HF etching V 4 AlC 3 Coating 1 M H 2 SO 4 -0.35 ∼0.15 V

(vs. Ag/AgCl)

∼209 F g − 1

(2 mV s − 1 ) 

97.23%

(10,000 cycles)

[103]

Nb 4 C 3 T x HF etching Nb 4 AlC 3 and

TMAOH delamination

Rolling 1 M H 2 SO 4 -0.9 ∼0.1 V

(vs. Ag)

1075 F cm 

− 3 

(5 mV s − 1 ) 

76%

(5000 cycles)

[104]

Ta 4 C 3 HF etching Ta 4 AlC 3 Coating 0.1 M H 2 SO 4 -0.2 ∼1.0 V

(vs. Ag/AgCl)

481 F g − 1 

(5 mV s − 1 ) 

89%

(2000 cycles)

[106]

Mo 2 CT x HF etching Mo 2 Ga 2 C and

TBAOH delamination

Filtrating into film 1 M H 2 SO 4 -0.3 ∼0.3 V

(vs. Ag/AgCl)

700 F cm 

− 3 

(2 mV s − 1 ) 

no degradation

(10,000 cycles)

[46]

Mo 2 TiC 2 T x

HF etching and DMSO

delamination Mo 2 TiAlC 2

Rolling 1 M H 2 SO 4 -0.1 ∼0.4 V

(vs. Ag/AgCl)

413 F cm 

− 3 

(2 mV s − 1 ) 

no degradation

(10,000 cycles)

[57]
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 g − 1 as the film thickness increased to 5 𝜇m. This points out the impor
ance of using decent electrode weight loadings ( > 1 mg cm 

− 2 ) to reach
ignificant and practical areal capacitance (mAh cm 

− 2 or F cm 

− 2 ) for
eporting electrochemical performance. The main reason for the large
iscrepancy between theoretical and experimental values is the horizon
al aggregation and restacking of MXene nanosheets due to the strong
an der Waals interaction between adjacent layers, which limits the ac
essibility to electrolyte ions and the utilization of the whole 2D MXene
urface [108] . Designing open structure and tailoring the morphology
f MXene nanosheets are of key importance to increase the electrochem
cally accessible surface area of MXenes and improve the ion transport
ate to active redox sites. Various strategies have been proposed, such as
ontrolling flake size, expanding interlayer spacing, designing three di
ensional (3D) porous structures, or vertical alignments, etc. to achieve
igh capacitance and power performance. 

.2.1. Controlling flake size 

Etching conditions have important impact on the morphology and
tructure of MXenes. For instance, while an accordion like Ti 3 C 2 T x MX
ne is obtained by HF etching of Ti 3 AlC 2 , a prolonging etching time
esults in more opened structure. The Ti 3 C 2 with an etching time of
16 h exhibited the destructed octahedral structure for Ti loss and more
xposed C on the surfaces, endowing with much enhanced capacitive
erformance compared with the Ti 3 C 2 with a short etching time of 24 h
108] .

Ti 3 C 2 T x MXene prepared by LiF/HCl etching and sonication usu
lly have delaminated flakes with wide size distribution ( Fig. 3 a and
). Sonication and centrifugation can be used to control and sort the
ake size of the MXenes ( Fig. 3 c): the sonication conditions affect the

ateral sizes, and the density gradient centrifugation allows a selection
f MXene flakes with controlled lateral sizes [109] . 

It is noteworthy that although the smaller MXene flakes provide
ore accessible ion diffusion paths and higher ionic conductivity, they

uffer from decreased electrical conductivities due to more interfacial
ontact resistance. Kayali et al. studied the change of the MXenes elec
rochemical properties with their lateral sizes as shown in Fig. 3 d [110] .
s large Ti 3 C 2 T x MXene flakes offer high electrical conductivity and
mall flakes enhance ion accessibility, a 1:1 mixture delivers a capaci
ance of 195 F g − 1 at 1000 mV s − 1 in 3 M H 2 SO 4 electrolyte ( Fig. 3 e).
his value is higher than those of MXenes with average flake sizes, thus
videncing the high electronic and ionic conductivity of the mixture.
urthermore, when the mixture was assembled into a hydrogel struc
ure, it achieved very high gravimetric and volumetric capacitances of
35 F g − 1 and 1513 F cm 

− 3 at 2 mV s − 1 , which remained 86 F g − 1 and
99 F cm 

− 3 at an ultrahigh scan rate of 10 V s − 1 , respectively, in 3 M
 2 SO 4 electrolyte ( Fig. 3 f). Therefore, a rational combination of various
ake sizes is suggested for optimum capacitive properties of MXenes. 

.2.2. Adding spacer between MXene interlayer 

In general, MXenes prepared by HF etching have accordion like
tructures, which need to be opened up for facilitating ion transport.
arbon spacers, already widely introduced into graphene structures to
revent aggregation [111 113] , can also be used to increase the inter
ayer spacing between the MXene layers [ 114 , 115 ]. For instance, a sim
le mixing of Ti 2 CT x powder with carbon nanospheres (CNS) results in
mproved capacitance [114] . Another strategy to open the MXene inter
ayer spacing is to create “pillars ” between the layers by using molecules
r ions [ 67 , 116 , 117 ]. For example, by immersing a wet Ti 3 C 2 T x powder
n hydrazine, the hydrazine molecules intercalate between Ti 3 C 2 T x lay
rs, increasing the interlayer spacing [67] . This opened structure leads
o improved ion accessibility to reactive sites, resulting in increased ca
acitance up to 250 F g − 1 for 75 μm thick electrodes in H 2 SO 4 elec
rolyte. Another pillared Ti 3 C 2 MXene structure with enlarged interlayer
pacing was achieved by using a cationic surfactant cetyltrimethylam
onium bromide (CTAB) intercalated by electrostatic interaction, while

urther Sn 4 + intercalation was made by ion exchange interaction [117] .
he Sn 4 + cations between MXene interlayers undergo large volume ex
ansion during alloying with lithium in non aqueous electrolyte, keep
ng MXene interlayers open to provide extra capacity. When used as
node in lithium ion capacitors, the CTAB Sn (IV)@Ti 3 C 2 electrode per
orms remarkable capacity (765 mAh g − 1 after 100 cycles at 0.1 A g − 1 )
ith high capacity retention at different current densities in organic

lectrolyte. 
Delaminated MXene nanosheets can be obtained by solvent inter

alation into the accordion like MXenes under ultrasonication [118] .
oreover and as early mentioned, the LiF/HCl etching synthesis route,
hich combines etching and delamination processes, is a simple way

o collect colloidal solution of delaminated single  or few  layer MXene
akes. Although the distance between different MXene flakes can be
onsidered as very large in MXene suspensions, these nanoflakes suffer



Fig. 3. Effect of sheet size on structure and capacitive performance of MXenes. (a) Schematic representation of a colloidal dispersion of MXene which is polydisperse 
in flake size. (b) Dynamic light scattering intensity distribution showing the wide distribution of particle sizes in a MXene solution with no centrifugation. (c) 
Schematic showing sonication time and power to affect the lateral size of MXene flakes, and density gradient centrifugation to separate MXene flakes with controlled 
lateral sizes. Reproduced from Ref. [109] with copyright permission from American Chemical Society. (d) Schematic showing the superiority of rational combination 
of various MXene flake sizes and (e and f) the capacitances in 3 M H 2 SO 4 of the MXene mixture. Reproduced from Ref. [110] with copyright permission from 

American Chemical Society. 
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rom dense restacking during conventional drying treatments. Adding a
pacer is a very effective method to prevent nanoflakes restacking and
eep the interlayer space open for accessible ion storage and transport.
here are several methods to introduce spacers into the delaminated
Xenes. 

Mixing 2D MXene suspensions with spacer dispersions, followed by
o filtration results in randomly mixed structures of MXene nanosheets
nd spacers [ 93 , 119 124 ]. One dimensional carbon nanotubes (CNTs)
ere used as interlayer spacers for delaminated Ti 2 CT x MXenes to pre
ent restacking [93] , providing rapid charge transport and enhanced
lectrochemical performances. Simon et al. further illustrated the im
rovement of MXenes’ performances by introducing CNTs as spacers
n organic electrolyte [119] . With organic electrolyte of 1 M 1 ethyl 3
ethylimidazolium bis(trifluoromethylsulfonyl)imide (EMITFSI) in ace

onitrile, CNTs spacers resulted in the preparation of a Ti 3 C 2 T x electrode
ith a capacitance of 245 F cm 

− 3 at 2 mV s − 1 , that is 3 fold increase
ompared to the meant Ti 3 C 2 T x capacitance. Also in organic electrolyte
1 M LiPF 6 EC/DEC), a flexible Nb 2 CT x /CNT paper electrode delivered
 volumetric capacitance of 325 F cm 

− 3 for Li ion capacitor [124] . 2D
raphene or reduced graphene oxide (rGO) nanosheets can also be ef
ectively intercalated between delaminated MXene layers by this route.
s shown in Fig. 4 a, a holey graphene intercalated Ti 3 C 2 T x MXene was
repared by filtration of alkalized MXene and holey graphene oxide dis
ersions and the subsequent annealing. Here, the holey graphene effec
ively prevents MXene from restacking and forms a porous network for
oosting the ion transport [120] . Such holey graphene modified MXene
lm delivered an ultrahigh volumetric capacitance of 1445 F cm 

− 3 at
 mV s − 1 , together with superior rate capability and high mass loading.
nterestingly, MXene nanoparticles (prepared by HF etching) can also
ct as interlayer spacers to prevent the MXene nanosheets (prepared by
Cl/LiF etching) from restacking, significantly improving the electro
hemical performance [121] . 

Alternative filtration of MXene suspensions and spacer dispersions
s a useful method to build sandwich like composite architectures
 125 , 126 ]. Using this approach ( Fig. 4 b), a flexible MXene/CNTs film
ith only 5 wt% CNTs content showed significantly improved volu
etric capacitance (280 F cm 

− 3 at 200 mV s − 1 ) in 1 M MgSO 4 elec
rolyte compared to that of pure MXene film (162 F cm 

− 3 ), or randomly
ixed MXene/CNT paper (236 F cm 

− 3 ). The incorporation of CNTs ef
ectively increased spacing between the Ti 3 C 2 T x nanosheets and pro
ided improved ion accessible surface area [125] . Besides, sandwich
ike Ti 3 C 2 T x /onion like carbon and Ti 3 C 2 T x /rGO, produced by similar
echnique, also exhibited impressive electrochemical performances as
upercapacitor electrodes. 

Since MXene nanosheets are usually negatively charged, inserting
ositively charged spacers, like CTAB grafted CNTs [ 127 , 128 ] or PDDA
odified rGO, [129] between MXene layers through electrostatic self

ssembly is an effective way to prevent MXene restacking. As shown in
ig. 4 c, after modification with polydiallyldimethylammonium chloride
PDDA), positively charged rGO nanosheets were mixed with MXene
or electrostatic self assembly. Then, the PDDA modified rGO was in
ercalated between MXene nanosheets, preventing their restacking and
ncreasing the interlayer spacing [129] . A flexible MXene film electrode
repared with only 5wt% graphene revealed volumetric capacitances
s high as 1040 and 634 F cm 

− 3 at 2 mV s − 1 and 1 V s − 1 , respectively,
n 3 M H 2 SO 4 electrolyte. It is noteworthy that cations also have pos
tive charge and can play a pillaring role as spacers between MXene
anosheets [ 130 , 131 ]. A highly ordered V 2 CT x film was fabricated via
lectrostatic interaction of alkali metal cations and V 2 CT x flakes. The
ntercalated cations enlarged the MXene interlayer spacing and thus im
roved the electrochemical properties, endowing the MXene with volu
etric capacitances in excess of 1300 F cm 

− 3 [94] . Moreover, the cation
driven electrostatic assembly converted the chemically (and electro
hemically) unstable V 2 CT x flakes to highly stable V 2 CT x films. 

Ion exchange strategies have been employed to replace the interlay
red molecules or ions with larger spacers. By immersing Ti 3 C 2 T x hydro
el, which contained huge amounts of water and acetone, into 1 ethyl
methylimidazolium bis (trifluoromethylsulfonyl) imide (EMITFSI), an

onogel was formed with EMITFSI between Ti 3 C 2 T x flakes. Due to the
illaring effect of the ionic liquid, MXenes with increased interlayer
pacing were prepared, that could operate in ionic liquid electrolyte
ith improved electrochemical performance compared with the non

ntercalated MXenes [132] . Another example is the use of hexade
ylamine hydrochloride (HEXCl) for ion exchange reactions with the
MAOH delaminated MXene ( Fig. 4 d). The TMA 

+ cations intercalated
n the Ti C T interlayers were replaced with HEX 

+ . Subsequently,
3 2 x 



Fig. 4. Adding interlayer spacers to prevent the MXene nanoflakes from restacking. (a) Simple mixing and filtration of MXene and holey GO dispersions followed 
by thermal reduction. Reproduced from Ref. [120] with copyright permission from Wiley-VCH. (b) Alternative filtration of MXene suspensions and CNT dispersions 
to construct sandwich-like composite MXene/CNTs film. Reproduced from Ref. [125] with copyright permission from Wiley-VCH. (c) Electrostatic self-assembly 
of negatively charged MXene nanosheets and positively charged PDDA-modified rGO. Reproduced from Ref. [129] with copyright permission from Wiley-VCH. 
(d) Ion-exchange reactions by HEXCl to replace the TMA 

+ cations in the TMAOH-delaminated MXene interlayers, followed by in situ carbonization, producing the
carbon-intercalated Ti 3 C 2 T x . Reproduced from Ref. [133] with copyright permission from Royal Society of Chemistry.
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hrough in situ carbonization by annealing, the carbon intercalated
i 3 C 2 T x MXenes were prepared, which exhibited enlarged interlayer
pacing, enhanced electrical conductivity and improved electrochemi
al performances [133] . 

Other methods have also been developed to add spacers into the de
aminated MXene materials by using electrophoretic deposition [134] or
lasma exfoliation [135] . For instance, via electrophoretic deposition of
 uniform mixed suspension of delaminated Ti 3 C 2 T x MXene and CNTs,
NTs were incorporated between MXene layers, building a robust struc
ure, preventing MXene restacking, thus leading to the enhanced elec
rochemical performance [134] . 

.2.3. Designing 3D/porous structure 

Reducing flake size and enlarging interlayer spacing are beneficial
o enhance the ion transport and ion accessibility to active sites, thus
mproving the performance of MXenes. However, designing 3D/porous
lectrode structure, with large ion accessible active surface area and in
erconnected pores for ion transport channels, can more efficiently im
rove the MXenes high rate capability. 

Creating porous MXene architecture can offer paths for electrolyte
mpregnation and ion transport, shortening the diffusion distance
nd decreasing the resistance, so offering suitable porous architecture
romises improved rate performance of MXenes. Several approaches,
ike chemical etching [136] , template methods [137 140] , hydrazine
nduced foaming [141] , electrophoretic deposition [142] , have been
mployed for building porous MXene electrodes. As an example, us
ng poly(methyl methacrylate) (PMMA) spheres as hard templates, an
pen Ti 3 C 2 T x MXene architecture with 1 ∼2 μm diameter macropores
nd submicrometer wall thicknesses was prepared ( Fig. 5 a) [71] . Owing
o the greatly reduced ion transport lengths, macroporous 13 μm thick
lm with 0.43 mg cm 

− 2 loading revealed a gravimetric capacitance of
10 F g − 1 (0.14 F cm 

− 2 ) at an ultrahigh power performance, with 200
 g − 1 (0.09 F cm 

− 2 ) still delivered at 10 V s − 1 in 3 M H 2 SO 4 electrolyte
 Fig. 5 b). EIS spectra of thicker films (3.7 mg cm 

− 2 loading, Fig. 5 c) fur
her confirmed the small ion transport resistance in the macroporous
rchitecture; those films could achieve specific capacitances beyond 2 F
m 

− 2 . Nanoporous MXene film can also be prepared via template meth
ds. A nanoporous MXene film was prepared using Fe(OH) 3 nanoparti
les with diameters of 3 ∼5 nm as templates [143] . The film maintained a
ypical layer structure ( Fig. 5 d) with the presence of a nanoporous net
ork for ion transport, which was evidenced by an enhanced specific

urface area ( Fig. 5 e). Remarkably, using an optimized porosity (56 m 

2 

 

− 1 , 0.1 cm 

3 g − 1 ), a nanoporous MXene film could achieve an ultra
igh density of 3.3 g cm 

− 3 , together with high volumetric capacitance
f 1142 F cm 

− 3 and 828 F cm 

− 3 at 0.5 A g − 1 and 20 A g − 1 , respectively,
n 3 M H 2 SO 4 electrolyte ( Fig. 5 f). Recently, small ice grains were used
s self sacrificial templates to fabricate free standing and flexible MX
ne/CNTs film with both macropores and nanopores. By freeze drying
he wet MXene based film, a large amount of residual water molecules in
Xene interlayer were in situ transformed into ice templates. Thanks to

he controlled porous structure with improved ion accessibility, capaci
ance as high as 375 and 251 F g − 1 could be reached at 5 and 1000 mV
 

− 1 , respectively [144] . Besides, foaming by vapor [145] , crumpling
146] and carbon assisted assembly [ 147 , 148 ] have been reported to
e effective to build porous MXene frameworks.

Assembling 2D MXene sheets into 3D electrode architecture is also
avorable to improve the performance of MXene materials for energy
torage applications. 3D MXene aerogels can be obtained in combination
ith graphene [149 151] . As illustrated in Fig. 6 a, during freeze drying
f a mixed solution of GO and MXene, both GO and MXene nanosheets
ere forced to gradually align along the ice crystal boundary and fi
ally cross linked by the 𝜋  𝜋 interaction to form a 3D porous network.
nterestingly, this 3D structure was maintained after the reduction re
ction from GO to rGO [150] . Moreover, 3D MXene aerogels can be
repared by removing water via freeze drying from the MXene hydro
els [ 152 , 153 ]. Shang et al. reported a 3D macroscopic MXene hydrogel
ssembled with GO and ethylenediamine (EDA) [151] . The EDA reduc
ant initiated ring opening of epoxy groups on GO surface to form oxy
en dangling bonds, which then reacted with MXene flakes to form a
ydrogel of MXene together with partially reduced GO under van der
aals forces and 𝜋  𝜋 stacking interactions ( Fig. 6 b). The hydrogel with

D porous structure exhibited high electron transfer rate and fast ion
ransport to active redox sites, and delivered an exceptionally high ca
acitance of 165 F g − 1 even at 1000 A g − 1 in H 2 SO 4 electrolyte. Further
ore, through tuning the drying process, these MXene hydrogels could



Fig. 5. Porous MXenes as electrode materials for supercapacitors. (a) Cross-sectional SEM image of the macroporous Ti 3 C 2 T x film prepared with PMMA template 
(inset: schematically macroporous architecture and ionic current pathways in it). (b) CVs of a macroporous 13-μm-thick film with 0.43 mg cm 

− 2 loading in 3 M H 2SO 4 

electrolyte at scan rates ranging from 20 to 10,000 mV s − 1 . (c) Electrochemical impedance spectroscopy (EIS) at various potentials for a macroporous film with 3.7 mg 
cm 

− 2 loading. Reproduced from Ref. [71] with copyright permission from Springer. (d) Cross-sectional SEM image of the nanoporous Ti 3 C 2 T x film prepared with 
Fe(OH) 3 nanotemplate. (e) N 2 adsorption–desorption isotherms of the nanoporous MXene films. (f) Capacitances of various nanoporous films. Reproduced from Ref. 
[143] with copyright permission from Royal Society of Chemistry.

Fig. 6. Designs for 3D MXene architectures. (a) MXene-rGO composite aerogel constructed by freeze-drying of the mixture of GO and MXene and the subsequent mild 
chemical reduction. Reproduced from Ref. [150] with copyright permission from American Chemical Society. (b) 3D macroscopic MXene hydrogel assembled with 
the assistance of GO and ethylenediamine (EDA). Reproduced from Ref. [151] with copyright permission from Wiley-VCH. (c) 3D macroporous MXene prepared by 
a rapid freezing with liquid nitrogen and then freezing drying. Reproduced from Ref. [154] with copyright permission from Elsevier. (d) 3D porous MXene/bacterial 
cellulose (BC) composite film self-assembled with BC as interconnected substrate. Reproduced from Ref. [155] with copyright permission from Wiley-VCH. 
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e transformed into different structures ranging from a loosely porous
erogel to a dense solid, applicable for different fields. 

In addition to aerogels/hydrogels, 3D macroporous MXenes could
e fabricated via a simple and environmental friendly rapid freezing
ethod with liquid nitrogen. As shown in Fig. 6 c, when the Ti 3 C 2 T x film,
repared by vacuum filtration, was immersed into liquid nitrogen, water
emained in the film was rapidly solidified into ice crystals and MXene
anosheets formed a continuous network along the ice crystal bound
ries [154] . After subsequent freeze drying, a 3D macroporous MXene
rchitecture was obtained. This 3D macroporous MXenes not only pos
essed much more active sites than the dense Ti 3 C 2 T x film, but also
xhibited larger volumetric capacitance in H 2 SO 4 electrolyte, higher
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trength, lower cost and higher production efficiency than the Ti 3 C 2 Tx 

erogel. Another method to assemble 3D porous MXene was reported
y using bacterial cellulose (BC) fibers as substrate ( Fig. 6 d) [155].  The
Xene and BC could absorb together spontaneously on basis of the in 

eraction between their oxygen containing groups. After vacuum filtra 
ion, freeze casting and drying, a bicontinuous 3D porous MXene/BC
rchitecture was formed, which was beneficial for fast ion transport
nd improved accessibility to active sites. Additionally, the intercon 

ected BC network provided robust mechanical strength and the MXene
ramework offered high electronic conductivity, enabling the MXene/BC
omposite film to achieve a linear increase of the capacitance when the
lectrode mass loading was increased from 1.2 to 8 mg cm 

− 2 at current
ensities less than 30 mA cm 

− 2.  
Loading MXenes onto 3D matrix such as carbon cloth [156 158] and

ickel foam [159 162] is also an important and simple method to de 
ign 3D MXene frameworks. 2D delaminated MXene nanosheets can be
ssembled onto a 3D nickel foam skeleton by electrostatic self assembly
 159,  160 ], electrophoretic deposition [161],  or dropping mild bakin
pproach [162].  The obtained structure provides high electronic con
uctivity, massive active redox sites, high ion transfer efficiency and
hort ion diffusion paths, leading to great improvement of electrochem 

cal performances of the MXenes. But one consideration is high dead
eight and low volumetric capacitance of nickel foam. Besides, the
ecoration with metals on MXenes can also enhance their conductiv 
ty [ 163,  164 ], which is beneficial to further improving the rate perfor
ance. 

Compared with restacked MXene nanosheets, the 3D/porous MXene
rameworks have provided significant improvements on rate capabil 
ty of MXenes through facilitating the ion transport, resulting in im 

roved electrochemical performance. Nevertheless, the existence of a
arge number of macroporous results in the decrease of the density and
olumetric capacitance of the MXene frameworks. Therefore, the porous
tructure should be optimized to balance the volumetric capacitance
nd rate capability of MXenes. Also, the weight of the porous current
ollector (Ni foam for instance) may significantly decrease the gravi 
etric performance of the whole electrode (including the current col 

ector weight). One simple strategy is mechanically pressing the 3D MX 

ne aerogel to increase its packing density and conductivity and main 

ain sufficient ion accessible active sites at the same time. Through this
ethod, a compact and nanoporous Ti 3 C 2 Tx  MXene film was obtained
hich delivered a high volumetric capacitance of 616 F cm 

− 3 with a
igh mass loading of 12.2 mg cm 

− 2 [165].  Recently, a reduced repulsion
reeze casting assembly concept was proposed for producing ordered 3D
orous MXene architectures [166].  When KOH solution was added into
 Ti 3 C 2 Tx  suspension, the interlayer electrostatic repulsion was weak
ned. Via a freeze casting process, KOH treated MXene nanosheets could
e assembled into a stable 3D porous framework with relatively com 

act honeycomblike structure, which can be scaled to a mass loading of
6.18 mg cm 

− 2 with insignificant capacitance attenuation. 

.2.4. Fabricating vertical alignments 
Vertically aligned Ti 3 C 2 Tx  MXene flakes were developed to further

horten the ion transport paths. For example, a vertical alignment of 2D
Xene flakes was prepared from a high order discotic lamellar liquid 

rystalline MXene [167].  Indeed, 2D MXene flakes dispersed in an aque
us solution could spontaneously produce discotic liquid crystal phases,
ut the formation of the high order phase in 2D MXene nanosheets with
arge polydispersity needs the presence of a surfactant. As shown in
ig. 7 a, when hexaethylene glycol monododecyl ether (C 12 E 6 ), used as
urfactant, was introduced with MXenes, strong hydrogen bonds were
ormed between the OH groups of C 12 E 6 and F or O terminations
n MXenes, enhancing molecular interactions between the nanosheets.
he resultant increasing packing symmetry resulted in the formation
f high order discotic lamellar phase of 2D MXene nanosheets. Under
n external mechanical shearing, coherent lamellar MXene flakes were
ligned vertically to minimize the elastic distortion energy ( Fig. 7 b).
he MXene lamellar liquid crystal aligned almost unidirectional and
ertically under shear flow, which was confirmed by polarized optical
icroscope ( Fig. 7 c) and SEM observations ( Fig. 7 d). The vertical align
ent provided monidirectional ion transport, resulting in excellent elec

rochemical performances in H 2 SO 4 electrolyte ( Fig. 7 e g). Indeed, the
ravimetric capacitance (above 200 F g − 1 ) was nearly independent on
he film thickness up to 200 𝜇m at scan rates below 2000 mV s − 1 , far ex
eeding the performance of 100 𝜇m thick commercial carbon electrodes.
lso, for the film with a mass loading of 2.80 mg cm 

− 2 , the areal capac
tance achieved above 0.6 F cm 

− 2 at 1000 mV s − 1 , making these thick,
ertically aligned MXene electrodes very attractive for high rate energy
torage applications. Afterwards, a MXene film electrode composed of
anti T shape ” flakes was prepared for effective vertical ion transport
168] . The “anti T shape ” Ti 3 C 2 T x film was obtained by vacuum fil
rating a MXene solution through a entwined metal mesh as filtration
embrane ( Fig. 7 h). Thanks to the improvement of ion transport, the

anti T shape ” Ti 3 C 2 T x film electrodes showed a capacitance of 361 F
 

− 1 at 2 A g − 1 and a capacitance retention of 76% as the current density
ncreased to 20 A g − 1 in H 2 SO 4 electrolyte.

In order to meet the requirements on capacitance and rate perfor
ance, various architectures of MXenes have been prepared. As listed

n Table 2 , rational design of MXene and MXene based electrode struc
ures is of high importance to achieve desirable performances of super
apacitors. Designing hydrogel framework can push the capacitance of
Xenes closer to its theoretical limit, while a porous MXene structure

an achieve high rate performance at potential scan rate up to 10 V s − 1 .
ertically aligned MXene flakes can exhibit high capacitive and power
erformance independent from film thickness up to 200 𝜇m. These de
igns and their combination offer new exciting opportunities for MXenes
or supercapacitor applications. 

These electrodes can achieve high performance in aqueous elec
rolytes, which is within a limited voltage window (about 1 V), because
f the limitation by water electrolysis and associated O 2 and H 2 gas evo
ution. Improving the energy density will then need MXene electrodes to
perate in non aqueous electrolytes, where the electrochemical perfor
ances are known to be lower because of the limited cation accessibility

o the redox sites of MXenes, as a consequence of the use of bigger ions
s. H 

+ and the lower ion transport rate in non aqueous electrolytes. As
 result, more effort will have to be directed towards the preparation
f MXene architectures with balanced open ion transport channels to
ether with higher density to improve the electrode gravimetric and
olumetric capacity in non aqueous electrolytes. Moreover, the design
f advanced structures will need to use simple processes for practical
pplications. 

.3. Chemical modification 

Computational studies suggest that the chemical modification of MX
nes can result in improved performance, which is a promising direction
or its rational engineering. For example, designing specific surface ter
inations on MXene surface can be used to control the bandgap, elec

ronic conductivity, work functions, half metallicity and 2D ferromag
etism [70] . Most recently, a post synthetic exchange reaction strat
gy was used to tune surface groups on MXenes prepared by Lewis
cidic molten salt etching method [70] . Through this strategy, MXenes
ith different surface terminations ( NH, S, Cl, Se, Br, Te, etc.)
nd even bare MXenes without terminations were prepared, which per
ormed unique structural and electronic properties. Moreover, MXene
oping with heteroatoms for instance can affect their lattice parameter,
lectronic property, bandgap, and density of states. For different appli
ations, various heteroatoms and metal elements have been introduced
nto MXene lattice. For example, MXenes doping with metal elements
such as Pt, Co, Ru, Nb, etc.) were used to enhance the kinetics of cat
lytic hydrogen evolution reaction [169 173] . Additionally, the intro
uction of vacancies can influence the surface morphology and reactiv
ty of MXenes [174] . Therefore, the chemical modification of MXenes



Table 2

Capacitive performances of the MXene electrodes with rational structural designs. 

Electrode Fabrication method Electrolyte Potential Capacitance Cycle stability Ref. 

Controlling flake size

Ti 3 C 2 T x film Mixing large & small flakes 3 M H 2 SO 4 -0.7 ∼0.2 V

(vs Ag/AgCl)

435 ∼86 F g − 1 

(2 ∼10,000 mV s − 1 ) 

98%

(10,000 cycles)

[110]

Adding spacer between MXene interlayer

75 𝜇m Ti 3 C 2 T x
pillared by

hydrazine

Suspending in hydrazine 1 M H 2 SO 4 -0.3 ∼0.2 V

(vs Ag/AgCl)

250 ∼210 F g − 1 

(2 ∼100 mV s − 1 ) 

no decay

(10,000 cycles)

[67]

Ti 3 C 2 T x /graphene-

3%

film

Mixing and filtration 3 M H 2 SO 4 -0.7 ∼0.3 V

(vs Ag/AgCl)

438 ∼302 F g − 1 

(2 ∼500 mV s − 1 ) 

93%

(10,000 cycles)

[120]

Sandwiched

Ti 3 C 2 T x /CNT-5%

film

Alternative filtration 1 M MgSO 4 -0.8 ∼0.1 V

(vs Ag/AgCl)

390 ∼280 F cm 

− 3 

(2 ∼200 mV s − 1 ) 

no decay

(10,000 cycles)

[125]

Ti 3 C 2 T x /rGO-5%

film

Electrostatic self-assembly 3 M H 2 SO 4 -0.7 ∼0.3 V

(vs Ag/AgCl)

1040 ∼634 F cm 

− 3 

(2 ∼10,000 mV s − 1 ) 

no decay

(20,000 cycles)

[129]

V 2 CT x /alkali metal

cations film

Cationdriven assembly 3 M H 2 SO 4 -0.4 ∼0.2 V

(vs Ag/AgCl)

1315 ∼> 300 F cm 

− 3 

(5 ∼10,000 mV s − 1 ) 

∼77%

(10 6 cycles)

[94]

Ti 3 C 2 T x ionogel

film

Immersing into EMITFSI EMITFSI 0 ∼3 V 

(2-electrode)

70 ∼52.5 F g − 1 

(20 ∼500 mV s − 1 ) 

> 80%

(1000 cycles)

[132]

Carbon- 

intercalated

Ti 3 C 2 T x

in situ carbonization 1 M H 2 SO 4 -0.1 ∼0.5 V

(vs Ag/AgCl)

364.3 ∼193.3 F g − 1 

(1 ∼20 A g − 1 ) 

> 99%

(10,000 cycles)

[133]

Ti 3 C 2 /CNTs film Electrophoretic deposition 6 M KOH -0.9 ∼-0.4 V

(vs Hg/HgO)

134 ∼55 F g − 1 

(1 ∼10 A g − 1 ) 

no decay

(10,000 cycles)

[134]

Ti 3 C 2 T x @rGO film Plasma exfoliation PVA/H 2 SO 4 0 ∼0.7 V 

(2-electrode)

54 ∼35 mF cm 

− 2 

(0.1 ∼10 mA cm 

− 2 ) 

∼100%

(1000 cycles)

[135]

Designing 3D/porous structure

13 μm Ti 3 C 2 T x film 1 ∼2 μm PMMA template 3 M H 2 SO 4 -1.1 ∼-0.15 V

(vs Hg/Hg 2 SO 4 )

310 ∼100 F g − 1 

(10 ∼40,000 mV s − 1 ) 

– [71]

Nanoporous

Ti 3 C 2 T x film

3 ∼5 nm Fe(OH) 3 template 3 M H 2 SO 4 -0.5 ∼0.3 V

(vs Ag/AgCl)

1142 ∼828 F cm 

− 3 

(0.5 ∼20 A g − 1 ) 

90.5%

(10,000 cycles)

[143]

MXene/CNTs film Ice template 3 M H 2 SO 4 -0.7 ∼0.3 V

(vs Ag/AgCl)

375 ∼92 F g − 1 

(5 ∼10,000 mV − 1 ) 

95.9%

(10,000 cycles)

[144]

Ti 3 C 2 T x -rGO

aerogel

Freeze-drying PVA/H 2 SO 4 0 ∼0.6 V 

(micro

supercapacitor)

34.6 ∼9.2 mF cm 

− 2 

(1 ∼100 mV s − 1 ) 

91%

(15,000 cycles)

[150]

Ti 3 C 2 aerogel EDA-assisted assembly and freeze-drying 1 M KOH -1.0 ∼0.4 V

(vs Ag/AgCl)

87.1 ∼66.7 F g − 1 

(2 ∼100 mV s − 1 ) 

87.7%

(10,000 cycles)

[152]

Ti 3 C 2 T x aerogel Ammonia-assisted assembly and

freeze-drying

3 M H 2 SO 4 -0.6 ∼0.2 V

(vs Ag/AgCl)

438 ∼173 F g − 1 

(10 ∼20,000 mV s − 1 ) 

94%

(20,000 cycles)

[153]

Ti 3 C 2 T x hydrogel GO&EDA-assisted assembly and

freeze-drying

H 2 SO 4 -1.1 ∼-0.15 V

(vs Hg/Hg 2 SO 4 )

370 ∼165 F g − 1 

(5 ∼1000 A g − 1 ) 

98%

(10,000 cycles)

[151]

3D macroporous

Ti 3 C 2 T x film

Rapid freezing 3 M H 2 SO 4 -0.3 ∼0.2 V

(vs Ag/AgCl)

1355 ∼826.5 F cm 

− 3 

(1 ∼20 A g − 1 ) 

97%

(8000 cycles)

[154]

Ti 3 C 2 T x /BC film Filtration and freeze-casting 3 M H 2 SO 4 -0.65 ∼0.3 V

(vs Ag/AgCl)

416 ∼260 F g − 1 

(3 ∼50 mA cm 

− 2 ) 

93%

(10,000 cycles)

[155]

Ti 3 C 2 T x /carbon

cloth

Dipping, freeze-drying, KOH treatment 1 M H 2 SO 4 -0.4 ∼0.4 V

(vs Ag/AgCl)

312 ∼200 mF cm 

− 2 

(1 ∼20 mA cm 

− 2 ) 

97%

(8000 cycles)

[157]

Ti 3 C 2 /Ni foam Electrostatic self-assembly 1 M Li 2 SO 4 -0.9 ∼-0.3 V

(vs SCE)

370 ∼117 F g − 1 

(2 ∼10,000 mV s − 1 ) 

86.3%

(10,000 cycles)

[160]

Ti 3 C 2 T x /Ni foam Electrophoretic deposition 1 M KOH -0.75 ∼-0.25 V

(vs SCE)

140 ∼110 F g − 1 

(5 ∼50 mV s − 1 ) 

100%

(10,000 cycles)

[161]

Ti 3 C 2 T x /Ni foam Dropping-mild baking 1 M H 2 SO 4 0 ∼0.4 V 

(2-electrode)

499 ∼350 F g − 1 

(2 ∼100 mV s − 1 ) 

∼100%

(10,000 cycles)

[162]

Compact and

nanoporous

Ti 3 C 2 T x film

Freeze-drying and mechanically pressing 3 M H 2 SO 4 -0.5 ∼0.3 V

(vs Ag/AgCl)

932 ∼462 F cm 

− 3 

(2 ∼500 mV s − 1 ) 

88.4%

(5000 cycles)

[165]

3D porous Ti 3 C 2 T x
film

reduced-repulsion freeze-casting

assembly

3 M H 2 SO 4 -0.5 ∼0.3 V

(vs Ag/AgCl)

358.8 ∼207.9 F g − 1 

(20 ∼10,000 mV s − 1 ) 

93.8%

(10,000 cycles)

[166]

Fabricating vertical alignments

200 μm Ti 3 C 2 T x
film

Mechanical shearing of a discotic

lamellar liquid-crystal MXene

3 M H 2 SO 4 -1.0 ∼-0.1 V

(vs Hg/Hg 2 SO 4 )

> 200 F g − 1

(10 ∼2000 mV s − 1 )

∼100%

(20,000 cycles)

[167]

Anti-T Ti 3 C 2 T x film Filtrating through a entwined metal mesh 1 M H 2 SO 4 -0.5 ∼0.3 V

(vs Ag/AgCl)

361 ∼275 F g − 1

(2 ∼20 A g − 1 )

70.3%

(10,000 cycles)

[168]

Blue data in Cycle stability was tested in symmetric systems. 



Fig. 7. Vertically aligned MXenes. (a) Illustra- 
tion of the C 12 E 6 surfactant created high-order 
discotic lamellar phase of MXene by the hydro- 
gen bonding. (b) The alignment of the MXene 
flakes under mechanical shearing with the flow 

direction. (c) Optical microscope image with 
shear direction at 45° to the polarizer angle 
and (d) top-view SEM image of the MXene liq- 
uid crystal. (e) Fast ion transport in vertically 
aligned MXene. (f) Gravimetric and (g) areal 
capacitance of the vertically aligned MXene 
films at scan rates in range of 10 ∼100,000 mV 

s − 1 . Those of the vacuum-filtered MXene pa- 
pers and a 180-μm thick macroporous MXene 
film [51] are listed for comparision. (a–g) Ver- 
tical alignment of MXene lamellar liquid crys- 
tal. Reproduced from Ref. [167] with copyright 
permission from Springer. (h) Schematic of 
“anti-T-shape ” Ti 3 C 2 T x film. Reproduced from 

Ref. [168] with copyright permission from 

Wiley-VCH. 
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s an important direction to improve capacitive performance of MXenes
y playing with electronic conductivity and surface reactivity with elec
rolyte ions. 

.3.1. Surface termination control 

MXenes, as being mainly prepared from MAX phases by etching
rocess in F containing electrolytes, have abundant surface termina
ions such as O, OH and F groups. These terminations greatly im
act on MXene interlayer spacing, electronic conductivity, ion adsorp
ion and thus electrochemical performance [175] . Therefore, tuning the
urface terminations is a way to improve electrochemical performances
f MXenes [ 67 , 176 ]. It was demonstrated that the presence of oxygen
ontaining terminations ( O, OH) can endow MXenes with outstand
ng hydrophilicity and induce bonding/debonding with ions from the
lectrolyte, resulting in pseudocapacitive behavior [177] ; however, the
resence of F terminations may block electrolyte ion transport [178] ,
imit active redox sites [179] , and decrease the electronic conductivity
175] . MXenes prepared by fluorine free etching routes exclude the F
erminations [ 49 , 68 , 69 ]. However, the electrochemical performance of
he obtained materials was somehow limited, possibly due to the poor
uality of the etching without fluorine. Since most of the etching meth
ds use HF or LiF/HCl as etching agents, F terminations are presented
t MXene surface. Then, much efforts have been devoted to remove F
erminations to improve the electrochemical performances of MXenes. 

Annealing is a common method for termination modification. MXene
nnealed in N 2 /H 2 atmosphere exhibited lower surface fluorine content,
hich improved the capacitive performance in KOH electrolyte by pro
iding high ion accessibility [180] . Moreover, Simon et al. found that
he F terminations on the MXene surface could be replaced with O
erminations by treating in alkali solution as reagent, since Ti F bonds
ecame unstable in basic solution [181] . After further annealing under
r atmosphere, Ti 3 C 2 T x MXene electrodes with low termination con
entration and high pseudocapacitance were obtained [182] . Fig. 8 a
ummarizes the modifying procedures of this Ti 3 C 2 T x MXene. During
reatment in KOH solution, K 

+ ions spontaneously intercalate between
he Ti 3 C 2 T x MXene nanosheets, leading to enlarged interlayer spacing.
 further annealing under Ar atmosphere remove the terminated groups,

eading to larger interlayer voids and lower termination concentration
182] . Thus, more active Ti atoms are exposed to the electrolyte, which
ignificantly increase the capacitance up to 517 F g − 1 at 1 A g − 1 in



Fig. 8. Surface termination control of MXenes. (a) Schematic of modified Ti 3 C 2 T x MXenes by KOH treatment with further annealing under Ar. (b) Galvanostatic 
charge/discharge curves of the modified MXene at different current densities. Reproduced from Ref. [182] with copyright permission from Wiley-VCH. (c–f) Element 
distribution by XPS, SEM images and CV curves of the n-butyllithium modified MXenes (The few-layer Ti 3 C 2 T x (F-Ti 3 C 2 T x ) after modification by n-butyllithium 

and LiOH were denoted as n-F-Ti 3 C 2 T and L-F-Ti 3 C 2 T, respectively). Reproduced from Ref. [183] with copyright permission from American Chemical Society. (g 
and h) XPS spectra and optimized interlayer distance of Ti 2 CT x MXene prepared via LiF/HCl etching. Reproduced from Ref. [184] with copyright permission from 

Wiley-VCH. 
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 2 SO 4 electrolyte ( Fig. 8 b), that is about twice compared to the un
reated one. However, the annealing treatment, even achieved under
nert atmosphere, leads to partial oxidization of MXenes and the alkali
reatment may also result in partial dissolution of the MXene structure.
o better tune the oxygen and fluorine containing termination groups
n MXenes, n butyllithium was employed as a strong nucleophilic and
educing reagent, which can transform OH and halogen groups into
ther groups [183] . Compared with the alkali treated MXenes, the n
utyllithium modified MXene showed more O groups and limited F
erminations ( Fig. 8 c), as well as more stable structure ( Fig. 8 d and e).
herefore, outstanding electrochemical performance was achieved, with
 high capacitance of 523 F g − 1 at 2 mV s − 1 ( Fig. 8 f) and 96% capaci
ance retention after 10,000 cycles. 

Other terminations might also be introduced onto MXene surface by
tching or using delamination agents. A Ti 2 CT x MXene prepared from
onventional LiF/HCl etching method showed the presence of Cl ter
inations in addition to the O, OH, F groups ( Fig. 8 g) [184] . Dif

erently from F terminations, Cl terminations result in expanded in
erlayer spacing, which was confirmed by the continuous increase of
nterlayer distance together with the Cl termination fraction ( Fig. 8 h).
urthermore, the lower electronegativity of Cl terminations than O,
F terminations was demonstrated to be beneficial for enhancing the
seudocapacitance [185] . Besides, a sulfanilic diazonium salt was used
s surface modifiers to functionalize the Ti 3 C 2 MXene nanosheets with
henylsulfonic groups, causing improved dispersibility, larger specific
urface area and enhanced capacitive performance [186] . 

It is noteworthy that the covalent surface modification strategy re
ently reported provides large opportunities for tuning the surface ter
inations on MXenes, leading to remarkable properties [70] . The effect

f the new terminations, such as NH, Se, Br, Te, etc., on the capaci
ive performance of MXenes and the mechanism are of great significance
nd needs to be further explored. 

.3.2. Heteroatoms doping 

Heteroatoms doping can trim the electron donor capability of the
aterial and modify the surface properties. Therefore, heteroatoms, es
ecially nitrogen, have been introduced into MXenes to enhance their
lectrochemical performances. Taking N doped Ti 3 C 2 T x as an example,
t is assumed that nitrogen atoms replace carbon atoms in the carbon lay
rs, which can increase the MXene interlayer spacing, enhance the elec
ronic conductivity, and create defects for additional active sites [187] .

Heat treatment in ammonia atmosphere is one of the most commonly
sed ways for nitrogen doping. By annealing Ti 3 C 2 T x in ammonia, a N
oped Ti 3 C 2 T x MXene was synthesized, in which the nitrogen mainly
xisted in types of Ti N, Ti O N (or Ti N O, O Ti N) and chemisorbed 𝛾
 2 [187] . The nitrogen doping remarkably increases the d spacing from
.96 nm (pristine Ti 3 C 2 T x ) to 1.23 nm and improves the electron con
entrations, resulting in better ion accessibility and higher electronic
onductivity. Therefore, N doped MXene exhibited enhanced capaci
ance (192 F g − 1 at 1 mV s − 1 in H 2 SO 4 electrolyte) than that of the
n doped counterpart (34 F g − 1 ). It should be noted that these rela
ively low capacitances were achieved in a 0.2 ∼0.35 V (vs Ag/AgCl)
otential window. A further widening of the potential window to 
.6 ∼0.35 V (vs Ag/AgCl) may significantly increase the capacitance.
imilarly, nitrogen doped V 4 C 3 T x MXene was prepared by annealing
n ammonia and obtained a capacitance of 210 F g − 1 at 10 mV s − 1 in
 M H 2 SO 4 [188] . 

Doping from liquid phase is the most studied route for preparing N
oped MXenes. With low cost industrial urea as nitrogen source, meth
ds like hydrothermal treatment [ 189 , 190 ], solvothermal treatment



Fig. 9. N-doped MXenes. (a–c) XPS spectra and capacitances of the N-doped Ti 3 C 2 prepared by ex situ solvothermal method (UN-Ti 3 C 2 : urea-assisted N-doped 
delaminated Ti 3 C 2 ; MN-Ti 3 C 2 : MEA-assisted nitrogen-doped delaminated Ti 3 C 2 ; TN-Ti 3 C 2 : delaminated Ti 3 C 1.8 N 0.2 solid solution films). Reproduced from Ref. 
[191] with copyright permission from Wiley-VCH. (d) Illustration for chemically doping a Ti 2 CT x with nitrogen from NH 2 CN. Reproduced from Ref. [95] with
copyright permission from Wiley-VCH.
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191] , and liquid exfoliation [192] have been used for doping nitro
en into MXenes. For instance, a flexible, freestanding, and compact
doped delaminated Ti 3 C 2 film was prepared with urea saturated alco

ol solution as liquid nitrogen source through electrostatic adsorption
nd ex situ solvothermal treatment [191] . The film possessed a rela
ively high nitrogen concentration of 7.7 at% ( Fig. 9 a), enlarging the
spacing of MXene from 1.15 nm to 1.24 nm. Comparing with the de

aminated Ti 3 C 1.8 N 0.2 solid solution film prepared by LiF/HCl etching
f Ti 3 AlC 1.8 N 0.2 in Fig. 9 b, the ex situ N doped film had extra pyridinic
itrogen (N 6) and oxynitride (N O) as well as much more quaternary ni
rogen (N Q) [191] . N Q contributed to high capacitance, and the stable
nd high energy N 6 provided electron donor properties in the N doped
Xene layers by rendering a pair of electrons for conjugation with the 𝜋

onjugated rings. This is the possible reason for the ultrahigh volumetric
apacitance achieved by the N doped Ti 3 C 2 film, which delivered 927 F
 

− 1 and 2836 F cm 

− 3 at 5 mV s − 1 in H 2 SO 4 electrolyte ( Fig. 9 c). In addi
ion, the NH 4 F etching method for preparing MXene provides an inter
sting synthesis route for nitrogen doping. When Ti 3 AlC 2 was selectively
tched by HCl/NH 4 F solution, Ti 3 C 2 T x flakes with NH 4 

+ intercalated
etween layers were formed [193] . After annealing treatment, nitrogen
toms were incorporated into the in plane lattice of the Ti 3 C 2 T x . The
btained N doped Ti 3 C 2 T x delivered a high capacitance of 586 F g − 1 at
 mV s − 1 and a capacitance retention of 96.2% after 10,000 cycles at 5
 g − 1 in H 2 SO 4 electrolyte.

Besides, Ti 2 CT x MXene was chemically doped with nitrogen and si
ultaneously delaminated in liquid gas phase as shown in Fig. 9 d [95] .
nder inert atmosphere, the NH 2 CN used as nitrogen source and in

ercalant was attached on the Ti 2 CT x nanosheets, which was further
ransformed into polymeric carbon nitride (p C 3 N 4 ) by a condensation
eaction during heat treatment. With increasing heating temperature,
he p C 3 N 4 decomposed and released nitrogen containing gasses, re
ulting in not only nitrogen doping, but also delaminated structures.
he obtained N doped delaminated Ti 2 CT x with nitrogen content as
igh as 15.48 at% showed a capacitance of 327 F g − 1 at 1 A g − 1 and
6.2% capacitance retention after 5000 cycles at 5 A g − 1 in 6 M KOH
lectrolyte. 

Solid state doping was also achieved. By pyrolysis of thiourea, a ni
rogen and sulfur co doped Ti 3 C 2 T x MXene was obtained which exhib
ted a capacitance of 175 F g − 1 at 2 mV s − 1 in Li 2 SO 4 electrolyte [194] .

To date, most of the studies of doping in MXenes focused on nitro
en. Other kinds of doping atoms, including heteroatoms and metal,
lso show potential for modifying MXenes. Calculation results indicate
hat B doping is beneficial for enhancing the elastic property of MXenes,
hich is suitable for applications in flexible devices [195] . Metal atoms,

ike V [196] and Nb [197] , doping in MXenes can also enlarge the in
erlayer spacing, improve the conductivity and boost the capacitance of
Xenes. As an example, via a hydrothermal method with NH 4 VO 3 as

he vanadium source, V doped Ti 3 C 2 T x MXene was prepared, where the
 atoms help to tune the interaction between MXene and alkali metal
dsorbates (e.g. Li + , Na + and K 

+ ) in the neutral electrolyte [196] . Thus,
he V doped MXene performed a capacitance of 404.9 F g − 1 in LiCl elec
rolyte, comparable to the performance under acidic conditions. 

As demonstrated above, chemical modification can be successfully
sed to tune properties and enhance performances of MXenes. Introduc
ng vacancy may be also an effective route to tune the MXene properties,
s vacancy can create defects in the MXene matrix and thus influence
he structure, surface property and activity of MXenes. Along with the
eepening study on the strategies of chemical modification, more and
ore new kinds of terminations and doped atoms have been introduced

nto MXenes. Their effect on the capacitive performance of MXenes is a
aluable researching task in the future. 

. MXene-based composite materials

Thanks to their special 2D lamellar structure and high electronic con
uctivity, MXenes have been considered as a promising material to pre
are composite materials for energy storage applications. Various ac
ive materials, including metal oxides and conducting polymers, have



Fig. 10. MXene/metal oxide composites for supercapacitors. (a) Synthesis of MnO 2 /MXene composite through the reaction of MnSO 4 and KMnO 4 . (b) Cycling per- 
formance of symmetric two-electrode supercapacitors based on the MnO 2 /MXene composite electrode at 5 A g − 1 for 10,000 cycles. Reproduced from Ref. [201] with 
copyright permission from American Chemical Society. (c) Capacitances of hexagonal WO 3 /Ti 3 C 2 composite and pure hexagonal WO 3 electrodes. Reproduced from 

Ref. [212] with copyright permission from Wiley-VCH. (d) Preparation processes of two types of Ti 3 C 2 /TiO 2 composites. Reproduced from Ref. [210] with copy- 
right permission from The Electrochemical Society. (e) Ex situ assembly of Ti 3 C 2 T x /MnO 2 film via vacuum filtration of the mixed dispersion of MXene and MnO 2 . 
Reproduced from Ref. [205] with copyright permission from Wiley-VCH. (f) Fabrication process of Co 3 O 4 -doped 3D MXene/rGO porous aerogel through a facile in 
situ reduction and thermal annealing. Reproduced from Ref. [216] with copyright permission from Wiley-VCH. 
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een used in combination with MXenes to achieve synergistic effects.
n these composites, MXenes can provide high electronic conductivity
o promote fast electron transfer, increase the accessible surface area,
nd stabilize the structure of the active materials. On the other hand,
he active components can also serve as spacers to increase interlayer
pacing and mitigate the restacking of MXenes, leading to fast ion trans
ort and improved ion accessibility. As a result, MXene based compos
te materials often have enhanced electrochemical performances, which
epresents a significant and promising direction for MXenes in superca
acitor application. Moreover, 2D MXene nanosheets can be assembled
nto a freestanding and flexible framework which, after further loading
o form the composite, can be directly used as electrodes for flexible
evices. 

.1. MXene/metal compounds 

Among a variety of pseudocapacitive materials investigated for su
ercapacitors, metal based compounds (transition metal oxides, chalco
enides, etc.) are promising for their high theoretical capacitances, but
sually suffer from unsatisfactory electronic conductivity. Thanks to the
etallic like conductivity of MXenes, MXene/metal compound compos

tes have thus been investigated to tackle this issue. 

.1.1. MXene/metal oxides 

Metal oxides, such as MnO 2 [198 205] , MoO 3 [206] , RuO 2 [207] ,
nO 2 [208] , TiO 2 [ 209 , 210 ], NiO [211] , WO 3 [212] , and ZnO [213] ,
ave been widely used in combination with MXenes to reach superior ca
acitive performances. The routes for preparing the MXene/metal oxide
omposites can be divided into in situ preparation and ex situ assembly
203] . For in situ preparation, direct chemical growth of metal oxides
n MXene nanosheets in liquid phase is a simple way to achieve strong
nteraction between the components [200 202] . As shown in Fig. 10 a,
hrough the reaction of MnSO 4 and KMnO 4 with MXene (Ti 3 C 2 T x or
i 2 CT x ) nanosheets in an aqueous solution, 𝜀 MnO 2 nanowhiskers were
eposited on the MXene nanosheets [201] . 𝜀 MnO /MXene composites
2 
elivered a capacitance of 212 F g − 1 at 1 A g − 1 within a voltage win
ow of 0 ∼0.7 V in 30 wt% KOH electrolyte, and a capacitance reten
ion of 87.7% after 10,000 cycles, superior to the pure 𝜀 MnO 2 based
lectrode ( Fig. 10 b). The improvement of the cycling performance is at
ributed to the MXene, which improves the conductivity and the stabil
ty of the MnO 2 in the composite material. Furthermore, several meth
ds were employed in order to promote the growth of metal oxides
uch as thermal annealing [ 198 , 203 , 213 ]. For example, a free standing
nO 2 /Ti 3 C 2 film was developed by in situ growing of MnO 2 nanoparti

les on delaminated Ti 3 C 2 nanosheets through electrostatic interactions
ollowed by thermal annealing. A high capacitance of 602 F cm 

− 3 at
 mV s − 1 in 1 M Li 2 SO 4 electrolyte could be achieved [203] . Hydrother
al method is another effective way to synthesize MXene/metal ox

de composites, which can promote the growth of metal oxides on MX
ne nanosheets [ 199 , 206 ] and control the phase and morphology of the
ormed metal oxides [212] . Nanorods of monoclinic WO 3 and nanoparti
les of hexagonal WO 3 were combined with Ti 3 C 2 MXene using various
ydrothermal conditions with HCl and HNO 3 , respectively [212] . The
apacitance of the hexagonal WO 3 /Ti 3 C 2 composites (566 F g − 1 ) was
lmost doubled from that of the pure hexagonal WO 3 in 0.5 M H 2 SO 4 
lectrolyte within a 0.5 to 0 V vs. Ag/AgCl potential window ( Fig. 10 c).
esides, microwave treatment was also applied for combining metal
xides with MXene [208] . It is noteworthy that in basic electrolytes,
he main role of MXenes in the composites is to allow for fast electron
ransfer and sometimes flexibility with limited capacitance contribution,
hile in the acidic electrolytes MXenes are also active materials as they

an provide high pseudocapacitance based on redox reaction originated
rom the H 

+ intercalation. 
TiO 2 is a metal oxide which can be prepared from the transforma

ion of Ti 3 C 2 MXenes; as a result, TiO 2 /Ti 3 C 2 composites can be in
itu prepared by either adding TiO 2 precursor or direct partial oxida
ion of Ti 3 C 2 . An in situ hydrolysis with tetrabutyltitanate as precur
or followed by further heating treatment was employed to incorpo
ate TiO 2 nanoparticles into Ti 3 C 2 nanolayers, resulting in high specific
urface area, large MXene interlayer spacing and opened ion diffusion
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athways [209].  Right after, a simpler one step oxidation method a
oom temperature was proposed to synthesize Ti 3 C 2 /TiO 2 nanocom 

osites. By controlling the reaction time and NaOH concentration in
he reacting solution, two types of TiO 2 nanomaterials were introduced
nto Ti 3 C 2 nanosheets. In a first route, the oxidation of Ti 3 C 2 MXene in
queous solution led to the formation of Ti 3 C 2 /TiO 2 nanoparticle com 

osite, while Ti 3 C 2 /TiO 2 nanowires were formed by addition of NaOH
olution to the suspension of Ti 3 C 2 nanosheets ( Fig. 10 d) [210].  The
i 3 C 2 /TiO 2 nanoparticles showed slightly lower capacitance at a scan
ate of 2 mV s − 1 in KOH electrolyte than the Ti 3 C 2 /TiO 2 nanowires
128 F g − 1 vs. 143 F g − 1 ), but better rate performance with a capaci 
ance retention of 87% from 2 to 100 mV s − 1.  Similarly, a one step CO 2
xidation of Nb 2 CTx  MXene was used to prepare a hierarchical com
osite material with T Nb 2 O 5 nanoparticles uniformly supported on the
urface of Nb 2 CTx  sheets with disordered carbon [214].  A 50 𝜇m thic
b 2 CTx  /T Nb 2 O 5 composite electrode with a mass loading of 2.4 mg
m 

− 2 could achieve high capacitance (275 F g −1  and 0.66 F cm 

− 2 

t a charge discharge time of 4 min in a non aqueous electrolyte (1 M
iClO 4 EC/DMC). Such high performance resulted from the high intrin 

ic pseudocapacitive of T Nb 2 O 5 coupled with the fast charge transfer
athways provided by the conductive Nb 2 CTx  MXene and disordered
arbon. 

Ex situ assembly of MXene/metal oxide composites have been made
y electrostatic reaction [ 204,  215 ], simple mixing [205],  and freeze
rying [211] methods. As shown in Fig. 10 e, delaminated MXene
anosheets and ultralong MnO 2 nanowires were transformed into a
i 3 C 2 Tx  /MnO 2 composite film via vacuum filtration of a mixed disper
ion of MXene and MnO 2 [205].  The resultant freestanding film exhib
ted remarkable capacitances of 1025 F cm 

− 3 and 205 mF cm 

− 2 in a
ymmetric cell using PVA/LiCl as electrolyte with a voltage range of
 ∼0.8 V. 

In addition, 3D structural MXene/metal oxide composites could also
e prepared in combination with graphene framework. A Co 3 O 4 doped
D MXene/rGO hybrid porous aerogel was prepared through a facile in
itu reduction and thermal annealing process, in which 3D rGO frame 
ork was electrically connected with the separated Co 3 O 4 − MXene com 

osite nanosheets ( Fig. 10 f) [216].  The obtained 3D Co 3 O 4 − MXene/rGO
omposite exhibited a superior capacitance of 345 F g − 1 at 1 A g − 1 in
 M KOH electrolyte within a potential window of 0 ∼0.6 V (vs Hg/HgO),
uch higher than that of pure Ti 3 C 2 Tx  MXene, rGO, and MXene/rGO

lectrodes. 

.1.2. MXene/metal sulfides 

Metal sulfides with high theoretical capacitance, are also promising
lectrode materials for supercapacitors. Furthermore, compared with
he metal oxides, metal sulfides usually have higher electronic conduc 
ivity. For further improving the conductivity and buffering the volume
hange during the redox process, various metal sulfides, such as CoS 2 
217],  NiS [ 218,  219 ], Ni Co binary metal sulfides [220 223] and MoS
224] have been combined with MXenes recently.

Similar to the MXene/metal oxides, strategies to prepare MX
ne/metal sulfides also include in situ growth and ex situ assembly. Most
etal sulfides are in situ grown on the MXene nanosheets via hydrother
al or solvothermal methods. For example, through a solvothermal

reatment of Ti 3 C 2 T x MXene solution and cobalt source (CoCl 2 ⋅6H 2 O),
oS 2 was grown on MXene surface, resulting in the formation of
Xene/CoS 2 composite [217] . As the formed CoS 2 can inhibit MXene

estacking and the MXene can buffer volume change of CoS 2 and im
rove the conductivity, the MXene/CoS 2 composite showed a capaci
ance of 1320 F g − 1 at 1 A g − 1 and a capacitance retention of 78.4% after
000 cycles at 10 A g − 1 in KOH electrolyte. As an example of ex situ as
embly, a MXene/NiCo 2 S 4 composite was prepared by simple mixing of
Xene and NiCo 2 S 4 , which had a sandwich architecture with NiCo 2 S 4 

articles between MXene layers and exhibited a capacitance of 1266 F
 

− 1 at 0.5 A g − 1 with a retention of 95.21% after 10,000 cycles in KOH
lectrolyte [221] . 
.1.3. Other MXene/metal compounds 

Composites of MXenes and other metal compounds have also
een explored. Polyoxometalates, with high theoretical capacitance,
hermal stability, highly soluble property and fast electron transfer,
re interesting pseudocapacitive candidates for supercapacitors [225] .
 MXene/polyoxometalate nanohybrid composite was prepared us

ng a cationic poly(ionic liquid) as linker and stabilizer, where the
olyoxometalate nanoparticles were uniformly distributed on MX
ne nanosheets [226] . The MXene poly(ionic liquid) polyoxometalate
anohybrid architecture displayed a specific capacitance of 384.6 F
 

− 1 at 1 A g − 1 in 0.5 M H 2 SO 4 electrolyte, within a potential win
ow of 0.1 ∼0.4 V (vs SCE electrode). 2D metal porphyrin framework
anosheets (MPFs) were also hybridized with MXenes. Via vacuum co
ltration, a MXene/MPFs with 3D interconnected “MPFs to MXene to
PFs ” conductive framework was prepared with hydrogen bonded al

ernatively stacked MXene and MPFs [227] . With enlarged interlayer
pacing, more active sites and rapid charge transport, the MXene/MPFs
lm electrode delivered a capacitance of 326.1 F g − 1 at 0.1 A g − 1 , 1.64
 cm 

− 2 at 1 mA cm 

− 2 and 694.2 F cm 

− 3 at 1 mA cm 

− 3 in a potential
ange of 0.3 ∼0.3 V vs Ag/AgCl in 0.5 M H 2 SO 4 electrolyte. 

The synergistic effects of the MXene/metal based compounds with
igh capacitance and conductivity provide important opportunities for
chieving outstanding electrochemical performances, such as already re
orted in many works. However, most of these works were studied with
asic electrolytes. As MXenes have higher capacitances in acidic elec
rolyte, metal compounds electrochemically active in acidic electrolyte,
uch as WO 3 and RuO 2 , might be a better choice to combine with MX
ne, which can further highlight the superiority of the MXene/metal
ompound composites. Furthermore, taking the cell operating voltage
nto consideration, the MXene/metal oxide composites that can achieve
xcellent electrochemical performances in non aqueous electrolytes are
xpected for high energy density supercapacitors. 

.2. MXene/conducting polymers 

Compared with other pseudocapacitive materials, conducting poly
ers show additional advantages for wearable supercapacitors, be

ause of their intrinsic flexibility and conductivity. Many conducting
olymers can achieve high capacitance in acidic electrolytes, so do
he MXene/conducting polymer composites. Nowadays, many kinds
f conducting polymers, such as polyaniline (PANI) [228] , poly(3,4
thylenedioxythiophene) (PEDOT) [ 229 , 230 ], polypyrrole (PPy) [231] ,
olymeric dopamine (PDA) [232] and polyfluorene derivatives (PFDs)
233] , have been combined with MXenes to yield hybrids with excellent
lectrochemical performances.

PANI with high conductivity is a popular conducting polymer to
ntegrate with MXene [ 96 , 228 , 234 , 235 ]. As shown in Fig. 11 a, a
i 3 C 2 T x /PANI film electrode was synthesized by in situ and oxidant
ree polymerization of aniline monomers on the surface of single layer
i 3 C 2 T x sheets [228] . Owing to the high conductivity of MXene and

ncreased interlayer spacing by PANI, such Ti 3 C 2 T x /PANI films with
hicknesses of 4 𝜇m and 13 𝜇m showed similar pseudocapacitive signa
ures and could achieve high capacitance of about 383 F g − 1 at 20 mV
 

− 1 in 3 M H 2 SO 4 electrolyte ( Fig. 11 b). Even with a high thicknesses of
0 𝜇m and a mass loading of 23.82 mg cm 

− 2 , the Ti 3 C 2 T x /PANI film still
elivered a capacitance of 336 F g − 1 (888 F cm 

− 3 ) as shown in Fig. 11 c.
PEDOT, thanks to its excellent chemical and electrochemical stabil

ty, remarkable conductivity and fast redox reactions, is one of the most
idely studied conducting polymer for supercapacitors. It is most of the

ime used together with poly(styrenesulfonic acid) (PSS) as a surfactant
nd dopant to promote its suspension in aqueous solutions. Through
acuum co filtration of a hybrid solution of Mo 1.33 C MXene and PE
OT:PSS followed by post treatment with concentrated H 2 SO 4 , a flex

ble aligned Mo 1.33 C MXene/PEDOT:PSS composite film was obtained
229] . The concentrated H 2 SO 4 significantly removed the uncoupled
SS and changed the PEDOT networks into crystalline nanofibers. Due to



Fig. 11. MXene/conducting polymer composites for supercapacitors. (a) Suggested mechanism for the polymerization of aniline on the surface of Ti 3 C 2 T x MXene. 
(b) CV profiles of the Ti 3 C 2 T x /PANI electrodes and the pristine Ti 3 C 2 T x electrodes. (c) Capacitance of electrodes with different thicknesses and mass-loadings
(M: pristine Ti 3 C 2 T x electrodes; M/PANI: Ti 3 C 2 T x /PANI electrodes). Reproduced from Ref. [228] with copyright permission from Royal Society of Chemistry. (d)
Formation process of Ti 3 C 2 T x /PEDOT film by spray coating MXene and electrochemical polymerization of PEDOT on MXene films, with photo and schematic
illustrating of the Ti 3 C 2 T x /PEDOT hybrid films. Reproduced from Ref. [236] with copyright permission from Elsevier. (e) Effect of pyrrole loading on capacitance
of PPy/Ti 3 C 2 T x hybrid film at 5 mV s − 1 . (f) Cycling performance of the PPy/Ti 3 C 2 T x (1:2) film for 25,000 cycles at 100 mV s − 1 . Reproduced from Ref. [239] with
copyright permission from Wiley-VCH.
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he surface redox processes from the two components and the increased
Xene interlayer spacing by the PEDOT insertion, the resultant flexible
lm exhibited a high capacitance of 1310 F cm 

− 3 in 1 M H 2 SO 4 elec
rolyte. In another example, PEDOT was electrochemically deposited
nd polymerized on the Ti 3 C 2 T x film to prepare a Ti 3 C 2 T x /PEDOT het
rostructure with an intimately coupled interface ( Fig. 11 d) [236] . In
erestingly, this heterostructure not only offered excellent electrochemi
al performances, but also can be used in electrochromic energy storage
evices with a high rate color switch between a deep blue and color
ess state. Moreover, a strongly interacting, porous MXene/PEDOT hy
rid fabricated by spray coating was designed for a symmetric superca
acitor with two identical electrodes deposited on Au  patterned PET
lm [237] . The extremely rapid charge transport owing to its porous
tructure and high conductivity led to both high capacitance and high
requency response that makes this system interesting for signal filtering
pplications. 

PPy as a redox active polymer has also been combined with MX
nes [ 231 , 238 241 ]. For instance, through a facile in situ polymerization
f pyrrole confined between Ti 3 C 2 T x layers, a PPy/Ti 3 C 2 T x composite
lm with layered architecture was self assembled [239] . It delivered
igh conductivity, fast reversible redox reactions and rapid ion trans
ort owing to the increased interlayer spacing by PPy. When tested in
 M H 2 SO 4 electrolyte within 0.2 ∼0.35 V vs Ag/AgCl, a PPy/Ti 3 C 2 T x 

1:2) composite film yielded a high capacitance of 416 F g − 1 at 5 mV s − 1 

 Fig. 11 e). Although the density of the PPy/Ti 3 C 2 T x film (2.4 g cm 

− 3 ) is
ower than that of the pristine Ti 3 C 2 T x film (3.6 g cm 

− 3 ) due to the poly
er intercalation, a volumetric capacitance of 1000 F cm 

− 3 and good cy
ling performance ( Fig. 11 f) were still achieved. Another Ti 3 C 2 T x /PPy
ybrid film was prepared by intercalating PPy into layered Ti 3 C 2 via
lectrochemical polymerization, which showed capacitances of 203 mF
m 

− 2 and 406 F cm 

− 3 , and almost 100% capacitance retention after
0,000 cycles in 0.5 M H 2 SO 4 electrolyte [240] . Additionally, for 3D
tructure fabrication, a Ti 3 C 2 T x @PPy composite was in situ formed by
 3D tangled PPy nanowires network tightly caging the Ti 3 C 2 T x MX
ne within, which exhibited interconnected porous structure and high
onductivity [241] . 

Based on the advantages of MXenes in metallic like electronic con
uctivity and 2D structure, combining with various active materials for
 v
abricating MXene based composites is a facile strategy with great po
ential to obtain materials with desirable electrochemical and/or me
hanical performances. There is a growing interest in the synthesis of
Xene based composites with various active materials, and the diversity

f the integrated components produces numerous feasibility for satisfac
ory properties in different directions. However, as electrically conduct
ng polymers are usually unstable in non aqueous electrolytes upon cy
ling, most of these MXene/polymer composites operate today in aque
us electrolyte (H 2 SO 4 solutions for instance). As a result, the narrow
oltage window achieved in aqueous electrolyte (about 1 V) limits the
nterest of these electrodes because of the limited energy density that
an be achieved. This is why MXene based composites with high elec
rochemical performance in non aqueous electrolytes have to be devel
ped to increase the cell voltage, including for high rate performance
lectrodes in Li/Na/K ion battery electrolytes. 

. Capacitive mechanisms of MXenes in various electrolytes

The understanding of the energy storage mechanisms of MXenes is
ot only important to explain their excellent capacitive performances
ut also conducive to develop improved or new strategies to prepare
Xene electrodes for energy storage applications. The electrochemical

ignature of MXene in acidic electrolyte shows broad redox peaks on
op of rectangular like CV shape even at large scan rates, which is char
cteristic of a redox pseudocapacitance. The localization of the reaction
ites, between the layers of MXenes for H 

+ insertion in acidic electrolytes
ithout any phase change defines the storage mechanism as an interca

ation pseudocapacitance [242] . Together with long cycle life (beyond
0,000 cycles), this feature differs from the slow ion intercalation in the
attery type layered electrode materials, e.g. graphite. Despite remain
ng unclear in details, great attention has been paid on the fundamen
al understanding of the electrochemical behavior and the charge stor
ge mechanisms of MXene materials for energy storage applications. In
his section, research advances related to capacitive characteristics and
harge storage mechanisms of MXenes in different electrolytes are re
iewed and discussed. 



Fig. 12. Electrochemical characteristics of MXenes in aqueous electrolytes. (a and b) CV profiles of Ti 3 C 2 T x -based supercapacitors in basic electrolytes (NaOH-, 
KOH-, and LiOH-containing solutions) and neutral electrolytes (K 2 SO 4 , Al 2 (SO 4 ) 3 , and Al(NO 3 ) 3 solutions) at 20 mV s − 1 . Reproduced from Ref. [26] with copyright 
permission from American Association for the Advancement of Science. (c) Schematic illustration of structural changes and the electronic structure changes of 
MXene in aqueous electrolytes. Reproduced from Ref. [185] with copyright permission from American Chemical Society. (d) CV curves of Ti 3 C 2 T x films in H 2 SO 4 , 
(NH 4 ) 2 SO 4 , and MgSO 4 solutions at 20 mV s − 1 . (e) In situ Raman spectra of Ti 3 C 2 T x MXene recorded on positive electrode and negative electrode in H 2 SO 4 electrolyte. 
Reproduced from Ref. [246] with copyright permission from American Chemical Society. 

5

5

 

t  

f  

N  

t  

a  

T  

o  

C  

m  

w  

t
 

s  

d  

i  

i  

(  

e  

K  

t  

e  

e  

2
 

p  

i  

f  

[  

c  

l  

s  

h  

T  

s  

t  

o  

0
s  

a  

t  

t  

i  

s  

i  

h  

t

5

 

t  

c  

T  

n  

C  

b  

c  

i
a

 

i  

c  

c  

r  

t
fi  

d  
.1. In aqueous electrolytes 

.1.1. In basic and neutral electrolytes 

The electrochemical behavior of MXenes in basic and neutral elec
rolytes was investigated from the first report on MXenes (etched by HF)
or supercapacitor applications [26] . Various cations (e.g. Li + , Na + , K 

+ ,
H 

4 + , Mg 2 + and Al 3 + ) can be spontaneously or electrochemically in
ercalated into 2D MXene layers [26] . Either in basic (e.g. NaOH, KOH
nd LiOH) or in neutral (e.g. K 2 SO 4 , Al 2 (SO 4 ) 3 , Al(NO 3 ) 3 ) solutions, the
i 3 C 2 T x MXene exhibited rectangular like capacitive CV profiles with
ut apparent redox peaks ( Fig. 12 a and b) [26] , such as reported by
onway for MnO 2 electrode as a surface redox process [243] . Further
ore, the electrochemical responses such as capacitance and potential
indow depended on the selected cations, not the anions, in the elec

rolytes to some degree. 
In situ XRD study of a Ti 3 C 2 T x electrode under polarization in ba

ic and neutral solutions evidenced the change of c lattice parameters
uring charge discharge processes, indicating the intercalation and de
ntercalation of cations between the delaminated MXene layers dur
ng electrochemical reaction. Electrochemical quartz crystal admittance
EQCA) was used to characterize the mechanical deformations of MX
nes at various states of charge with different cations (such as Li + , Na + ,
 

+ , Mg 2 + and Ca 2 + ) during cycling. It showed that both the ion adsorp
ion at solid liquid interfaces and the ion intercalation/de intercalation,
videnced by the rapid deformation (expansion/contraction) of the MX
ne particles, were involved during the electrochemical polarization of
D MXenes in basic or neutral electrolytes [244] . 

The presence of water molecules between MXene layers play an im
ortant role in achieving high capacitances. They not only facilitate the
on adsorption [244] , but also assist the electric double layer (EDL)
ormation in the MXene interlayer spacing after the ion intercalation
 185 , 245 ]. As shown in Fig. 12 c, the water molecules surround the
ations (e.g. Li + ), forming hydrated cations, which are then interca
ated between the MXene layers without dehydration. As the hydration
hell isolates atomic orbitals of the cation and the MXene, no orbital
ybridization occurs, and positive and negative charges are separated.
hus, a potential difference within the interlayer spacing appears, re
ulting in an inner EDL formation [185] . However, in the narrow poten
ial range accessible to aqueous electrolytes because of water hydrolysis,
nly small amount of electrons and ions could be stored (e.g. 0.05 e − and
.05 Li + per Ti atom for Ti 2 CT x in 1 M Li 2 SO 4 aqueous electrolyte), re
ulting in negligible pseudocapacitance. Therefore, in basic and neutral
queous electrolytes, MXenes mainly show a typical EDLC characteris
ics with almost constant capacitances within the potential window of
he aqueous electrolytes, although hydrated cations intercalation in the
nterlayer spacing. Based on this mechanism, the MXenes, although after
tructural design or chemical modification, yielded gravimetric capac
tances of only 60 ∼150 F g − 1 in basic and neutral electrolytes, despite
igh volumetric capacitances of about 450 F cm 

− 3 could be reached due
o the large density of MXenes. 

.1.2. In acidic electrolytes 

MXene electrodes show the highest capacitance in H 2 SO 4 electrolyte,
ogether with excellent rate performances, as a result of a different
harge storage mechanism from that of basic and neutral electrolytes.
he comparison of CV profiles of Ti 3 C 2 T x film electrodes in acidic and
eutral electrolytes is presented in Fig. 12 d [246] . In H 2 SO 4 electrolyte,
V plots show distorted rectangular shape signature with broad redox
umps at 0.4 ∼ 0.3 V (vs. Ag/AgCl), indicating the presence of pseudo
apacitive behavior. As a result, much higher capacitance was obtained
n H 2 SO 4 electrolyte than those in its neutral counterparts ((NH 4 ) 2 SO 4 
nd MgSO 4 ) [246] . 

In situ X ray absorption spectroscopy (XAS) measurements have ev
denced a change of oxidation state of Ti during the electrochemical
harge discharge processes of Ti 3 C 2 T x MXene in H 2 SO 4 electrolyte,
onfirming the pseudocapacitive behavior based on redox intercalation
eactions [179] . Fig. 12 e shows in situ electrochemical Raman spec
roscopy used to characterize the charge discharge processes of Ti 3 C 2 T x 

lm electrodes in H 2 SO 4 electrolyte. The observed reversible voltage
ependent change indicated an electrochemical reaction upon discharg
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ng according to [246]:  

M = O𝑥  

)
+1∕2 𝑥 H 

+ +1∕2x e − → M− O(  1∕2) 𝑥  ( OH) (  1∕2) 𝑥 (4)

The bonding/debonding between the hydroniums ions (H 3 O 

+ ) and
he oxygen containing terminations on the MXene surface are responsi
le for the change of the Ti oxidation state, accounting for the reversible
edox reactions and the high pseudocapacitance in H 2 SO 4 electrolyte.
herefore, two factors, the H 

+ protons from H 2 SO 4 electrolyte and the
urface chemistry, play critical roles for the pseudocapacitive behav
or of the H 

+ involving redox reaction in MXenes. A density functional
heory (DFT) calculation based on an implicit solvation model and the
nalysis of Gibbs free energy under constant potential was employed
o theoretically describe the surface redox process of Ti 3 C 2 T x (T x = O,
H) in H 2 SO 4 , and confirmed this mechanism [247] . Furthermore, the
 

+ intercalation mechanism in H 2 SO 4 electrolyte was demonstrated by
he change of the c lattice parameter of Ti 3 C 2 T x MXene during elec
rochemical reactions, which showed a fluctuating expansion/shrinkage
henomenon, shrinking 0.1 Å from 0 to 0.6 V and then expanding 0.5 Å
rom 0.6 to 0.9 V (vs Ag wire) [248] . The H 2 O molecules confined
etween Ti 3 C 2 T x MXene layers greatly contribute to the fast H 

+ trans
ort via Grotthuss mechanism by forming a hydrogen bond network
 177 , 249 ]. As they are essential to trigger the redox activity of Ti and
nable the fast charge compensation through high H 

+ diffusion rate, the
ntercalated H 2 O molecules play a critical role in the pseudocapacitive
harge storage mechanism of Ti 3 C 2 T x MXene [249] . On the other hand,
he great effect of surface chemistry on the capacitive response in H 2 SO 4 
as also verified. The presence of − OH terminations on MXene surface

an facilitate the intercalation of H 2 O molecules, but a large amount
f − OH is assumed to limit the proton transport and thus decrease the
ower performance [249] . The detrimental effect of F terminations is
onfirmed by the significantly increased capacitance after replacing the
F terminations with the oxygen containing terminations on MXene sur
ace [181] . 

Compared with basic and neutral electrolytes, acidic electrolytes pro
ide pseudocapacitive behavior with redox reaction, resulting in higher
apacitance and fast kinetics due to fast proton transport, for instance
till delivering 500 F cm 

− 3 at a potential scan rate of 1000 mV s − 1 [71] .
imilar good compatibility between acidic electrolytes and electrode
aterials with fast faradic reaction (like metal oxides) has been widely

eported [250] . MXenes superiority in capacitance (above 1500 F cm 

− 3 )
an be brought into full play in the acidic electrolytes. However, de
pite MXenes can achieve high capacitance and high rate performance
n acidic aqueous electrolytes based on the intercalation pseudocapaci
ive mechanism, the narrow operating voltage range (about 1 V) limits
he practical interest of such devices. Enlarging the voltage range is of
reat importance for supercapacitors to achieve high energy density, as
he energy density (W) was determined according to the equation of
 = CV 

2 /2 (where C is the capacitance and V is the cell voltage). 

.2. In non aqueous electrolytes 

Non aqueous electrolytes show wider potential window than aque
us electrolytes, which make them attractive to increase the energy den
ity of the devices. Most of the reported organic electrolytes used in
Xene based supercapacitors consist of organic solvents and metal ion

alts, such as Li  and Na ion. As shown in Fig. 13 a, Ti 2 CT x MXene elec
rode showed CV profiles with redox peaks (ca. 2.0 V vs Li/Li + ) in 1.0 M
iPF 6 EC/DMC electrolyte. A reversible change of interlayer distance
etween 9.4 and 9.8 Å was observed during charge discharge processes
 Fig. 13 b), indicating reversible Li + deintercalation/intercalation in the
Xene interlayer spacing [ 184 , 185 ]. Furthermore, Li + intercalation was

ssociated with the reduction of Ti ( Fig. 13 c) [185] . 
Compared with the hydration in aqueous electrolytes, the solvation

nergy is much weaker in non aqueous electrolytes, causing partial de
olvation at the MXene electrolyte interface during cation intercalation
 Fig. 13 d) [185] . Consequently, atomic orbitals of the cations were hy
ridized with those of the surface terminations on MXenes, resulting in
 donor band for charge transfer and significantly screening the elec
ric field between the electron and cation. Moreover, the large potential
indow of organic electrolytes ensured large quantities of charge stor
ge. Therefore, the capacitance of MXenes mainly originated from fast
edox reactions. 

Interestingly, the electrolyte solvents also drastically influence the
on transport and intercalation in the interlayer spacing of MXenes
251] . Taking Ti 3 C 2 as an example, 1 M LiTFSI in PC electrolyte offered
igher charge storage capability (195 F g − 1 and 410 F cm 

− 3 at 2 mV s − 1 )
nd wider potential window (2.4 V) than those of LiTFSI DMSO (130 F
 

− 1 ) and LiTFSI ACN (110 F g − 1 ) electrolytes ( Fig. 13 e). The attractive
erformance in the PC based system is assumed to originate from the full
esolvation of Li + during charging, which is evidenced by the constant
 spacing of the Ti 3 C 2 (10.7 Å) during cycling in PC based electrolyte
 Fig. 13 f). This points out the importance of optimizing electrolyte sol
ent for maximizing capacitance of MXenes.

The electrolytes based on ionic liquid provide an alternative to or
anic systems, which have excellent stability as well as safety and
romise wider voltage range. The charge storage mechanism of MXenes
n ionic liquid electrolytes was also revealed as the ion intercalation be
avior by in situ XRD and molecular dynamic simulation [ 252 , 253 ]. The
olume change of MXenes during charge discharge cycling is explained
y large cations intercalated at negative potentials while cations and
nions swapping at positive potentials. As a result of the large ion size,
nly low capacitances (80 ∼100 F g − 1 ) can be achieved in ionic liquid
lectrolytes. 

The understanding on energy storage mechanisms of MXenes in su
ercapacitors is still at an early stage. Generally, the hydrated ion inter
alation in basic and neutral aqueous electrolytes is considered to con
ribute to the EDLC capacitance, while in H 2 SO 4 electrolyte, pseudoca
acitive behavior comes from H 

+ intercalation, leading to much higher
apacitance. However, the aqueous electrolytes still suffer from narrow
otential window. In non aqueous electrolytes, wide potential window
an be achieved but the capacitance currently achieved is not yet sat
sfactory. It is then needed to push further our basic understanding of
he MXene/electrolyte interface, and more specifically the role of the
urface groups at MXene surface on the electrochemical performance
nd the charge storage mechanism in these non aqueous electrolytes.
ecent results from Li et al. [49] and Kamysbayev et al. [70] may bring
 beginning of answer. A series of MXenes, including Ti 3 C 2 , were pre
ared from a molten salt route in CuCl 2 at 750 °C, with a surface free
rom any F and OH groups, but rich in Cl [49] . The CVs of the
repared Ti 3 C 2 electrode in 1 M LiPF 6 EC/DMC electrolyte showed a
nique pseudocapacitive like signature, together with a high capacity
f 200 mAh g − 1 (corresponding to about 300 F g − 1 ). The electrode was
till able to deliver 75 mAh g − 1 for a time less than 30 s (128 C rate).
urthermore, based on the MXenes prepared by molten salt route, an
xchange reaction strategy was used to tune the surface groups, and
Xenes with different surface terminations ( NH, S, Cl, Se, Br, 
e, etc.) have been prepared [70] . These results show that MXenes with
ailored surface chemistry offer opportunities as high rate negative elec
rode material for electrochemical energy storage applications and fur
her work will be needed to exploit this effect. 

. MXenes in hybrid supercapacitors

Based on the high capacitance and excellent rate capability, MXene
ased electrode materials can be assembled into symmetric supercapaci
ors [ 120 , 129 , 142 , 168 , 190 , 201 ]. However, MXene based symmetric su
ercapacitors suffer from low operating voltage ( ≤ 1 V) and low energy
ensity because of the oxidation of MXenes at high anodic potential
n aqueous solutions and the limitation by proton reduction at low po
ential. For example, Ti 3 C 2 T x /graphene // Ti 3 C 2 T x /graphene film sym
etric supercapacitor showed a voltage of 1 V and an energy density

f 11 Wh kg − 1 at a power density of 62.4 W kg − 1 based on the mass



Fig. 13. Electrochemical characteristics of MXenes in non-aqueous electrolytes. (a) CV profiles of Ti 2 CT x and Ti 3 C 2 T x (LiF/HCl etching) in 1 M LiPF 6 /EC-DMC at 
0.1 mV s − 1 . Reproduced from Ref. [184] with copyright permission from Wiley-VCH. (b and c) Ex situ XRD patterns and Ti K-edge X-ray absorption spectra of Ti 2 CT x 
in 1 M LiPF 6 /EC-DMC. (d) Schematic illustration of structural changes and the electronic structure changes of MXene in non-aqueous Li + electrolytes. Reproduced 
from Ref. [185] with copyright permission from American Chemical Society. (e) CV curves of macroporous Ti 3 C 2 electrode with 1 M LiTFSI in DMSO, ACN and PC 
organic electrolytes. (f) Schematic of MXene as negative electrode in the PC-based system with fully desolvated states. Reproduced from Ref. [251] with copyright 
permission from Springer. 
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f the electrodes [109] . Combining MXene based anodes with another
lectrochemically stable active materials as cathodes to assemble hybrid
apacitors with high operating voltage is a more reliable design choice.

.1. Hybrid supercapacitors operating in aqueous electrolytes 

Combining electrode materials with high operating potential and
arge pseudocapacitances at positive potentials in H 2 SO 4 electrolyte,
uch as conducting polymers [ 155 , 254 , 255 ] or RuO 2 [256] , with
Xene based electrodes is attractive to increase the energy density of

he device. Three conducting polymers, PANI, PPy and PEDOT, de
osited on rGO sheets were used as cathodes for preparing hybrid super
apacitors with Ti 3 C 2 T x anode, respectively. The PANI@rGO//MXene
evice achieved the largest voltage window up to 1.45 V and highest en
rgy density of ∼17 Wh kg − 1 , calculated based on the total mass of the
ctive materials ( Fig. 14 a) [254] . A RuO 2 //Ti 3 C 2 T x device could deliver
n energy density of 29 Wh kg − 1 (based on the mass of active material)
t a power density of 3.8 kW kg − 1 in 1.5 V in H 2 SO 4 electrolyte, oper
ting at a scan rate of 1000 mV s − 1 ( Fig. 14 b and c) [256] . 

Carbon electrodes, like graphene, were also exploited as cathodes
o match the MXene based electrodes. Assembling Ti 3 C 2 T x MXene an
de with a potential range of 0.7 ∼0.25 V (vs. Ag/AgCl) and rGO cath
de in 0.2 ∼1.1 V (vs. Ag/AgCl), a working voltage of 1.8 V for the
ybrid supercapacitor was achieved, much higher than that of the
GO//rGO and Ti 3 C 2 T x //Ti 3 C 2 T x symmetrical supercapacitors [257] .
urthermore, redox active additives are used in H 2 SO 4 electrolyte for
oosting the capacitances of the carbon//MXene systems, in which MX
ne anode performs energy storage based on H 

+ involving redox in
 2 SO 4 electrolyte, while the redox active additive contributes to pseu
ocapacitance besides the EDLC of carbon cathode. For instance, when
he anionic Br − /Br 3 − redox reaction with Br − adsorption/desorption
ehavior was introduced to the rGO//Ti 3 C 2 T x hybrid supercapacitor
50 mM LiBr in 3 M H 2 SO 4 electrolyte), a pair of redox peaks at ap
roximately 1.2 V were observed, and a high energy density of 34.4 Wh
g − 1 was obtained based on the mass of total electrodes ( Fig. 14 d and e)
257] . Hydroquinone/quinone couple is another redox  active additive
hat can work at a positive potential window and offer high capaci
ance in H 2 SO 4 electrolyte [258] . The CNTs//Ti 3 C 2 T x hybrid superca
acitor with hydroquinone in H 2 SO 4 electrolyte showed a 1.6 V working
oltage range and a high energy density of 62 Wh kg − 1 at 281 W kg − 1

ased on the mass of active materials ( Fig. 14 f). Although interesting
erformances were achieved by using redox active additives dissolved
n the electrolyte, the self discharge is one key concern for these sys
ems, as the redox soluble once reduced (oxidized) species can diffuse
nd/or migrate to be oxidized (reduced) at the counter electrode. Mak
ng strong physical or chemical adsorption of the redox active additives
n the electrode is then needed to alleviate this problem.

The hybrid supercapacitors with MXene based electrodes in alka
ine electrolytes were also reported [ 152 , 259 ]. As an example, a hybrid
upercapacitor was fabricated with Ti 3 C 2 /CuS composite cathode and
i 3 C 2 MXene anode, which delivered an energy density of 15.4 Wh kg − 1

t a power density of 750.2 W kg − 1 in 1 M KOH electrolyte based on the
otal mass of the active materials [259] . 

Neutral aqueous electrolytes with free metal ions (e.g. Li ion and
a ion) can be compatible with both capacitive  and battery type elec

rodes. LiMn 2 O 4 //Ti 3 C 2 T x and MnO 2 //Ti 3 C 2 T x hybrid capacitors were
xplored in Li 2 SO 4 and Na 2 SO 4 electrolytes with voltage range of 2.3 V
nd 2.4 V, respectively, and exhibited acceptable cycling performances
260] . Similar to the battery field, highly concentrated aqueous elec
rolytes were also proposed for supercapacitors, in which free H 2 O
olecules are nearly nonexistent and almost all the H 2 O molecules are

ntimately bound in the solvation sheath of cations. Compared with free
 2 O, the bound H 2 O has much higher kinetic barriers during the H 2 O
esolvation and is more difficult to decompose [261] , so the highly con
entrated aqueous electrolytes usually show widened electrochemical
tability windows. A saturated aqueous solution of LiCl (14 M) as elec



Fig. 14. MXenes in hybrid supercapacitors with acidic electrolytes. (a) Ragone plots of PANI@rGO//Ti 3 C 2 T x , PPy@rGO//Ti 3 C 2 T x and PEDOT@rGO//Ti 3 C 2 T x de- 
vices. Reproduced from Ref. [254] with copyright permission from Wiley-VCH. (b) CVs of RuO 2 , Ti 3 C 2 T x , and the hybrid device at 50 mV s − 1 . (c) CVs of RuO 2 //Ti 3 C 2 T x 
hybrid device at different scan rates with photo. Reproduced from Ref. [256] with copyright permission from Wiley-VCH. (d and e) CV curves and Ragone plots 
of the rGO//Ti 3 C 2 T x device at 20 mV s − 1 in H 2 SO 4 electrolyte, with/without the Br − -based redox additive. Reproduced from Ref. [257] with copyright permission 
from Wiley-VCH. (f) Ragone plots of MXene//CNT-HQ hybrid supercapacitors in comparison to some other hybrid supercapacitors. Reproduced from Ref. [258] with 
copyright permission from American Chemical Society. 

t  

c  

t  

t  

p  

t
b

 

s  

t  

a  

i

6

 

s  

h  

t  

p  

d  

h  

t  

e  

i  

i  

L
e  

c  

N  

g  

k  

a  

fi  

w  

o  

c  

c  

w  

f  

b  

a  

 

l  

c  

i  

h  

p  

b  

2  

o
e  

w  

o  

i  

a  

d
(  

M  

T  

t
k  

c  

a  

3  

i  

i  

c  

p  

a  

e  

o  
rolyte was used in a hybrid device composed with a Mo 6 S 8 /Ti 3 C 2 anode
oupled with a nanoporous carbon cathode [262] . The saturated elec
rolyte provided high conductivity and a significantly improved elec
rochemical stability window of 2.70 V, much exceeding the maximal
seudo equilibrium voltage (2.05 V) of the carbon//Mo 6 S 8 /Ti 3 C 2 sys
em, thus rendered the system with an energy density of 34.2 Wh kg − 1 

ased on the mass of the Mo 6 S 8 /Ti 3 C 2 electrode. 
In aqueous electrolytes, operating voltage windows of these hybrid

upercapacitors are still hindered by the reaction of electrochemical wa
er splitting, and the mechanism of the improvement on operating volt
ge by these redox active additives in H 2 SO 4 electrolyte needs further
nvestigation. 

.2. Hybrid supercapacitors operating in non aqueous electrolytes 

Organic electrolytes can increase the cell voltage beyond 3 V, re
ulting in improved energy density. In organic electrolytes, most of the
ybrid capacitors are prepared by assembling a capacitive type elec
rode together with a battery type electrode, as they combine the com
lementary advantages of both high energy density and high power
ensity. As the cations (Li + or Na + ) in these hybrid supercapacitors
ave relatively large ionic radius and high atomic mass compared
o protons in H 2 SO 4 aqueous electrolyte, the structure of the MX
ne electrodes has to be adapted to enhance ion accessibility in Li
on/Na ion capacitors, by selecting MXenes with large interlayer spac
ng [ 117 , 184 ]. For instance, Nb 2 CT x MXene with CNT spacers can store
i + in a potential window of 0 ∼3 V (vs Li/Li + ) in 1 M LiPF 6 EC/DEC
lectrolyte, with which three types of Li ion capacitors were fabri
ated, i.e. lithiated Nb 2 CT x CNT//graphite, LiFePO 4 //Nb 2 CT x CNT and
b 2 CT x CNT//lithiated Nb 2 CT x CNT [263] . Among them, the lithiated
raphite/Nb 2 CT x CNT delivered a maximum energy density of 49 Wh
g − 1 (based on the mass of two electrodes). Higher performance was
chieved with the flexible Li ion capacitor combining a Ti 3 C 2 T x /CNT
lm anode to a AC cathode in 1 M LiPF 6 EC/DEC/DMC electrolyte,
hich exhibited an energy density of 67 Wh kg − 1 at a power density
f 258 W kg − 1 (based on the mass of two electrodes) [264] . MXenes
an also be applied in decorating battery type active materials to make
omposite electrodes. The interconnected aerogel like Ti 3 C 2 T x MXene
rapped Fe 2 O 3 nanospheres were employed as the battery type anode

or Li ion capacitors [265] . Coupled with a 3D N, S co doped porous car
on as a capacitor type cathode, the lithium ion capacitor demonstrated
n energy density of 216 Wh kg − 1 based on the mass of active materials.

The resource abundance and global availability of Na and K have
ed to a booming in the development of the Na ion capacitor and K ion
apacitor technologies. Nevertheless, compared with the Li ion capac
tors, the larger size of Na + /K 

+ in Na/K ion capacitors brings forward
igher request on MXene structures for fast ion transport. The first re
orted MXene based Na ion capacitor consisted of a Ti 2 C anode com
ined with a Na 2 Fe 2 (SO 4 ) 3 cathode, that could operate at a voltage of
.4 V and deliver an energy density of 260 Wh kg − 1 at a power density
f 1.4 kW kg − 1 (based on the mass of Ti 2 CT x ) in 1 M NaPF 6 EC/DEC
lectrolyte [266] . Afterwards, a hard carbon//V 2 CT x Na ion capacitor
ith 1 M NaPF 6 EC/DMC electrolyte was constructed with a cell voltage
f 3.5 V [267] . Modified by Na + pillaring to enlarge its interlayer spac
ng and improve the kinetics, a Ti 3 C 2 MXene anode was coupled with
ctivated carbon cathode, assembling Na ion capacitor with an energy
ensity of 42.4 Wh kg − 1 at a high power density of about 6.2 kW kg − 1 

based on the mass of two electrodes) [268] . Additionally, a bi stacked
Xene film architecture was prepared by firstly filtrating delaminated
i 3 C 2 T x to a compact layer as current collector, and subsequently fil
rating multilayer Ti 3 C 2 T x particles to an open structure for fast Na +

inetics [269] . The Na ion capacitor with a total mass loading of 6 mg
m 

− 2 was assembled with this bi stacked MXene film as anode and an
ctivated carbon electrode as cathode, delivering an energy density of
9 Wh kg − 1 (based on the mass of two electrodes) at 1C and maintain
ng up to 60% at 60 C. Recently, using 3D printed technology, a Na
on capacitor with porous N doped Ti 3 C 2 T x anode and AC cathode was
onstructed with 1 M NaClO 4 EC/PC + 2% VC electrolyte [270] . As the
orous structure and nitrogen doping resulted in fast charge transport
nd kinetics for the MXene anode, the Na ion capacitor showed an op
ration voltage of 4 V with high areal energy density and power density
f 1.18 mWh cm 

− 2 and 40.15 mW cm 

− 2 , respectively. Also, MXene ma
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erials have been used to assemble K ion capacitors, in which advanced
tructure design is needed to promote fast K 

+ transport. A K V 2 C MX 
ne was prepared by treating V 2 C with KOH, which shows thin MXene
heets with many pores and cracks [271].  A K ion capacitor combining
 V 2 C anode and Kx  MnFe(CN) 6 cathode can operate at an average volt
ge of 3.3 V in KPF 6 EC/DEC electrolyte and achieve an energy density
f 145 Wh kg −1  at a power density of 112.6 W kg − 1 (based on the tota
ass of active materials). Another advanced structure designed for fast
 

+ transport is 3D Ti 3 C 2 Tx  hollow spheres/tubes, which was prepared
y a spray lyophilization method [272].  A K ion capacitor combining
uch 3D Ti 3 C 2 Tx  anode together with a hierarchical porous activated
arbon cathode displays an energy density of 98.4 Wh kg − 1 and a power
ensity of 7 kW kg − 1 (based on the total mass of the anode and cathode)
long with cycling stability of 100% after 10,000 cycles in KPF 6 EC/DEC
lectrolyte. 

As presented above, most of the high energy and power densities
eported in the literatures are obtained from the sole weight of the elec 
rodes. However, for practical application, the total cell weight, includ 

ng the mass of other components such as current collectors, electrolyte,
eparator and packaging, should be taken into account. It is then impor 
ant to use the same metrics for a same comparison [273].  

Future research directions for MXene in hybrid capacitors are simi 
ar with those of Section 5.2,  that are the understanding of the role o
he surface groups on the electrochemical performance in various elec 
rolytes (salts and solvents), as well as designing optimized electrode
rchitectures that offer high and highly accessible surface area to elec 
rolytes ions. Moreover, positive cathode materials with high rate ca 
ability and long cycle life should be coupled with MXene electrodes to
chieve the capacitors with high energy density and high power density.

. MXenes for flexible- and micro- supercapacitors

The recent booming in portable and wearable electronic systems has
ighlighted the need for advanced miniaturized and flexible supercapac 
tors. In these applications, supercapacitors, with high energy density
nd power density, long cycle life as well as fast charge discharge rate,
re used as embedded power supply sources. Especially, high volumetric
apacitance is critically important. MXenes are considered as promising
aterials for flexible supercapacitors and micro supercapacitors since

hey can achieve high volumetric capacitances due to their intercalation
seudocapacitance and large packing density. Besides, their 2D structure
nd good mechanical properties are also important for manufacturing
exible devices. 

.1. MXenes for flexible supercapacitors 

Owing to their 2D layered structure, MXene nanosheets can be sim 

ly assembled into flexible film electrodes through vacuum filtration
 125,  129 ], together with graphene [149],  or loaded on flexible matri
 156,  161,  274 ]. The filtration processing, firstly described in the fir
eport on MXene for supercapacitors [26],  has become the most com
only used method for fabricating flexible binder free MXene films.
hat follows is the development of the flexible MXene based hybrid

lms, in which MXenes can play a variety of roles, such as active
aterials [ 231,  239 ], conductive framework [ 205,  227 ], flexible sub

trate [275] and even a multifunctional binder [276].  For example, as
i 3 C 2 Tx  contributed to the brilliant conductivity and good flexibility
 Ti 3 C 2 Tx  /MnO 2 electrode was fabricated into a flexible symmetric su
ercapacitor device with PVA/LiCl soaked cellulose separator, which
howed high electrochemical stability with a capacitance retention of
8.38% after 10,000 cycles and a stable performance during repeated
echanical bending of up to 120° for 100 cycles [205].  

Remarkably, MXenes can not only be combined with nanomateri 
ls via vacuum filtration, but also act as a multifunctional conductive
inder to assemble conventional activated carbon particles in micron
ize into film electrodes [276].  Carbon electrodes are conventionally
abricated by coating the mixed slurry of porous carbon, conductive
gent and polymer binder such as polyvinylidene di fluoride (PVDF)
nto aluminum foil current collector, in which the usage of an insu
ating polymer binder (5 20% in mass) reduces electrode conductivity,
apacitance, and rate performance. Through a filtration of a mixed sus
ensions of MXene flakes and AC particles, a freestanding and flexible
Xene bonded AC film electrode was fabricated ( Fig. 15 a). This elec

rode fabrication procedure is not only simpler than the conventional
oating method with polymer binder, but also simpler than the previ
usly reported similar method with rGO as binder [277] , since no re
uction process is needed. In the flexible electrode, the activated car
on particles were encapsulated between the MXene layers ( Fig. 15 b),
nd the Ti 3 C 2 T x MXene acted as a flexible matrix, conductive frame
ork and electrochemically active materials simultaneously. As a re

ult, the MXene bonded AC films presented much better rate capability
han the conventional polymer PVDF bonded AC electrode. Evaluated
n a symmetrical two electrode supercapacitor with 1 M Et 4 NBF 4 /AN
rganic electrolyte, it exhibited a capacitance of 126 F g − 1 at 0.1 A
 

− 1 with a retention of 57.9% at 100 A g − 1 and a good long term cy
ling stability with 92.4% capacitance retention after 10,000 cycles at
0 A g − 1 ( Fig. 15 c e). This strategy with MXenes as a multifunctional
onductive binder can also be used for fabricating flexible electrodes
n high performance secondary batteries, indicating its generality and
uperiority for next generation flexible energy storage [278 280] . 

Besides the filtration, the additional free standing matrix or substrate
uch as nickel foam [161] , carbon cloth [156 158] , and polymer film
274] can help in preparing flexible MXene based film electrodes. In
hese film electrodes, the MXene loading can be adjusted easily, and
he open structure of the matrix can reduce the restacking of MXene
anosheets, increase the accessible active sites and facilitate fast ion
ransport. As shown in Fig. 16 a, an electrospun polycaprolactone (PCL)
ber network was spray coated with Ti 3 C 2 T x nanosheets and CNTs

ayer by layer, fabricating a free standing and flexible film electrode
274] . Tested in the three electrode system in 1 M H 2 SO 4 electrolyte,
his composite electrode could deliver high areal capacitance from 30 to
0 mF cm 

− 2 at 10 mV s − 1 with capacitance retentions of 14 ∼16% when
he scan rate was increased up to 100 V s − 1 . Furthermore, the flexible
lm could maintain the structural integrity and high conductivity during
00 times of folding or twisting, demonstrating good tolerance against
epeated mechanical deformation. The circuits built from the films after
00 times of deformation could still light up a blue LED ( Fig. 16 b).

Stretchable supercapacitors bring forward higher requirement for
Xene based film electrodes [ 146 , 281 ]. To add stretchability to the
lm, a MXene/sodium alginate hybrid nanocoating was compressed on
 pre stretched elastomer substrates with a thin layer of silver nanowires
AgNWs) as current collector [146] . As the pre stretched elastomer was
elaxed, the lateral dimensions of adhered MXene hybrid nanocoatings
educed by the same ratio as those of the elastomer, leading to com
lex out of plane microtextures ( Fig. 16 c). As a result, the prepared MX
ne electrodes can sustain large mechanical deformations. A highly de
ormable hybrid capacitor was build  up with a negative stretchable MX
ne and a positive AC electrodes in Li 2 SO 4 PVA gel electrolyte, which
as operated in 1.0 V and maintained efficient capacitive performance
hile largely bending to 180° and stretching to 100% strain ( Fig. 16 d

). Another candidate for stretchable supercapacitors is the Ti 3 C 2 T x /rGO
omposite electrode, which was also prepared on a pre stretched elas
omer substrate to form a wrinkled/ridged pattern [281] . Combining
he superior electrochemical and mechanical properties of MXene and
echanical robustness of rGO, a MXene/rGO composite film showed a

apacitance of 49 mF cm 

− 2 ( ∼490 F cm 

− 3 and ∼140 F g − 1 ) and good
lectrochemical and mechanical stability when subjected to cyclic uni
xial (300%) or biaxial (200% ×200%) strains. 

Besides the advantages of 2D layered structure, metallic like elec
ronic conductivity, hydrophilicity and pseudocapacitive characteris
ics, transparent MXene films can also be prepared. A highly transparent
nd conductive Ti 3 C 2 T x film electrode was fabricated via spin casting



Fig. 15. Flexible AC electrode using MXene as a multifunctional conductive binder. (a) Schematic diagram for the fabrication of MXene-bonded AC films. (b) SEM 

image of the MXene-bonded AC film. (c) Rate capabilities of the MXene-bonded AC film. (d) V-t curves at enhanced current densities. (e) Cycling performance at 10 
A g − 1 for 10,000 cycles in 1 M Et 4 NBF 4 /AN organic electrolyte with the CV curves at 20 mV s − 1 at initial and after 10,000 cycles in the inset. Reproduced from Ref. 
[276] with copyright permission from American Chemical Society.

Fig. 16. Film and fiber electrodes based on MXenes for flexible supercapacitors. (a) Fabrication process of hierarchical MWCNT/Ti 3 C 2 T x multilayers on the PCL fiber 
network by layer-by-layer spray coating. (b) Digital images of the deformed (100 times) PCL films with double-layered coatings of Ti 3 C 2 T x and MWCNTs, and the 
corresponding circuits built from them to light up a blue LED. Reproduced from Ref. [274] with copyright permission from Royal Society of Chemistry. (c) Fabrication 
processes for stretchable MXene/elastomer architectures. (d) Images of the AC//MXene/elastomer hybrid devices under ∼180° bending and 100% stretching as well 
as the CV curves of the devices at different (e) bending angles and (f) stretching states. Reproduced from Ref. [146] with copyright permission from American 
Chemical Society. (g) Fabrication process of the helical Ti 3 C 2 T x /CNTs fiber. (h) Capacitance retention of the RuO 2 /CNT//Ti 3 C 2 T x /CNTs fiber supercapactior during 
1000 bending cycles at 90° with the CV curves before and after bending. Reproduced from Ref. [286] with copyright permission from Wiley-VCH. (i) CV curves 
and photos of four symmetric fiber device with MXene/PEDOT:PSS electrodes connected in parallel and in series. (j) Fabrication process of elastic fiber device by 
wrapping two MXene/PEDOT:PSS fibers on a silicon rubber. Reproduced from Ref. [291] with copyright permission from Royal Society of Chemistry. 
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ollowed by vacuum annealing [282].  Such a film electrode exhibited a
ransmittance of 93% and a volumetric capacitance of 676 F cm 

− 3.  Fur
hermore, it was assembled in a Ti 3 C 2 Tx  //CNTs hybrid capacitor with
VA/H 2 SO 4 gel electrolyte, that delivered flexibility, transparent prop 

rty (72% transmittance) and high energy density (0.05 μWh cm 

− 2 ),
emonstrating the bright prospects for the application in flexible and
ransparent electronics. 

Fiber supercapacitors, as another important kind of flexible superca 
acitors, are generally established by parallelizing or twisting two fiber
lectrodes together. Because of the low lateral sheet size and insufficient
nterlayer interactions, it is difficult to process MXenes into fiber elec 
rodes directly [283].  To bypass this issue, one method is to coat MXene
nto fibers [ 284,  285 ]. As an example, MXene coated silver plated nylon
bers were produced by mildly baking the Ti 3 C 2 Tx  suspension loaded
n the silver plated nylon fibers [285].  A supercapacitor assembled with
wo fiber electrodes in parallel in PVA/H 2 SO 4 gel electrolyte performed
ength and areal capacitances of 50 mF cm 

− 1 and 328 mF cm 

− 2,  respec
ively, together with capacitance retentions of above 90% on bending
r twisting and 82% even when the whole capacitor was knotted. 

To further increase the MXene loading and alleviate flaking off of the
ctive materials during deformation, a helical structure by bi scrolling
as designed [ 286,  287 ]. As shown in Fig. 16 g, a MXene/CNTs compos

te was fabricated by casting MXene nanosheets on well aligned CNT
caffold and subsequently bi scrolled into hybrid fibers [286].  In these
Xene/CNTs fibers, the highly delaminated MXene sheets were trapped
ithin helical yarn corridors, and these structures could increase the
Xene loading to ∼98wt%. When the Ti 3 C 2 Tx  /CNTs fiber electrode
ith ∼98% Ti 3 C 2 Tx  was combined with a bi scrolled RuO 2 /CNT fiber

athode into a hybrid fiber device operating in PVA/H 2 SO 4 electrolyte,
he device reached a maximum energy density of 61.6 mWh cm 

− 3 at a
ower density of 5428 mW cm 

− 3.  It maintained a high capacitance re 
ention of nearly 100% during 1000 bending cycles with 90° bending
ngle ( Fig. 16 h) [286].  

Another efficient approach is to combine MXenes with inherently
pinnable materials for processing composite fibers. GO is considered
s suitable material to assist building MXene fibers [283].  Further
ore, reducing MXene/GO to MXene/rGO is beneficial for enhancing

lectronic conductivity of the hybrid fibers [288].  For this point, wet
pinned MXene/GO fibers were treated with hydroiodic acid to remove
he oxygen containing functional groups on GO [289].  The obtained
Xene/rGO hybrid fibers showed well aligned MXene sheets inside
ith a high ratio of 95 wt%, and achieved high electrical conductiv 

ty (2.9 × 10 4 S m 

− 1 ) and high electrochemical performance with a vol 
metric capacitance of 586.4 F cm 

− 3 in PVA/H 3 PO 4 electrolyte. Such
ind of MXene/rGO fibers can also be used as substrate for further load 

ng with active materials. For example, MnO 2 nanosheets were grown
n the fiber surface by soaking Ti 3 C 2 Tx  /rGO fibers in KMnO 4 solu
ion, forming MnO 2 /Ti 3 C 2 Tx  /rGO ternary composite fibers. The sym
etric MnO 2 /Ti 3 C 2 Tx  /rGO//MnO 2 /Ti 3 C 2 Tx  /rGO fiber supercapacitor
ith PVA LiCl gel electrolyte displayed a volumetric capacitance of 24
 cm 

− 3,  which showed no obvious change after bending the device at
0° for 1000 times, indicating outstanding flexibility and mechanical
roperties [290].  

Polymers were also employed to assist spinning of MXene fibers.
he polymers can either exist as such in the final fibers [ 291,  292 ] o
e carbonized into carbon to form MXene/carbon fibers [293].  For in
tance, using wet spinning with conductive PEDOT:PSS as a binder,
bers containing 70 wt% MXene were prepared [291].  A symmetric
Xene/PEDOT:PSS // MXene/PEDOT:PSS device exhibited energy and

ower densities of ∼7.13 Wh cm 

− 3 and ∼8249 mW cm 

− 3,  respectively
n PVA/H 2 SO 4 gel electrolyte. When multiple device prototypes were
lectrically connected in parallel or in series, corresponding increase in
urrent or in voltage output was obtained ( Fig. 16 i). Furthermore, com 

osite fibers with excellent strength and flexibility could be wrapped
n a silicone rubber ( Fig. 16 j), resulting in an elastic device with 96%
apacitance retention after 200 cycles under stretching to 100% strain.
or the latter situation, Ti 3 C 2 T x /carbon hybrid fibers were fabricated
hrough electrospinning MXenes with polyacrylonitrile (PAN) followed
y carbonization. Through this method, the MXene nanosheets were em
edded into the in situ formed carbon to produce fibers with an areal
apacitance of up to 244 mF cm 

− 2 tested in a three electrode system
ith 1 M H 2 SO 4 electrolyte [293] . 

The high volumetric capacitance as well as 2D structure and good
echanical properties make MXenes interesting materials for flexible

upercapacitor electrode applications. Actually, lots of reported MXene
ased electrodes, including the pure MXene electrodes and the hybrid
lectrodes, in supercapacitors were studied in forms of flexible film.
hrough using MXenes, more and more high performance flexible su
ercapacitor systems were built up. However, they have not yet com
ercially available. In order to meet the needs of commercial appli

ations, the areal energy density should be improved. This could be
chieved by developing thick MXene electrodes with good mechani
al properties and electrochemical performances. Designing compatible
olid electrolyte/MXene interfaces is also needed for developing MXene
aterials for advanced flexible supercapacitor applications. 

.2. MXenes in micro supercapacitors 

The continuous development of microscale electronic devices ap
eals for increasing demands for micro power sources and energy stor
ge devices. Micro supercapacitors have been regarded as one of the
ost promising microscale power sources because of their high power
ensity, fast charge discharge rate and long cycle life, like conventional
upercapacitors. More specifically, micro supercapacitors are suitable
or self powered microscale devices as ideal independent power sources,
ince they can efficiently harvest energy from various sources, such as
rom voltage change from the excitation sources like piezoelectric sen
ors, and then offer power for a long time [294] . Moreover, compared
ith flexible supercapacitors with sandwich like film electrodes, inter
igitated micro supercapacitors have the advantage in alleviating the
arrier of ion transport across the separator. However, as most of the
lectrode materials cannot provide both high packing density and good
lectronic conductivity simultaneously, micro supercapacitors cannot
sually deliver both high areal and volumetric energy density as well
s good rate capability. In this context, MXenes can be an alternative to
onventional materials since: (1) MXenes possess both large gravimetric
apacitances and high packing densities, leading to high volumetric ca
acitances; (2) MXenes show metallic like electronic conductivity, that
elp in decreasing the internal resistance and improving the rate per
ormance; (3) MXenes have 2D structure, beneficial for ion transport in
nterdigital micro supercapacitors. 

Micro supercapacitors with interdigitated electrodes can be fabri
ated by patterning MXene based films via laser cutting [295 300] ,
cratching [301] or automated scalpel engraving [302] . For example,
s illustrated in Fig. 17 a, after Ti 3 C 2 MXene slurries were loaded on a
ommercial A4 printing paper as substrate over a large area, a scal
ble direct laser machining was employed to fabricate an interdigi
ated MXene on paper micro supercapacitor, which achieved compet
tive power energy densities and excellent flexibility [295] . As the 2D
heets can be self assembled into film easily, MXenes can act as both ac
ive material and substrate [297] . An all MXene (Ti 3 C 2 T x ) interdigitated
icro supercapacitor was fabricated by spray coating of large size, thin

ayer MXene sheets as current collector, followed by coating of small
ize MXene sheets as active material, using photoresist free direct laser
utting treatment ( Fig. 17 b) [298] . The all MXene micro supercapacitor
xhibited areal and volumetric capacitances of 27 mF cm 

− 2 and 357 F
m 

− 3 , respectively, at a scan rate of 20 mV s − 1 , as well as 100% capaci
ance retention after 10,000 cycles at 50 mV s − 1 in PVA/H 2 SO 4 gel elec
rolyte, indicating the promising prospective of the various combination
f MXenes with different flake sizes, structures, chemistries and their
eterostructures. The thicker the electrode is, the higher areal capaci
ance would be realized. Therefore, it is important to increase the thick



Fig. 17. Schematic illustrations of MXenes for 
interdigitated micro-supercapacitors. (a) Laser 
patterning of MXene coated paper to fabricate 
interdigitated electrodes. Reproduced from 

Ref. [295] with copyright permission from 

Wiley-VCH. (b) Fabrication process of the all- 
MXene micro-supercapacitor by spray-coating 
MXene sheets with different sizes followed by 
laser cutting. Reproduced from Ref. [298] with 
copyright permission from Royal Society of 
Chemistry. (c) Preparation of a thick MXene 
electrode via bonding the vacuum-filtrated thin 
MXene films with water followed by coat- 
ing Au and patterning. Reproduced from Ref. 
[299] with copyright permission from Royal
Society of Chemistry. (d) The stretched and
relaxed kirigami micro-supercapacitor. Repro- 
duced from Ref. [300] with copyright per- 
mission from Wiley-VCH. (e) Fabrication pro- 
cess via photolithography including photoresist
coating (1–2), UV exposure through the photo
mask (2–3), sputtering of Au/Ti (3–4), spray
coating of MXene (4–5) and final device after
lift-off process in acetone (6). Reproduced from

Ref. [303] with copyright permission from Wiley-VCH. 
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ess of MXene electrodes. An efficient and facile route was developed
o increase the MXene electrode thickness, and then the electrode areal
apacitance, as displayed in Fig. 17 c [299] : first, modularized thin MX
ne films were assembled by vacuum filtrating of a MXene nanosheets
uspension; then, two modularized thin MXene films were bonded with
ater into a thicker film; by repeating the bonding process, the thick
ess of the MXene films can be increased in a controlled way; after
oating Au on the thick MXene film, a laser cutting pattern process was
arried out to form the micro supercapacitors with thick MXene based
nterdigitated electrodes. A micro supercapacitor assembled with these
hick electrodes exhibited an areal capacitance of 71.16 mF cm 

− 2 in
VA/H 2 SO 4 gel electrolyte. In addition, for stretchable application, in
rder to sustain repeated tensile deformation with negligible sacrifice
f energy power densities, a kirigami micro supercapacitor ( Fig. 17 d)
ased on the MXene/bacterial cellulose composite was prepared by a
aser cutting kirigami patterning process [300] . The micro device de
ivered bendable, twistable, and stretchable property with mechanical
tability and a high areal capacitance of 111.5 mF cm 

− 2 in PVA/H 2 SO 4
el electrolyte. Furthermore, a facile, fast and cost effective ‘scratch’
ethod was proposed for patterning Ti 3 C 2 T x to form planar interdig

tated electrodes on various substrates, like SiO x /Si wafer, PET film
nd filter paper [301] . All the prepared micro supercapacitors achieved
ood performances, indicating the availability and effectiveness of this
ethod. Besides, by dip coating and the followed automated scalpel en

raving, transparent and semitransparent MXene micro supercapacitors
ould be fabricated, employing MXene optoelectronic properties [302] .

Loading MXenes onto pre patterned interdigital substrates is another
ffective strategy for fabricating micro supercapacitors [303 305] . Pho
olithography was widely used for patterning high resolution shape
n various substrates. Gogotsi and Alshareef et al. designed a micro
upercapacitor with interdigitated Ti 3 C 2 T x electrodes by using a pho
olithographic lift off process followed by spray coating of the MXene
ispersions, as shown in Fig. 17 e [303] . The prepared micro device
howed great potential for alternating current filtering application. By
djusting the MXene flake size and the electrode thickness to optimize
ts frequency response, it was found that the device with 100 nm thick
lectrodes and 10 μm electrode spacing delivered a volumetric capaci
ance of 30 F cm 

− 3 at 120 Hz and a relaxation time constant of 0.45 ms,
ndicating the capability of filtering 120 Hz ripples. 

Direct printing of functional inks is a feasible technique to build
p flexible energy storage systems with desirable architectures, which
llows personalized patterning as well as scalable and rapid produc
ion. For printable micro supercapacitors, the available ink should have
uitable viscosity properties and good energy storage capabilities. With
bundant surface terminations, MXene nanosheets can be prepared as
egatively charged and hydrophilic, which can form a stable and vis
ous colloidal suspension or ink. Together with their superior electro
hemical performances, MXene inks are particularly attractive for the
rintable micro supercapacitors. 

Screen printing is a traditional strategy for fabricating the desir
ble patterns. Interdigital patterns were prepared by loading MXene
nks onto an interdigitated mask [ 207 , 306 ]. Using printable ink of
uO 2 @MXene Ag nanowires, a micro supercapacitor with micrometer
cale resolution was designed [207] . In this RuO 2 @MXene Ag ink, the
onodispersed RuO 2 nanoparticles were homogeneously anchored on

he Ti 3 C 2 T x MXene nanosheets by the electrostatic interactions, which
nsured fast ion transport by preventing MXene nanosheets restacking
nd increasing interlayer spacing. Thanks also to the high conductivity
nd the suitable rheological behavior ensured by the Ag nanowires, the
icro supercapacitor based on the RuO 2 @MXene Ag nanowires ink de

ivered remarkable energy (13.5 mWh cm 

− 3 ) and power density (48.5 W
m 

− 3 ) in PVA/KOH gel electrolyte together with highly durable and
obust mechanical properties. Moreover, printable hybrid inks mix
ng small size Ti 3 C 2 T x MXene nanosheets and electrochemically exfo
iated graphene were developed for fabricating interdigital electrodes
ia screen printing. In the printed MXene/graphene hybrid electrodes,
he MXene between the graphene layers acted as active material and
acilitated the electrolyte ion transport, resulting in the preparation of
icro supercapacitors with an areal capacitance of 3.26 mF cm 

− 2 and
 volumetric capacitance of 33 F cm 

− 3 at 2 mV s − 1 in PVA/H 3 PO 4 gel
lectrolyte [307] . Besides, in order to enhance the working voltage of
icro supercapacitor, a screen printed interdigital Ti 3 C 2 T x MXene elec

rodes was immersed into ionic liquid EMIMBF 4 for pre intercalation
nd then used in the EMIMBF 4 electrolyte [308] . This non aqueous
icro supercapacitor can work at 3 V with high areal and volumetric

nergy densities of 13.9 mWh cm 

− 2 and 43.7 mWh cm 

− 3 , respectively.
urthermore, the screen printing route is especially suitable for fabri
ating hybrid micro  supercapacitors. Using a two step process, cathode
nd anode can be screen printed in sequence ( Fig. 18 a) [ 309 , 310 ]. As
n example, the rGO//Ti 3 C 2 T x hybrid micro supercapacitor with an in
erdigitated architecture was assembled via a two step screen printing
rocess [309] . With the advantage in fast ion diffusion, as both of the



Fig. 18. Schematic illustrations of the micro- 
supercapacitors based on MXene inks. (a) 
Fabrication of hybrid micro-supercapacitors 
by two-step screen-printing process. Re- 
produced from Ref. [310] with copyright 
permission from Elsevier. (b) Direct printing 
of additive-free MXene inks. Reproduced 
from Ref. [311] with copyright permis- 
sion from Springer. (c) Stamping of MXene 
inks for flexible micro-supercapacitors. Re- 
produced from Ref. [314] with copyright 
permission from Wiley-VCH. (d) Fabrication 
steps for Ti 3 C 2 T x /cellulose nanofibrils-based 
micro-supercapacitors. Reproduced from 

Ref. [318] with copyright permission from 

Wiley-VCH. 
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wo electrodes had 2D layered structure, it showed a voltage window
f 1 V, an energy density of 8.6 mW h cm 

− 3 at a power density of 0.2 W
m 

− 3 in PVA/H 2 SO 4 gel electrolyte as well as good flexibility.
Inkjet printing or extrusion printing is also efficient to pattern in

erdigitated designs. A typical inkjet printing needs inks with suitable
iscosity and surface tension, which is usually achieved by adding sur
actants and/or polymer stabilizers and then removing by heating. Nev
rtheless, MXene inks can be used directly without the need for any addi
ive, which avoids these complex and inefficient processes. Zhang et al.
eported the additive free Ti 3 C 2 T x MXene inks and their direct printing
or all MXene micro supercapacitors with good performances and high
esolution [311] . As illustrated in Fig. 18 b, Ti 3 C 2 T x organic inks were
sed for inkjet printing, while the Ti 3 C 2 T x aqueous inks were designed
or extrusion printing [311] . The direct MXene ink printing technique
s scalable, low cost and efficient, and can be extended to other fields
uch as sensors and electromagnetic shielding. Furthermore, by increas
ng the concentration and viscoelasticity of the MXene ink, interdigital
Xene electrodes with controllable thickness and loading can be fab

icated on flexible polymer films and papers by extrusion printing. For
he extrusion based 3D printing process, MXene dispersions were con
entrated with superabsorbent polymer beads to reach high concentra
ion (290 mg mL − 1 and ∼28.9 wt %) and suitable rheological properties
312] . The 3D printed micro supercapacitor showed outstanding areal
apacitance (1035 mF cm 

− 2 at 2 mV s − 1 ) and energy density (51.7 𝜇Wh
m 

− 2 ) that were improved by increasing the electrode thickness. One
hallenge within the printed electrodes is the dense restacking of MX
nes nanosheets, which impedes the ion transport and then limits the
erformances. To overcome this, crumpled N doped MXene nanosheets
ere prepared with melamine formaldehyde as template and nitrogen

ource, in which the crumpled structure enhanced the ion accessibil
ty and the nitrogen doping improved the conductivity and the redox
ctivity [313] . The crumpled N doped MXene inks, after adjusting the
iscosity, can be used in either 2D screen printing (70.1 mF cm 

− 2 in
VA/H 2 SO 4 ) or 3D extrusion printing (8.2 F cm 

− 2 , 0.42 mWh cm 

− 2 in
VA/H 2 SO 4 ). 

A stamping strategy was also studied for producing flexible coplanar
ll MXene (Ti 3 C 2 T x and Ti 3 CNT x ) micro supercapacitors [314] . Pad and
ylindrical stamps were constructed by 3D printing, and then the MX
ne inks were brushed onto the rough, hydrophilic stamp surface and
rmly pressed onto substrates to form the interdigitated Ti 3 C 2 T x elec
rodes ( Fig. 18 c). The obtained micro supercapacitors with PVA/H 2 SO 4 
lectrolyte delivered a high areal capacitance of 61 mF cm 

− 2 at 25 μA
m 

− 2 and maintained 50 mF cm 

− 2 as the current density was increased
y 32 fold. Another additive free MXene aqueous inks were prepared
rom clay like Ti 3 C 2 MXene sediments, which can be stamped, printed,
ainted or written [315] . The inks with controlled particle size, viscos
ty, surface tension and fluidic parameters can be directly patterned by
ommercial pens on various substrates such as paper, textile, wood and
lastics, and the deposited inks can achieve high conductivity, allowing
he fabrication of micro supercapacitors on unconventional substrates
ithout current collector. 

Besides the above mentioned strategies, some alternative methods
ave also been employed for fabricating the micro supercapacitors
ased on MXenes, such as oxidative etching of the exposed MXene film
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n H 2 O 2 diluted solution using an interdigital mask [316],  vacuum fil
rating the MXene solutions through the laser printed paper templates
ollowed by lift off with tetrahydrofuran [317],  and vacuum filtrating
Xene solutions through a wax printed filter paper [318].  Using fabrica

ion steps shown in Fig. 18 d and a freestanding and mechanically robust
icro supercapacitor was obtained, in which 1D cellulose nanofibrils
ere combined with Ti 3 C 2 Tx  MXene nanosheets [318].  With a cellulos
anofibrils loading up to 20%, the hybrid electrode showed a remark 
bly improved mechanical strength of 341 MPa (pristine MXene film:
9 MPa) without sacrificing the electrochemical performances. 

Flexible supercapacitors and micro supercapacitors have huge po 
ential in the field of wearable consumer electronics and become a bur 
eoning research topic. MXenes, owing to their high volumetric capaci 
ance, tunable surface terminations, 2D structure and metallic like con 

uctivity, have developed rapidly in this field. Their 2D structure al 
ows MXenes to be simply assembled into film electrodes via a facile
acuum filtration. By patterning the MXene based films, interdigitated
lectrodes for micro supercapacitors can be fabricated. Also, the nega 
ively charged and hydrophilic property enable MXenes to form stable
nd viscous inks, which can be printed, stamped, painted or even writ 
en on various substrates to form micro supercapacitor electrodes. Due
o these very appealing results, bright prospects can be foreseen for MX 

nes in this field. 

. Conclusions and perspectives

Key features of MXene materials such as 2D lamellar structure,
etallic like conductivity, high density, variable surface terminations

nd intercalation pseudocapacitance make them very promising can 

idates for designing advanced supercapacitors with high energy and
ower density. This paper summarizes the recent advances on MXene 
ased electrode materials for supercapacitors. Recent efforts devoted
o their preparation methods, structure designs, chemical modifica 
ions, electrochemical characterizations as well as basic understanding
f the charge storage mechanisms in different electrolytes are reviewed.
he fabrication strategies and electrochemical performances of MXene 
ased electrodes and devices, such as hybrid supercapacitors, flexible
upercapacitors and micro supercapacitors are also discussed. 

Since their discovery in 2011, three main synthesis routes have been
roposed to prepare MXenes: HF etching with the following delamina 
ion by intercalation, etching in moderate F containing solution (like
iF/HCl or NH 4 HF 2 ), and etching in fluoride free electrolytes such as
ewis acidic molten salt. From the point of views of electrochemical per 
ormance, safety and environmental friendless, the fluoride free prepa 
ation is considered as a promising direction. Most of the work reported
n the literature focuses on Ti 3 C 2 Tx ,  while only few attention was pai
o other compositions. The large variety of MXene materials that can be
repared and the possibility to tune their surface chemistry offer great
pportunities for many applications, energy storage being one of the
ost important. Fundamental research efforts will have to be developed

o push further basic understanding of the MXene/electrolyte interface
s well as to design new strategies to control the surface chemistry. Com 

utational approach will certainly play a significant role to accelerate
his research process. 

While their 2D lamellar structure improves ion accessibility and then
he electrochemical reaction kinetics, it is important to avoid aggrega 
ion and restacking of MXene nanosheets. To overcome this problem,
arious structure and electrode architecture designs have been devel 
ped, including the control of flake size and interlayer spacing, design 

ng 3D/porous architectures and fabricating vertical alignments. The ra 
ional designs of morphology and structure considerably improve the
erformances of MXenes, especially regarding the rate capability. It is
lso remarkable that their volumetric energy density is not compromised
hanks to the high density of MXenes. Simple and efficient strategies for
esigning advanced material and electrode structures needs to be fur 
her developed. 
Surface chemistry modification is one of the most important strate
ies for improving the electrochemical performances of MXenes. MX
nes can be chemically modified by tuning surface terminations and
oping. As the F terminations hinder charge transport and decrease ac
ive sites, in addition to developing fluorine free preparation methods,
ost treatments can be achieved to remove their F termination groups
hen prepared from F containing etching electrolytes. Besides, nitro
en atoms can be introduced to enlarge the MXene interlayer spacing
y annealing MXenes in ammonia or using additional nitrogen source
ike urea, thus improving the electronic conductivity and providing ad
itional active sites. Studies dedicated to the control of surface termina
ions groups and heteroatom doping have to be pursued. 

MXenes in H 2 SO 4 electrolyte can achieve excellent performances,
ncluding high capacitance (above 1500 F cm 

− 3 ), good rate capabil
ty and long cycle life, so most of the previous work focused on the
 2 SO 4 systems. However, such high capacitance cannot transform into
igh energy density, as the water splitting reaction limits the operat
ng voltage range of supercapacitors to around 1 V. The challenge for
perating MXenes in non aqueous electrolytes lies in the limited capaci
ance and the relatively low kinetics owing to the size of the intercalated
ations (compared to H 

+ in aqueous acidic electrolyte); the improve
ent of MXene electrochemical performance thus relies on mastering

he MXene/electrolyte interface and understanding the charge storage
echanism in non aqueous electrolyte. From the view of optimization

f chemical compositions, MXenes with a high density of states above
he Fermi level are regarded to be able to increase the pseudocapaci
ance. Tuning the nature and content of the surface termination groups
n MXene is another way to affect the charge storage. For example,
erminations with lower electronegativity than F (e.g. Cl) are benefi
ial to enhance the capacity. Electrolyte solvents have great influence
n the desolvation process of the intercalated ions, so selecting the sol
ents in favor of complete desolvation is also essential for increasing the
harge storage. Fundamental studies directed toward the understanding
f the interaction between the surface groups and the intercalated ions,
r the mechanism for ion desolvation in different solvents for instance
re needed. 

Although the energy storage mechanisms are of critical importance
or developing MXenes for supercapacitor applications, their under
tanding is still at an early stage. In basic and neutral aqueous elec
rolytes, MXenes can only achieve limited capacitance within a narrow
otential window, mainly driven by EDL charge storage mechanism in
olving hydrated ions in the interlayer spacing. In acidic electrolytes,
he presence of confined H 2 O molecules in the interlayer allows for fast
ransport of H 

+ , resulting in high redox capacitance and good cycle sta
ility. 

In non aqueous electrolytes, the solvation shell around the interca
ated ions gradually collapse in the MXene interlayer spacing, which
auses overlapping of atomic orbitals between the ions and the MXene
o form a donor band. The band filling effect results in the reduction
f MXene and produces an intercalation pseudocapacitance. Further in
estigation on charge storage mechanisms, especially in non aqueous
lectrolytes, are expected for guiding the MXene design. 

Though they can work in symmetrical supercapacitors, MXenes are
ore suitable for application in hybrid supercapacitors as anodes, to

void the possible oxidation of MXenes at high positive potential. In
queous systems, the cathode materials with high rate capability and
ong cycle life, such as graphene and RuO 2 , are suggested to pair up
ith MXene based anodes, but the energy density of the consequent
evices is limited by their operating voltage of about 1 V. Moving to
on aqueous electrolytes, offering higher voltage should be preferred
o increase the energy density, but MXenes performance still need to
e improved. In this way, the control of the surface termination groups
eems to be a promising approach. 

Thanks to their 2D structure, high volumetric capacitances and good
echanical properties, the last few years witnessed the fast growing of
Xenes for flexible supercapacitors and micro supercapacitors applica
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ions. 2D nanosheets of MXenes can be simply assembled into flexible
lm, but their layer by layer restacking usually results in the limited

on accessibility and the insufficient utilization of the active surface. The
estacking problem is severe especially, when the MXene nanosheets are
onverted into thick films for high areal capacitance. Therefore, more
fforts, such as structural establishment, termination modification or
ybridization, are needed to increase the ion transport kinetics and ex 
ose the whole surface of MXenes. Besides, to enhance the mechanical
roperties of the MXene based flexible and printable supercapacitors,
he reinforced materials can be introduced to MXene matrix without
he loss of electrochemical performance. 

In the last few years, MXenes have attracted extensive attention of
he researchers from more than 40 countries, in the fields of energy stor 
ge, electromagnetic interference shielding, antennas, sensors, cataly 
is, medicine, et al. Especially, significant progress of MXenes has been
ade for capacitive energy storage applications due to their superiority

n high gravimetric and volumetric energy and power density. Although
any advances and achievements have been obtained, the endless op 

ortunities for preparing new MXenes and tuning their properties imply
hat the development of MXenes for supercapacitors is still on the initial
tage. The future direction lies in the understanding of their capacitive
nergy storage mechanism, the control of the surface chemistry, and
he design of architectures that enable high performance supercapaci 
ors. The promising potential and the quickly expanding opportunities
ake MXenes have a bright future for energy storage applications. 
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