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ABSTRACT: MXenes have shown great potential for micro-
supercapacitors (MSCs) due to the high metallic conductivity,
tunable interlayer spacing and intercalation pseudocapacitance.
In particular, the negative surface charge and high hydro-
philicity of MXenes make them suitable for various solution
processing strategies. Nevertheless, a comprehensive review of
solution processing of MXene MSCs has not been conducted. In
this review, we present a comprehensive summary of the state-
of-the-art of MXene MSCs in terms of ink rheology, micro-
electrode design and integrated system. The ink formulation
and rheological behavior of MXenes for different solution
processing strategies, which are essential for high quality
printed/coated films, are presented. The effects of MXene and its compounds, 3D electrode structure, and asymmetric design
on the electrochemical properties of MXene MSCs are discussed in detail. Equally important, we summarize the integrated
system and intelligent applications of MXene MSCs and present the current challenges and prospects for the development of
high-performance MXene MSCs.
KEYWORDS: MXene, micro-supercapacitors, ink, rheology, solution processing, printing, microelectrode, integrated system, applications

1. INTRODUCTION
With the increasing demand for portable and multifunctional
electronic devices, energy storage devices tend to be
miniaturized, lightweight, and integratable.1−6 Microbatteries
(MBs) and micro-supercapacitors (MSCs) are two comple-
mentary microenergy storage devices that have received wide
attention.7−10 Although MBs are popular microenergy devices
due to their high energy density (1 mWh cm−2), their limited
cycle life (up to 500 to 10,000 cycles) means that they require
frequent maintenance and replacement, and low power density
(<5 mW cm−2) limits their application at high currents.11−14 In
contrast, MSCs possess excellent cycle life (>100,000 cycles)
and high power density (>10 mW cm−2), making them more
promising for a wide range of applications.12,15 However, their
relatively low energy density (<0.1 mWh cm−2) often limits
their application in integrated microelectronic systems. There-
fore, the option of electrode materials with high conductivity
and large charge storage capacity is crucial for high-
performance micro-supercapacitors.

Recently, two-dimensional (2D) nanomaterials, including
graphene, MoS2, h-BN, WS2, and MXenes,16−19 show excellent
performance in the field of supercapacitors due to their high

specific surface area and unique physicochemical properties,
which have attracted great interest of researchers.20−22 Among
them, transition metal carbides, nitrides, and/or carbonitrides
(MXenes), with the formula Mn+1XnTz (n = 1, 2, or 3), where
M represents an early transition metal, X stands for carbon
and/or nitrogen, and T refers to various terminations, are
particularly noteworthy.23,24 MXene often offers high metallic
conductivity, excellent hydrophilicity, adjustable interlayer
spacing and high charge storage capacity, which gives it
outstanding advantages in the field of energy storage.25−27 To
date, nearly 30 different MXenes have been synthesized
successfully.27−29 As a typical pseudocapacitive material, the
excellent electrochemical properties of MXenes can be
attributed to several factors: (i) the free electrons present in

Received: October 19, 2023
Revised: January 13, 2024
Accepted: January 17, 2024
Published: February 2, 2024

Rev
iew

www.acsnano.org

© 2024 American Chemical Society
4651

https://doi.org/10.1021/acsnano.3c10246
ACS Nano 2024, 18, 4651−4682

D
ow

nl
oa

de
d 

vi
a 

SO
U

T
H

W
E

ST
 J

IA
O

T
O

N
G

 U
N

IV
 o

n 
M

ar
ch

 5
, 2

02
4 

at
 0

2:
55

:5
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haichao+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weiqing+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.3c10246&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10246?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10246?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10246?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10246?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/18/6?ref=pdf
https://pubs.acs.org/toc/ancac3/18/6?ref=pdf
https://pubs.acs.org/toc/ancac3/18/6?ref=pdf
https://pubs.acs.org/toc/ancac3/18/6?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.3c10246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


the main chain allow MXenes to exhibit metallic conductivity,
enabling fast electron transport; (ii) the two-dimensional
nature of MXenes promotes high electrochemical activity,
leading to efficient ion transport; (iii) the abundant surface
termination groups result in excellent hydrophilicity and serve
as active centers for rapid redox reactions; and (iv) the
interlayer spacing of MXenes can be adjusted by intercalation
of H+, Li+, Na+, K+, Zn2+, Al3+, or other molecules, allowing for
more electrolyte ions to be stored.30−36 Overall, the out-
standing advantages of MXenes enable them to exhibit
excellent electrochemical performance, making them highly
suitable for micro-supercapacitors. These properties have
attracted a great deal of attention from researchers, and the
use of MXene-based conductive inks for energy storage devices
shows great promise for future practical applications.

In addition to the exceptional electrochemical properties of
MXenes, their excellent hydrophilicity and high negative
charge (with a zeta potential of around −38 mV) generated
by surface functional groups (−O, −F, and/or −OH) further
enhance their application as inks for printing and coating
electrodes.37−39 MXenes can form stable colloidal dispersions
in aqueous and organic solvents, making them highly suitable
for microelectrode manufacturing.21,38 However, one of the
major challenges is tuning the rheology of MXene inks to
match microelectrode fabrication techniques. Rheological
properties, such as viscosity and surface tension, have a
significant impact on available printing techniques, reproduci-
bility of the printing process, and print quality.40−42 These
properties are crucial factors in developing MXene inks for
specific microelectrode manufacturing methods. Additionally,
matching the surface energy between MXene inks and
substrates is essential for the wettability and printability of
electrodes. Poor wetting behavior of the printed pattern,
resulting in a nonuniform distribution of the active material
and pattern cracking, can occur due to inappropriate matching
of surface energy.43,44 Therefore, a thorough understanding of

the rheological behavior of MXene inks, from ink formulation
through microelectrode fabrication, is necessary to develop
high-performance MXene-based microelectrodes.

The stable dispersion of MXene in various solvents allows
for its direct use in solution processing techniques such as
coating, printing, and filtration.21,39,45 Currently, research is
mainly focused on enhancing the electrochemical performance
and energy storage mechanism of MXene MSCs through
methods such as composite materials,46−48 intercala-
tion,33,49−51 3D structures,52−54 and asymmetric electrode
design.55,56 However, integrating MSCs into functional
microelectronic devices is also a key driving force for the
industrialization of MSCs. It requires compatible manufactur-
ing and functional matching between MXene MSCs and other
functional devices. Currently, MXene MSCs have been
successfully integrated with nanogenerators, solar cells, sensors,
filter circuits, and more.56−65 During the integration process, a
rational design of series-parallel integration between MSCs and
matching of parameters such as voltage, current, and power
between MSCs and other components is essential.

Over the past few years, MXene MSCs have become a highly
competitive research area, but a systematic summary of MXene
rheology, microelectrode processing, and integrated multifunc-
tional device is still relatively lacking. With this in mind, we
have structured this review as follows (Figure 1): we first
discuss how to convert MXenes into inks, focusing on the
rheology of MXene inks and their printability. We then
describe the electrode construction associated with MXene
MSCs, mainly based on pure and composite MXene, 2D and
3D MXene microelectrodes, and symmetric and asymmetric
structures. In the third part, we discuss the integration of
MXene MSCs with other functional devices. Finally, we
present our views on the current state and future directions of
this interesting field.

Figure 1. Outline illustration of the review for MXene-based MSCs. Adjustable MXene inks. From left to right: Reprinted with permission
from ref [28]. Copyright 2022 Springer Nature. Reprinted with permission from ref [66]. Copyright 2021 John Wiley and Sons. In-plane
MXene MSCs. From top to bottom: Reprinted with permission from ref [24]. Copyright 2020 John Wiley and Sons. Reprinted with
permission from ref [68]. Copyright 2019 John Wiley and Sons. Reprinted with permission under a Creative Commons CC BY License from
ref [67]. Copyright 2019 John Wiley and Sons. Reprinted with permission under a Creative Commons CC BY License from ref [69].
Copyright 2022 American Chemical Society. Reprinted with permission from ref [143]. Copyright 2018 Elsevier. MXene integrated system.
From top to bottom: Reprinted with permission from ref [70]. Copyright 2020 Elsevier. Reprinted with permission from ref [57]. Copyright
2021 John Wiley and Sons. Reprinted with permission under a Creative Commons CC BY License from ref [60]. Copyright 2022 Springer
Nature.
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2. MXENE INKS FOR SOLUTION PROCESSING
2.1. Commonality of 2D Functional Inks. Currently,

many technologies have been utilized in the manufacture of
MSCs, including vacuum filtration, laser patterning, and
coating and printing technology.11,71−75 Among them, coating
and printing technology shows great promise in enabling large-
scale production of planar MSCs due to its simplicity,
efficiency, and cost-effectiveness. Furthermore, two-dimen-
sional (2D) nanomaterials have been identified as potential
electrode inks for printed MSCs due to their unique properties,
such as high surface area and electrical conductivity.76−78 It is
crucial to investigate the rheological and printing performance
of these inks to achieve high-performance MSCs.

2D functional ink typically comprises active materials (2D),
binders, additives, and solvents (Figure 2a).40 Among these
components, the 2D materials are the primary ingredient of the
ink, which can include graphene, MXene, MoS2 and BN, with
particle sizes ranging from nanometers to microns to suit
varied printing technologies.22,79 For instance, screen printing
utilizes a larger mesh, allowing for particle sizes of up to 100
μm. On the contrary, most inkjet printing requires material
particle diameters below 200 nm to avoid nozzle clogging.80

Binders are mainly used to ensure the fluidity and stability of
the ink, including water-soluble and thermoplastic adhesives,
but often reduce the conductivity and electrochemical activity
of the materials. So, binder-free ink is an effective way to
improve the electrode electrochemical performance, such as
MXene aqueous/organic ink.71,81 In addition, additives are also
an important component of printable ink, which can effectively
adjust the viscosity and printing adaptability of the ink. At the
same time, it can also improve the electrical conductivity of the
printed electrodes by adding highly conductive materials, such
as acetylene black, carbon black, and super P.82 Last but not
least, the choice of solvent is critical to the ink formulation,
which can disperse electrode materials, adjust ink viscosity, and
enhance printing adaptability. For example, MXene dispersed

in solvents with varying polarities exhibits markedly different
rheological behaviors.38,66,83

The properties of ink, which play a crucial role in
determining the consistency and reproducibility of printing
results, are influenced by the composition of ink and the
synergistic effect between its components.84 Viscosity (η) is
the most commonly used rheological parameter, which is
calculated by the ratio of shear stress (τ) to shear rate (γ) and
is used to describe the frictional force in ink systems.
Generally, as shown in Figure 2b, the viscosity of ink is
mainly affected by factors such as solid content, nanoplate size,
thixotropy, pH, and temperature and shows significant
differences.34,37,66 For example, the viscosity of MXene inks
with different concentrations can differ by 3 orders of
magnitude.83 The flow behavior of liquids can be characterized
by the relationship between viscosity and shear rate (Figure
2c), which can be classified into two categories: Newtonian
fluids, where η and γ are linearly related, and non-Newtonian
fluids, where η and γ are nonlinearly related.43,84,85 Almost all
particulate inks are non-Newtonian fluids that exhibit shear-
thinning behavior, namely, pseudoplasticity or thixotropy.
Fluids with these properties can flow through printer nozzles
under stress, recover their high viscosity, and maintain an ideal
pattern after printing by dissipating stress outside of the
nozzle.86,87 The main difference between pseudoplastic and
thixotropic fluids is their recovery time.20,44 Pseudoplastic
fluids almost instantly return to their gel state after stress
disappears, making them time-independent. In contrast,
thixotropic fluids require some time to restore their original
viscosity after stress removal, making them time-dependent.
Pseudoplastic and thixotropic fluids are well-suited for various
printing and coating techniques, including spraying, screen
printing, inkjet printing, and 3D printing.68,88,89

The formation of ink droplets is also important to the
printing process and can be described with dimensionless
groups of physical constants, including the Reynolds number
(Re), Weber number (We), and Ohnesorge number (Oh).41

Figure 2. Rheology of two-dimensional nanomaterial inks. (a) Main components of printing inks, including electrode materials, additives,
binders and solvents. (b) Factors influencing the rheology (mainly viscosity) of 2D material inks, such as binder, nanosheet size, solution
concentration, etc. (c) Relation between viscosity and shear rate of the ink fluids. (d) Effect of Reynolds number and Weber number related
to printing performance. Reprinted with permission from ref [40]. Copyright 2021 AIP Publishing.
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Re
v a=

(1)

We
v a2

=
(2)

Oh
We
Re a

= =
(3)

Here, ρ is density, v is velocity, a is characteristic length, η is
viscosity, and σ is surface tension of the ink. Moreover, the
formation of small droplets is determined by the inverse
Ohnesorge number Z (Z = 1/Oh). The inverse Ohnesorge
number Z plays a significant role in determining whether small
droplets will form or satellite droplets and splashing will occur
(Figure 2d).40,41 These issues adversely affect print quality and
must be avoided by properly controlling these variables.

Different printing methods have significantly different
requirements for ink rheology, which in turn affects the
resulting print resolutions (Figure 3a).84 Also, ink require-
ments for different printing technologies and printing
parameters are summarized in Table 1. For instance, low-
concentration dispersions are necessary for inkjet and spray
coating, whereas viscous pastes are required for extrusion-
based 3D printing and screen printing.89,90 In general, the
required ink viscosity follows this order: spray coating/inkjet
printing (low) < gravure/flexo printing (medium) < screen
printing/3D printing (high).89,91 Printing resolution is

influenced by various factors, including the printing process,
physical properties of ink (such as rheology and wetting),
substrate surface characteristics, and postprocessing conditions.
Therefore, it requires an analysis based on the specific printing
process to determine the print resolution.

Further, once the ink is printed, the subsequent ink
spreading and drying determine the quality and resolution of
the printed pattern.43,92 The diffusion of ink on a solid surface
is dependent on the ink’s wetting properties, which can be
explained by the Young’s equation (wetting equation):45

coss g s l l g= + × (4)

where γs−g, γs−l, and γl−g represent the interfacial tensions
between solid−gas, solid−liquid, and liquid−gas, respectively,
and θ is the contact angle. As shown in Figure 3b, a smaller
contact angle indicates good wetting properties, where the ink
can spread on the solid surface and achieve continuous

Figure 3. Print suitability of different printing methods. (a) Comparison of the features for different printing methods, including applicable
ink viscosity, the deposition layer thickness and printing resolution. Reprinted with permission from ref [84]. Copyright 2020 John Wiley
and Sons. (b) Wettability of droplet on the substrate. A small contact angle (<90°) indicates good wettability, while a large contact angle
(>90°) indicates poor wettability. (c) Droplet drying process: coffee ring effect (top) and Marangoni flow inhibition coffee ring (bottom).
Reprinted with permission from ref [43]. Copyright 2020 American Chemical Society. (d) Surface treatment to adjust the hydrophilicity of
the substrate for enhanced wettability. Reprinted with permission under a Creative Commons CC BY License from ref [92]. Copyright 2017
Springer Nature.

Table 1. Comparison of Different Printing Technologies

Technology
Speed

(m/min)
Viscosity

(cP)
Resolution

(μm)
Thickness

(μm)

Spray ∼20 1−10 50−200 5−100
Inkjet

printing
∼1 1−100 10−50 0.5−5

Screen
printing

∼70 100−107 30−100 10−100

3D printing ∼4 106−108 10−100 >50
Gravure ∼1000 100−1000 10−50 10−100
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deposition through maintaining contact.44 A larger contact
angle may cause the ink to contract into beads, resulting in
discontinuous deposition and poor print quality. To achieve
proper wetting, the ink’s surface tension should be lower than
the surface energy of the substrate (at least 7−10 mN m−1).
For substrates such as polyethylene terephthalate (PET),
polycarbonate (PC), and silicon/silica, with surface energies of
48, 40, and 36 mN m−1, respectively, the ink’s surface tension
should be less than 30 mN m−1.9,40,44 Also, surface treatment
of the substrate is an effective method for improving wetting
properties.92,93 For example, PDMS has a low surface energy of
only 21.6 mN/m, which makes it challenging to find a
matching ink with good wetting properties. Ces et al. improved
the surface wetting properties of PDMS by modifying its
surface with plasma treatment combined with poly(vinyl
alcohol) deposition, as illustrated in Figure 3d.92 Likewise,
plasma etching and chemical treatment of the substrate surface
is effective in enhancing wettability.94 This is mainly achieved
by increasing hydrophilic surface functional groups.

For inks with low viscosity, such as those used in inkjet
printing and spray coating, an unwanted effect known as the
“coffee ring” may occur during the ink drying process.41 This
effect causes the deposited material to dry and aggregate at the
droplet’s periphery, resulting in a concave center area, and can

decrease the resolution of inkjet printed patterns. To explain
the “coffee ring” effect, Deegan et al. put forth a widely
accepted theory.95 As depicted in Figure 3c, when a droplet is
deposited onto a substrate, the interface edge between the
droplet and substrate (also known as the contact line) typically
experiences the highest rate of evaporation during the drying
process. This evaporation induces an outward convective flow
from the droplet center to the edge, replenishing the
evaporated solvent. This flow leads to material mainly
depositing at the edge of the droplet, while the center receives
very little material deposition.5,41,95 Effective strategies to
suppress the coffee ring effect include using a cooled substrate,
increasing environmental humidity, adjusting the pH of the
droplet, and reducing the droplet size.41,43 Another effective
method is the Marangoni flow, which involves mixing solvents
with different surface tensions to generate a flow opposing the
direction of capillary flow, redistributing the material back to
the center of the droplet and achieving uniform deposition
(Figure 3c).96−98

2.2. Formulation of MXene Ink. MXenes are typically
obtained by selectively removing the “A” atomic layer from the
MAX phase (shown in Figure 4a), where A is an element from
the 13th or 14th main group in the periodic table, such as Al or
Ga.23,99 Due to the presence of strong M-A-M chemical bonds,

Figure 4. Formulation of MXene ink. (a) Selective etching process of MXene: from MAX phase to multilayer MXene and single-layer MXene.
Reprinted with permission under a Creative Commons CC BY License from ref [99]. Copyright 2021 Taylor & Francis. (b) X-ray diffraction
(XRD) spectra of MAX (Ti3SiC2) and MXene (Ti3C2). From bottom to top, Ti3SiC2, Ti3SiC2 treatment with 50 wt % HF (50HF-Ti3SiC2)
and HF/H2O2 (Ti3C2(HF/H2O2), TMAOH intercalated Ti3C2(HF/H2O2) (TMAOH-Ti3C2). Reprinted with permission from ref [113].
Copyright 2018 John Wiley and Sons. (c) Schematic of direct MXene ink printing. Ti3C2Tx organic inks for inkjet printing and Ti3C2Tx
aqueous inks for extrusion printing on flexible substrates. Reprinted with permission under a Creative Commons CC BY License from ref
[42]. Copyright 2019 Springer Nature. (d) Schematic illustration of cation intercalation between Ti3C2Tx layers, which increases the
interlayer spacing d. Reprinted with permission from ref [51]. Copyright 2013 American Association for the Advancement of Science. (e)
Pillared structure design to expand the interlayer spacing of MXene. Intercalation XRD of hydrophobic alkyl cationic surfactants with
different lengths [dodecyltrimethylammonium bromide (DTAB), tetradecyltrimethylammonium bromide (TTAB), cetyltrimethylammo-
nium bromide (CTAB), stearyltrimethylammonium bromide (STAB) and dioctadecyl dimethylammonium chloride (DDAC)] at 40 °C.
Reprinted with permission from ref [118]. Copyright 2017 American Chemical Society.
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it is difficult to obtain MXene through mechanical shearing
methods like graphene. Instead, MXene is typically obtained by
stripping the MAX precursor using chemical etching
methods.100−103 Since the report in 2011, where MXene
(Ti3C2Tx) was obtained by selectively etching Ti3AlC2 with
hydrogen fluoride (HF),104 over 30 discrete stoichiometric
forms of MXenes have been synthesized.28 It is expected that
more thermodynamically stable MXene structures will be
discovered in the future.

The synthesis methods of MXene can be mainly divided into
two categories: (a) selective etching of the MAX phase,
including HF etching,104,105 fluorine-containing etching,103,106

alkali etching,107 molten salt etching,108,109 and supercritical
etching;110 and (b) bottom-up synthesis methods, such as
chemical vapor deposition (CVD).111,112 Among them, the
most widely used method is chemical etching using hydro-
fluoric acid or in situ generated HF, which often yields MXene
with hydrophilic terminations such as −OH, −O, and −F.27

For multilayer MXene obtained by HF etching, it is necessary
to insert large organic molecules (such as TMAOH, DMSO,
urea, hydrazine, etc.) between the layers and then undergo
ultrasound treatment to obtain single or few-layer
MXenes.103,113,114 The (002) peak of MXene with organic
molecule intercalation shows a significant shift to the left,
indicating an increase in layer spacing (Figure 4b).113 The
MILD method, based on in situ generated HF using lithium
fluoride (LiF) and hydrochloric acid (HCl), allows MXene to
be directly layered by ultrasonic or manual shaking due to the
larger interlayer spacing brought by lithium ion intercala-
tion.103

The adjustable surface chemistry of MXenes give them
excellent affinity for both organic and inorganic solvents.21,38

The abundant surface functional groups of MXenes impart
negative zeta potential and hydrophilic surfaces, enabling stable
dispersion of MXenes in water and some common polar
solvents (such as dimethyl sulfoxide (DMSO), dimethylforma-
mide (DMF), tetrahydrofuran (THF), and acetonitrile
(ACN)) without the need for any surfactants or addi-
tives.38,39,66,115 This is crucial for the formulation and
application of MXene inks. For example, Zhang et al.
successfully formulated additive-free aqueous and organic
MXene inks for extrusion printing and inkjet printing (Figure
4c).42 These high-concentration MXene inks exhibit long-term
colloidal stability and achieve high printing resolution and
spatial uniformity.

On the other hand, the physicochemical properties of
MXene are highly dependent on the size of the two-
dimensional nanosheets.45,116,117 Typically, single or few-
layered MXene dispersions can be obtained via centrifugation,
but they commonly exhibit considerable lateral size disparity.

In order to address this issue, Maleski et al. employed density
gradient centrifugation to separate MXenes of different flake
sizes (ranging from 0.1 to 5 μm) and investigate their
relationship with physical and electrochemical properties.116

The conductivity of smaller MXene flakes was significantly
lower than that of larger flakes due to an increase in intersheet
contact resistance and defect density. Similarly, the optical
properties are linearly correlated with their flake size, with the
absorption in the visible range decreasing as the sheet size
decreases. In contrast, MXene films composed of ∼1.0 μm
flakes showed greater capacitance than those composed of
∼4.4 μm flakes, mainly due to an increase in active sites
resulting from defects. Thus, to achieve the desired perform-
ance, it is necessary to strike a balance between sheet size and
properties, such as conductivity and active site density in
MXenes.63,66,88

Furthermore, the interlayer spacing of MXene can be tuned
by ion and molecule intercalation.51,119 In 2013, Lukatskaya et
al. discovered that various cations, including Na+, K+, NH4+,
Mg2+, and Al3+, could spontaneously or electrochemically
intercalate into the interlayers of MXene, leading to an increase
in c lattice parameter (Figure 4d).51 Building on this discovery,
researchers have developed a variety of intercalated MXene
structures.33,118,120,121 For instance, Luo et al. prepared a
pillared Ti3C2 MXene (CTAB-Sn(IV)@Ti3C2) via a cetyl-
trimethylammonium bromide (CTAB) prepillaring and Sn4+

pillaring method, which increased the interlayer spacing of
MXene by 177% (from 0.977 nm to 2.708 nm) (Figure 4e),
thus greatly enhancing its charge storage capacity.118 Similarly,
Li et al. augmented the density of MXene active sites through
cation intercalation and surface modification, resulting in a 3-
fold increase in the pseudocapacitance of MXene, with a high
energy density of 27.4 Wh kg−1.122 These structures
demonstrate that stable MXene inks with improved ion-
accessible active sites can be obtained via intercalation, which
is of paramount importance for the preparation of high-
performance MXene inks.

The stability of the ink is equally important. However,
oxygen dissolved in water plays a crucial role in the chemical
degradation process of MXene flakes, with oxidation starting at
the edges of the MXene flakes and progressing toward the
entire basal surface.23 Therefore, removing dissolved oxygen
from water with nitrogen or argon is an effective method to
inhibit the oxidation of MXene. In addition, a low-temperature
environment can significantly reduce the rate of oxidation
caused by H2O. Currently, MXene inks are mainly placed in
sealed vials, energized with argon gas, and stored at low
temperatures, which can enhance their stability to more than
one month.123 However, this still does not fully satisfy the need
for long-term storage.45 Instead, storing MXenes in organic

Table 2. Rheologies and Electrical Conductivities of Different MXene Inks

Solvent type Concentration (mg mL−1) Viscosity (cP) Surface tension (mN m−1) Conductivity Application Ref

Water 30 10 68.8 0.15 Ω cm−1 MSCs 131
Water 60 104 � 6900 S cm−1 Flexible wireless electronics 60
Water 18 5 76.5 9.8 Ω cm−1 MSCs 132
Water 30 32 58.6 215 S cm−1 MSCS 133
Water 5 1 73 119 S cm−1 MSCs 134
NMP/DMSO 12.5 14/13 40.8 (NMP) 43.5 (DMSO) 2770 S cm−1 MSCs 42
Ethanol 0.7 19.71 22.1 � MSCs 42
DMSO 2.25 3.4 40 1080 S cm−1 Electromagnetic shielding 135
DMSO 2 2.4 23 � Photonics 5
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solvents seems to be a better option due to the stabilizing
solvation effect of organic solvents.124 The results showed that
the well-suspended MXene dispersion system in organic
solvents remained stable for several months. Antioxidants,
such as sodium L-ascorbate, are also an effective means of
inhibition. It can hinder the reaction between MXene edge
sites and water molecules, inhibiting the oxidation of MXene
flakes in water for more than 3 weeks.125 The long-time
stability of MXene is also an important limiting factor for its
industrialization, and there is still a need for cleaner, more
efficient and cheaper oxidation inhibition solutions.
2.3. Rheology of MXene Inks. The rheological behaviors

of MXene inks is dependent on various aspects, such as single-
layer and multilayer MXene sheets, ink concentration, MXene
sheet size and different dispersants.42,83,126,127 First, regarding
MXene aqueous dispersion, the unique dispersibility of
MXenes enables them to remain stably dispersed within a
wide concentration range.39 Different concentrations of
MXene ink exhibit distinct rheological behaviors, significantly
affecting reproducibility in existing printing techniques and the
quality of printed patterns (Table 2). Akuzum et al.
investigated the rheological properties of MXenes by perform-

ing shear experiments on single-layer and multilayer MXene
suspensions at different concentrations (Figure 5a).83 Both
suspensions exhibited significant shear-thinning behavior at
different concentrations, with viscosity increasing markedly
with concentration. At a high shear rate (γ = 100 s−1), the
viscosities of different concentrations of single-layer dispersion
were similar, while the viscosity of multilayered Ti3C2Tx
particles still varied by 3 orders of magnitude between the
highest (70 wt %) and lowest (10 wt %) concentrations.
Moreover, the viscosity of multilayer MXene suspensions was 2
orders of magnitude higher than that of single-layer MXene
suspensions at the highest concentration.

The ratio of elastic modulus (G′) to viscous modulus (G′′)
is another important parameter for determining the rheology of
ink.127,128 For example, spray coating typically requires high
processing rates and high viscous modulus, while extrusion
printing requires high elastic modulus to maintain the shape of
the pattern.43,84 Single-layer MXene ink exhibits viscoelastic
properties at different concentrations (Figure 5b).83 At low
MXene concentrations (0.36 mg mL−1), significant elastic
behavior (G′) can be observed, which is beneficial for thin film
processing methods such as spin coating and spray coating, as

Figure 5. Rheological properties of MXene aqueous ink. (a) Viscosity versus shear rate for different concentrations of MXene suspensions,
the left and right graphs show single- and multilayer MXene flakes, respectively. Reprinted with permission from ref [83]. Copyright 2018
American Chemical Society. (b) Viscoelasticity of single-layer MXene flake suspensions with different concentrations. Reprinted with
permission from ref [83]. Copyright 2018 American Chemical Society. (c) Frequency relationship between the ratio of elastic modulus (G′)
and viscous modulus (G″) of single-layer and multilayer Ti3C2Tx MXene aqueous suspensions. Reprinted with permission from ref [83].
Copyright 2018 American Chemical Society. (d) Left: viscosity variation of MXene aqueous inks with time at low (0.01 s −1) and high shear
rates (1000 s −1); Right: variation of viscoelastic modulus (G′ and G″) versus shear stress, and viscoelastic characteristics of high-
concentration MXene ink for 3D printing technology. Reprinted with permission under a Creative Commons CC BY License from ref [37].
Copyright 2021 Springer Nature. (e) Viscoelastic behavior of large-Ti3C2 with a concentration of 26.5 mg mL−1 and small-Ti3C2 with a
concentration of 150 mg mL−1. Reprinted with permission under a Creative Commons CC BY License from ref [126]. Copyright 2020
American Chemical Society.
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it helps to eliminate disturbances during processing.129 When
the MXene concentration increases to 0.9 mg/mL, an
interpenetrating volume percolation network begins to form
in the system, exhibiting soft-solid behavior at low frequencies
and fluid-like behavior at high frequencies (power-law scaling),
indicating that Ti3C2Tx sheets interact with each other through
electrostatic forces at far distances, which may be applicable to
techniques such as inkjet printing.5,46 At higher concentrations,
G′ increases significantly and becomes more independent of
frequency, and the intersection point with G′′ also shifts to
higher frequencies, indicating an increase in long-range order
of the percolation network and the emergence of behavior
similar to that of a soft gel, which is usually beneficial for wet
spinning.130 Similarly, multilayer Ti3C2Tx ink also exhibits
significant viscoelastic behavior.83 At low concentrations, G′′
dominates, but with increasing concentration, G′ becomes
greater than G′′, indicating gel transitions and percolation.
This also indicates that by changing the concentration of
multilayer Ti3C2Tx, its rheology can be effectively adjusted,

making it suitable for a wide range of applications, such as
electrospinning, spray coating, inkjet printing, wet spinning,
and extrusion printing (Figure 5c).83

However, it is worth noting that the highest G′ value of
single-layer MXene obtained above is not sufficient for
extrusion-based 3D printing.89 Further increasing the concen-
tration of single-layer MXene ink (>10 mg) can increase the
viscosity and elasticity of the system, obtaining viscoelasticity
and yield stress suitable for 3D printing (Figure 5d).37,54 Yang
et al. found that the viscosity of single-layer MXene dispersion
with higher aspect ratio (15 mg mL−1) is of the same order of
magnitude as that of high-concentration multilayer MXene
dispersion (2.33 g mL−1, 70 wt %), indicating that MXene
flakes with higher aspect ratio can be effectively used to adjust
rheology.68 Meanwhile, the elastic modulus and yield stress of
ink with a concentration of 50 mg mL−1 were increased to
36,507 and 206 Pa, respectively, making it feasible for 3D
printing. Subsequent work by Zhang et al. revealed that
adjusting the aspect ratio and concentration of MXene flakes

Figure 6. Rheological properties of MXene organic ink. (a) Relationships between Ti3C2Tx/solvent absorbance per cell path length (A/l)
supported by a solvent and its Hansen solubility parameters: dispersive and polar, respectively. Reprinted with permission from ref [38].
Copyright 2017 American Chemical Society. (b) Concentration relationship of MXene solutions with different viscosity solvents. Reprinted
with permission from ref (38). Copyright 2017 American Chemical Society. (c) Dispersibility of surface-modified MXene in different
solvents, including the fitting of concentration to solvent surface tension and boiling point, and the relationship between the solubility of
Ti3C2Tx and the Hansen solubility parameter of the solvent. Reprinted with permission from ref [124]. Copyright 2021 American Chemical
Society. (d) Relationship between the viscosity versus shear rate of different MXene organic inks. This additive-free MXene ink has good
wettability to the substrate and can be used directly for printing. Reprinted with permission under a Creative Commons CC BY License from
ref [42]. Copyright 2019 Springer Nature. (e) Rheological behavior of mixed organic/aqueous MXene dispersions. The addition of acetone
significantly increased the viscosity of MXene solution. Reprinted with permission from ref [93]. Copyright 2022 American Chemical
Society.
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can induce their self-assembly into a liquid crystal (LC) phase
that is suitable for wet spinning.126 For example, the aqueous
ink of large MXene flakes (referred to as L-Ti3C2Tx; average
flake size of ∼3.1 μm) can form LC at a concentration as low
as 26.5 mg/mL, while smaller MXene (S-Ti3C2Tx; ∼310 nm)
flakes require much higher concentrations (∼150 mg mL−1).
Additionally, the S-Ti3C2Tx ink must be more concentrated
than the L-Ti3C2Tx ink to obtain the same viscosity and G′/
G′′ ratio. As shown in Figure 5e, the rheological behavior of
MXene ink is closely related to the liquid crystal phase, as there
is a significant change in the relationship between G′/G′′ and
oscillatory shear frequency.126 Specifically, as the concentration
increases, the rheological behavior gradually shifts from liquid-
like to solid-like. Fan et al. also demonstrated that nitrogen-
doped Ti3C2Tx MXene dispersion with a concentration as high
as 300 mg mL−1 can transition from solid-like to liquid-like
behavior under shear stress exceeding 170 Pa, which is
favorable for ink extrusion.136 In the same year, Orangi et al.
prepared high-concentration single-layer MXene dispersion
(290 mg mL−1) through a superabsorbent polymer bead, and
the yield stress obtained from the Herschel−Bulkley model
was 24 Pa.54 They also observed that the G′ value remained
consistently higher than G′′ across different frequency ranges,
indicating significant viscoelastic behavior of the ink at rest.

In the previous section, the rheological behavior of MXene
in aqueous solutions was discussed. However, for many
printing processes, it is necessary to disperse MXene in
organic solvents in order to improve substrate compatibility. In
2017, Maleski et al. reported on the dispersion of MXene in
common organic solvents and studied the correlation between
solvent physicochemical properties and dispersion stability.38

The results showed that good solvents for MXene must have
high polarity and provide strong nonspecific dispersion
interactions, while their ability to form hydrogen bonds is
not necessarily important (Figure 6a). Solvents with a surface
tension between 35 and 42 mN m−1 and a polar/dispersive
component ratio between 0.61 and 0.87 were found to have
good dispersibility, including N,N-dimethylformamide, N-
methyl-2-pyrrolidone, dimethyl sulfoxide, propylene carbonate,
and ethanol.45 This suggests that the rheological behavior of
the MXene dispersion, including surface tension and viscosity,
can be adjusted by changing the solvent, as shown in Figure 6b.
In addition, by modifying the surface chemistry of MXene,
hydrophilic MXene can be converted into hydrophobic
MXene, resulting in organic MXene dispersions. For example,
Zhang et al. used tetrabutylammonium hydroxide (TBAOH)
as an intercalating agent and surface modifier to achieve high
concentration dispersion of MXene in organic solvents (PC,
DMAc and DMF) (Figure 6c).124 At the same time, the
solvents used have high boiling points and suitable Hansen
solubility parameters, which is consistent with previous
reports.38

MXene demonstrates similar rheological properties in
organic solvents as it does in aqueous dispersions, but there
has been relatively little research conducted on this
topic.42,85,137 Zhang et al. developed an organic Ti3C2Tx ink
formulation for inkjet printing and were able to achieve good
printing results for microdevices.42 Ti3C2Tx exhibited shear-
thinning behavior in dimethyl sulfoxide (DMSO), N-methyl-2-
pyrrolidone (NMP), and ethanol, with corresponding
Ohnesorge numbers (Z) of approximately 2.5 and 2.2 for
DMSO and NMP, respectively, falling within the optimal range
for stable jetting (1 < Z < 14). Additionally, PET coated with

AlOx (surface tension is ∼66 mN m−1) was used as the
printing substrate to achieve good substrate wetting, resulting
in high printing resolution and no coffee-ring effect after
drying. Similarly, we adjusted the surface tension and viscosity
of the MXene ink by using a mixture of water and acetone to
achieve good wetting on a silicon substrate, obtaining a
uniform MXene-SiO2 electrode through drop casting.93

During the MXene electrode deposition process, there is a
significant difference in the rheological properties of MXene
ink applicable to different processing techniques. In addition to
viscosity, other parameters such as the resolution of printing
methods, film conductivity, film thickness, and film trans-
parency also need to be further considered.44,45,79 However,
there remains a significant amount of research yet to be
completed regarding the rheological behavior of MXene
dispersions, including the rheological properties of MXene in
organic dispersions and mixed solvents. Such insights are of
great importance to inform and guide future solution-
processing of MXene and MXene compositions.

3. MXENE-BASED MICRO-SUPERCAPACITORS
Two-dimensional MXenes possess numerous outstanding
intrinsic physicochemical properties, such as metallic con-
ductivity, high redox activity, and abundant surface functional
groups, rendering them highly promising for application in the
field of micro-supercapacitors.28,29 The unique conductive
transition metal carbide layer in MXenes enables efficient
electron transport, and intercalation between layers can store
more electrolyte ions (such as H+, Li+, Na+, Zn2+ and Al3+) or
molecules.51,85,122 Moreover, the edges of the MXene layer can
provide high electrochemical activity.27 The rich surface
functional groups not only endow MXenes with hydrophilicity
but also serve as active centers for fast redox reactions.138 They
also have a strong impact on the Fermi level, thus altering their
electronic and electrochemical properties.28,102 Additionally,
the flexible and mechanical properties of the two-dimensional
crystal structure provide robust mechanical strength for flexible
MSCs. These prominent advantages make MXene-based
micro-supercapacitors exhibit excellent electrochemical per-
formance, arousing increasing attention from researchers.

The hydrophilic surface functional groups and negative zeta
potential of MXene endow it with stable dispersion in polar
solvents, which is highly favorable for constructing micro-
supercapacitors through solution processing, including coating
and printing processes, such as spray/spin-coating, 3D transfer,
ink writing, patterned coating, screen printing and others
(Figure 7).42,74,85,139,140

3.1. MXene MSCs Based on Pure MXenes. At present,
researchers have achieved submillimeter MXene-based micro-
supercapacitors using various techniques, which can be
classified into two categories: (i) coating the MXene material
on the surface of the substrate and directly forming MXene
patterns through laser scribing and other techniques;34,72,93,141

and (ii) transferring MXene ink to different patterns using
various printing technologies.66,74,142,143

Laser scribing technology is an economical, efficient, and
direct method that can create custom patterns in one step on a
wide range of substrates, with excellent flexibility in burnable
materials and electrode depth.144,145 In 2016, Peng et al. used
laser scribing technology to fabricate solid-state all-MXene
MSCs (Figure 8a), directly using two layers of Ti3C2Tx MXene
with two different flake sizes as a current collector and active
material, showing an areal capacitance of 27 mF cm−2.88
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Similarly, Kurra et al. fabricated paper-based MXene micro-
supercapacitors via laser processing, even depicting MXene
film electrodes up to 120 μm thick (Figure 8b).146 However,
patterned electrodes obtained by laser processing methods
often have uneven and rough edges because the local heat
generated by optical fiber and CO2 lasers cannot dissipate
quickly through the substrate. In addition, the laser also
accelerates the conversion of MXene to titanium dioxide.

Considering this, Huang et al. utilized UV cold laser to
process MXene microelectrodes, effectively reducing the
damage to the edges of MXene during the laser processing
(Figure 8c).147 Subsequently, they employed a UV laser
etching strategy to construct MXene-SiO2 electrodes,
effectively suppressing the hydrogen evolution reaction during
the electrochemical process.93 The resulting pure MXene-
based MSCs achieved an expanded voltage window of up to
1.2 V (Figure 8d) and a high energy density of 71 mWh cm−3.
Similarly, femtosecond lasers have an ultrashort pulse duration,
and their laser-affected area along the laser-etched edge is
limited to approximately 800 nm transverse distance,
minimizing the effect on the active material electrode area.34

The MXene interdigital electrodes, obtained via femtosecond
laser etching, exhibit ultranarrow gaps (10 μm) and retain the
majority of their electrochemical activity. These electrodes
demonstrate excellent electrochemical performance and can
attain a high working voltage of 7.2 V through a series-parallel
design (Figure 8e).

Automated scalpel patterning and vacuum filtration are also
alternative methods for manufacturing MXene MSCs.72,148−150

Salles et al. utilized dip-coating method to produce optically

transparent Ti3C2 MXene films (10−100 nm) and sub-
sequently employed a one-step automated scalpel engraving
to fabricate transparent MXene MSCs (as shown in Figure
8f).148 These devices exhibited outstanding electrochemical
storage capabilities at high scan rates and superior optoelec-
tronic properties. But this method produced a relatively low
gap resolution (0.1−0.2 mm), and the finger widths and
lengths were relatively large (0.8−1 mm and 1−10 mm,
respectively). In addition, vacuum filtration is also a commonly
used method, which can directly obtain free-standing MXene
electrodes with controllable and uniform thickness. For
instance, Huang et al. employed a gentle water freezing-and-
thawing (FAT) approach to enhance the delamination yield of
multilayer-MXene, followed by interdigital mask-assisted
vacuum filtration to fabricate MXene MSCs (Figure 8g).151

The MSCs show an areal and volumetric capacitance of 23.6
mF cm−2 and 591 F cm−3, respectively, along with a high
energy density of 29.6 mWh cm−3. It should be noted that the
limitations of the filtration method are that the electrode
processing is limited by the size of the filtration equipment and
the filtration speed. As well, it is also necessary to transfer
MXene films to the target substrate for further processing,
which makes it difficult to achieve large-scale production of
MXene MSCs.11,45

Printing technology is another crucial process for the
fabrication of patterned MXene films, which is of great
significance for the large-scale production of MXene MSCs.
Various techniques such as inkjet printing, screen printing,
transfer printing, and 3D printing have been em-
ployed.66,74,90,142 For instance, stamping technology has been
adopted to fabricate MXene-based MSCs, achieving a high
areal capacitance of 61 mF cm−2 and energy density of 0.76
μWh cm−2 (Figure 9a).74 This method boasts of lower
production cost and time, but the resolution is relatively low.
Inkjet and extrusion printing are also promising methods for
the large-scale production of MXene MSCs, but they require
MXene ink with higher rheological properties. Zhang et al.
demonstrated a high electronic conductivity of 2770 S cm−1 by
printing circuits with additive-free MXene ink, which remained
stable at 1093 S cm−1 even after 1000 bending cycles. As the
printing layers increased, the areal capacitance improved to 43
mF cm−2 with a high energy density of 0.32 μWh cm−2 at a
power density of 11.4 μW cm−2 (Figure 9b).42 Additionally,
Uzun et al. demonstrated the thermal inkjet printing of
additive-free aqueous MXene inks onto textiles and further
enhanced the performance of MXene MSCs (294 mF cm−2

and 4.46 μWh cm−2) by controlling the Ti3C2Tx flake size
(Figure 9c).66

Furthermore, screen printing has been widely utilized in the
manufacture of MXene MSCs. Zheng et al. employed a high-
viscosity MXene ink (with an apparent viscosity of 3548 Pa·s,
∼10 wt % mass loading) for screen printing, which yielded an
ultrahigh areal capacitance of 1.1 F cm−2 and an energy density
of 13.8 μWh cm−2 (Figure 9d).57 Additionally, they were able
to connect a series of 100 MXene MSCs to output a high
voltage of 60 V. To improve the utilization of MXene
materials, Abdolhosseinzadeh et al. developed a strategy to
turn trash into treasure by directly using the viscosity-
controlled MXene sediment as aqueous inks for screen
printing of MXene MSCs (Figure 9e).142 These MSCs
achieved a high areal capacitance of 158 mF cm−2 and energy
density of 1.64 μWh cm−2. The “turning trash into treasure”
strategy effectively increases the utilization of MXene materials,

Figure 7. Methods for fabricating MXene-based micro-super-
capacitors through solution processes, including coating and
printing techniques such as spray/spin coating, 3D transfer, ink
writing, pattern coating, screen printing, etc. Reprinted with
permission under a Creative Commons CC BY License from ref
[42]. Copyright 2019 Springer Nature. Reprinted with permission
from ref (74). Copyright 2018 John Wiley and Sons. Reprinted
with permission from ref [85]. Copyright 2020 John Wiley and
Sons. Reprinted with permission from ref [139]. Copyright 2019
John Wiley and Sons.
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reduces the cost of mass-producing MXene MSCs, and has
positive implications for scalability and sustainable production
of MXene-based wearable smart electronics.
3.2. MXene MSCs Based On MXene Composites. The

aforementioned research studies are based on pure MXene as
the electrode material for MSCs. Due to its high conductivity
and volumetric capacitance, MXene MSCs exhibits superior
electrochemical performance.39,85 However, to further enhance
the energy storage performance of MXene MSCs, intercalation
confinement engineering has been proposed as a promising
processing strategy for MXene, as it can effectively enlarge the
interlayer spacing and regulate the interface structure of
MXene composites.49,119,120,152 Doping with heteroatoms has
been proven to be an effective method for improving the
electrochemical properties of carbon materials by controlling
the number of charge carriers and increasing material
conductivity.153 This approach can also be applied to MXene
materials, as heteroatom doping can alter the composition and
structure of MXene, thereby significantly improving its
electrochemical capacitance.114,154 Yu et al. developed

wrinkled N-doped MXene ink for printing microscale energy
storage devices (Figure 10a), which improved the electro-
chemical performance of MXene through enhanced con-
ductivity and redox activity.139 Using screen printing, the
MXene-N MSC achieved a specific capacitance of 70.1 mF
cm−2 and impressive mechanical strength. Additionally,
Lukatskaya et al. discovered that various cations, such as
Na+, K+, NH4+, Mg2+, and Al3+, can be intercalated into MXene
layers through electrochemical methods, resulting in a
volumetric capacitance of over 300 F cm−3.51 Building upon
this research, Zheng et al. developed a flexible ionogel MXene
MSC with high voltage and energy by ionic liquid
preintercalated.33 Remarkably, the device can operate at up
to 3 V, while its areal and volumetric energy densities can
reach as high as 13.9 μWh cm−2 and 43.7 mWh cm−3,
respectively. Overall, heteroatom doping and ion intercalation
techniques allow effective tuning of the interlayer spacing and
conductivity of MXene, resulting in significant improvements
in the electrochemical performance of MXene MSCs.

Figure 8. MXene MSCs based on pure MXene ink. (a) Fabrication of all-Ti3C2Tx MXene MSCs through spray-coating and laser scribing, and
corresponding SEM images of interdigital electrode. Reprinted with permission from ref [88]. Copyright 2016 RSC. (b) Fabrication of
MXene-on-paper MSCs through spray-coating and laser patterning. Reprinted with permission from ref [146]. Copyright 2016 John Wiley
and Sons. (c) Paper-based MXene MSCs fabricated on a large scale by UV-cooled laser. Reprinted with permission from ref [70]. Copyright
2020 Elsevier. (d) MXene-SiO2 interdigital structure from cold laser processing effectively enhances the voltage window of MXene MSCs.
Reprinted with permission from ref [93]. Copyright 2022 American Chemical Society. (e) Femtosecond laser etching further improves the
resolution of MXene MSCs and obtains ultranarrow gaps (10 μm). Reprinted with permission from ref [24]. Copyright 2020 John Wiley and
Sons. (f) Transparent MXene MSCs via automated scalpel patterning. Optically transparent Ti3C2 MXene films are prepared by dip coating
and exhibit excellent transmission in different thicknesses. Reprinted with permission from ref [148]. Copyright 2018 John Wiley and Sons.
(g) All-MXene MSC manufactured by mask-assisted filtration. Reprinted with permission from ref [151]. Copyright 2020 John Wiley and
Sons.
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Meanwhile, the use of the insertion process to synthesize
MXene-based composite materials is also a common approach
for effectively improving the performance of MXene
MSCs.47,67,117,155,156 These composites are typically made by
combining MXene layers with other materials, such as carbon-
based substances,47,157 black phosphorus,48 metal oxides/
sulfides,141,155,156 and organic polymers.46,158 For instance,
carbon nanotubes (CNTs) and graphene are popular options
for creating MXene composites because they act as spacers
between MXene layers, which prevents restacking and enables
rapid ion diffusion. This makes them ideal for energy storage
applications requiring fast charging and discharging processes.
To illustrate, Eunji Kim et al. utilized focused ion beam (FIB)
technology to manufacture coplanar MXene/CNT MSCs with
a gap of only 500 nm (Figure 10b).73 By using CNTs as
spacers between MXene layers, they created a fast pathway for
ion diffusion, achieving a specific capacitance of around 317
mF cm−2, as well as outstanding rate capability. Specifically, the
electrode retained 32.8% of its capacity at a scan rate of 100 V
s−1. Similarly, Li et al. developed flexible MSCs by combining

MXene with electrochemically exfoliated graphene, achieving a
high volumetric capacitance of up to 216 F cm−3 (Figure
10c).157 Small MXene particles between graphene layers in this
composite electrode served as conductive spacers, preventing
irreversible π−π stacking between graphene layers while also
acting as ideal “buffers” for active materials and shuttling
electrolytes.

Metal oxides/sulfides, such as MoS2, RuO2, MnO2, and
LDH, offer significantly higher energy storage capacity
compared to double-layer capacitors, making them an
important option for developing MXene composite materi-
als.141,155,159−161 For example, adding MoS2 to MXene
increases its specific capacitance by 60% and brings the energy
density of MXene MSCs up to 15.5 mWh cm−3 (Figure
10d).141 However, due to the semiconductor properties of
molybdenum sulfide, it negatively affects the conductivity of
microelectrodes, resulting in only 17.6% capacitance retention
at a scanning rate of 50 mV s−1. To address this issue, Li et al.
developed a high-conductivity ink that combines RuO2@
MXene nanosheets with silver nanowires (AgNWs) to

Figure 9. Printing MXene MSCs based on pure MXene ink. (a) Flexible coplanar MSCs stamped with MXene ink showing low resolution.
Reprinted with permission from ref [74]. Copyright 2018 John Wiley and Sons. (b) All-MXene MSCs by inkjet printing and extrusion
printing using NMP ink. The inkjet printed MXene MSCs exhibit a volumetric capacitance of 562 F cm−3, while the extrusion-printed MSCs
obtain the highest areal capacitance of 43 mF cm−2. Reprinted with permission under a Creative Commons CC BY License from ref [42].
Copyright 2019 Springer Nature. (c) Thermal inkjet printing of MXene MSCs on textiles with additive-free aqueous MXene inks. By
controlling the Ti3C2Tx flake size, optimized Ti3C2Tx-printed MSCs display a high areal capacitance of 294 mF cm−2. Reprinted with
permission from ref [66]. Copyright 2021 John Wiley and Sons. (d) High-viscosity MXene ink (with an apparent viscosity of 3548 Pa·s) for
screen printing, exhibiting an ultrahigh areal capacitance of 1.1 F cm−2 and an energy density of 13.8 μWh cm−2. Reprinted with permission
from ref [57]. Copyright 2021 John Wiley and Sons. (e) Turning trash into treasure strategy to prepare MXene sediment ink for screen
printing. These MSCs provide a high areal capacitance of 158 mF cm−2 along with excellent series-parallel performance. Reprinted with
permission from ref [142]. Copyright 2020 John Wiley and Sons.
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manufacture high-performance fully printed MSCs (Figure
10e).155 This approach not only utilizes the high pseudoca-
pacitance properties of RuO2 nanoparticles but also prevents
MXene nanosheets from restacking through RuO2 intercala-
tion, ensuring fast ion transport channels. Additionally,
AgNWs provide a highly conductive network structure that
achieves fast charge transfer. Based on RuO2@MXene/
AgNWs, the microdevices have a high volumetric capacitance
of 864.2 F cm−3, 35.2% capacitance retention (at 2000 mV
s−1), and a high power density of 48.5 W cm−3. This also
highlights the unique advantages of metal oxide (sulfide)/
MXene composite electrodes in producing high-performance
micro-supercapacitors.

Organic polymers possess excellent flexibility, mechanical
strength, and high pseudocapacitance, making MXene/
polymer composite materials ideal electrodes for constructing
miniaturized supercapacitors, especially those that are flexible,
stretchable, and self-healing.46,67,141,158 For instance, Wu’s
research group designed an aqueous MXene/PH1000 hybrid
ink for inkjet printing MXene MSCs (Figure 10f).46 The highly
conductive PH1000 effectively prevents the restacking of

MXene nanosheets, facilitating the rapid diffusion of electrons
and ions throughout the microelectrode, along with additional
pseudocapacitance. As a result, the microdevices achieve an
ultrahigh volumetric capacitance of 754 F cm−3 and a high
energy density of 9.4 mWh cm−3. Furthermore, the MXene/
bacterial cellulose (BC) composite paper displays a high
increase in mechanical strength, with a tensile strength of up to
70.0 MPa (with a fracture strain of approximately 15.5%), as
well as high areal capacitance.67 The resulting MSCs exhibited
a high areal capacitance of 111.5 mF cm−2 and excellent
stretchability (with a high strain of 100%). Due to the
abundance of conductive polymers,162 MXene/polymer
composite materials can be designed with versatility, providing
great potential for achieving exceptional electrochemical
performance and mechanical stability.

The unique 2D structure of MXene can provide an excellent
environment for chemical reactions, while its high metallic
conductivity facilitates efficient electron transfer when
combined with other materials. As a result, an increasing
number of MXene composite electrodes have been developed
for energy storage applications, demonstrating a range of

Figure 10. MXene MSCs based on MXene-composite inks. (a) N-doped MXene inks for screen printing and extrusion printing. The
crumpled MXene-N nanosheets are synthesized by an MF templating method, and the corresponding printing MSC has an areal capacity of
70.1 mF cm−2. Reprinted with permission from ref [139]. Copyright 2019 John Wiley and Sons. (b) MXene/CNT MSCs with a gap of 500
nm exhibit the specific capacitance of 317 mF cm−2 and a capacity retention of 32.8% at a scan rate of 100 V s−1. Reprinted with permission
from ref [73]. Copyright 2021 Elsevier. (c) Small MXene particles in MXene-graphene composite electrodes act as conductive spacers
between graphene layers, preventing irreversible π−π stacking between graphene layers. Reprinted with permission from ref [157].
Copyright 2017 John Wiley and Sons. (d) Direct laser etching of MXene-MoS2 films for MSCs, with an energy density of 15.5 mWh cm−3.
Reprinted with permission from ref [141]. Copyright 2019 John Wiley and Sons. (e) Hydrous RuO2-decorated MXene coordinating with
silver nanowire inks for screen printing. Reprinted with permission from ref [155]. Copyright 2019 John Wiley and Sons. (f) Inkjet-printed
MSCs with aqueous MXene/PH1000 hybrid ink exhibits a volumetric capacitance of 754 F cm−3 and an energy density of 9.4 mWh cm−3.
Reprinted with permission from ref [46]. Copyright 2021 John Wiley and Sons.
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unique properties that provide opportunities for the develop-
ment of high-performance MXene-based micro-supercapaci-
tors.
3.3. MXene MSCs Based on 3D Structure. As a typical

2D material, MXene nanosheets tend to undergo restacking
during the thin film fabrication process due to the strong
interlayer van der Waals forces and hydrogen bonding.90,163

This decreases the accessibility of electrolyte ions to the active
sites on the MXene surface and prolongs ion transport
pathways.164,165 To address this issue, two primary strategies
are employed: (i) introducing interlayer spacers into MXene
interlayers, such as hexadecyl trimethylammonium bromide
(CTAB), carbon nanotubes (CNTs) , graphene ,
etc.,33,47,157,158,166 to enlarge the interlayer spacing of MXene
layers and offset their self-stacking tendency; and (ii)
transforming the 2D MXene into 3D structures through
engineering methods such as 3D printing, template synthesis,
electrostatic self-assembly, and mechanical shear, which avoids
MXene restacking and increases the accessibility of ions to
active sites.53,68,90,167−170 Earlier we discussed different

intercalation confinement engineering techniques. In this
context, we mainly focus on the construction of MXene 3D
structures and their potential applications in micro-super-
capacitors.

In 2019, Yang et al. discovered that Ti3C2Tx ink with a
concentration of over 50 mg mL−1 could effortlessly flow
through narrow nozzles and instantly recover its solid behavior
during the 3D printing process, resulting in the formation of a
3D MXene network that maintained its filamentous shape after
extrusion.68 Morphological characterization also indicated that
singly printed MXene filaments (with an average diameter of
about 326 μm) formed stable 3D network structures without
overlapping or internal collapse. Subsequently, Li et al.
prepared a nanocomposite ink composed of Ti3C2Tx MXene
nanosheets, manganese dioxide nanowires (MnONWs), silver
nanowires (AgNWs), and fullerene (C60), and employed high-
resolution 3D printing technology to construct a thick and
honeycomb-like porous structure (Figure 11a).12 The 3D
printed MSC achieved an excellent areal capacitance of 216.2
mF cm−2 and remained stable after 1000 stretch/release cycles.

Figure 11. MXene MSCs based on 3D MXene structure. (a) 3D printed MXene-AgNW-MnONW-C60 MSCs. Reprinted with permission
from ref [179]. Copyright 2020 John Wiley and Sons. (b) 4D printing technology to build MXene hydrogels, including Nb2CTx, Ti3C2Tx,
and Mo2Ti2C3Tx. Cross-linked MXene hydrogels with high mechanical strength were obtained by 3D printing and thermally stimulated self-
assembly processes using PEDOT:PSS as a cross-linker. Ti3C2Tx hydrogel MSCs offer ultrahigh areal capacitance and high energy/power
density. Reprinted with permission under a Creative Commons CC BY License from ref [171]. Copyright 2022 Springer Nature. (c) Process
diagram of unidirectional frozen MXene slurry forming ice templates to construct 3D open MXene structures. Reprinted with permission
under a Creative Commons CC BY License from ref [169]. Copyright 2021 John Wiley and Sons. (d) Self-healable MXene−graphene
composite aerogel for MSCs, showing good self-healing and electrochemical performance. Reprinted with permission from ref [167].
Copyright 2018 American Chemical Society. (e) Self-propagating fabricated 3D porous MXene-rGO for enhanced capacitance and rate
performance of MSCs. Reprinted with permission from ref [178]. Copyright 2021 Elsevier. (f) Formation of 3D MXene films by
simultaneous reduction and self-assembly of MXene sheets on the surface of zinc foil. Reprinted with permission from ref [174]. Copyright
2021 John Wiley and Sons.
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Furthermore, Ke Li et al. proposed a universal 4D printing
technology for manufacturing MXene hydrogels, which is
applicable to MXenes such as Nb2CTx, Ti3C2Tx, and
Mo2Ti2C3Tx (Figure 11b).171 This 4D printing technology
u t i l i z e d c o n d u c t i v e p o l y m e r p o l y ( 3 , 4 -
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) as a cross-linking agent and obtained cross-linked
MXene hydrogels with high mechanical strength through a
thermo-stimulated self-assembly process. The Ti3C2Tx hydro-
gel MSCs provided aultrahigh areal capacitance of 3.32 F cm−2,
high energy/power density (92.88 μWh cm−2 and 6.96 mW
cm−2), and rate performance independent of mass loading/
thickness. While 3D printing technology offers some
advantages in constructing 3D MXene electrode structures, it
does not yet offer advantages in terms of large-scale
production.90

Template synthesis is one of the most direct and effective
methods for manufacturing 3D porous structures.172,173

Polystyrene (PS) and poly(methyl methacrylate) (PMMA)
spheres are widely used templates for 3D graphene.174

Likewise, they are also appropriate for building 3D porous
MXenes.165 As a result of interactions between surface
hydroxyl groups, MXene nanosheets will spontaneously wrap

around the surface of PS spheres, and then a 3D porous
MXene framework can be obtained by removing the PS
spheres in an argon atmosphere at 450 °C. Furthermore, due
to the hydrophilicity of MXene nanosheets, large-pore MXene
can be produced by freeze-drying with ice crystals as a
template.169,175 Huang et al. formed an ice template by
unidirectionally freezing MXene hydrogels and constructed a
3D MXene structure by thawing in sulfuric acid electrolyte.169

This method can be extended to fabricated all-MXene micro-
supercapacitors with an ultrahigh surface capacitance of 2.0 F
cm−2 and a high energy density of 0.1 mWh cm−2 (Figure
11c). In fact, this ice template assembly method can endow
MXene with a macroscopic 3D porous structure, which
improves its electrochemical performance. However, its
mechanical properties are often unsatisfactory, making it
unsuitable as a highly flexible electrode.

In addition, by introducing a gelator to disturb the balance
between electrostatic repulsion and van der Waals interactions,
2D MXene nanosheets in solution can be interconnected and
assembled into 3D porous structures.168,176 For instance,
graphene oxide (GO), a typical gelator, can be uniformly
mixed with MXene nanosheets in water to form a 3D MXene/
rGO composite material (Figure 11d).177 The MSCs based on

Figure 12. MXene MSCs with asymmetric configuration. (a) Asymmetric MSCs based on MXene negative electrode and activated carbon
(AC) positive electrode. Reprinted with permission from ref [184]. Copyright 2020 Elsevier. (b) MXene and graphene constructed
asymmetric devices. Reprinted with permission from ref [185]. Copyright 2018 John Wiley and Sons. (c) Two-step screen printing process
to fabricate flexible coplanar asymmetric microhybrid devices (MHDs), with Ti3C2Tx MXene serving as the negative electrode and Co-Al-
LDH serving as the positive electrode. The MHD exhibits a high voltage of 1.45 V and an improved energy density of 10.80 μWh cm−2.
Reprinted with permission from ref [143]. Copyright 2018 Elsevier. (d) All pseudocapacitance asymmetric devices combining MXene with
RuO2 cathode, with a voltage window of 1.5 V and a relaxation time constant τ0 of 740 ms. Reprinted with permission from ref [186].
Copyright 2018 John Wiley and Sons. (e) Transition metal chalcogenide (MoS3−x) coated 3D printed nanocarbon framework (MoS3−x@
3DnCF) serving as the positive electrode. The voltage window of the asymmetric device is broadened to 1.6 V, and the energy density
reaches 56.94 μWh cm−2. Reprinted with permission from ref [187]. Copyright 2021 John Wiley and Sons. (f) Prussian blue analogue (PBA)
as the cathode material for MXene asymmetric MSCs, showing impressive performance, including a wide operating voltage of 1.6 V, high
specific capacitance of 198 mF cm−2, and energy density of 34 μWh cm−2. Reprinted with permission under a Creative Commons CC BY
License from ref [69]. Copyright 2022 American Chemical Society.
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3D MXene-rGO aerogel exhibit a large areal capacitance of
34.6 mF cm−2 and an excellent self-healing ability (81.7%
capacitance retention after the fifth self-healing) and effectively
resist damage under mechanical deformation. Similarly, Miao
et al. produced a flexible 3D porous MXene/GO through a
self-propagating reduction technique.178 The self-propagating
process released a significant amount of gas instantly within a
short period of time (1.25 s), resulting in the formation of a 3D
porous framework that enhanced the capacitance and rate
performance of the film electrode (Figure 11e). Additionally,
Zhao et al. lowered the electrostatic repulsion between MXene
sheets by the high reduction of Zn and produced 3D MXene
films via simultaneous reduction and self-assembly of MXene
sheets on the surface of Zn foil (Figure 11f).174 Subsequently,
by patterning the Zn layer, MXene can spontaneously form 3D
interdigital electrodes on the substrate.

Compared to 2D structures, 3D MXene structures typically
offer several advantages: (1) Effective inhibition of nanosheet
restacking allows for the maintenance of the large specific
surface area of MXene nanosheets in 3D structures, exposing
numerous electrochemically active sites to the electrolyte and
enabling sufficient electrochemical reactions. (2) The abun-
dant channels within the 3D structure facilitate rapid diffusion
of electrolyte ions, and the excellent conductivity of MXene
enables quick transportation of charge carriers within the
porous framework. (3) The rich surface functional groups
enable integration with various organic or inorganic materials,
creating opportunities for the construction of functional 3D
MXene composite structures. Therefore, 3D MXene structures
provide a feasible route for the development of high-
performance micro-supercapacitors. However, attention still
needs to be paid to the stability and mechanical strength of the
3D MXene structure, such as whether the device can recover
after extrusion and whether the performance will be affected.
3.4. Asymmetric MXene MSCs with High Operating

Voltage. Despite MXene MSCs exhibiting high areal
capacitance and power density, most symmetric MXene
MSCs have a limited voltage window of 0.6−0.8 V due to
the inherent properties of MXene material, which greatly limits
their energy density.31,34,75,180 Therefore, the design of an
MXene-based asymmetric structure is important to improve
the operating voltage and energy density of MXene MSCs.

Researchers have explored various approaches to construct
MXene-based asymmetric micro-supercapacitors.181−183 Xie et
al. designed on-chip asymmetric micro-supercapacitors based
on Ti3C2Tx MXene and activated carbon on a silicon substrate,
which exhibited an areal capacitance of 7.8 mF cm−2 in a
neutral electrolyte (PVA/Na2SO4), with an operating voltage
up to 1.6 V (Figure 12a).184 Similarly, Couly et al. utilized
customized masking and spray techniques to produce an
asymmetric MXene micro-supercapacitor on a flexible trans-
parent substrate, where Ti3C2Tx served as the negative
electrode and rGO served as the positive electrode (Figure
12b).185 The MXene-based asymmetric MSCs can operate at 1
V and maintain 97% capacity retention after 10,000 cycles, but
their energy density is only 8.7 mWh cm−3. Although the
voltage window of the asymmetric device constructed by
combining carbon materials with MXene has been effectively
enhanced, its areal capacitance and energy density (<9 mF
cm−2, <10 mWh cm−3) have not yet reached the expected
levels. This is mainly caused by the limited bilayer capacitance
of carbon materials, which makes it difficult to fully utilize the
pseudocapacitance performance of MXene and pulls down the

areal performance of the whole device. Therefore, it is
necessary to find other alternative materials that can maintain
the high electrochemical capacity of the MSCs matched with
MXene.

To achieve high capacitance while maintaining a high
voltage window, pseudocapacitive materials such as metal
oxides/sulfides/hydroxides and conductive polymers may be a
more ideal choice for constructing asymmetric devi-
ces.55,156,186−189 Xu et al. proposed a simple, cost-effective,
and scalable two-step screen printing process to fabricate a
flexible coplanar asymmetric microhybrid device (MHD), with
Ti3C2Tx serving as the negative electrode and Co-Al-LDH
(layered double hydroxides) serving as the positive elec-
trode.143 This screen-printed asymmetric MHD exhibited a
wide voltage window (1.45 V), excellent cycling stability (92%
capacitance retention after 10,000 cycles), improved energy
density (10.80 μWh cm−2), and good mechanical flexibility
(Figure 12c). Moreover, this two-step screen-printing method
for manufacturing coplanar asymmetric micro-supercapacitors
on flexible substrates has important implications for the mass
production of MXene-based asymmetric MSCs. RuO2, MnO2,
and MoS3 have voltage windows mostly above 0 V and high
pseudocapacitance, making them ideal candidates for pairing
with MXene (−0.6 to 0 V). For example, an asymmetric device
consisting of MXene as the negative electrode and ruthenium
oxide (RuO2) as the positive electrode can operate within a
voltage window of 1.5 V, with a relaxation time constant τ0 of
740 ms, corresponding to excellent rate performance, and an
energy density of 37 μWh cm−2 (Figure 12d).186 Similarly, by
using a transition metal chalcogenide (MoS3−x) coated 3D
printed nanocarbon framework (MoS3−x@3DnCF) as the
positive electrode, the voltage window of the asymmetric
device is broadened to 1.6 V and the energy density reaches
56.94 μWh cm−2 (Figure 12e).187

Recently, Prussian blue analogues (PBAs) have been applied
as positive electrode materials in MXene asymmetric micro-
supercapacitors due to their open and highly stable frameworks
which allow for higher loading of active materials, larger
contact surface area, and faster ion diffusion within the
crystal.69 The MSCs utilizing CuFe-PBA as the positive
electrode and Ti3C2Tx as the negative electrode exhibited
impressive performance, including a wide operating voltage of
1.6 V, high specific capacitance of 198 mF cm−2, and energy
density of 34 μWh cm−2. This effective electrode matching
between transition metal analogues of Prussian blue and
MXene provides more possibilities for constructing MXene-
based asymmetric devices.

On the other hand, metal-ion hybrid supercapacitors
consisting of a cathode of battery-type and an anode of
capacitor-type have drawn significant attention from research-
ers due to their ability to achieve high power and energy
density simultaneously.193−199 In 2015, Wang et al. demon-
strated the use of Ti2C MXene as the negative electrode for
Na-ion capacitors, achieving a high specific power of 1.4 kW
kg−1 and energy density of 260 Wh kg−1.200 However, for
sodium-ion capacitors, Ti2C is not the optimal MXene
material. Subsequently, Dall’Agnese et al. applied V2C
MXene as the positive electrode for Na-ion capacitors,
achieving a maximum cell voltage of 3.5 V and a capacity of
50 mAh g−1.105 They also demonstrated the fast intercalation/
deintercalation process of Na-ion. These results validate the
potential applications of two-dimensional MXene in metal-ion
hybrid micro-supercapacitors. For instance, Zheng et al.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.3c10246
ACS Nano 2024, 18, 4651−4682

4666

www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c10246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


employed the simultaneous oxidation and alkalinization of
Ti3C2 MXene to synthesize urchin-like sodium titanate (NTO)
for the anode and combined it with a nanoporous active
graphene (AG) cathode to form a sodium ion microcapacitor
(NTO//AG-NIMC).190 The device achieved a high energy
density of 37.1 mWh cm−3 and an excellent power density of
1.2 W cm−3 (Figure 13a).190 The nonflammable ion gel
electrolytes also provide the solid-state device with excellent
flexibility and high-temperature resistance of up to 80 °C.

Compared with Li/Na-ion hybrid capacitors, zinc ion
capacitors usually employ water-based electrolytes, which
have the advantages of low cost, high electrode potential,
environmental friendliness, and good safety, making them the
most popular research field for building MXene-based hybrid
ion supercapacitors.64,121,191,192,201,202 In 2022, Li et al.
designed a zinc-ion hybrid micro-supercapacitor (ZIHMSC)
using Ti3C2Tx MXene as the capacitor-type anode and V2O5 as
the battery-type cathode (Figure 13b).191 This device
exhibited excellent electrochemical performance, including a
high voltage window (1.65 V), high areal capacitance (129 mF
cm−2), and high energy density (48.9 μWh cm−2). Similarly,
Wang et al. used solid solution reinforced V3CrC3Tx as the
anode material for their zinc-ion micro-supercapacitor (Figure
13c).192 By partially replacing Cr atoms with V atoms in
V4C3Tx, they were able to increase the interlayer spacing of
MXene, improve Zn-ion adsorption and promote ion diffusion,
thus improving the capacitance (1680.2 mF cm−2), discharge

potential (from 1.25 to 1.30 V), energy density (51.12 mWh
cm−2) and cycling stability (50,000 cycles retains 70.2% of the
initial value). This also illustrates the enhancing effect of
double M or multiple M MXenes on the electrochemical
performance of MXene-based ZIHMSCs.

Moreover, designing 3D MXene structures has been proven
as an effective approach for enhancing the performance of ion
hybrid micro-supercapacitor.56,140,199,203,204 Zhang et al.
fabricated MXene/rGO foam by hydrazine vapor-induced
reduction, which had a controllable pore size and porosity of
up to 77.9% (Figure 13d).56 This 3D MXene/rGO foam
formed a continuous ion pathway, ensuring sufficient electro-
lyte permeation, accelerating electrochemical reaction kinetics,
and significantly improving Zn-ion storage performance,
including rate performance and cycling stability. The
MXene/rGO//Zn zinc-ion micro-supercapacitor exhibited a
large area-specific capacitance of 83.96 mF cm−2, good self-
discharge resistance (self-discharge rate of 2.75 mV h−1) and
self-healing ability, making it suitable for providing energy for
self-powered integrated pressure sensing systems.56 However,
due to the limitations of water-based electrolytes, the operating
voltage of the above-mentioned zinc-ion hybrid MSC is
relatively low (<2 V), limiting the further increase of energy
density.

Despite the effective expansion of the operating voltage and
improvement in energy density of MXene MSCs achieved
through the design of asymmetric structures, there are still

Figure 13. MXene-based metal-ion hybrid MSCs. (a) Sodium ion microcapacitor formed by Ti3C2 MXene derived urchin-like sodium
titanate (NTO) as the anode and nanoporous active graphene (AG) as the cathode, achieving a high energy density of 37.1 mWh cm−3 and
power density of 1.2 W cm−3. Reprinted with permission under a Creative Commons CC BY License from ref [190]. Copyright 2019 John
Wiley and Sons. (b) Zn-ion hybrid MSCs based on an MXene anode and V2O5 cathode with high areal capacitance of 129 mF cm−2.
Reprinted with permission from ref [191]. Copyright 2022 Elsevier. (c) Solid solution reinforced V3CrC3Tx as anode for Zn-ion MSCs,
which showing improved capacitance (1680.2 mF cm−2), high energy density (51.12 mWh cm−2) and good cycling stability (50,000 cycles
retains 70.2% of the initial value). Reprinted with permission from ref [192]. Copyright 2022 RSC. (d) 3D MXene/rGO foam fabricated by
hydrazine vapor-induced reduction for Zn-ion MSCs. The MXene/rGO//Zn zinc-ion MSC exhibits a large areal capacitance of 83.96 mF
cm−2, low self-discharge rate of 2.75 mV h−1 and good self-healing ability. Reprinted with permission from ref [56]. Copyright 2022 Elsevier.
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many challenges that remain. These include criteria for
selecting electrode materials that are compatible with
MXene, balancing high energy and high power, and addressing
stability issues in ion hybrid micro-supercapacitors. Due to the
complexity of in-plane asymmetric structures, large-scale
manufacturing remains a major obstacle to the industrial
development of MXene asymmetric MSCs, and this is where
subsequent researchers need to pay more attention.

4. INTEGRATED SYSTEM WITH MXENE MSCS
With the development of high-performance materials and
miniaturization of electronic devices, people are eager to
integrate micro-supercapacitors into microdevices with various
functions to achieve integrated multifunctional sys-
tems.86,205,206 These micro-integrated systems can be self-
powered through intermittent energy harvesting units such as
solar cells and nanogenerators, be stored by MXene MSCs, and
respond to external stimuli such as voltage, mechanical
deformation, temperature, and light.127,207−210 It is worth
noting that the AC output generated by these units may not
directly charge the MSC and requires a rectification unit to
convert AC to DC for obtaining a constant voltage or current
signal.57,60 Currently, the focus of MXene MSCs is primarily

on manufacturing technology and electrode material opti-
mization, with less attention paid to integration. However, the
multifunctional energy integration of MXene-based micro-
supercapacitors is also a key driving force for promoting the
industrialization. Integration compatibility mainly includes
process compatibility, power matching, function matching,
etc., for example, the integrated processing on silicon substrate,
the voltage/current provided by the capacitor needed for the
back-end device, and the functions needed for the system to be
integrated.
4.1. Self-Powered Integrated Systems. To meet the

diverse requirements of various application scenarios, it is
necessary to connect MXene MSCs in series or parallel to
achieve higher output voltages or greater energy storage
capacity.206,209 As shown in Figures 14a−b, high-conductivity
MXene is often served as a conductive path between MXene
MSCs in series and parallel.70,93 This improves compatibility
between microdevices and eliminates the increase in contact
resistance that can be caused by other current collectors.
MXene as a conductive path also avoids the requirement for
external wire connections, thus increasing the area density of
the integrated system and facilitating the integrated processing.
Also, it is important to ensure that the electrolytes of each

Figure 14. Series and parallel integration of MXene MSCs. (a, b) High-conductivity MXene serves as a conductive path between MXene
MSCs in series and parallel. Reprinted with permission from ref [70]. Copyright 2020 Elsevier. Reprinted with permission from ref [93].
Copyright 2022 American Chemical Society. (c) Liquid metal bridge/island (LMBI) interconnect structures are used for series-parallel
connection of stretchable Zn-ion MSCs, thus maintaining the electrochemical stability and mechanical robustness of the microdevice under
different deformations. Reprinted with permission from ref [30]. Copyright 2021 Elsevier. (d) Screen-printing of 100 tandem linear MXene
MSCs to reach an operating voltage of 60 V. Reprinted with permission from ref [57]. Copyright 2021 John Wiley and Sons. (e) Series
connection of 30 MSCs based on ionic liquid wrapped MXene film to achieve 90 V output voltage. Reprinted with permission from ref [59].
Copyright 2023 Springer Nature.
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device in the MXene MSC array are isolated from each other
to avoid any effect on the actual voltage that can be achieved
through series connection.93 And for stretchable devices, the
liquid metal bridge/island (LMBI) interconnection structure
enables a separation of mechanical and electrochemical
properties, resulting in the maintenance of electrochemical
stability and mechanical robustness of microdevices under
different deformations, as shown in Figure 14c.30 Moreover,
for microelectronic device integration systems with higher
voltage requirements, high voltages can be obtained by
connecting more MXene MSCs in series.46,59,202 An example
is the 60 V operating voltage achieved by screen-printing 100
connecting MXene MSCs (Figure 14d).57 And Zhu et al.
fabricated an MSC array consisting of 30 MSC units connected
in series on a polyimide tape, which can achieve a high output
voltage of 90 V, as illustrated in Figure 14e.59 In the integration
of high-density MXene MSCs, the homogeneity of the device
proved to be critical to the stability of the output voltage,
highlighting the advantages of solution-based printing methods
in building integrated functional systems.

Currently, the main energy harvesting devices that can be
integrated with MXene MSCs are nanogenerators, solar cells,
and wireless charging (Figure 15).46,48,60,61,211−213 Frictional
electric supercapacitors are a type of self-powered device that
can efficiently store electrical energy by converting mechanical
energy from the surrounding environment to meet the
potential needs of micro and wearable electronics. For
instance, Jiang et al. integrated an MXene-based micro-
supercapacitor with a skin-touching frictional triboelectric
nanogenerator (TENG) to develop a self-charging device
(Figure 15a).213 But even at a motion frequency of 5 Hz, it still
takes about 30 min to charge the supercapacitor to 0.6 V. In
fact, although nanogenerators can convert biomechanical
motion into electrochemical energy and store it, its lower
energy conversion efficiency still needs to be further verified
for practical applications.

Solar cells and wind power are commonly used energy
supply methods for MXene integrated systems.46,48,57,61 Zhang
et al. integrated flexible pressure sensors with laser-writing
MSCs and solar cells to design a self-powered intelligent sensor

Figure 15. Integration of MXene MSCs with energy harvesting devices. (a) MXene MSCs integrated with triboelectric nanogenerator for a
wearable self-powered system. Reprinted with permission from ref [213]. Copyright 2018 Elsevier. (b) Integration of solar cells, direct laser-
writing MSCs and flexible pressure sensors to produce a self-powered smart sensor system based on MXene/black phosphorus (BP).
Reprinted with permission from ref [48]. Copyright 2021 John Wiley and Sons. (c) Tandem solar cells, MXene-LIMB and MXene hydrogel
pressure sensors integrated by screen-printing technology to create a flexible self-powered integrated system. The Si-SC charging circuit
reaches an output voltage of 2.2 V in 60 s, and MXene-LIMB can discharge at a constant current of 50 and 100 μA cm−2 for 390 and 180 s.
Reprinted with permission from ref [57]. Copyright 2021 John Wiley and Sons. (d) Wind power drives asymmetric MSCs consisting of
VMG and PEDOT. The integrated system can convert AC wind signals into DC signals and store the collected energy in MSCs. Reprinted
with permission from ref [61]. Copyright 2022 John Wiley and Sons. (e) Room-temperature direct printing of MXene inks for wireless
charging, energy storage and sensing in one flexible integrated system. The sensing module exhibits positive temperature coefficient
behavior, enabling it to quickly respond to temperature changes. Reprinted with permission under a Creative Commons CC BY License
from ref [60]. Copyright 2022 Springer Nature.
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system based on MXene/black phosphorus (BP) (Figure
15b).48 The solar cell can increase the open-circuit potential of
the micro-supercapacitor to 1.61 V within 76 s. This self-
powered intelligent sensor system can be used for real-time
human pulse wave measurement, showing high detection
sensitivity (77.61 kPa−1) and fast response/recovery time
(10.9/12.9 ms). Similarly, Zheng et al. employed screen-
printing technology to seamlessly integrate tandem solar cells,
MXene-LIMB, and MXene hydrogel pressure sensors to build
a fully flexible self-powered integrated system on a single
substrate.57 The Si-SC charging circuit reaches an output
voltage of 2.2 V in 60 s, and MXene-LIMB can discharge at a
constant current of 50 and 100 μA cm−2 for 390 and 180 s,
respectively (Figure 15c). Figure 15d shows an integrated
system powered by wind.61 The integrated system can convert
AC wind signals into DC signals and store the collected energy
in MSCs. The capacitor section is an asymmetric structure
composed of VMG (vertically oriented MXene and reduced
graphene oxide composite) and PEDOT, with a voltage of 1.4
V and areal energy density of 805 mF V2 cm−2, and exhibits

excellent filtering performance. However, these two types of
energy collection devices have relatively high environmental
requirements and limited applicable scenarios. They also suffer
from the problem of low energy conversion efficiency

Additionally, wireless charging provides a low-wear, low-risk,
and convenient energy supply method.14,60,63 In 2022, Shao et
al. utilized additive-free aqueous MXene ink to enable the
direct printing of flexible wireless electronic products at room
temperature, thus efficiently manufacturing flexible systems for
energy collection, wireless communication, and sensing
(Figure 15e).60 The self-powered wireless system employs
the electromagnetic conversion process to charge MXene
MSCs, resulting in an energy conversion efficiency of
approximately 70%. The sensing module exhibits positive
temperature coefficient behavior (with a sensitivity of about
0.066% °C−1), enabling it to quickly respond to temperature
changes. Additionally, Duan et al. developed a fully integrated
system using MXene on a small area of only 1.78 cm2 via a
one-step laser scribing method.63 The system incorporates an
integrated wireless charging coil, micro-supercapacitor, and

Table 3. Summary of Key Performance and Integration Applications of MXene-Based MSCsa

Solution processing method Ink composition Electrochemical performance Applications Ref

Direct laser machining MXene/BP hybrid ink Potential window: 0.8 V Self-powered smart sensor system 48
Capacitance: 896.8 F cm−3

Energy density: 15.9 μWh cm−2

Screen printing MXene-LTO and MXene-LFP; 100
mg mL−1

Potential window: 0.6 V Self-powered pressure sensing
system

57
Capacitance: 1108 mF cm−2

Energy density: 13.8 μWh cm−2

Extrusion printing MXene aqueous inks (60 mg mL−1) Potential window: 0.6 V Wireless sensing electronics 60
Capacitance: 900 mF cm−2

Energy density: 9.7 μWh cm−2

Screen printing Ti3C2Tx/NMP; Co-Al-LDH/NMP Potential window: 1.45 V Force sensor 143
Capacitance: 28.5 mF cm−2

Energy density: 8.84 μWh cm−2

Inkjet printing MXene/PH1000; 30 mg mL−1 Potential window: 0.6 V Temperature monitor 133
Capacitance: 754 F cm−3

Energy density: 9.4 mWh cm−3

Spraying method Ti3C2Tx−LiCl Potential window: 1.3 V Pressure sensor 64
Capacitance: 802.3 F cm−3

Energy density: 188 μWh cm−3

Laser engraving MXene and GO aqueous solution Potential window: 1.35 V Pressure sensing system 56
Capacitance: 83.96 mF cm−2

Energy density: 21.3 μWh cm−2

Laser scribing MXene aqueous inks Potential window: 1.2 V Photodetector 63
Capacitance: 84.07 mF cm−2

Energy density: 16.8 μWh cm−2

Mask-assisted filtration Mn ions-introduced Ti3C2Tx suspension Potential window: 1.0 V Electromagnetic interference
shielding

96
Capacitance: 87 mF cm−2

Energy density: 11.8 mWh cm−3

Electrochemical
polymerization

MXene; PEDOT aqueous solution Potential window: 0.6 V Electrochromic 216
Areal capacitance: 2.7 mF cm−2

Energy density: 8.7 mWh cm−3

Spray coating MXene aqueous solution Potential window: 0.6 V AC-line filtering 214
Capacitance: 0.5 mF cm−2

Relaxation time constant: 0.45 ms
Vacuum filtration MXene aqueous solution Potential window: 1.0 V Filter/oscillator 207

Capacitance: 8 mF cm−2

Capacity maintenance of 75% at 120
Hz

aNote: BP, black phosphorus; LTO, lithium titanate; LFP, lithium iron phosphate; Co-Al-LDH, Co-Al layered double hydroxide; NMP, N-methyl-
2-pyrrolidone; GO, graphene oxide; PEDOT, poly(3,4-ethylenedioxythiophene).
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optoelectronic detector, all composed of Ti3C2Tx MXene and
connected by highly conductive MXene wires without the need
for additional welding or assembly operations.

The majority of these energy harvesting devices above
collect intermittent AC signals and need to be integrated with
rectifier units for stable charging of MSC. Circuit optimizations
are often necessary to improve the overall energy collection
and conversion efficiency of the integrated system. In
summary, the integration of MXene-based micro energy
storage devices with energy harvesters is an interesting and
meaningful direction. However, at present, integration of the
two is still in the laboratory stage, and the manufacture of truly
practical self-powered systems is still in its early stages.
4.2. Integration of MXene MSCs with Other Func-

tional Devices. Currently, the integration of MXene MSCs is
mainly reflected in microsensing, filtering, photoelectric
detection, and electromagnetic shielding.14,62,137,214,215 Differ-
ent applications require different performance levels from the

MXene MSCs module, including voltage, current, power, and
energy, among others, as shown in Table 3.

Portable and wearable sensors are widely applied in
monitoring personal health and environment, and integrating
them with MSCs can eliminate the need for external power
sources, reduce overall volume, and improve flexibility, which
is currently the primary development trend.217,218 With this
motivation, MXene MSCs have been extensively used to
integrate with miniaturized sensor systems, including gas
sensors, strain sensors, temperature sensors, and photo-
detectors.137,143,208,210,215 Figure 16a illustrates one of the
simplest systems for integrating MXene MSCs with mini-
aturized force sensors.143 The asymmetric MXene MSCs can
provide a voltage of 1.4 V and maintain it at 1.0 V after 1000 s,
which is sufficient to drive the force sensor as a power source.
The response current of the sensor is proportional to the force
applied to the active surface area, proving the feasibility of
using an asymmetric device as an alternative energy unit to

Figure 16. Integration of MXene MSCs with microsensors. (a) Screen-printed asymmetric MSCs based on MXene and layered double
hydroxide electrodes to power force sensors. The response current of the sensor is proportional to the force applied to the active surface
area. Reprinted with permission from ref [143]. Copyright 2018 Elsevier. (b) Direct inkjet-printing of MP-MSC and thermal sensors
utilizing aqueous MXene/PH1000 (MP) inks. The self-powered sensing system shows excellent flexibility, and the current response
increases linearly with temperature. Reprinted with permission from ref [46]. Copyright 2021 John Wiley and Sons. (c) Potassium-ion
micro-supercapacitors (KIMSCs) based on an MXene-derived potassium titanate (KTO) nanorod anode and porous activated graphene
(AG) cathode to power the wearable pressure sensor system. This integrated sensor system demonstrated considerable sensitivity in
detecting body movements such as finger joints and elbows, as well as bending monitoring. Reprinted with permission from ref [210].
Copyright 2021 John Wiley and Sons. (d) In-plane integration of MXene-based Zn-ion MSCs with Ti3C2Tx−DMF@P(VDF−TrFE) pressure
sensor. The MSCs provided stable energy for the pressure sensor, achieving a fast and stable response to different mass loads. Reprinted with
permission from ref [64]. Copyright 2023 RSC. (e) Zn-ion microcapacitor (ZIMC) and pressure sensor simultaneously constructed with 3D
porous MXene/rGO foam. The integrated system exhibited excellent performance in detecting small deformations and human physiology.
Reprinted with permission from ref [56]. Copyright 2022 Elsevier.
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drive force sensors. Similarly, Ma et al. designed an aqueous
MXene/po l y (3 , 4 - e t h y l en ed i o x y t h i ophene ) : po l y -
(styrenesulfonate) (MP) ink, for direct inkjet printing of MP-
MSCs and thermosensitive sensors (TSs).46 A TS shows stable
response and mechanical durability under infrared irradiation,
and the current response linearly increases with temperature,
reaching a maximum response value of ∼2.0% at 50 °C (Figure
16b).

Metal-ion hybrid capacitors based on MXene are a reliable
option for constructing integrated sensing systems due to their
ability to operate at higher voltage windows compared to
aqueous electrolyte devices.191,201 For example, Zheng et al.
constructed potassium ion micro-supercapacitors (KIMSCs)
by applying MXene-derived potassium titanate (KTO) nano-
rod anodes and porous active graphene (AG) cathodes to
power a sensitive integrated pressure sensing system (Figure
16c).210 This integrated sensor system demonstrated consid-
erable sensitivity in detecting body movements such as finger
joints and elbows, as well as bending monitoring. Also, the
pressure sensor made of a graphene-conductive hydrogel even
showed the ability to self-heal quickly. In a similar study, Liu et
al. designed the in-plane integration of an MXene-based Zn-
ion micro-supercapacitor with a Ti3C2Tx−DMF@P(VDF−

TrFE) pressure sensor (Figure 16d).64 By adding K3Co(CN)6
to the Zn(CF3SO3)2 electrolyte, the rate performance and
cycling stability of Zn-ion hybrid MSCs were considerably
improved. The stable energy source provided stable energy for
the pressure sensor, achieving a fast and stable response to
different mass loads.

In the integrated system described above, different materials
were adopted for the MSC and sensors, requiring separate
processing before integration. In fact, MXene’s metallic
conductivity, tunable layer spacing and controlled surface
chemistry have shown great potential for applications such as
pressure and humidity sensors, promoting the simultaneous
fabrication of MXene MSCs and MXene sensors.65,215 In 2020,
Wei et al. designed an RGO/CNFs/Ti3C2 composite paper
after the conch shell structure, which can be used for both
pressure/temperature/light multisensing units and flexible
micro-supercapacitor (MSC) electrodes.208 This integrated
device achieved appropriate electrochemical capacitance
(148.25 F cm−3) and reliable response to stimuli. It can
identify users and monitor vital signs by detecting different
signal stimuli, such as motion, pulse, sound, and signatures.
Furthermore, Zhang et al. employed 3D porous MXene/rGO
foam to simultaneously construct the multifunctional Zn-ion

Figure 17. Integration of MXene MSCs with other functional devices. (a) Schematic and physical photos of all-MXene-based integrated
system, including wireless charging coil, MSCs and photodetector. Reprinted with permission from ref [63]. Copyright 2023 John Wiley and
Sons. (b) Integration of MSCs based on 3D MXene-rGO composite aerogels with photodetector. This 3D MSC has an areal capacitance of
34.6 mF cm−2 and can still drive the photodetector stably after the fifth self-healing. Reprinted with permission from ref [167]. Copyright
2018 American Chemical Society. (c) Flexible MXene MSC with electromagnetic interference (EMI) shielding. The multifunctional MSC
exhibits a high surface capacitance of 87 mF cm−2, an energy density of 11.8 mWh cm−3, and an outstanding shielding effect of 44 dB.
Reprinted with permission from ref [120]. Copyright 2020 Elsevier. (d) MXene-PEDOT electrochromic MSCs. The devices demonstrate
significant electrochromic behavior with bleaching and coloring times of 6.4 and 5.5 s, respectively, over the voltage range of −0.6 to 0.6 V.
Reprinted with permission from ref [216]. Copyright 2019 Elsevier.
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microcapacitor (ZIMC) and pressure sensor. This integrated
pressure sensing system exhibited excellent performance in
detecting small deformations and human physiology, as shown
in Figure 16e.56

In addition, there has been relevant research on the
integration of MXene MSCs with photodetectors.62,219,220

Duan et al. designed an all-MXene based integrated system,
including the wireless charging coil, MSC, and photodetector
(Figure 17a). The MXene MSC can maintain a voltage above
0.8 V for more than 4000 s after full charging, which is
sufficient to drive the photodetector for an extended period.63

The performance of the integrated system was comparable to
the 0.95 V external power supply driven system and could
achieve a rapid response to 808 nm light stimulation. Zhang et
al. also achieved similar integration results using 3D MXene
MSCs (Figure 17b).167 They proposed a simple ice-templating
method to manufacture 3D MXene-rGO composite aerogels
and further prepared a self-healing 3D MSC based on this. The
MSC has an areal capacitance of 34.6 mF cm−2 and maintains
81.7% of its specific capacitance after the fifth self-healing
process, which can stably drive photodetectors.

In addition to applications integrating with sensors, the high
electromagnetic (EM) wave reflectivity and low mid-infrared
emissivity resulting from the high conductivity make MXene
MSCs perform well in the field of electromagnetic shielding
and electrochromic fields.62,120,216,221 Feng et al. designed a
flexible MXene MSC with an electromagnetic interference
(EMI) shielding function based on Mn ion-intercalated
Ti3C2Tx MXene (Figure 17c).120 The incorporation of
transition metal Mn2+ ions effectively enhances the energy
storage and EM waves absorption in EMI shielding. This
multifunctional MSC exhibits a high surface capacitance of 87
mF cm−2, an energy density of 11.8 mWh cm−3, and an
outstanding shielding effect of 44 dB. For electrochromic, Yury
Gogotsi’s group developed a titanium carbide-poly(3,4-ethyl-
enedioxythiophene) (PEDOT) heterostructure by electro-
chemical deposition and combined it with an automated
scalpel technique to obtain MXene-PEDOT electrochromic
MSCs (Figure 17d).216 The hybrid MSC exhibited a 5-fold
increase in areal capacitance (from 455 to 2.4 mF cm−2) and
higher rate capabilities. More importantly, the PEDOT/
Ti3C2Tx MSCs demonstrate significant electrochromic behav-
ior with bleaching and coloring times of 6.4 and 5.5 s,

Figure 18. MXene MSCs for AC filtering applications. (a) Wafer-scale micro-supercapacitors offer superior frequency filtering performance
by controlling the lateral size of MXene flakes. MXene MSCs exhibit a high volumetric capacitance (30 F cm−3 at 120 Hz), high-rate
performance (300 V s−1), and relaxation time constant (τ0) lower than conventional electrolytic capacitors (from 0.45 to 0.8 ms). Reprinted
with permission from ref [214]. Copyright 2019 John Wiley and Sons. (b) MXene/MWCNT-based high-frequency MSCs for filter/oscillator.
The MSCs display a high areal capacitance of 6 mF cm−2 at 120 Hz, providing excellent performance in both low-pass filter circuits and
relaxation oscillator circuits. Reprinted with permission from ref [207]. Copyright 2019 Elsevier. (c) Porous MXene/PEDOT:PSS hybrids
for flexible AC filtering symmetric electrochemical capacitors. Reprinted with permission from ref [158]. Copyright 2019 Elsevier. (d)
Vertical-oriented MXene and reduced graphene oxide composite (VMG) electrodes by electrochemical codeposition for AC filtering. The
MSCs maintain a phase angle of 80° at 120 Hz. Reprinted with permission from ref [61]. Copyright 2022 John Wiley and Sons.
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respectively, over the voltage range of −0.6 to 0.6 V, showing
great potential for visual energy storage.

Besides, for wearable electronics, integrating printed MSCs
may suffer from mechanical damage that can cause electro-
chemical performance degradation or even collapse.167,222

Therefore, self-healing MXene MSCs are an effective strategy
to address such issues, which is an important research direction
mentioned previously.
4.3. MXene MSCs for AC Filtering Applications. The

open structure of an in-plane interdigital electrode provides
MSCs with fast ion transport capability, which makes them
viable miniaturization alternatives for large electrolytic
capacitors in alternating current (AC) line circuit filtering
applications.223,224 In filtering applications, especially in full
wave rectification (120 Hz AC) waveforms, the RC time
constant of the capacitor should be less than 8.3 ms, which
means that the phase angle and frequency response of the
capacitor should remain close to −90° up to 120 Hz
frequency.61,207,225 Due to the unique 2D morphology of
MXene that forms ion channels between layers, its metallic
conductivity (8,000−10,000 S cm−1), and rapid surface redox
reactions, MXene MSCs often exhibit exceptional rate and
power performance, which are critical for AC line circuit
filtering.27

In 2019, Jiang et al. achieved wafer-scale micro-super-
capacitors with superior frequency filtering performance by
controlling the lateral size of MXene flakes (Figure 18a).214

The on-chip MXene MSCs exhibit high volumetric capacitance
(30 F cm−3 at 120 Hz), high-rate performance (300 V s−1),
and a relaxation time constant (τ0) lower than conventional
electrolytic capacitors (from 0.45 to 0.8 ms), enabling them to
filter the 120 Hz ripple produced by 60 Hz AC line electricity.
Similarly, Xu et al. utilized multiwalled carbon nanotubes
(MWCNTs) as interlayer supports for MXene, providing fast
ion transport pathways (Figure 18b).207 This MSC exhibits a
high areal capacitance of 6 mF cm−2 at 120 Hz, much higher
than commercial tantalum capacitors, and maintains a nearly
rectangular CV curve at rates as high as 300 and 500 V/s−1.
Moreover, the equivalent series resistance of the device is only
0.3 Ω, providing excellent performance in both low-pass filter
circuits and relaxation oscillator circuits.

3D porous and vertically aligned MXene structures have also
been used to build power devices for AC filtering, effectively
balancing the charge storage and transport characteristics of
MXene. For instance, Gund et al. synthesized porous MXene/
PEDOT:PSS hybrids (Ti3C2Tx/poly(3,4-ethylenedioxythio-
phene):polystyrenesulfonate) for large-scale flexible alternating
current filtering symmetric electrochemical capacitors (Figure
18c).158 The interconnected porous channels promote fast ion
and charge transfer, endowing it with high-rate and power
characteristics. The capacitor can achieve up to 10,000 Hz
ripple voltage filtering and over 30,000 cycles of durability.
Subsequently, Zhang et al. treated MXene/PEDOT:PSS
coatings with tartaric acid, which exhibited similar AC filtering
performance with a relaxation time constant of only 1.3 ms.152

Additionally, Wen et al. prepared vertical-oriented MXene and
reduced graphene oxide composite (VMG) electrodes by
electrochemical codeposition, which can maintain a phase
angle of 80° at 120 Hz, an energy density of 805 μF V2 cm−2,
and stable DC signals at different frequencies (Figure 18d).61

5. SUMMARY AND PERSPECTIVES
Since being initially synthesized in 2011, MXenes offer
attractive electronic, electrochemical, optical and mechanical
properties and show great potential in the fields of energy
storage, sensors, catalysis, water purification, and electro-
magnetic shielding.226−231 The intercalation pseudocapaci-
tance mechanism of an MXene has enabled it to outperform in
supercapacitors, but it was not until 2016 that it became widely
applied to micro-supercapacitors, and current publications on
printed and patterned coated MXene MSCs are showing
exponential growth.85,88,146 On the one hand, the extensive
exploration of MXene solution processing has developed a
variety of methods for patterning MXene MSCs.8 On the other
hand, MXene has been successfully hybridized with other
electrochemically active materials such as inorganic non-
metallic materials, metal oxides/sulfides, and organic polymers
for the construction of high-performance composite electro-
des.232 From the perspective of electrode design, the diversity
of MXene species and structures can bring endless possibilities,
which is advantageous to achieve the construction of MXene
MSCs having energy density comparable to that of thin film Li-
ion batteries while maintaining high power density. In
addition, MXene MSCs should be highly integrated and
compatible with other on-chip electronic devices to meet the
demands of multifunctional wearable electronics. To achieve
these goals, the existing problems and future directions are as
follows:

(1) Although over 30 types of MXene have been successfully
synthesized, only one type of MXene (Ti3C2Tx) has been
developed for patterning micro-supercapacitors. However, the
intrinsic characteristics of Ti3C2Tx limit its operating voltage,
resulting in a limited voltage window of 0.6 V for printed
MXene MSCs, which hinders its energy density improvement
and broader applications. The exploitation of other MXene
inks and the tuning of the surface end points of Ti3C2Tx may
further advance the development of MXene MSCs.

(2) Ti3C2Tx can be easily dispersed in various polar solvents,
and the colloidal rheology can be tuned by adjusting the
concentration, MXene layers, and nanosheet size to accom-
modate various patterning processing techniques. Although
there have been many reports on the rheology of MXene-
containing colloids to demonstrate their application in solution
process processing, the physical principles behind their
behavior remain poorly understood. More dedicated rheo-
logical studies are required to analyze and model its rheology
mechanism, in order to guide the selective processing of
MXene MSC.

(3) High mass production and long-term stability of MXene
inks is also an essential issue for industrialization. Despite
many efforts to improve the stability and oxidation resistance
of MXene inks, their shelf life remains only a few months, far
from the requirements of industrialization.134,233,234 In
addition, the supercritical method proposed by Yang’s group
has increased the production batch of MXene from the gram
level to the kilogram level,110 and although further exploration
of subsequent layering and dispersion methods is required, it
also provides a viable pathway for the industrial application of
MXene.

(4) The unique two-dimensional structure of MXenes can
provide a favorable environment for chemical reactions, and
the compounding with other electrode materials can bring
breakthroughs in certain properties, such as voltage and energy
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density. The application of current rapidly developing machine
learning and artificial intelligence techniques to the design of
MXene composites could be considered, which would certainly
be an attractive direction for scientific research.

(5) Although some reports have demonstrated MXene
MSCs with excellent performance, most efforts have been
limited to laboratory scale while commercial production
remains elusive. To achieve this goal, all stages of the printing
process chain, including etching, layering, ink rheology and
printing/coating processes, need to be optimized. More
exploration of manufacturing MXene MSCs at scale, while
ensuring low cost and high performance, is necessary to
achieve a match for commercialization.

(6) Finally, the next-generation MXene-based MSCs are
expected to have functions other than energy storage. To date,
micro-integrated systems with self-charging, self-healing,
sensing, electrochromic, electromagnetic shielding, and filter-
ing functions have been successfully developed. In addition to
the exploration of MXene MSCs for performance improve-
ment, manufacturing cost reduction, ease of integration and
miniaturization, both device components and manufacturing
processes should be optimized to ensure their compatibility
with other on-chip electronic devices, including processing,
performance, functionality.
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VOCABULARY
Micro-supercapacitor: The basic structure consists of
positive and negative electrodes separated by an ionic
conductor electrolyte. There are three main types of micro-
supercapacitor structures: thin film electrodes (<10 μm

thick) with a sandwich structure, planar electrode arrays
with micrometer dimensions in at least two dimensions, or
fiber-based electrodes with a core−shell structure.
MXene: The general formula is Mn+1XnTx, where M is a
transition metal (e.g., Ti, Nb, Mo, Zr, Cr, etc.), X is carbon
and/or nitrogen, and T represents a surface functional
group.
Asymmetric micro-supercapacitors: They are assembled
using two different electrode materials with complementary
windows of operating potential, with the aim of increasing
the cell voltage and energy density.
Symmetric micro-supercapacitors: They are assembled using
two similar electrode materials.
Electromagnetic shielding: The shielding body through
reflection or absorption to interfere with the signal source,
to prevent electronic equipment from being affected by
external electromagnetic fields; usually requires the shielding
body to have good conductive continuity.
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