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Abstract: The construction of abundant pore channels between the layers of Ti3C, Ty MXene film is
an important approach to fully exploit the 2D macromolecular properties of MXene (Ti3C,Ty), which
is of great significance for further realizing the practical application of MXene macroscopic assemblies
in the field of electromagnetic interference shielding and capacitive storage. However, there is still
a lack of systematic introductions and prospects of this field, thus far. In this review, starting from
the preparation of MXene macroscopic assemblies, the 3D porous MXene films, constructed by
sacrificial templating, vapor foaming, and light foaming, as well as their corresponding properties
of electromagnetic interference shielding and capacitive storage, are introduced. In addition, the
current bottlenecks and great challenges of 3D porous MXene films are deeply analyzed, and effective
solutions for future application development trends are proposed.

Keywords: Ti3Cp Ty MXene; porous structure; film; electromagnetic interference shielding; capaci-
tive storage

1. Introduction

Since the discovery of graphene in 2004, two-dimensional (2D) materials have become
the most dazzling star material in the 21st century. Such 2D materials have unique physical
and chemical properties that ordinary materials do not have, thus bringing unlimited
imagination to scientists and engineers. Especially in 2011, scientists from Drexel Univer-
sity synthesized a new type of 2D material called MXenes [1], which triggered a research
upsurge in related fields. Different from the vast majority of 2D materials currently known,
MXenes have high electrical conductivity, high hydrophilicity, and excellent processability,
so they are widely used in energy storage [2,3], electromagnetic interference (EMI) shield-
ing [4-8], biomedicine [9], sensor [10], communication [11], photothermal conversion [12],
actuator [13-15], nanocomposite [16-18], and many other fields.

MXenes include 2D-transition metal carbides, nitrides, and carbonitrides, with the
general chemical formula M;,,1Xp Ty, where M is an early transition metal (Ti, V, Nb, Mo,
etc.), X represents C and/or N, and Ty stands for terminal surface groups (-OH, -F, and
-0). At present, TisC,Ty MXene is the most studied and has the most comprehensive
properties [19]. MXene (Ti3C,Ty) has ultrahigh electrical conductivity (20,000 S cm~1) [20],
which makes it quite useful in EMI shielding and electrochemical energy storage conversion.
However, due to the strong van der Waals force and hydrogen bond between MXene
layers, they will face the problem of serious aggregation between layers, when MXene
layers are assembled into macro structures, which is unfavorable to the exposure of more
active sites and the rapid transport of electrolyte ions. In addition, current aerospace EMI
shielding materials are developing in the direction of lightweight, and due to the high
density of MXene [21,22], its many macro-compact assemblies, obviously, cannot meet
the above requirements. Accordingly, introducing pores between 2D MXene layers and,
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then, assembling them into three-dimensional (3D) structure is an effective approach to
settle the above problems [23-25]. On the one hand, the introduction of interlayer pores
makes the MXene nanosheets have more interfaces, which can increase the propagation
path of electromagnetic waves and, effectively, attenuate electromagnetic waves. On the
other hand, the introduction of pore structure can significantly improve the transport
kinetics of electrolyte ions, which, in turn, can effectively improve the capacitance and rate
performance of MXene. Although there are some recent reviews on MXene foams and
MXene aerogels, there are few reviews on porous MXene films that integrate porous and
film-like structures.

This review, briefly, introduces the preparation of 3D porous MXene films by ice tem-
plate, sacrificial template, vapor foaming, and light foaming methods, and focuses on the
research progress of these 3D porous MXene films, for EMI shielding and electrochemical
capacitive storage applications. In addition, the future development direction and trend of
3D porous MXene films are prospected.

2. 3D Porous MXene Films and Their EMI Shielding and Electrochemical
Capacitance Properties

2.1. Preparation of M Xene

In 2011, Gogotsi’s students Naguib et al. [1] threw the Ti3AIC, MAX phase into HF and,
successfully, produced a new 2D material called MXene. In fact, their original purpose was
not to deliberately synthesize a 2D material, but to expand the space of the MAX phase to
facilitate lithium intercalation/deintercalation [26]. As shown in Figure 1a, the morphology
of Ti3AlCy, after being etched by HE, is accordion-like, and the obtained product is called
multi-layer MXene, and its layers are mainly bonded by hydrogen bonds and van der Waals
bonds. Such multi-layer MXene can be separated into delaminated MXene nanosheets by
exfoliation methods, such as ultrasound (Figure 1b), but the yields are low and defects
such as nanosheet-structure damage and oxidation are caused. Furthermore, some macro-
molecules, such as DMSO, can, spontaneously, intercalate between the multi-layer MXene
layers to weaken the interlayer force [27], but this method is complicated and the effect is
not ideal.

Figure 1. (a) SEM image of multi-layered TizC, Ty MXene. (b) TEM image of delaminated TizC, Ty
MXene nanosheets; reproduced from [1], with the permission of Wiley-VCH.

To avoid the use of highly corrosive and highly toxic HF, Ghidiu et al. [28], successfully,
etched off the Al layer in Tis AlC, using a mixed solution of LiF and HC], so, then, individual
MXene nanosheets can be easily obtained by ultrasonic stripping. In this process, the HF
generated in situ by HCI and LiF can, effectively etch the Al layer of Ti3AlC,, while Li*
can spontaneously intercalate and expand the generated multi-layer MXene interlayer,
thus ensuring the successful preparation of individual MXene nanosheets. On this basis,
the scientists developed a minimally intensive layer delamination (MILD) method, by
adjusting the molar ratio of LiF to the MAX phase and the concentration of HCI [29,30].
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This improved method can produce large-size MXene nanosheets, with high yield and
less surface defects (Figure 2a). The emergence of the MILD method has brought MXene
materials into a stage of rapid and vigorous development. However, the easy oxidation of
MXene in its aqueous dispersion limits its practical use [31-33]. In response to this issue,
Gogotsi et al. [20] added excess Al during the synthesis of Tiz AIC; MAX phase, which
can improve the crystallinity of Ti3AlC; grains and the stoichiometric ratio of carbon. The
MXene prepared with this Tiz AlC; (Al-TizAlC;) as a precursor has high oxidation resistance,
and the corresponding MXene dispersions can be stored for 10 months without obvious
deterioration (Figure 2b). In addition to the HF etching and the in situ generation of HF
to prepare MXene, there are, currently, methods such as fluorine-free etching, ammonium
bifluoride etching, and the molten salt method [26]. It is worth noting that in all of these
methods, the MILD method is a preparation method that can potentially scale up MXene
from laboratory scale to commercial scale [34,35] (Figure 2c,d).
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Figure 2. (a) SEM image of MILD-Ti3C, T, flakes; reproduced from [29], with the permission of the
American Chemical Society. (b) TEM image of Al-Ti3C, stored for 10 months; reproduced from [20],
with the permission of the American Chemical Society. (c¢) Schematic of MXene scalable synthesis.
(d) Comparison of small and large batches of synthesized MXene; reproduced from [34], with the
permission of Wiley-VCH.

2.2. MXene Film and Its Properties

Assembly of individual MXene nanosheets into macrostructures is an essential process
for their practical applications. Since MXene has a 2D macromolecular conformation
similar to that of graphene oxide [36], MXene nanosheets are easily stacked to form thin
films relying on interlayer van der Waals forces and hydrogen bonding. MXene films
have extremely excellent electrical conductivity and high mechanical properties. Therefore,
MXene films have been rapidly developed in the fields of EMI shielding and electrochemical
capacitive storage. For example, the EMI shielding effectiveness (EMI SE) of a 45 pum-thick
MXene film in the X-band (8.2-12.4 GHz) is as high as 92 dB, which can effectively shield
99.99999994% of incident electromagnetic waves [5]. The main reason for the excellent EMI
shielding ability of MXene film is due to the combined effect of its ultra-high electrical
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conductivity and layered structural properties. The interface between the air and the
highly conductive MXene film, with abundant free electrons on the surface, is in a high
impedance mismatch (Figure 3a), so most of the electromagnetic waves will be reflected
immediately, when the electromagnetic wave is incident on the surface of the MXene
film. The residual electromagnetic waves can interact with the high electron density
MXene and induce eddy currents when passing through the first layer of the MXene lattice
structure, resulting in ohmic losses and a sharp attenuation of the electromagnetic wave
energy. Importantly, the MXene film is composed of a stack of countless layers of MXene
nanosheets, thus, there are countless processes of attenuating electromagnetic waves that
are the same as the first layer of the MXene lattice. Meanwhile, the electromagnetic wave
will, also, undergo multiple internal reflections between the layers of the MXene film,
which can, also, effectively attenuate the electromagnetic wave entering the interior of
the MXene film. In addition, local dipoles are generated between the Ti atoms on the
terminal surface of MXene (Ti3C,Ty) and the terminal groups, which can further attenuate
electromagnetic waves. Combining the above factors, MXene films exhibit excellent EMI
shielding ability, becoming one of the most excellent EMI shielding materials among known
synthetic materials. Due to the compact stacked structure of MXene film, its density can
be as high as 4 g cm 3, which is not conducive to the demand of EMI shielding materials
in the aerospace field, where lightweight is required. Therefore, it is of great significance
to construct rich-pore structures in dense MXene films to obtain lightweight MXene films.
More importantly, the introduction of the pore structure can increase more interfaces
that interact with electromagnetic waves (Figure 3b), thus resulting in more excellent
electromagnetic wave attenuation capabilities. Note that the MXene film relies on its
intercalation pseudocapacitance in acidic electrolytes [37—-41] and high density; therefore,
its volumetric capacitance can be as high as 1500 F cm~3 [21].
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Figure 3. Schematic illustration of the electromagnetic waves transfer across the (a) MXene film and
(b) 3D porous MXene film.

Commonly used preparation methods for MXene films include vacuum-assisted
filtration, blade coating, and drop coating. Vacuum-assisted filtration is a method in which
MXene nanosheets are separated from the corresponding solvent, using a vacuum pump
and a filter membrane. At present, the commonly used method for preparing MXene films
in the laboratory is mainly vacuum-assisted filtration, which is widely used because of
its simple operation. However, the vacuum-assisted filtration method can only be used
to produce small-sized MXene films, due to the limitation of the size of the filtration
equipment. Moreover, because this method is energy-intensive and inefficient, it usually
takes hours to prepare a piece of MXene film [42]. Note that the blade-coating method can
process large-scale MXene films using industrially mature processes [22]. This method is
not limited by the size of the equipment, and has the advantages of high efficiency and
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continuous operation. Importantly, the MXene nanosheets can be oriented and arranged
more regularly during the blade coating process; therefore, this MXene film has higher
density and excellent mechanical properties. The drop-coating method is, also, a simple
and efficient method to prepare MXene films. Lipton et al. [43] prepared MXene films, by
dripping MXene dispersions on hydrophobic substrates. Since the interaction between the
MXene nanosheets is stronger than the interaction between the MXene nanosheets and the
substrate, the MXene film is easily peeled off from the substrate.

In addition to the conventional high conductivity and hydrophilicity, our research
group [44] has recently discovered that MXene films can rely on water-assisted welding.
Under the excitation of water droplets, the free water in the MXene film will re-diffuse and
redistribute between layers, which can achieve a welding process similar to that of metals
and plastics. Importantly, the welding of MXene films has a time-sensitive characteristic,
that is, a free welding connection is possible during the time-sensitive period, and the
weldability is lost outside the time-sensitive period. The weldability of MXene films enables
the construction of complex multiscale structures such as common engineering materials.
However, the disadvantages of MXene films with high density and a lack of continuous
pores between layers limit their application in EMI shielding materials and high-rate
electrochemical capacitive storage. Therefore, the development of a series of MXene films
with rich interlayer porous structures is of great significance to promote the development
of MXene materials.

2.3. Construction of 3D Porous MXene Films
2.3.1. Ice Template Method

Whether it is HF etching or in situ generation of HF to prepare MXene, these methods
belong to wet etching, so the macrostructure assembly of MXene is processed by MXene
dispersion as raw material. That is to say, ice crystals can be used as sacrificial templates
to construct 3D MXene foams or aerogels. For example, Bian et al. [25] used ice crystals
as sacrificial templates to fabricate lightweight 3D MXene foams (10 mg cm~3), with EMI
shielding efficiencies (SE) and specific shielding efficiencies (SSE, SE per unit density) value
as high as 75 dB and 9904 dB cm® g~ !, respectively. It is worth noting that a certain amount
of water molecules will remain between the layers of the MXene film, formed by MXene
nanosheets stacked layer by layer, which creates an excellent ice-crystal-sacrificial-template
medium between the MXene layers. Zhang et al. [45] filtered the MXene dispersion on a
filter membrane to acquire a filter cake, which was then rapidly frozen in liquid nitrogen and
freeze-dried to obtain a 3D macroporous MXene film with abundant interlayers (Figure 4a).
During the rapid freezing process, the rapid growth of ice crystals leads to a significant
expansion of the interlayers of the MXene films (Figure 4b). This 3D macroporous MXene
film exhibits excellent specific capacitance and rate capability, and the assembled symmetric
supercapacitor can achieve a capacitance retention rate of 87% after 4000 cycles (Figure 4c).

Direct filtration of MXene dispersions on membranes is inefficient and energy-intensive,
and the face-to-face arrangement between MXene nanosheets results in limited space for
expansion and contraction of ice crystals for growth. That is to say, there are a lot of closed
dead spaces in the interlayer pores of the above-mentioned 3D macroporous MXene films,
which is the main reason why the rate performance and cycle life improvement of such
porous MXene films are limited. Based on this, our research group [46] utilizes monova-
lent metal ions to induce the aggregation of MXene nanosheets to form microgels, which
can not only significantly improve the preparation efficiency of film hydrogels but also
introduce continuous micro-nano pores between the nanosheets (Figure 5a). During the
rapid freezing process, the continuous stretchable micro-nano pores provide a convenient
channel for the free growth of ice crystals, so a 3D cellular MXene film with a continuous
macropore structure can be obtained by freeze-drying (Figure 5b).
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Figure 4. (a) Schematic of the preparation process of 3D TizC, Ty film. (b) Cross-sectional SEM image
of 3D TizC,Ty film. (c) Prolonged cycling performance of the 3D Ti3C, Ty film-based symmetric
supercapacitor at 2 A g~!; reproduced from [45], with the permission of Elsevier.
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Figure 5. (a) Schematic of the preparation process of 3D cellular MXene film. (b) Cross-sectional
SEM image of 3D cellular MXene film; reproduced from [46], with the permission of the American
Chemical Society.

Based on unique continuous pore channels, high electrical conductivity, and excellent
mechanical properties, the specific capacitance of 3D cellular MXene film is significantly
better than that of MXene film, and the capacitance retention rate is 76% at scan rates as
high as 200 mV s~ ! (Figure 6a), exhibiting excellent rate performance. Since the structural
framework of the 3D cellular MXene film is composed of lapped and expanded MXene
microgels, more active sites for pseudocapacitive reactions can be exposed. Furthermore,
even during rapid charge and discharge, the electrolyte ions can pass through the 3D
continuous pore channels, so that 99.8% of the initial capacitance can still be retained
after 10,000 cycles (Figure 6b), showing an extremely excellent cycle life. The 3D cellular
MXene film has continuous macropores between the layers, and its density is reduced
t0 0.23 g cm ™3 compared to the pure MXene film (3.9 g cm ™3, so it has a significant role
in the field of lightweight EMI shielding materials for aerospace. As shown in Figure 6c,
the average EMI SE value of the 3D cellular MXene film with a thickness of 86 um can be
as high as 78 dB, which means that 99.999999% of the incident radiation can be blocked,
showing extremely excellent EMI shielding performance.
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Figure 6. (a) Capacitances of 3D cellular MXene film at different scan rates. (b) Prolonged cycling
performance of 3D cellular MXene film at 100 mV s~L. (¢c) EMI SE of the 3D cellular MXene film with
different thicknesses; reproduced from [46], with the permission of the American Chemical Society.

Similarly, Kong et al. [47] obtained a high-mass-loading 3D porous MXene film with
ultrahigh-rate pseudocapacitive properties, by freeze-casting using ice crystals as templates.
As shown in Figure 7a, the addition of KOH solution to the MXene dispersion resulted in the
formation of an electric double layer on the MXene surface and shielded the surface charges
to weaken the electronegativity of functional groups, thereby reducing the electrostatic
repulsion of the MXene nanosheets and forming flocs. The free-standing 3D porous MXene
film were then obtained by freeze casting. The existence of macroporous structure can
make ions more accessible and easier to diffuse on the surface of MXene. Based on this, the
3D porous MXene film can exhibit a specific capacitance of 358.8 F ¢~ at 20 mV s~!, which
is significantly better than that of MXene film (Figure 7b). When the scan rate was increased
to 10,000 mV s~ !, the 3D porous MXene film could still maintain the shape of the CV curve
well, with a capacitance retention of 58.6% and a 1000-fold increase in scan rate (Figure 7c).
In addition, at a mass loading of 16.18 mg cm~2, the 3D porous MXene film can exhibit
ultra-high areal capacitance (3731 mF cm~2) and high energy density (336.7 tWH cm~2).
This means that such 3D porous MXene film can show excellent specific capacitance and
high-rate performance, on the premise of meeting the actual mass loading (>10 mg cm~2),
which is of great significance to promote the practical application of MXene materials in
the field of electrochemical energy storage.
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Figure 7. (a) Comparison of conventional freeze-casting and reduced-repulsion freeze-casting assem-
bly processes. (b) CV curves of porous M/G film, filtered TizC, Ty film, and 3D porous TizCp Ty film
at20 mV s~ 1. (c) CV curves of 3D porous Ti3C, Ty film at the different scan rates ranging from 20 to
10,000 mV s~ 1; reproduced from [47], with the permission of the American Chemical Society.

To more significantly increase the exposure of MXene active sites, Zhang et al. [48]
developed a simple in situ ice templating strategy to fabricate 3D porous MXene films.
They introduced a small number of carbon nanotubes into MXene, in order to expand
the interlayer spacing of MXene, so that more interlayer water can be converted into ice
templates, which, in turn, can form a more developed porous structure after freeze-drying
(Figure 8a). Since the 3D structure in MXene significantly increases the exposure of active
sites on the surface of the MXene nanosheet and accelerates the migration of ions, the
flexible 3D porous MXene film shows a specific capacitance of 375 F g1 at 5mV s~ 1. At
the same time, it can maintain an excellent capacitance retention rate of 251.2 F g’l
1000 mV s~! (Figure 8b). In fact, the construction of 3D porous MXene films by the ice
template method can, also, be regarded as a template-free preparation method, since they
all use the aqueous dispersion of MXene as the pre-material. That is, no additional external
water was introduced to construct the ice template during this process. Therefore, the
preparation of 3D porous MXene films using ice templates is a green and energy-saving
method, and it is easy to scale.
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Figure 8. (a) Schematic illustration of ion diffusion pathways across the porous MXene/CNTs film. (b)
CV curves of porous MXene/CNTs film at the different scan rates ranging from 1000 to 10,000 mV s !
reproduced from [48], with the permission of Wiley-VCH.
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2.3.2. Sacrifice Template Method

In addition to ice crystals that can be used as sacrificial templates to construct 3D
porous MXene films, some polymers can, also, play the same role, and can further improve
the comprehensive properties of 3D porous MXene films during the calcination process.
Zhao et al. [49] employed polymethyl methacrylate (PMMA) spheres as sacrificial tem-
plates, to successfully process MXene nanosheets into 3D macroporous MXene films, with
hollow spherical structures between layers. As shown in Figure 9a, MXene nanosheets
are, spontaneously, wrapped on the surface of PMMA spheres driven by their terminal
active functional groups, and then the stacking density of PMMA /MXene composite mi-
crospheres can be increased by vacuum-assisted filtration, thereby constructing PMMA
spheres/MXene composite films. Finally, 3D macroporous MXene films were obtained by
calcining at 450 °C to remove the PMMA spheres. In fact, this 3D macroporous MXene film
is an MXene—carbon hybrid foam material, but it still has excellent flexibility (Figure 9b).
From the cross-sectional SEM image of the 3D macroporous MXene film (Figure 9¢), it can
be seen that the 3D macroporous MXene film is a 3D framework composed of a large num-
ber of MXene hollow spheres, which leads to a decrease in the film packing density, from
3.8 g cm ™2 for dense film to 0.4 g cm 3 for macroporous film. This 3D macroporous MXene
film can be directly used as the anode of Na-ion battery, without additional additives. At
a charging rate of 0.25 C, the reversible capacity of the 3D macroporous MXene film can
reach 330 mAh, with excellent rate performance and long-cycle stability. Interestingly, this
3D macroporous MXene film can, also, exhibit a high specific capacitance of 210 F g1 at
scan rates as high as 10 V s~1, due to the continuity of the interlayer pores and sufficient
exposure of the active surface, surpassing the best known carbon-based supercapacitors.
Note that this 3D macroporous MXene film is more suitable as a material for EMI shielding,
since its pore structure can be adjusted at will by adjusting the size of the sacrificial template,
thereby making the material lighter with more loss of incident electromagnetic waves.

@)

s 0 annealing
‘ ‘ q'\"“%aﬂo 00 )\ )
Qo \

Hollow MXene spheres

);'/[febb annealing ) ) ) ) )
AN e 00

S=p (Y3 X))

MXene flakes 3D macroporous MXene film

Figure 9. (a) Schematic diagram of synthesis of 3D macroporous MXene film. (b) Digital photo-
graph showing the flexibility of 3D macroporous MXene film. (c¢) Cross-sectional SEM image of 3D
macroporous MXene film; reproduced from [49], with the permission of Wiley-VCH.

Similar to the use of polymer sacrificial templates, Zhao et al. [50], also, constructed 3D
porous MXene films using sulfur templates. As shown in Figure 10, sulfur particles are, first,
generated by chemical reaction of sodium thiosulfate with excess HCl and polyvinylpyrroli-
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done dispersant. It is worth noting that the synthesized sulfur particle size is controllable
and has good dispersibility in water. Therefore, the sulfur particles can be uniformly dis-
tributed in the MXene dispersion, and, then, the MXene/sulfur particle composite film is
obtained by vacuum-assisted filtration. Next, the sulfur particles were sublimed off under
the protection of inert gas at a temperature of 300 °C, and a flexible 3D porous MXene film
was obtained. This 3D porous MXene film is free-standing and, thus, can be directly used as
electrodes for lithium-ion batteries. Since the porous structure in the 3D porous MXene film
can provide a large number of active sites, the lithium storage capacity can be significantly
improved. In addition, the continuous pore structure enables unimpeded transport of
lithium ions. Based on the above advantages, the 3D porous MXene film can achieve a
capacity of 455.5 mAh g~ ! at 50 mA g~! and exhibit extremely excellent ultra-long-term
cycling stability. It is well known that doping graphene with heteroatoms is an important
strategy to improve electrochemical capacitive properties. In fact, we can also use this
sulfur-template-like approach to dope N and other heteroatoms into the MXene structure,
to further enhance the electrochemical capacitive performance.

( Vacuum fiffration
&

MXene nanosheets Sulfur dispersion MXene/S dispersion ,
Peeling off

Flexible MXene/S film

o
8
3

3D porous MXen

Figure 10. Schematic diagram of 3D porous MXene film synthesis using sacrificial sulfur template;
reproduced from [50], with the permission of Wiley-VCH.

The interlayer pores of the above 3D MXene films are all large in size. Although the
aggregation between the MXene nanosheets can be well suppressed and the active sites are
fully exposed, most of the space of these large pores will be filled with electrolytes when
used as electrodes. In fact, only the electrolyte in contact with the surface of the MXene
nanosheet can contribute to the efficient electrochemical reaction, while the vast majority of
electrolytes only increase the quality of the overall device, without any capacitive contri-
bution. Therefore, our team [51] successfully constructed nanoporous MXene films with
dense structure and interconnected nanopores channel between layers using a nanoscale
sacrificial template (Figure 11). The size of Fe(OH); nanoparticles is between 3 nm and
5 nm, and the surface is positively charged. Therefore, the negatively charged MXene
colloidal dispersion and the positively charged Fe(OH)3 colloidal nanoparticles form a
homogeneous mixture by electrostatic self-assembly. Afterwards, nanoporous MXene films
were obtained by vacuum-assisted filtration and etching of Fe(OH); nanoparticles with
HCI. To improve the electrochemical capacitance, this nanoporous MXene film was then
subjected to appropriate heat treatment to obtain a modified nanoporous MXene film. This
modified nanoporous MXene film has the same flexibility as pure MXene film, which can
be bent at will. Importantly, the interlayer pores of the modified nanoporous MXene films
are coherent and interconnected, thereby effectively promoting the rapid transport of ions
without affecting the high density of the films. Based on this, the volumetric capacitance
of the modified nanoporous MXene film at 0.5 A g~! is as high as 1142 F cm 3, and it
has excellent rate capability. In addition, when the mass loading reaches the actual use
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standard, it can, also, show an excellent volume specific capacitance. Therefore, we can
tune and optimize the interlayer pore structure of 3D porous MXene films according to
different usage scenarios. Large-scale pore structures should be introduced in EMI shield-
ing applications requiring lightweight fields, while nano-scale pore structures should be
introduced in compact portable electrochemical energy storage devices.

Ti;AIC, Ti;C,Tx MXene suspension

HCI+LiF
—
etching

se0

| SRS

| PEORGRORCECSS | T e

I
" Low temperature% Ol ‘ #
eEeee——— )
calcination —

Fe(OH)3 /MXene mixture

MP-MX film Porous MXene film

Figure 11. Schematic diagram of synthesis of nanoporous MXene film; reproduced from [51], with
the permission of the Royal Society of Chemistry.

Similar to graphene, MXene is, also, a high-barrier 2D material [42]; therefore, elec-
trolyte ions cannot pass through the MXene nanosheet across the plane, but can only pass
through the next layer of MXene along the edge of the nanosheet. Although the above-
mentioned 3D porous MXene films have abundant pore channels between the layers, the
ion transport path is still tortuous. Tang et al. [52] used H,SO4 oxidation to etch uniform
nanopores in the MXene nanosheets, which not only significantly increased the number of
active sites but also ions could directly enter the next layer of MXene along the nanopore
channels, thereby greatly shortening the ion transport path (Figure 12a). When this MXene
film with in-plane nanopores is used for supercapacitor electrodes, it can show extremely
excellent rate capability and ultra-long cycling stability (Figure 12b). In fact, MXene with
in-plane nanopores still have a serious tendency to aggregate when assembled into films.
To further improve the ion transport kinetics, our group [53] used volatile and non-volatile
liquids to precisely control the interlayers of MXene with in-plane pores, and obtained
a dense porous MXene film with in-plane and interlayer coherent pores. This porous
MXene film integrates high volumetric capacitance, excellent rate capability, and high mass
loading, showing excellent ion transport kinetics (Figure 12c). Based on this, in the future,
we can etch nanopores in the MXene nanosheet level, and, then, use a sacrificial template
to construct a new type of 3D porous MXene film, which is bound to further enhance the
competitiveness of MXene materials in the fields of EMI shielding and electrochemical
capacitance storage.
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Figure 12. (a) Schematic illustration of ion diffusion pathways across the holey MXene film. (b)
Capacitances of holey MXene film at different scan rates; reproduced from [52], with the permission
of Wiley-VCH. (c) Schematic illustration of ion diffusion pathways across the liquid-mediated holey
MXene film; reproduced from [53], with the permission of Elsevier.

2.3.3. Vapor Foaming

Although the template method can effectively build a pore structure between the
MXene films, this method is cumbersome, due to the need to remove the template. In our
daily diet, dough fermentation is an essential process, since the gas produced can make
the (steamed) bread more fluffy and more suitable for people to chew. Inspired by this
process, Niu et al. [54] utilized hydrazine hydrate to generate hydrazine vapor at high
temperature and pressure, to induce interlayer foaming of dense graphene oxide films.
As shown in Figure 13a, the graphene oxide nanosheets can be assembled into flexible
graphene oxide films by vacuum-assisted filtration. Subsequently, the graphene oxide film
was placed in a certain concentration of hydrazine hydrate and heated to 90 °C for 10 h.
Since graphene oxide is very unstable, steam (from water) and CO; are generated under
the action of hydrazine hydrate reduction, which, in turn, induces the foaming of graphene
oxide films into 3D porous graphene films. This 3D porous graphene film exhibits excellent
capacitance-storage—conversion performance, when used in supercapacitors. Subsequently,
Shen et al. [55], also, used the same method to construct a 3D porous graphene film. The
existence of a large number of abundant pore interfaces can generate multiple reflections of
electromagnetic waves inside the 3D porous graphene film, which can, effectively, attenuate
electromagnetic waves. Similar to graphene oxide, the MXene terminal is rich in reactive
functional groups such as -OH, so it can, also, be foamed with hydrazine vapor. Liu
et al. [56] successfully foamed dense MXene films into a lightweight 3D porous MXene
film using hydrazine vapor under high pressure (Figure 13b). It is worth noting that the
amount of oxygen-containing functional groups at the MXene terminals is significantly
reduced under the action of hydrazine vapor, which endows the 3D porous MXene films
with excellent hydrophobic properties. Since conventional MXene face the risk of being
easily oxidized in humid environments, this hydrophobic 3D porous MXene film effectively
overcomes this problem. Based on high electrical conductivity and rich foam structure,
this hydrophobic and lightweight 3D porous MXene film shows extremely excellent EMI
shielding performance, and, thus, has important application value in the field of EMI
shielding materials for aerospace.
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Figure 13. (a) Schematic illustration of the fabrication of the leavening process to prepare rGO foams;
reproduced from [54], with the permission of Wiley-VCH. (b) Schematic diagram of the synthesis of
the hydrophobic and flexible MXene foam; reproduced from [56], with the permission of Wiley-VCH.

Since MXene has a similar structure to graphene, Zhang et al. [57] were inspired by
this to propose a new method for the assisted construction of 3D porous MXene films
using graphene oxide (Figure 14). First, they obtained MXene/graphene oxide films
by ion-induced mixed colloidal dispersion of MXene and graphene oxide, followed by
vacuum-assisted filtration. Subsequently, HCOj3; ions can be completely decomposed
into CO, and H,O vapor during the stepwise reduction of graphene oxide by HI at high
temperature, thus inducing foaming to obtain 3D porous MXene/graphene composite films.
Due to the synergistic effect of high electrical conductivity and porous structure, the EMI
shielding effectiveness value of this 3D porous MXene/graphene composite film can reach
59 dB, and the corresponding absolute EMI SE value can be as high as 37,619 dB cm? g~ 1.
Importantly, this 3D porous MXene/graphene composite film has superior hydrophobicity,
thus avoiding the risk of water oxidation. In addition, this foaming process can avoid the
use of toxic hydrazine hydrate, thus showing environmental friendliness.

\ ) \
‘\ i i 7/ \ﬁéﬁ/ ‘ -
B R @m
> ’ 35 = rGO porous film
Oxidation FeN el NHHCOs @ Annealing
EQ £ _.t:_ )//M GO porous film
L () Filtration

Graphite GO
o R | K
@) Filtration @ Annealin =

T,C,T,/GO porous film T;C,T,/rGO porous film
./ HCULIE ' ’ D NH,tico,

@ Filtra
/ THAIC, T Ay tou
* N » 8 e @A
( ok ) § M nne."ng
m i’ i Unreduced T;C,T, film

T,C,T, film

Figure 14. Schematic illustration of the fabrication of the Ti3CyTy/rGO porous film; reproduced
from [57], with the permission of Elsevier.

2.3.4. Light Foaming

It is well known that the excellent ability of MXene in electromagnetic wave absorption
makes it a photothermal conversion material, with a conversion efficiency of almost 100%;
therefore, MXene shows important application prospects in the fields of photothermal
cancer therapy [58,59], seawater desalination [60], etc. A certain amount of water molecules
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will remain between the layers of MXene films obtained by vacuum-assisted filtration or
blade coating. In addition, the MXene terminal surface is, also, rich in a large number
of oxygen-containing active functional groups. The high temperature instantaneously
generated when the MXene film is exposed to light can vaporize the interlayer water
and oxygen-containing functional groups, and, then, rapidly expand the MXene film to
foam. Tang et al. [61] used a laser to inscribe the surface of the MXene film, to instantly
photothermally vaporize the interlayer water and oxygen-containing functional groups on
the terminal surface, successfully creating abundant pore channels (Figure 15). Since the
stacked MXene nanosheets are converted into a 3D porous framework structure, the rate
capability of the MXene films is significantly improved. In addition, the electrochemical
performance can be well controlled, by adjusting the linear density of the laser scanning
path. The microsymmetric supercapacitor assembled from the laser-scribed 3D porous MX-
ene film exhibits a high areal capacitance of 15.03 mF cm~2 at 10 mV s~ !, while exhibiting
ultra-high capacitance retention.

Etching
—_—

MAX precursor TizAIC, Multi-layer TizCoT,

sopeuwe®d

oY
w2 Single-layer TisC,Ty
g

Free-standing TizC,T, film

Figure 15. Schematic diagram of 3D porous MXene film synthesis using laser engraving; reproduced
from [61], with the permission of Elsevier.

Sunlight is inexhaustible. If sunlight can be used in foamed MXene films, it will
be of great significance to promote the practical application of MXene materials. Our
research group [62] focused the sunlight to irradiate the MXene film, and realized the rapid
foaming of the conventional dense MXene film (Figure 16a). The interlayer free water
and oxygen-containing functional groups of the MXene film can be instantly vaporized
by the photothermal effect induced by the focused sunlight, which, in turn, causes the
MXene nanosheet to expand rapidly along the trans-planar direction. In addition, the
force between the MXene nanosheets inhibits their unrestricted expansion, resulting in a
3D porous MXene film with interlayer-like honeycomb-like pores (Figure 16b). This 3D
porous MXene film exhibits electrical conductivity up to 1000 S cm~! and is lightweight
as well as flexible. In addition, the 3D porous MXene film exhibited high hydrophobicity
and environmental stability, due to the removal of a large number of oxygen-containing
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functional groups, and the improvement of the surface roughness of the MXene films.
Based on the continuous porous structure and more exposed active sites, this 3D porous
MXene film exhibits high specific capacitance up to 350 F g ! and excellent rate capability,
making it attractive for high-rate energy storage applications. In addition, the absolute EMI
SE value of a 10 pm-thick 3D porous MXene film can be as high as 61,608 dB cm? g~!, when
used as an EMI shielding material (Figure 16¢), showing a potential application in the field
of EMI shielding materials for aerospace. Importantly, the sunlight-focused foamed MXene
film can be completed in seconds, which is a high efficiency far from the template method
and the vapor method. Therefore, the sunlight-focused foaming method has the advantages
of simplicity, efficiency, environmental protection, low cost, and easy expansion.
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Figure 16. (a) Schematic diagram of 3D porous MXene film (SF-MXene) synthesis using focused
sunlight. (b) Cross-sectional SEM image of SF-MXene. (c) SSE/t values of SE-MXene with different
thicknesses; reproduced from [62], with the permission of Elsevier.

3. Summary and Outlook

Since the synthesis of Ti3CyTx MXene in 2011, MXenes, a new type of 2D material,
has undergone rapid development for more than ten years and has shown potential
applications in almost every field. In particular, MXene such as TizC, Ty, based on its
high conductivity, active terminal functional groups, and good stability, is currently the
most widely studied and is most likely to take the lead in realizing the transition from
laboratory to industrial applications. Due to the extremely compact structure of the MXene
film, directly assembled by MXene (Ti3C,Ty) nanosheets, its interlayer lacks continuous
pore channels for fast ion transport. In addition, the close stacking between the MXene
nanosheets significantly reduces the interface, with which the electromagnetic wave can
undergo multiple electromagnetic wave attenuations. Therefore, scientists have successfully
constructed a series of 3D porous MXene film using the sacrificial template method, vapor
foaming method, and light foaming method, exhibiting extremely excellent EMI shielding
(Table 1) and electrochemical capacitance storage (Table 2) properties.
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Table 1. Comparison of EMI shielding performance for typical porous materials.

Materials Thickness (mm) EMI SE (dB) SSE/t (dB cm? g—1) SSE (dB cm® g-1) Refs

Carbon foam 2 40 1250 241 [63]

Graphene aerogel 3 37 1763 529 [64]

CNT sponge 24 22 4621 1100 [65]

Graphene foam 0.3 25.2 13,889 417 [55]

MXene foam 0.06 70 53,030 318 [56]
MXene/rGO foam 1 20.1 4369 43,690 [6]

Porous MXene film 0.085 51 53,058.8 451 [24]
MXene/Calcium Alginate Aerogel film 0.026 54.3 17,586 40.2 [66]
Sunlight Foamed Porous MXene film 0.01 53 88,333 88.3 [62]
MXene/rGO Porous film 0.06 59 37,619 / [57]

3D Cellular MXene film 0.024 55 127,083 305 [46]

Table 2. Comparison of capacitance for some typical MXene electrodes and 3D porous MXene film.

Electrode Materials Scan Rate Cg(Fg1 Scan Rate Cg(Fg™1 Refs
MXene 2mVs~! 325 100 mV s~! 137.5 [67]

MXene clay 2mVs! 245 100 mV s~! 204 [28]
MXene/PPy 5mVs~! 416 100 mV s~ 200 [68]
MXene/MnO, 5mVs! 130 200 mVs~! 108 [69]

3D MXene hydrogel 2mVs~! 272 1000 mV s~ 226 [70]

3D MXene film 1Ag! 327 20A g ! 199.5 [45]

3D Cellular MXene film 2mVs! 460 500 mV s~ 324 [46]
3D Porous MXene film 20mV s—! 358.8 10,000 mV s~1 210.3 [47]
3D Porous MXene/CNTs film 5mVs! 375 1000 mV s~ 1 251.2 [48]
Nanoporous MXene film 05A g_1 346 20 A g_1 250.8 [51]
Sunlight foamed porous MXene film 10 mVs~! 380 200 mV s~ 273 [62]

Sacrificial template method can well design and customize the interlayer pore structure
of 3D porous MXene films, but the operation steps are cumbersome and may be detrimental
to the intrinsically superior physicochemical properties of MXene materials. The light
foaming method has the advantages of simplicity, efficiency, environmental protection,
low cost, and easy expansion, but the size of the pore structure is not easy to control. In
the future, the sacrificial template method, vapor foaming method, and light foaming
method should be combined to give full play to their respective advantages and further
develop new foaming processes with high efficiency and customizable interlayer pores.
At present, the mainstream MXene synthesis method is, still, to use hydrofluoric acid or
generate hydrofluoric acid in situ for etching, so it is potentially dangerous to the human
body, and a large amount of waste acid waste liquid is generated, which is not conducive
to environmental protection. In addition, since the quality and yield of MXene [71] directly
affect the development of subsequent 3D porous MXene films; therefore, continuing to
explore green, environmentally friendly, and efficient preparation of antioxidant MXene
dispersions is, also, an urgent problem to be solved in the future.

Although 3D porosity is a desirable structural feature of MXene films in the fields of
electrochemical energy storage and EMI shielding, it does not necessarily mean that the
structure is suitable for both applications. We should get out of this misunderstanding and
carry out independent structural design, specifically for these two uses in the future. In
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the field of EMI shielding applications, we must increase the pore structure as much as
possible on the premise of ensuring the mechanical properties of 3D porous MXene films,
since the lightweight properties are more critical for aerospace EMI shielding materials.
In the field of electrochemical energy storage, we should reduce the pore structure to
the nanometer scale as much as possible, so as to avoid the disadvantage of ineffective
electrolyte increasing the overall quality of the device.
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