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ABSTRACT: With the rapid development of economics and society, the water pollution and
water shortage problem is becoming more and more severe. Excellent 3D separation functional
materials for efficient water purification are highly required, but their design and fabrication
still remain a big challenge at present. Benefiting from distinct advantages, such as 2D
nanolamellar structure, high hydrophilicity, abundant functional groups, and desirable
mechanical strength, 2D transition metal carbide/nitride materials, MXenes, have afforded a
new platform for the creation of 3D water treatment functional materials. This review
summarizes recent progress in 3D MXene-based functional materials toward wastewater
treatment and water reclamation. In this review, common fabrication approaches for 3D
MXene structures are emphatically summarized and recent developments of 3D MZXene
functional materials focused on the capacitive deionization (CDI), solar desalination,
adsorption, and photocatalytic degradation of pollutants are critically reviewed. Besides, the
impact of the structural design on their material performance is outlined. The critical
challenges of 3D MXene materials in the aforementioned fields are also highlighted. Finally, we provide a brief perspective on the
future development of 3D MXene materials toward practical effluent treatments.
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1. INTRODUCTION

Owing to the distinct advantages of 2D nanomaterials,
including large specific surface areas, high surface free energies,

utilization, obtaining MXene composites with excellent
comprehensive properties.lz_14
Three-dimensional MXene-based porous materials can not

and unique physical and chemical properties, 2D nanomaterials
are regarded as the ideal material types for aqueous
environmental remediation throu§h adsorption, catalysis, and
water environment monitoring.l_‘ MXenes are emerging two-
dimensional nanomaterials whose excellent physicochemical
properties have been gradually explored since they were first
discovered in 2011.* The large specific surface areas,” excellent
electrical properties,”” hydrophilicities,” tunable surface
groups, and environmental compatibility make MXenes
promising for wastewater treatment applications such as
adsorption of pollutants in water,” desalination, and photo-
catalytic degradation.'”""

In recent years, many efforts have been devoted to
developing novel water treatment functional materials based
on the MXene building unit. Despite these advances, there are
still some obstacles to the construction and application of
MXene-based functional materials. For example, (1) due to the
presence of interlayer interactions, MXenes tend to easily form
agglomerates in water, which severely damages the active
surface of the materials, and (2) it is difficult to recycle the

nanomaterials dispersed in the water body, which not only Rec?ived: Feb_mary 1, 2023

increases the cost but also may endanger human health. Revised: APr%l 12,2023

Therefore, by assembling 2D nanosheets into three-dimen- Accepted:  April 13, 2023
Published: May 5, 2023

sional (3D) porous structures (such as aerogels, hydrogels, and
foams), researchers can effectively avoid the restacking of 2D
MXene nanosheets and thus achieve highly efficient surface
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only retain the vital structural merits of nanosheets but also
exhibit the following distinct advantages: First, a rational 3D
assembled structure can avoid the restacking of nanosheets,
providing a larger available surface area and more active sites,
which greatly improves the adsorption efliciency and
capacitance.ls’
provides rich fast channels for water transportation.”'” Third,
the highly interconnected conductive MXene network offers a
variety of avenues for electron transfer, which greatly enhances
the photocatalytic efficiency.'®'? Consequently, the assembly
of two-dimensional MXene nanosheets into three-dimensional
porous structures is all-important to overcoming the drawbacks
of the nanomaterials themselves and to expanding the
applications of MXenes in wastewater treatment as well as
water reclamation.

To date, numerous methods have been developed for
constructing three-dimensional MXene-based functional mate-
rials toward water restoration and water resource regener-

16 .
Second, the interconnected porous structure
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ation.">'* However, to our knowledge, there is almost no
comprehensive review that summarizes the fabrication strategy
and application advantages of 3D MXene-derived structures
for wastewater treatment as well as water reclamation. Based
on this, a timely and comprehensive review is required to
highlight the progress of 3D MXene-based structures in this
field. This review outlines the current classical synthesis
methods of MXenes; highlights the commonly used assembly
strategies of 3D MXene materials; summarizes their current
advanced research progress in wastewater treatment fields such
as solar desalination, capacitive deionization (CDI), adsorption
of pollutants, and photocatalytic degradation (Figure 1); and
discusses the future prospects of 3D MXene materials for
wastewater treatment and water resource regeneration.

Figure 1. Schematic diagram of the application of 3D MXene
assembly structures in wastewater treatment (adsorption and
photocatalytic degradation of pollutants in water) and water
reclamation (solar water desalination and CDI).

2. AN OVERVIEW OF MXenes

2.1. Structure of MXenes. MXenes are a class of
transition metal carbides, nitrides, or carbon nitrides with
two-dimensional layered structures. The microstructure is
uniquely “accordion-like”. It is generally synthesized through
the selective etching of the A atomic layer from the
corresponding precursor MAX phase. The general formula of
the structure of this precursor MAX phase is M,,,;AX,, (n = 1,
2, 3, 4), as shown in Figure 2a; “M” in the formula represents
the transition metal part of the genus element, “A” represents
an element of the third and fourth main groups, and “X”
represents a carbon or nitrogen element.”" ™

It has been demonstrated in numerous studies that M—A
bonds are far more aggressive than M—X bonds in the MAX
phase.”® Therefore, it is likely to selectively break the M—A
bond by setting suitable experimental conditions, thus
removing the A atomic layer to obtain MXenes (Figure
2b).***” As shown in Figure 2c, MXenes have the structural
general formula M,,,,X, T, (n = 1, 2, 3, 4) where M and X are
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inherited from the precursor MAX phase and T, represents the
functional groups (mainly —OH, —F, O, etc.) which are bound
to the outermost M layer. Due to the diversity of MAX phases,
MXenes exist in many configurations, including M,XT,,
MX,T,, M,X;T,, and M X,T,. Different configurations of
MXenes can be composed of different elements, so MXenes
are a large family of two-dimensional materials.”*

To date, the most widely studied MXene remains Ti;C,T,,
which was first discovered in 2011 and has become a typical
representative of MXene materials.” As mentioned earlier,
Ti;C,T, is a nanomaterial with an accordion-like structure
obtained by selective etching of the aluminum atomic layer in
the three-dimensional precursor Ti;AlC,, which is later
delaminated by exfoliation means such as ultrasound or ion
stripping to obtain single-layer or layer-less two-dimensional
nanosheets.

MZXene nanosheets have a morphology similar to that of
conventional (2D) nanomaterials, and the theoretical layer
thicknesses of single-layer MXene nanosheets are all less than 1
nm, often with transverse dimensions of several tens of
micrometers.”

2.2. Synthesis of MXenes. Various preparation strategies
have been developed for the production of MXenes from the
MAX phase, as shown in Figure 3.'"*77%°

It is worth noting that the prepared MXenes often have
different end-group functional groups due to different etchants
and etching conditions.”® Also, whether the corresponding
MXenes can be obtained from the corresponding MAX phases
depends on many factors, such as precursors, etchants, suitable
etching conditions, and intercalation processes. So far,
tremendous efforts have been made to find new ways to
prepare MXenes, and various etchants have been developed,
such as HCI-LiF,”” NH,HF,,”® and NH,F.”” Table SI briefly
summarizes the advantages and disadvantages of various
MXene preparation methods. Several typical strategies for
the preparation of MXenes are described in detail below.

2.2.1. Direct HF Etching Method. Hydrofluoric acid etching
is a method that was used for the first time to prepare MXenes,
and it is one of the more used etching methods at present. As
shown in Figure 4a, this method uses a strong corrosive
hydrofluoric acid solution to etch the aluminum atoms in
Ti,AlC, to obtain Ti,C,T,.* The etching mechanism takes
advantage of the fluorophilic nature of aluminum atoms, and
after the etching reaction, the Al atoms are replaced by —OH,
—F, —O, etc. groups. In recent years, the HF etching
mechanism of Ti;AIC, has been investigated using density
functional theory (DFT), showing that the exfoliation of the
Ti3C,-MXene is carried out by HF insertion into the edge of
the Ti;AIC,-MAX phase.*” First is the spontaneous dissocia-
tion of HF, which etches from the edges; then the H/F groups
at the edges weaken the interlayer forces, leading to the
opening of the interlayer interstices, allowing HF to enter the
interlayer and further etch the Al atomic layer to form
fluorinated MXenes. The material obtained here is not layered,
but has an “accordion-like” multilayer structure. The absence
of Al atoms greatly weakens the force between M, X, layers,
making them easier to separate, so they can be peeled into
fewer layers using mechanical means such as conventional
ultrasound, but with lower yields. In order to obtain more
monolayer nanosheets, it is generally necessary to introduce an
intercalator for intercalation in parallel with sonication.

This method is applicable to almost all Al-containing MAX
phases used to prepare the corresponding MXenes, but it is

https://doi.org/10.1021/acs.iecr.3c00306
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Figure 2. Structure and elemental composition of MXenes. (a) Elements represented by “M”, “A”, and “X” in the general formula of MAX phase
structure. (Reproduced with permission from ref 22. Copyright 2021 Wiley-VCH GmbH & Co.) (b) Schematic diagram of a typical process for the
preparation of MXenes from the counterpart MAX phase. (Reproduced with permission from ref 23. Copyright 2021 Wiley-VCH GmbH & Co.)
(c) Typical MXene structures and compositions. (Reproduced with permission from ref 24. Copyright 2021 Wiley-VCH GmbH & Co.)
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Figure 3. Etching process and interlayer stripping process conditions for the direct HF method as well as the in situ HF method. (Reproduced from

ref 29. Copyright 2017 American Chemical Society.)

worth noting that the etching conditions required for different
kinds of MAX phases often vary. In general, the larger the value
of n and the atomic number of the M element in the M,,,;AlX,
phase, the more drastic the etching conditions required.

2.2.2. In Situ HF Etching Method. At present, direct HF
etching has been extensively used for the preparation of
MXenes, but it still has many unavoidable drawbacks of its
own: (i) the use of hydrofluoric acid in large quantities will
lead to environmental pollution; (ii) hydrofluoric acid is highly
corrosive, which is not conducive to maintaining the structural
integrity of M,, X, and will seriously damage the excellent
properties of the MXene itself;>>*" (iii) the multilayer MXenes
made by the direct hydrofluoric acid method are not easy to
peel off, and it is difficult to obtain monolayer nanosheets,
which requires subsequent steps such as intercalation and
peeling, and the process is tedious.

Downloaded for personal academic use. https://kxdigital.pages.dev/
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In order to find a simpler and more effective etching
method, a combination of LiF and HCI aqueous solution has
been explored in recent years to etch the MAX phase instead of
HF, and quite good results have been achieved.”” In this
method, a mixture of LiF and HCl is used to etch Ti;AlIC,, and
after several centrifugal washes, it is possible to obtain a
swollen clay-like material as a result of the insertion of Li* into
the layers of Ti;C,T, during the etching process and its
stripping into a single layer or few layers.

This method actually uses relatively mild conditions to etch
MZXenes, and the HCI solution and the HF generated in situ
from LiF remain in play during the etching process. The
etching process is accompanied by the spontaneous
intercalation of Li*, thus avoiding the subsequent tedious
intercalation step of the direct HF etching method, and can be
directly used to produce 2D nanosheets. The minimum
intensity layer delamination (MILD) method reported in one

https://doi.org/10.1021/acs.iecr.3c00306
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study was able to achieve Ti;C,T,-MXene delamination into means such as ultrasound are avoided, MXene nanosheets can
monolayer 2D nanosheets by 51mple manual shaking using an be prepared in as large a size as possible, which offers a
optimal ratio of LiF to HCL>’ Because strenuous exfoliation foundation for studying the excellent properties of MXene
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with permission from ref 61. Copyright 2021 Wiley-VCH GmbH & Co.) (d) Schematic diagram of the experimental setup and potential
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water molecules under the action of SAW generates hydroxyl radicals and protonated material, which generates localized “in situ HF” in the
presence of LiF. The Al in the Ti;AlC,-MAX phase is selectively etched away, and the MXene sheet is subsequently delaminated by the strong
mechanical vibrations associated with SAW. (From ref 62. CC BY 4.0.)

nanosheets themselves. More importantly, because it avoids
the use of strongly corrosive HF, the preparation process is
safe, the operation steps are simple, and the exfoliation effect is
good, which is one of the most commonly used synthetic
routes at present.

A recent study has further elaborated the differences in
etching mechanisms of different etchants.*” The authors found
that the etching of the MAX phase was performed in a stepwise
etching manner for both HF etchant and HCI/LiF etchant
(Figure 4b). Therefore, it can be expected that HF etchant can
prepare an accordion-like multilayer MXene faster and more
efficiently, while LiF/HCI etchant etches relatively gently and
does not break polycrystalline MAX into single crystals, and is
accompanied by Li" intercalation during etching, so that a
portion of monolayer MXene nanosheets with relatively larger
lateral dimensions can be obtained during washing (as shown
in Figure 4c).

2.2.3. Fluorine-Free Preparation of MXenes. The strong
corrosiveness of HF and its defect of easily causing damage to
the environment and human body have been troubling, so the

Downloaded for personal academic use. https://kxdigital.pages.dev/
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preparation of MXenes by fluorine-free etching is of important
research value.

2.2.3.1. Electrochemical Etching. Electrochemical etching
is a green etching method that does not require the use of HF
or fluoride salts as the etchant. As shown in Figure Sa;, in an
alkaline solution consisting of tetramethylammonium hydrox-
ide (TMA-OH) and NH,CI, with MAX-Ti;AIC, as the anode,
the Al in MAX is rapidly etched by the negative chloride ions
in the electrolyte due to the stronger Al-CI bond than the Al—
Ti bond during the etching process, and at the same time,
NH," is continuously inserted into the layer, which provides
for the anodic edge etching and the inner layer of the material
further etching of the interior of the material. Above 90% of
the MXene prepared by this method is monolayer or bilayer
nanosheets with an average lateral size larger than 2 ym (as
indicated in Figure Sa,), which is much better than the
conventional HF method etching. In addition, the produced
MXene nanosheets do not contain any fluorine groups, and it
is also confirmed that the capacitors prepared by the MXene
nanosheets prepared by this method have much better

https://doi.org/10.1021/acs.iecr.3c00306
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capacitive performances than the conventional fluorine-
containing MXene.*

2.2.3.2. Alkali Etching. Due to the strong reactivity between
alkaline substances and Al elements, the development of using
alkaline substances as etchants to prepare MXenes has been a
focus of research. Li et al.** used a high concentration of
aqueous KOH solution to react with the Al layer. As Al was
continuously etched, —OH performed chemisorption on the
surface of the prepared nanosheet M layer, and the reaction
equations are as follows:

Ti,AIC, + KOH + H,0 = Ti,C, + KAIO, + 3/2H,
(1)

@)

However, the reaction conditions of alkali treatment are
crucial for the preparation of MXenes. Li et al.** reported the
hydrothermal etching of Al in Ti;AIC, with 27.5 M NaOH at
270 °C under an argon atmosphere to obtain high purity (~92
wt %) multilayer Ti;C,T,. More importantly, they systemati-
cally investigated the effects of different reaction conditions on
MXene formation, as shown in Figure Sb. It is pointed out that
the reaction temperature is the key to inducing the formation
of MXenes rather than other metal oxides, while the
concentration of NaOH solution is crucial to controlling the
MXene product with high purity.

In summary, compared with the direct HF etching method,
the preparation conditions of alkaline etchants are relatively
safe and the prepared materials show superior performance in
some fields. However, alkali etching often requires high-
temperature and high-pressure preparation conditions, which
are not conducive to large-scale production and are prone to
oxidative degradation of the materials, and the quality of the
prepared nanosheets needs to be further optimized.

2.2.3.3. Lewis Acid Molten Salt Etching Method. Li et al.*
reported the successful preparation of Ti;C,T, by Lewis acid
molten salt etching, but several etching methods including
those mentioned above were limited to the Al-containing MAX
phase.

In recent years, a study has further investigated and
proposed a more general Lewis acid molten salt etching
method that expands the selection of the MAX phase.”” As
shown in Figure Sc, MS-Ti;C,T,-MXene can be successfully
prepared using Ti;SiC,-MAX phase as the precursor. This
breaks through the limitation that only an Al-containing MAX
phase can be selected as the precursor, and it makes an
important contribution to the expansion of the preparation
methods of MXenes.

In addition to the aforementioned precursor MAX phase
based etching methods, methods such as chemical vapor
deposition (CVD)**™° are also options for the synthesis of
MXenes. Compared with etching methods, CVD enables the
preparation of larger size and higher quality 2D nanosheets,
and the 2D morphology of the crystals can be tuned by
changing the synthesis reaction conditions. For example, it is
possible to change the growth direction of the crystal (lateral
or longitudinal) by controlling the temperature. However, at
present, this method can only be used to produce a few specific
MXenes, such as a-Mo,C crystals,”’ and the production
conditions are harsh and only suitable for laboratory
production.

2.2.4. Interpolation and Layering. For better exploration of
the properties of MXene nanosheets and to broaden their

Ti,C, + 2H,0 = Ti,C,(OH), + H,
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application directions, it is necessary to exfoliate the accordion-
like multilayer MXenes obtained by etching into monolayer
nanosheets, and many exfoliation methods have been
developed.

First, it was found that mechanical means such as ultrasound
can effectively suppress the formation of interlayer stabilization
forces and produce single-layer or few-layer nanosheets.’!
However, the efficiency is often low and causes structural
defects in the material. In multilayer MXenes, adjacent
nanosheets are kept together by various interactions, but
such interactions do not prevent the intercalation of organic
molecules caused by the negative charge on the MXene surface
as well as other cations. Therefore, intercalation agents can be
used to widen the layer spacing of multilayer MXene
nanosheets and weaken the interlayer forces to induce their
separation into single-layer nanosheets with much higher
peeling efficiency than direct mechanical methods.”” As shown
in Figure 6b, a variety of intercalating agents, including polar
organic molecules (DMSO, hydrazine, urea, etc.),‘%’54 organic
base molecules,>>>> and metal ions,‘%_59 have been reported
for more efficient exfoliation of MXene nanosheets.

It is worth noting that not many metal ions were allowed to
enter the interlayer after the Al was removed by HF etching of
the MAX phase.”® Thus, spontaneous intercalation of metal
ions is significantly more efficient than subsequent intercala-
tion of additional metal ions when etching with a combination
of fluoride and hydrochloric acid solutions, and the relatively
larger hydration diameter of lithium ions makes their
delamination much more efficient than that of other metal
ions.”” Of course, people have not stopped exploring easier
ways to strip. Recently, Yuan et al.’ reported a facile method
to prepare layered MXenes using phosphorus vapor
precipitated from commercial red phosphorus. As shown in
Figure 6a, in this method, the stacked Ti;C,-MXene is blown
away by phosphorus vapor, which is eventually deposited on
the surface and partially embedded in the sandwich of a small
number of exfoliated layered Ti;C, nanosheets, thus directly
obtaining novel two-dimensional RP/Ti;C, nanocomposites.
This simple direct gas-phase-assisted stripping is certainly a
more attractive approach.

2.2.5. Emerging Synthetic Methods. In addition to the
classical MXene synthetic pathways described above, various
emerging pathways have been also proposed in recent years.
First, Xue et al.”® prepared Ti;C, with a unique structure by a
fluorine-free chemical combination ball-milling method. This
ball-milling method is simpler and more environmentally
friendly than other etching methods. Moreover, the prepared
Ti;C, has a larger specific surface area due to its unique layered
porous structure. This contributes to increased ion storage and
accelerated ion spreading and fast electron transport, which
yields excellent electrochemical properties and extraordinary
potential for other applications.

In 2014, Halim et al.**** proposed the use of ammonium
bis(fluoride) (NH,HF,) to prepare MXene instead of the
hazardous HF. Recently, Natu et al.®*® found that MXene
could also be prepared by etching MAX using NH,HF, in an
anhydrous organic polar solvent environment. Specifically, the
etching is accomplished by the decomposition of NH,HF, into
NH,F and HF in a polar solvent. Although this method leads
to residues during etching, it also broadens the application of
MXenes in anhydrous systems. This has also stimulated the
development of various methods for the preparation of
MXenes in anhydrous systems. Recently, Shi et al.°'
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Figure 7. Dispersion and stability of Ti;C,T, in typical solvents. (Reproduced from ref 71. Copyright 2017 American Chemical Society.)

successfully etched the Al layer in Ti;AlC, using I, in
anhydrous ACN as the solvent environment. However, since
the etching byproduct All; particles would adhere to the layers
of the etched product, a low concentration of HCl solution was
required to remove the impurities. In this process, the weaker
Ti—I is replaced by Ti—OH, Ti—O, etc. during the washing
process. The specific etching as well as washing and layering
processes are shown in Figure 6c.

The long time and low yield of traditional etching methods
have also been a major concern. An ultrafast acoustic synthesis
method based on salt solutions has been recently reported.®”
As shown in Figure 6d, this method is performed by exposing a
water mixture of LiF and MAX phases to surface acoustic
waves (SAW), and under megahertz frequency acoustic
excitation, the water molecules dissociate to generate protons
and combine with the ions generated by LiF to selectively etch
the MAX phase. The vibration of the acoustic wave is more
helpful for the delamination of MXene. In conclusion, this
method transforms the synthesis of MXene from the
conventional minimum of 24 h to an ultrafast synthesis in
milliseconds with objective yields.

The emergence of these emerging methods avoids the use of
environmentally harmful fluorides, and these methods are
greener and more efficient than the conventional HF-based
etching methods. More importantly, these methods often offer
unique advantages while simplifying the preparation process
based on traditional etching methods, for example, the
preparation of MXenes with larger specific surface areas or
excellent water resistance. This makes it possible to tailor the
physical and chemical properties of the material by modulating
the MXene surface groups. Moreover, with the continuous
efforts of researchers, the green and eflicient preparation of
MXenes with different structural properties has become a
reality, and such tunable properties make them promising for
applications and promote their industrialization.

2.2.6. Large-Scale Preparation of MXenes. At present,
MXenes have been used in various fields of research work due
to their excellent physical and chemical properties, and how to
realize the large-scale industrial production of MXene materials
has been the focus of research. Among the main reasons
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limiting batch production are the following: first, the
fabrication of the precursor MAX phase is generally sintering
expensive high-purity elemental powders with low yields. This
is also the main factor contributing to the high price of
MXenes. Recently, a preparation method with the use of
molten salt shielding synthesis/sintering has been reported,
which has more achievable reaction conditions and simpler
process steps, and batch (>1 kg) manufacturing is possible.
This offers the possibility of industrial production of
MXenes.”’

Second, the tedious and complicated preparation process is
difficult to transfer from the laboratory to the factory. Although
there have been studies reporting the synthesis of Ti;C,T,
scaled up to 50 g without any quality degradation, the classical
etching method has not only safety hazards but also very
serious environmental pollution, which is not in line with the
current concept of green development. Emerging preparation
processes such as electrochemical etching require complex and
expensive equipment.68

Third, the easy oxidation of MXene material causes great
trouble for manufacturing and storage. The most researched
and widely used MXene material is mainly Ti;C,T,, whose
environmental instability has been a painful point that is
difficult to solve. Although there are a few studies that can
improve the oxidation resistance by preparing MXene
materials with specific functional groups, it they are difficult
to replicate with industrial production.

2.3. Physicochemical Properties of MXenes. MXenes
exhibit high specific surface areas, good electrical and thermal
conductivities, controlled hydrophilicities, surface active func-
tional groups for graft modification, and adjustable structures,
which give them a series of unique physicochemical properties.
In recent years, MXenes and their derivatives have also shown
excellent potential in the fields of wastewater treatment and
water reclamation. The following will discuss the excellent
properties of MXenes used for wastewater treatment.

2.3.1. Surface Wettability and Solution Processability.
MXene nanosheets exhibit good hydrophilicity and can form
stable aqueous dispersions, which is the basis for the good
aqueous processability of MXene materials. Based on this,
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some researchers have designed aqueous inks based on large-
size MXene nanosheets that can be directly used for 3D
printing.”” The inherent hydrophilicities of MXene-based
materials stem from a variety of negatively charged groups
introduced to their surfaces during the preparation process.
Notably, the Ti;C,T, nanosheets exhibit higher O/F ratios
when synthesmed using the method of mixed HCI and LiF
solutions.”’ This results in better hydrophilicity of the
macroscopic components constructed.” The surface functional
groups on MXene and the negative charge they provide not
only enable its application for the attachment of contaminants
in water but also provide the possibility of surface modification
of MXenes by electrostatic interactions or chemical mod-
ification.

In addition, a study reported the dispersibility of MXenes in
different organic solvents. Ti;C, was dispersed in three
different types of solutions under the same conditions, and
the results showed that Ti;C, could form stable suspensions in
H,0, PC, DMF, NMP, DMSO, and ethanol,”" as shown in
Figure 7. By analyzing the characteristics of each solvent and
the experimental results, it was found that the dispersion of
Ti;C, in each solvent was mainly related to the surface tension
of the solvent, and Ti;C, was able to form a stable suspension
in the solvent with a large surface tension.

In summary, MXene materials have good solution
processing properties and are easily coblended with other
materials, which lays the foundation for their subsequent
assembly into 3D macrostructures.

2.3.2. Electrical Properties. The most attractive property of
MXene materials is undoubtedly their superior -electrical
properties. The electrical conductivity of MXene films has
been reported to be as high as 15100 S cm™ and can be tuned
by adjusting the surface functional groups.” The inherent
hydrophilicity of a MXene coupled with its ultrahigh electrical
conductivity makes it promising for applications in wastewater
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treatment. For example, its two-dimensional structure and high
electron transfer properties make it suitable for trapping
photogenerated electrons, thus facilitating efficient separation
of photogenerated carriers, making a MXene an ideal cocatalyst
material for photocatalytic applications.””

In addition, MXene materials exhibit ultrahigh energy
storage capacities. The rapid embedding of ions between the
atomic layers of MXene materials results in high-capacity
capacitance,® and notably, MXenes are capable of forming free-
standing electrodes that exhibit high measurernent capac1tan-
ces (>300 F cm™) due to the avoidance of binders.”* In recent
years, it has been realized that MXene materials are well-suited
for use as CDI electrodes, with high-capacity capacitance
resulting in large salt storage capacity, rapid embedding of ions
leading to outstanding salt electrosorption capacity, and
effective avoidance of the disadvantages of conventional
carbon material electrodes limited by available specific surface
areas.

2.3.3. Photothermal Conversion Performance. The
MZXene Ti;C,T, intrinsically possesses great electromagnetic
wave absorption properties, and some studies have reported
that the final fate of electromagnetic waves absorbed by
Ti3C,T, is reflected internally through the lattice structure of
Ti;C,T, and eventually consumption in the form of heat. This
inspired the study of the interactions between MXenes and the
most common electromagnetic waves—sunlight.

MZXenes have excellent photothermal conversion properties,
but their specific mechanisms have not been fully revealed.
However, a series of studies have been conducted to explore
the specific mechanism. Wang et al.”* designed a droplet laser
heating system and determined that a MXene has an internal
photothermal conversion efficiency close to 100%. It was
reported that this excellent photothermal conversion efficiency
may be related to the semimetallic-like energy band structure
of the MXene, which gives it a localized plasmon resonance
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effect (LSPR). Lin et al”® measured the UV—vis—NIR
absorption spectra of ultrathin Ti;C,T, nanosheets and
found that they have a high absorption at 750—850 nm in
the near-infrared region, which is similar to some expensive
metal nanoparticles such as gold nanoparticles. This absorption
property is not observed in other two-dimensional nanoma-
terials; thus MXenes have unparalleled advantages in the field
of photothermal conversion.

Currently, MXene materials have been widely used in
various fields due to their high photothermal conversion
capabilities. For example, Ti;C, nanosheets were used as an
efficient photothermal therapy (PTT) tumor reagent, and
outstanding NIR-light-induced tumor ablation without re-
currence could be achieved by intravenous injection of Ti;C,,
demonstrat1n§ the potential of MXenes in the biomedical field
(Figure 8c) In addition, as shown in Figure 8a,b,d, MXene
materials are often seen in cutting-edge research in fields such
as smart wear’°””? and solar-powered desalination.®*~*

Because of the above excellent physicochemical properties,
MXenes have been widely used in the direction of wastewater
treatment, such as solar water desalination and photocatalytic
degradation of pollutants. In practical applications, by loading
MXene nanosheets into 3D components with reasonable
structures, they can not only retain their intrinsic excellent
properties but also have many advantages, which are of great
research value.

2.3.4. Functionalization or Post-treatment of MXenes. So
far, MXenes have shown many fascinating properties and have
been widely used in various fields. However, it is clear that
researchers should not be satisfied with this, as the richness of
the MXene surface and its unique structure open the door for
research into its functional modification to impart new
functionalities. On the one hand, the surface functional groups
of MXenes can be used as the reaction platforms to chemically
modify the MXene materials. For example, Chen et al
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synthesized novel Janus MXene nanosheets through manipu-
lation of the MXene surface chemistry by asymmetrically
grafting polystyrene onto the MXene nanosheets.”> The
modified MXene nanosheets achieve hydrophilicity on one
side and hydrophobicity on the other. Hence, this fascinating
asymmetric wettability enables stable dispersion of the Janus
MZXene in various organic solvents ranging from polar to
nonpolar, effectively expanding the application area of
MXenes, especially in nonaqueous systems. On the other
hand, structural changes in the material can be achieved by
specific means to modulate its properties. One study used low-
energy ion implantation to achieve functionalization of a 2D
MXene.*® The results show that the Mn doping distribution
and a series of structural changes are introduced in the two-
dimensional MXene by ion implantation, forming a large
number of reactive defects and oxygen suspension bonds at the
C and Ti sites and changing their electronic structures, which
is beneficial to modulating the carrier types in the material as
well as the optical response, promoting the application of
MXenes in various fields such as photocatalysis and energy
storage.86

More than that, simple post-treatment of a MXene is also
effective enough to improve its properties. For instance, Zhang
et al. employed a simple natural oxidation and calcination
strategy to chemically modify MXene nanosheets and
successfully introduced Ti**—TiO, nanoparticles and amor-
phous carbon on the surface, which led to a significant
enhancement of the absorption of the modified nanosheets in
the whole solar wavelength band.*” All these examples show
that the post-treatment of MXene can further expand the
applications of MXene materials in various fields. The
modification can be targeted to give MXene materials some
specific functionalities to achieve material customization,
which will also become one of the main directions of future
research.
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3. PREPARATION OF 3D MXene STRUCTURES

Similar to other low-dimensional nanomaterials, MXenes have
a severe tendency to restack during application, which means
they greatly lose their chemically active surfaces, leads to the
loss of surface-active sites, and severely hinders electron
conduction. In addition, it greatly limits the compounding of
MXenes with other functional materials, which directly affects
the application performance of MXene materials. Fortunately,
the assembly of MXenes into three-dimensional porous
structures, such as aerogels and foams, is an effective way to
solve the above problems.

The weak gelation ability of MXenes themselves has been
the main factor limiting the assembly of MXenes into
macroscopic structures.”” In recent years, various MXene-
based 3D assembly methods have been developed, for example,
the template method, frame assist method, sol—gel/self-
assembly method, foaming method, and 3D printing. Through
these methods, 2D MXene nanosheets can be effectively
assembled into various three-dimensional structures, which
greatly expands their application in the fields of wastewater
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treatment and water reclamation. In this section, we summarize
in detail the current manufacturing methods and morpho-
logical structures of various 3D MXene assembly architectures
(Figure 9).

3.1. Template Assisted Assembly. At present, the
template method is the most direct and effective method to
construct 3D nanocomposites, which can precisely regulate the
pore structure of 3D materials by selecting template materials
with different morphologies and sizes. Generally speaking, the
template method is to deposit nanomaterials on the surface of
the template through the interaction between nanomaterials
and the template and then remove the template by various
ways to obtain 3D porous structures based on nanomaterials.
The presence of many functional groups on the surfaces of
MXenes and the negative charges of these groups provide the
basis for the interaction between MXenes and the template.
The template method can be divided into the hard template
method and the soft template method depending on the
material being used as the template.

3.1.1. Hard Templates. A hard template is usually a solid
material with good shape retention. Currently, various polymer
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Ind. Eng. Chem. Res. 2023, 62, 7297—-7335


https://pubs.acs.org/doi/10.1021/acs.iecr.3c00306?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00306?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00306?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00306?fig=fig10&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://ballisticcomainvitation.com/t2e548yr3v?key=403e8f291d0b160c8210d10a973a50a9

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

Etching

)

Exfoliation

Freeze-drying

Ti,C,T, (MXene)

Concentrated droplets

e

Emulsification

-

_»
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Schematic diagram of the preparation process. (a, a,) Aerogel with microstructure mimicking penguin down. (a;) Macroscopic morphology of
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induce assembly at interfaces. (b;) Schematic diagram of the process of assembling MXene aerogel. (b,, b;) Microscopic as well as macroscopic
morphology of the prepared aerogel. (Reproduced with permission from ref 88. Copyright 2019 Wiley-VCH GmbH & Co.)

microspheres and inorganic nanoparticles are commonly used
templates for building 3D porous structures. For example,
PMMA microspheres are a commonly used polymeric
template,”* """ and MXene nanosheets are continuously and
uniformly coated on the surface of PMMA microspheres
driven by strong interactions between surface hydroxyl groups.
The composite microspheres are separated from the liquid
phase by means of extraction and centrifugation and then heat
treated under an argon atmosphere to remove the PMMA
template to obtain self-supported Ti;C,T, microspheres or
Ti;C,T, films with macroporous structures. In addition, such
Ti;C,T, microspheres can be compounded with other
nanomaterials, which have promising applications in electro-
magnetic wave absorption, energy storage, and biomedicine
(Figure 10a).

Unlike PMMA microspheres, PS microsphere templates are
due to electrostatic interactions between the positive surface
charge and the negative charge carried by the MXene.'**~'**
Similar polymeric templates are also available for melamine—
formaldehyde (MF) microspheres, where nitrogen-containing
functional groups (—NH,, —NH—) trap protons from solution,
giving them a positive charge and thus an electrostatic
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interaction with the MXene.'**~1%° However, it is worth
noting that Ti;C,T, is doped by in situ nitrogen in the
presence of gaseous ammonia produced by thermal annealing
MF decomposition. These nitrogen-containing transition metal
carbides and nitrides have been shown to be more active, and
therefore, this porous framework structure developed for N-
Ti3C,T, can effectively improve the electrochemical properties
and enhance its performance in the energy storage
direction,'’ "¢

In addition, some inorganic particles are often used as
templates, which can be removed in a gentler and easier way
than polymeric microspheres.gg’ul_115 For example, in an
aqueous solution system, Zn’* is generated in situ on the
surface of zinc powder. Therefore, Ti;C,T, and GO are able to
self-assemble on the surface of zinc powder driven by
electrostatic interactions (Figure 10b;_b,).*” Importantly, the
material effectively inhibits the oxidation of MXene because of
the antioxidant effect of zinc powder and the rational structural
design, as shown in Figure 10b,.

In general, the hard template method uses the interaction
between MXene nanosheets and other building blocks and the
surface of the template particles to spontaneously assemble
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(Reproduced from ref 123. Copyright 2021 American Chemical Society.)

MXene nanosheets onto the template surface. After that, it is
separated from the aqueous phase by means of centrifugation
or extraction, and the template is removed by certain
operations to obtain MXene-based 3D porous structures.
Obviously, the shape and size of the template particles can be
controlled to precisely regulate the pore structure of the three-
dimensional material. Moreover, whether it is polymer
microspheres or inorganic nanoparticles, the process is now
more mature and particles of various sizes can be easily
obtained for use as templates. However, it is worth noting that
the removal of hard templates often requires tedious steps and
relatively harsh conditions, which may not only leave
impurities in the material but also easily cause oxidation of
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the MXene material, which is not conducive to the retention of
the excellent properties of the material itself.

The ice template method is a frequently used method for
building three-dimensional porous aerogels and is also known
as the freeze casting technique.*”"'“™"'? Compared to the
conventional templates mentioned above, ice templates are
easy to construct and remove, and most importantly, the
desired porous structure can be customized by simply changing
the freezing conditions. For example, a temperature gradient
can be constructed to control the ice crystal growth direction
and thus modulate the pore structure. Han et al."'® cleverly
constructed bidirectional freezing by setting an inclination
angle between the copper plate and the MXene dispersion,
allowing the MXene nanosheets to be arranged into a laminar
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structure and assembled into a compressible anisotropic
aerogel. The unique structural design results in a tunable
electromagnetic shielding performance.

In addition to the above example of controlling the freezing
direction, a study reported the ice structure freeze casting
technique (ISFC) with the addition of poly(vinyl alcohol)
(PVA) to the modified SM-Ti;C,T, precursor solution, where
the presence of PVA alters the freezing rate of the precursor
solution and thus modulates the pore structure of the final
aerogel. Thus, the microscopic morphology of the aerogel is a
unique graded porous structure with a morphology similar to
that of a penguin feather (Figure 11a). This unique structure
allows for good thermal management and is well-suited for
solar desalination under low light conditions.”” It is worth
pointing out that the advantage of ice templates over the
traditional hard template method is not only that the final pore
structure can be easily regulated but also that no complex
postprocessing is required to remove the template, which can
retain the excellent properties of the MXene material to the
greatest extent.

3.1.2. Soft Templates. Compared to hard templates, soft
templates are usually liquid crystals, emulsions, micelles, etc.
with low structural strength and stiffness and variable structure
and shape.*®'*°~'** More importantly, soft templates can often
be removed by simple means, greatly simplifying the
preparation steps, and are excellent template materials to
help form MXene-based 3D structures with tunable pore sizes.
Lu et al.'* successfully reduced the hydrophilicity of Ti,C,T,
by using electrostatic interactions between cetyltrimethylam-
monium bromide (CTAB) and MXene surface groups, so the
modified Ti;C,T, could aggregate at the interface of oil and
water phases. It is worth pointing out that, under alkaline and
neutral conditions, high concentrations of Pickering emulsions
and solid porous materials based on such emulsion templates
can be prepared by this method, but stable emulsions cannot
be formed if the hydrogen ion concentration in the aqueous
phase is too high.

Analogously, Shi et al.*® demonstrated that oil-soluble
amine-functionalized polyhedral oligomeric sesquisiloxane
(POSS-NH,) can induce MXene assembly at the two-phase
interface (Figure 11b). Specifically, when added to an oil—
water mixture, it will cause the oil—water interface to exhibit a
positive charge, thus causing the MXene to aggregate at the
oil—water interface. Due to the electrostatic interaction, the
MXene was rapidly adsorbed to the oil—water interface and
assembled stably. When the Ti;C,T, dispersion was stirred
vigorously with the oil dissolved with POSS-NH,), it was able
to form a homogeneous and stable Pickering emulsion. This
oil-in-water Pickering emulsion was freeze-dried as a template
to form a lightweight, hydrophobic, highly conductive,
isotropic porous composite aerogel (Figure 11b,) and applied
to oil adsorption and electromagnetic interference shielding.
Compared with the hard template method, soft templates such
as emulsion droplets and micelles do not require complicated
steps to remove the templates; the morphology of the porous
structure can be tuned by adjusting the template concen-
tration. However, it is difficult to precisely control the size and
shape of the pores in porous materials, and the soft template
method is less reproducible than the hard template method.

3.2. Sol-Gel Method. An MXene has an abundance of
groups (—O, —OH, —F, etc.) on its surface and is therefore
negatively charged overall,'”” and interlayer repulsion allows it
to form stable dispersions in water. Based on this, the
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dispersion equilibrium between nanosheets can be broken by
introducing a suitable driving force (cross-linker or weakening
repulsion) to achieve phase separation, and a sol—gel transition
can occur to build a three-dimensional structure.

First, the introduction of a cross-linking agent into the
system is an effective strategy to induce the MXene to achieve
the sol—gel transition. The cross-linker molecules can bind the
adjacent MXene nanosheets, thus disrupting the electrostatic
equilibrium between MXene nanosheets and inducing them to
gel and eventually form a three-dimensional porous structure.
For example, the addition of a suitable amount of ethylenedi-
amine (EDA) molecules to the MXene colloidal solution can
induce a sol—gel transition of the MXene to form three-
dimensional MXene hydrogels.'” The interconnected channels
and pores can effectively inhibit the restacking of Ti;C, flakes,
and the prepared 3D gels are able to reach a specific surface
area of 176.3 m* g~".

Similarly, Jiang et al.'””* formed covalent bonds between
MXene nanosheets and cellulose with a large number of
hydroxyl groups via epichlorohydrin as a cross-linking agent,
resulting in a sol—gel transition. Finally, a highly intercon-
nected hierarchical network with excellent microwave
absorption properties was obtained by freeze-drying.

GO is also a commonly used cross-linking agent because of
its good gelation ability, and it is often used as a gelation agent
to assist the 3D assembly of other low-dimensional nanoma-
terials.'”'*¥'** It has been demonstrated that a MXene has a
tight interfacial interaction with the rGO backbone, and driven
by this interaction, the MXene can be incorporated into the
formed rGO backbone, resulting in a 3D monolithic
structure.'”> As shown in Figure 12b, Jiang et al.'*’ used the
joint action of rGO and ice template, MXene nanosheets were
attracted and adhered to the rGO backbone to form a hybrid
hydrogel of MXene and rGO, and the 3D MXene/rGO aerogel
obtained after lyophilization had excellent mechanical proper-
ties. Further, Shang et al.”? triggered the gelation of the MXene
with GO by a relatively weak reducing agent, EDA (Figure
12a). The reaction mechanism is shown in Figure 12a,.
Through the reducing effect of EDA, it first reacts with the
epoxy group on the surface of GO to open its ring and form an
oxygen suspension bond and then replaces the —F group on
the surface of the MXene so that MXene and GO are cross-
linked together by chemical bonding, forming a 3D hydrogel
with a good structure. The ability of different reducing agents
to assist in the assembly of MXene/GO gels was also
systematically investigated. It is difficult to form well-structured
hydrogels if the reduction degree is too strong or too weak for
reducing agents with similar reduction mechanisms.

Because of the ability to form covalent bonds between
MXene nanosheets and other building blocks, 3D porous
structures prepared by cross-linking agent induced sol—gel
transition often have good structural strengths, especially when
a suitable second building block (e.g., GO) is added, which
enables the prepared 3D materials to have good mechanical
stabilities, making them of great practical application.

Unlike the addition of cross-linking agents that react with
MXene surface groups, another idea to induce MXene gelation
is to break the electrostatic equilibrium between nanosheets.
Therefore, some positively charged substances are often added
to MZXene dispersions to induce rapid gelation of the
MXene.”""?*"*” Yang et al.'*® systematically investigated the
effect of metal ions on MXene gelation. As shown in Figure
13a, Fe** in the system can rapidly disrupt the electrostatic
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Figure 13. Induction of MXene gelation by breaking the electrostatic equilibrium. (a) Schematic diagram of Fe**-induced MXene gelation. (b)
Morphology of the gel. (c) Zeta potential of MXene as well as Fe**. (d) Photographs of different metal ion induced gels. (Reproduced with
permission from ref 126. Copyright 2019 Wiley-VCH GmbH & Co.) (e) Schematic diagram of Mg>* loading by a bionic CT-MXene platform and
scalable fabrication of Mg?*-MXene aerogels. IRM images show the changes of dispersed MXene nanosheets before and after being loaded induced
by Mg?* into the films. (f) Structure of Mg**-induced gels. (Reproduced with permission from ref 91. Copyright 2021 Wiley-VCH GmbH & Co.)

exclusion between MXene nanosheets and act as cross-linking
points to link MXene nanosheets together to form a 3D
network (Figure 13b shows the structure of the hydrogel
prepared by Fe®* cross-linking). The formation of the three-
dimensional network effectively reduces the restacking of
nanosheets, thus greatly improving the surface utilization of the
material.

In addition, it is reported that metal ions of different
valences have different Gibbs free energies of hydration energy.
In contrast, the 3-valent ions have higher hydration energy and
can break the electrostatic equilibrium between MZXene
nanosheets faster and form gels with smaller pore size. In
contrast, the hydration energy of 1-valent metal ions is much
smaller than those of divalent and 3-valent ions and can lead to
coagulation but not to the initiation of gel formation (Figure
13c,d).

On the basis of this principle, Ding et al.”' innovatively
designed a Ti;C,T,-MXene platform with a pleated texture.
This platform has a hierarchical structure similar to that of
Phrynosoma cornutum and exhibits enhanced hydrophilicity
and fast water transport rate, thus facilitating Mg**-induced
assembly of the MXene (Figure 13e,f). Conformal formation of
large-area Mg*'-MXene aerogels in the absence of binder can
be achieved by this technique. By avoiding the use of binders
with poor electrical properties, the freestanding MXene
electrodes prepared by this method have extraordinary
potential for many applications in energy storage, CDI, and
other fields.
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The advantage of this method is that only a short interval is
usually required for gelation, avoiding the MXene oxidation
that may result from tedious and long processing times, thus
maximizing the retention of the excellent properties of the
material, but its structural strength is often inferior to that of
3D gels induced using cross-linking agents.

3.3. 3D Printing. Three-dimensional printing is an
emerging strategy for the rapid production of 3D structures,
allowing the use of suitable inks for the construction of a
variety of complex structures, especially structures that are
difficult to prepare with traditional construction techniques. In
a typical 3D printing process, materials are first prepared as
inks and then extruded through nozzles and deposited layer by
layer on the substrate to form 3D structures. One study
reported aqueous inks composed of 2D Ti;C,T, with atomic-
level thickness (1—3 nm) as well as large lateral dimensions of
8 pm, with desirable viscoelastic properties without the
addition of binders.”” MXene aqueous inks with a concen-
tration of more than 50 mg mL™" pass through the narrow
nozzle very smoothly and resume solid-like behavior
immediately, making them very suitable for 3D printing. The
printed 3D wet structures were freeze-dried, and individual
printed filaments (326 ym in diameter) were seen to form
interlaced structures without bending, indicating the formation
of stable 3D structures. The internal MXene of the structure is
assembled into a 3D porous network in which the
interconnected mesh pore size is about 3—35 um (as shown
in Figure 14a). Crossed finger electrodes prepared by 3D
printing and freeze-drying have excellent electrical properties.
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Figure 14. Three-dimensional printing preparation of MXene 3D structures. (a) Direct 3D printing with no-additive MXene inks. (a,;) Schematic
of the printing process. (a,) 3D printed wet gel. (a3, a,) SEM images of the microscopic morphology of individual printed filaments, illustrated with
digital photographs of freestanding printed microlattices. (Reproduced with permission from ref 69. Copyright 2019 Wiley-VCH GmbH & Co.)
(b) 3D freeze printing strategy. (b;) Schematic diagram of 3D freeze printing. The inset shows the MXene ink deposited onto the frozen substrate
in a layer-by-layer fashion, while the vertical upward temperature gradient causes the ice crystals to grow directionally, forming vertically aligned
pores. (b,) The photograph shows the steps to prepare 3D MXene aerogels with overhang truss structures by this strategy. (b;) SEM images show
the upper surface of the MXene aerogel produced by this strategy, showing the oriented arrangement of MXene nanosheets. (Reproduced with

permission from ref 92. Copyright 2022 Wiley-VCH GmbH & Co.)

In recent years, research on MXene 3D printing has been in
full swing, and MXene inks enable 3D printing based on having
desirable rheological properties.*”?>!%>12¢7130

However, the MXene inks currently used for 3D printing
still have significant limitations. For example, applicable
nonadditive MXene inks often require extremely high
MXene concentrations to have the right rheological properties,
which is not only extremely difficult to achieve but also greatly
increases the cost. In addition, the difficulty of creating 3D
structures with fine and complex shapes greatly limits the use
of this technology."*"'**

To address the above problem, Lin et al.”* reported a 3D
freeze printing (3DFP) technique to fabricate ultralight 3D
MXene aerogel structures (as shown in Figure 14b).
Specifically, on-demand MXene inks are deposited layer by
layer on a frozen substrate, while ice can be used as a building
block between layers to produce ultralight aerogels with
complex structures (Figure 14b,). Importantly, the MXene
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inks used in this strategy do not require ultrahigh MXene
concentrations, which greatly reduces the cost. Due to the
ordered arrangement of the microstructure, the aerogel
fabricated by it has excellent mechanical and electrical
properties (Figure 14bs). In summary, this strategy combining
3D printing with directional freezing has extraordinary
potential for the preparation of 3D electrical components
with fine structures.

3.4. Other Assembly Methods. In addition to the above
assembly methods, many other methods have been explored
for assembling 3D porous structures of MXene, including the
foaming method, skeleton coating method, electrostatic
spinning method, etc. The study of various assembly methods
has laid the groundwork for the application of MXene 3D
structures in various fields.

3.4.1. Foaming Method. The foaming method is a technical
method to prepare porous materials by foaming using
chemical/physical/mechanical means. When some nitrogen-
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Figure 15. Other methods to prepare 3D MXene architecture. (a) Hydrazine foaming to prepare MXene 3D foam. The inset shows the
photographs of MXene film as well as the foamed MXene foam and its microscopic morphology. (Reproduced with permission from ref 93.
Copyright 2017 Wiley-VCH GmbH & Co.) (b) Electrostatic spinning method used to prepare PAN/MXene. The inset is an SEM image of PAN/
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sponge and its SEM image. (Reproduced with permission from ref 94. Copyright 2022 Elsevier.) (d) Schematic of MXene coated commercial PU
sponge, showing its micromorphology and wettability. (Reproduced with permission from ref 135. Copyright 2020 Royal Society of Chemistry.)

- 114 . 133
containing compounds, such as urea, ammonia, and

hydrazine hydrate,” enter the MXene interlayer for heating,
they are able to react with the MXene surface groups to
produce a large amount of gas. For example, Yu et al.”’
reported the preparation of MXene foams with clear porous
structures by applying hydrazine hydrate to the MXene film
surface and then heating (as shown in Figure 15a). In
particular, since the hydrazine hydrate consumed a significant
number of functional groups on the MXene surface during the
foaming process, the material showed overall hydrophobicity
and enhanced the environmental sustainability of the material.
This 3D MXene foam has a substantially improved electro-
magnetic shielding performance compared with MXene films
of the same quality because of the porous structure
construction.

Similarly, Zhu et al."'* prepared 3D porous MXene foams by
heating MXene—urea composite films at S50 °C for 2 h. It is
worth mentioning that the experiments pointed out that the
urea particles first acted as a template to prevent the
nanosheets from restacking, and then when the template was
removed by heating, a large amount of gaseous material was
generated, in which the CO, produced etched the carbon on
the MXene structure, thus drilling holes in the layers and
eventually building 3D porous foams.

The foaming method allows for the convenient construction
of porous structures and the doping of nitrogen in the MXene
by changing the foaming agent, which can improve the
electrical properties of the material as well as increase the
active sites. However, there are still few foaming agents suitable
for MXene materials, the foaming process is not easy to
control, and it is difficult to prepare 3D porous structures with
a certain thickness.
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3.4.2. Skeleton Coating Method. Because of the weak
gelation abilities of MXenes, the mechanical properties of
MXene three-dimensional structures prepared by the above
methods are often unsatisfactory. An effective strategy is to use
existing three-dimensional porous skeletons, such as polymer
foam, 0121138135 wo0d sponge,136 and foam metal, to load
the MXene onto the three-dimensional skeleton by means of
impregnation and spraying to form a uniform and continuous
three-dimensional network. By adjusting the morphology of
the skeleton, 3D structures with different structures can be
easily constructed. More importantly, this approach combines
the functionality of MXene nanosheets with the excellent
mechanical properties of 3D skeletons, which has broad
application prospects in the field of wastewater treatment,
especially in offshore crude oil adsorption and seawater
desalination. As shown in Figure 15c, Zheng et al.’* used
natural wood to produce a wood sponge with a vertical array
pore structure by delignification and hemilignification, then
loaded a MXene onto the surface of the wood sponge by
impregnation to build a functional layer for photothermal
conversion, and finally coated it with PDMS to achieve
hydrophobization and enhance its mechanical stability. The
loading of the MXene enables it to be self-heating, and the
vertical array of pores enables it to clean superviscous crude oil
from the sea surface driven by solar energy. The excellent
compressive resilience makes it possible to work continuously
for long periods of time.

In addition, PU sponge (Figure lSd), MF sponge, carbon
sponge, etc. can be used as a skeleton to prepare composite
three-dimensional materials, compared to MXene material self-
assembly. With the help of the skeleton, a MXene can easily
form a continuous three-dimensional conductive network and
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so in the field of wastewater treatment, electromagnetic
shielding, energy storage, etc. have a wide range of potential
applications.

3.4.3. Electrostatic Spinning Method. The electrostatic
spinning technology is also a common method for preparing
thin films with high porosities and three-dimensional
structures. It is a process that uses the electric potential
between the solution droplets and the collector to overcome
the surface tension of the solution and thus generate ultrafine
jets, which are stretched, thinned, and solidified when they
reach the collector through an electric field, and these fibers are
randomly stacked together to form a 3D network. As
mentioned earlier, a MXene has good solvent processability
and can form stable dispersions in water or some polar organic
solvents, so the MXene can be easily blended with some
polymers for electrostatic spinning. As shown in Figure 15b,
TiyC,T, was mixed with polyacrylonitrile (PAN) in water to
produce a homogeneous mixture, and Ti;C,T,/PAN compo-
site networks with abundant mesopores were obtained after
electrostatic spinning at an applied voltage of 18 kV; the
literature reports an increasing diameter of electrostatic spun
yarn with increasing MXene content.”> Currently, poly-
(ethylene oxide) (PEO)"*” and PVA have also been reported
to be coblended with MXene for electrostatic spinning.**

In Table S2 we briefly summarize the advantages and
drawbacks of various current assembly methods of MXenes.
However, for the time being, it is still difficult to realize the
industrial preparation of conventionally manufactured 3D
MXene functional materials, first because their assembly
process requires strict control of conditions. Although various
assembly schemes based on templates, cross-linking, and other
mechanisms have been developed, a reasonable design and fine
manufacturing of their structures are indispensable to achieving
their high performance, which is still difficult to realize.
Second, the currently reported 3D MXene functional materials
often have defects such as poor mechanical properties and
poor stabilities, which are very unfavorable both for the
wastewater treatment field and the desalination field that needs
to overcome harsh weather, so more high-performance
composites with high mechanical stabilities need to be
developed.
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4. 3D MXene MATERIALS USED FOR WASTEWATER
TREATMENT AND WATER RECLAMATION

MZXenes, as emerging 2D nanomaterials, have high adsorption,
reduction, excellent photothermal conversion, high electrical
properties, etc., and their unique combination of hydrophilicity
and electrical conductivity has led to an increasing interest in
using MXenes and their derivatives in the fields of wastewater
treatment and water reclamation. Compared with 2D
materials, the assembly of MXenes into 3D structures not
only maintains the excellent properties of the MXenes but also
has unique advantages in wastewater treatment. Specifically,
MXenes and their composites have been shown to be effective
in the adsorption of pollutants in water and desalination
through photothermal conversion and capacitive deionization,
in addition to photocatalytic degradation of pollutants, as
shown in Figure 16. This article reviews the applications of
MXene three-dimensional porous structures in the above-
mentioned fields in recent years, and gives an outlook on
future developments.

4.1. Seawater Desalination. The shortage of water
resources, especially fresh water, has been a severe challenge
for the world. The development of environmentally friendly
green water purification technology has become urgent. What
is more, the distribution of water resources on the earth is
extremely uneven, with the ocean occupying 97% of the global
water reserves, while fresh water occupies only 3% and a large
part of it is in glaciers and ice caps, which can hardly become
drinking water. Therefore, the development of energy-efficient
green desalination technology can fundamentally solve the
problem of water scarcity. There are numerous desalination
methods, among which distillation, reverse osmosis (RO), and
membrane distillation (MD) have been widely used. However,
these technologies often have huge energy and capital
consumptions. In recent years, new low-energy, sustainable
technologies such as solar-powered desalination and capacitive
deionization have been receiving increasing attention.

4.1.1. Desalination Mechanism of MXenes and Their
Composites. At present, MXenes have been widely used in
seawater desalination and have achieved good results, which is
important to solve the scarcity of fresh water resources. MXene
materials are applied to seawater desalination mainly in the
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Figure 17. MXene electrodes for CDI technology. (a) Schematic diagram of electrochemical desalination. Schematic diagram of Faraday
capacitance by ion insertion and non-Faraday capacitance by ion electrosorption. (From ref 141. CC BY 3.0.) (b) Porous MXene for capacitive
deionization. (Reproduced with permission from ref 15. Copyright 2018 Elsevier.) (b;) Concept diagram of porous MXene for CDI. (b,) CDI
performance of porous MXene electrodes. The salt adsorption capacity (SAC), salt adsorption rate (SAR), good cycling stability, and effects of

different operating conditions on its SAC are demonstrated.

form of ion sieve membranes, capacitive deionization, and
photothermal desalination.

First, MXenes’ own two-dimensional nanomorphology and
high hydrophilicity make them ideal materials for the
construction of separation membranes with well-defined size
nanochannels. On the one hand, this can be achieved by
defining the size of the nanochannels of the MXene membrane
material, thus allowing the passage of water molecules but
trapping hydrated ions based on size sieving. On the other
hand, the many negatively charged groups present on the
MXene surface play an important role in the ion repulsion
process. Many studies have shown that, for lamellar
membranes constructed from MXene materials, strong electro-
static interactions between multivalent cations and the MXene
lead to a narrowing of the nanochannels, resulting in a gradual
decrease in the permeation rate, whereas monovalent cations
such as Na* can be easily adsorbed between each layer of the
lamellar membrane material to form a double electric layer,
thus expanding the size of the nanochannels.

The excellent potential of MXene materials for capacitive
deionization is another important discovery in the field of
desalination in recent years. The unique two-dimensional layer
structures of MXenes provide the largest possible specific
surface areas, which, together with their excellent electrical
conductivities, makes them very suitable for use as CDI
electrodes. In addition, many studies have shown that MXenes
have a different salt adsorption mechanism than conventional
carbon electrodes; i.e., the rapid embedding and de-embedding
of ions between MXene atomic layers provides a large salt
storage capacity and a high adsorption/desorption rate, which
are not available for conventional electrodes that form a double
layer on the electrode surface by adsorbing ions. The
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synergistic effect of the two mechanisms makes MXene
materials have a broad scope for use as CDI electrodes.

In addition, a MXene’s photothermal conversion capability
gives it extraordinary potential in the field of solar-powered
desalination. Photothermal desalination is the oldest method of
applying solar energy. There are two main points affecting
solar-driven desalination: first, the ability to have the highest
possible absorption of sunlight and convert it to heat; second,
good thermal and water management to maximize energy
utilization efliciency. Various studies have reported that
MXenes have high light absorption capacities in the full
wavelength band of sunlight and a theoretical 100% photo-
thermal conversion efficiency, making them very good
photothermal conversion materials. On the downside, the
instability of MXene material in a water—oxygen environment
and their own high thermal conductivities seriously limit their
development in the field of photothermal seawater desalina-
tion. Fortunately, these problems have the potential to be
solved by the structure and material design of the evaporator.
The use of a MXene as a photothermal module, supplemented
by various rational structural designs, is an important way to
build a high-performance solar evaporator.

4.1.2. Capacitive Deionization (CDI). Capacitive deion-
ization (CDI) is an emerging desalination technology in recent
years, in which anions and cations in solution are deposited at
the two poles according to their charges by applying a potential
difference, thus achieving desalination of brine. In CDI
technology, the electrode material is the key factor affecting
its salt adsorption ability. At present, the most commonly used
CDI electrodes are various carbon material electrodes, which
are reported to be capable of achieving a salt adsorption
capacity (SAC) of 15—20 mg g/, but in practice, the CDI
performances of carbon electrodes are often less than ideal
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Copyright 2021 Elsevier.)

because of limitations in their comparable surface areas and
other factors."*”

4.1.2.1. MXene-Based CDI Electrodes. In recent years, the
performance of MXene materials in the field of CDI has
attracted a lot of attention. The advantages of MXenes as CDI
electrode materials are mainly as follows: First, the outstanding
conductivity of a MXene itself provides the basis for its use as a
CDI electrode. Second, its layered structure provides the
largest possible specific surface area. Most importantly, the
rapid insertion of ions between the atomic layers of a MXene
leads to its high capacitance, resulting in a high salt adsorption
capacity and fast adsorption/desorption response.’ Thus,
unlike conventional CDI electrode materials that adsorb
stored ions by forming a double electric layer capacitance
(EDLC) mechanism,"*” a MXene because of its rapid ion
intercalation/delamination mechanism provides a new CDI
electrode material—Faradaic CDI material—which allows it to
overcome the limitations in the use of conventional electrodes.
Srimuk et al.'*' coated a MXene on a porous polymer
substrate and used MXene electrodes for the first time in the
field of CDI. The electrodes were tested and showed an
excellent salt adsorption performance with outstanding cycling
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stability. Importantly, it was also shown that MXene electrodes
store charge by inserting ions between the lamellae of a two-
dimensional nanosheet structure, exhibit capacitive electrical
response upon insertion of anions and cations, have extremely
high bulk capacitances and highly reversible ion insertion/
layering in aqueous media, and behave as ideal pseudocapa-
citors. Thus, unlike the adsorption mechanism of conventional
carbon electrodes that form a bilayer, MXene CDI electrodes
achieve their adsorption performance by ion embedding
(Figure 17a).

As mentioned earlier, CDI electrode materials should have
high capacitances and large specific areas conducive to ion
storage. A MXene can further improve its electrochemical
performance by stripping it into nanosheets to increase the
effective utilization of the two-dimensional surface.'*” How-
ever, two-dimensional nanomaterials have to be considered for
their restacking during application, resulting in a low specific
surface area with fewer active sites. In response to this
problem, a study has successfully prepared MXene materials
with aerogel-like porous structures by using a chloroform
intercalation followed by freeze-drying strategy in the
fabrication of Ti;C,T,-MXene to increase the accessible
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specific surface area of the material and thus improve the salt
adsorption capacity (as shown in Figure 17b)."> The porous
MXene material prepared by this method has a larger specific
surface area as shown by the N, adsorption—desorption curve
in Figure 17b,. This, in turn, gives it an excellent CDI
performance, and Figure 17b, demonstrates that the CDI
electrode prepared from this material has a salt adsorption
capacity of up to 45 mg g™ at an initial concentration of
10 000 mg L™" salt solution and an applied voltage of 1.2 V. It
is worth pointing out that this electrode material also exhibits a
faster electroadsorption rate and a cycling stability of up to 60
cycles, which may be due to the large specific surface area and
the porous structure that not only increase the mass transfer
rate of the electrode but also enhance the stability of the
electrodes.

The above excellent electrosorption and salt storage capacity
of porous Ti;C,T, can be attributed to the combined effect of
the bilayer adsorption mechanism and the ion insertion
mechanism. Specifically, while the porous Ti;C,T, prepared by
freeze-drying prevents the nanosheets from restacking and
improves the surface utilization efficiency, the three-dimen-
sional network is constructed to provide multidimensional ion
diffusion paths for Na* and CI7, which greatly improves the
electron conduction and ion transport.

It is thus evident that assembling a MXene into a 3D
structure, preventing its restacking and increasing the mass
transfer rate of the material, is an excellent way to enhance its
electrosorption capacitance and also its salt adsorption. On this
basis, researchers prepared CLE@Ti;C,T, nanocomposites by
using cellulose fibers (CLF) derived from tissue paper as a
porous carbon substrate and assembling a shell composed of
Ti;C,T, nanosheets on its surface by an improved dip-coating
technique to further reduce costs and realize its potential for
large-scale applications.'*> The rational assembly of the two
materials combined with the ion embedding and bilayer
adsorption mechanism resulted in an excellent CDI perform-
ance, and the salt adsorption capacity of the CDI electrode
made from the materials was able to reach 35 mg g™ at an
initial salt solution concentration of 600 mg L™" and an applied
voltage of 1.2 V. More importantly, it is more cost-effective
compared to CDI electrodes made of pure MXene materials.

4.1.2.2. Long-Term Operational Stability of MXene-Based
Electrodes. In recent years, many efforts have been made to
achieve the industrial feasibility of capacitive deionization
(CDI1)."**'** In addition to the cost issues mentioned above,
the cycling stability of CDI electrodes has been a major
limiting factor. Several studies have reported that conventional
CDI electrodes degrade more than 90% from their initial
performance after just a few days of operation.'**'*” The
decrease in desalination capacity is due to parasitic side
reactions caused by carbon corrosion and the destruction of
the pore structure, which allows the electrode to age and
oxidize over long cycles."*® Even with Faraday electrodes, the
volume of the electrode will expand/contract with the
repetition of the sodium ion embedding and de-embedding
process thus generating mechanical stress, resulting in
irreversible deformation and cracking of the crystal architecture
of the electrode material.'*’

To solve the above problem, Shen et al.'*’ formed 3D
porous structures by an alkali-induced MXene, which could
overcome the lattice changes caused by intercalation/
delamination, which greatly improved the stability of the
material itself. Meanwhile the open interconnected pore
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structure provides a high specific surface area and multiple
adsorption sites ensuring fast ion diffusion and high Na®
loading. As shown in Figure 18a, the pH change and the
insertion of Na* between the MXene layers by adding NaOH
led to the rapid flocculation of the monolayer MXene colloidal
suspension to obtain the folded porous 3D structural network
(Alk-TiyC,T,). The monolayer MXene (d-Ti;C,T,) was then
coextracted with Alk-Ti;C,T, to prepare CDI electrodes.
Among them, d-Ti;C,T, nanosheets are used as conductive
binders instead of conventional conductive binders, which can
effectively adapt to volume changes and avoid the electro-
chemically inert components of conventional conductive
binders, improving the capacitance and stability of the
electrodes. Therefore, as shown in Figure 18a,, the electrode
can be directly used in the CDI technique and demonstrates a
salt adsorption capacity of up to 50 + 3 mg g~" at an initial salt
solution concentration of 1000 mg L™ and an applied current
density of 30 mA g~' operating conditions. Moreover, when
used as the anode for CD], the performance did not decrease
significantly for 250 cycles, which greatly improved the
operational stability of the CDI electrode (as shown in Figure
18a,).

An alternative solution was provided by Ai et a who
loaded MXene into a self-healing PVA hydrogel with a three-
dimensional porous microstructure and nanostructure resulting
in shorter diffusion paths and better three-dimensional
connectivity (Figure 18b), which facilitates the transport of
electrons and ions. The preparation of CDI electrodes from
this hydrogel avoids the addition of adhesives, and the intact
3D porous structure can effectively reduce stress (Figure
18b,). Most importantly, as shown in Figure 18bb,, the
hydrogel exhibited excellent self-healing properties with up to
95.8% electrochemical healing performance making it ex-
tremely valuable in practical applications. The CDI electrode
prepared from this hydrogel exhibited a salt adsorption
capacity of up to S1 mg g~' at a current density of 10 mA
g~ and a window voltage of 1 V with good cycling stability.

To date, many efforts have been put into exploring MXene-
based CDI electrodes. To further enhance the efficiency of
desalination, electrode materials with larger salt adsorption
capacities, faster adsorption and desorption cycles, and higher
cycle stabilities are needed. The above excellent research
results provide ideas for the preparation of more efficient CDI
electrode materials. By constructing a more complete three-
dimensional porous network, the following advantages can be
provided: (1) prevention of nanosheet stacking and provision
of the largest possible available specific surface area provide
large ion storage space; (2) more importantly, a complete
three-dimensional porous network can provide a multidimen-
sional ion transport pathway, which ensures fast electron
conduction and ion transport, thus increasing the adsorption
rate; (3) in addition, a complete three-dimensional porous
structure can improve the overall stability of the material and
help prolong the service life of the CDI electrode. Table S3
compiles the research on 3D MXene porous materials in the
field of CDI in recent years.

4.1.3. Solar-Powered Desalination. Another way to use
MXenes for desalination is photothermal conversion. Con-
version of solar energy into thermal energy to produce steam is
a green and low energy way to purify water. As mentioned
earlier, MXenes have a wide absorption bandwidth of the solar
spectrum,”">* high near-infrared absorption, and a theoretical
100% internal photothermal conversion efficiency.”* Due to
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Figure 19. Solar evaporator based on aerogel structure. (a) Janus-MXene aerogel with vertical array pore structure. (a;) Schematic of this aerogel
for solar water desalination. (a,) Enhanced light absorption properties due to vertical apertures. (a3, a;) SEM as well as digital photographs of both
aerogels with Janus structure as well as non-Janus structure after long time operation (inset). (Reproduced from ref 8. Copyright 2019 American
Chemical Society.) (b) MXene/CNF composite aerogel. (b;) Schematic diagram of solar-driven evaporation. (b,) SEM image of the vertically
aligned pore structure. (b;) Stability of the long run. (b,) Digital photograph of the evaporator surface after a long run; no obvious salt crystals were
observed. (Reproduced with permission from ref 117. Copyright 2021 Royal Society of Chemistry.) (c¢) Co—CNS/M foam. (c;) Schematic
diagram of Co—CNS/M foam for solar vapor generated efficiently by solar energy absorption. (c,) Synergistic enhancement of light absorption by
three photothermal conversion materials. (c;—c;) SEM images of the evaporator aperture wall. (Reproduced with permission from ref 159.

Copyright 2020 Wiley-VCH GmbH & Co.)

the multiple advantages mentioned above, MXenes are highly
competitive photothermal conversion materials in the field of
solar-driven desalination.

Currently, the two main forms of solar-driven desalination
using photothermal conversion materials are volumetric
evaporation and interfacial evaporation. In the volumetric
evaporation system,'>>~'>° the photothermal nanoparticles,
which are energy conversion materials, are dispersed directly in
the water, and the photothermal nanomaterials produce heat
and conduct it to the body of the water. However, since the
volumetric evaporation system heats the entire body of water,
it generates considerable heat loss and is only capable of
achieving an acceptable amount of evaporation under high
intensity sunlight. The interfacial evaporation developed for
this situation concentrates the photothermal conversion
material at the interface between water and air and is
responsible for absorbing sunlight and converting it into heat
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energy. Most importantly, the heat generated by the interface
evaporator only heats a small amount of water at the interface,
greatly reducing heat loss and making it possible to produce a
significant amount of water even under ordinary light
conditions.' >’

For an interfacial evaporation system, the core component is
the interfacial evaporator. The ideal interfacial evaporator
needs to meet the following conditions: (i) efficient solar light
capture and the highest possible photothermal conversion
capacity; (ii) good thermal management; (iii) stable self-
floating; (iv) reasonable water transfer and steam escape
channel.

In this section, we review these fascinating research works
mainly in terms of the effect of different 3D structures of
MXene-based interfacial evaporators on the evaporation
efficiency.
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Figure 20. Solar water evaporator with different structures. (a) PVA/MXene aerogel with bionic structure. (a;) Schematic of solar driven
evaporation. (a,) Schematic of evaporator water management. (a;) Schematic of good thermal management of evaporator. (a,) SEM image of
hierarchical structure of aerogel.®” (b) MXene/rGO hydrogel evaporator. (b;) Schematic diagram of the MXene/rGO composite hydrogel and the
three different states of water in the hydrogel network. (b, b;) Raman spectra of pure water as well as water in MXene/rGO composite hydrogels,
where IW and FW represent intermediate water and free water, separately. (b,) The evaporation enthalpy of water in pure water as well as MXene/
rGO composite hydrogel was tested separately by DSC. It can be seen that the heat absorbed by water in the hydrogel is significantly less than that
of pure water. (bs) Changes in the evaporation enthalpy of the composite hydrogel before and after heat treatment at 200 °C to demonstrate the
effect from the incomplete reduction with rGO. (Reproduced with permission from ref 165. Copyright 2020 Springer Nature.) (c) Fabric with 3D
microstructure. (c;) Schematic diagram of evaporation system consisting of MXene coated fabric. (c,) Schematic diagram of 3D microstructure
with enhanced light trapping ability with absorption spectra. (c;) Photograph of a one-dimensional water transport pathway to crystallize its salt at
the edge of the fabric and a schematic diagram of the mechanism. (From ref 80. CC BY 4.0.)

4.1.3.1. Solar Evaporator Based on Aerogel Structure. In a
pioneering study of MXene materials for solar-powered
desalination applications, a MXene was prepared as a two-
dimensional membrane material. In this study, MXene films
were hydrophobically modified using fluorinated silanes, and a
hydrophobic film was assembled as a photothermal conversion
layer with a commercial PS foam to form an interfacial
evaporation system.'>® The system had an evaporation rate of
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1.31 kg m~> h™" under 1 sun and was able to achieve an energy
utilization efficiency of 71%.

Compared with two-dimensional thin film materials, three-
dimensional aerogel structures can effectively reduce the
reflection of light on the evaporator surface due to their
well-developed pores and rich porous networks, and they can
enhance the ability of the material to capture sunlight through
the scattered light within its pores at the same time, and by
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adjusting its porous structure to construct suitable water
transmission channels to facilitate evaporation. In addition, the
aerogel structure has the advantages of light weight and low
thermal conductivity, making it a more ideal choice for solar-
driven interfacial evaporators.

On this basis, Zhang et al.® prepared three-dimensional
MXene-based aerogels with vertically aligned pore structures
by the directed freezing technique. As shown in Figure 19a, the
Janus structure was constructed by subsequent unilateral
surface fluorinated silane modification, which effectively
prevented the salt from crystallizing and precipitating on its
photothermal surface. Thanks to its rational structural design,
the evaporator was able to achieve an evaporation rate of 1.46
kg m™ h™" and an energy utilization efficiency of 87%. The
Janus structure has been tested to ensure stable operation for
1S consecutive days.

Compared with the uneven pore size distribution and
irregular network structure, the evaporator with a vertical array
pore structure (Figure 19b), which has stronger capillary force,
has a competitive advantage in rapid water supply. In addition,
during the actual use of the evaporator, due to the quick
vaporization of water, the salt crystallizes on its surface and
further affects the absorption of sunlight and vapor escape of
the material, which seriously affects its evaporation efficiency.
The introduction of the Janus structure can help avoid salt
crystallization on the surface effectively and improve the
operational stability of the material. However, due to some
inherent properties of MXene materials, such as high thermal
conductivity,léo’161 moderate broadband light reflection,'®*
and easy oxidation, these properties limit the advancement of
MXene materials in the fabrication of high-performance solar
evaporators. At present, the efficiency of solar evaporators is
generally improved from the following two directions: (1)
enhancing the sunlight capture of the absorber by modifying
MXene nanosheets or compounding other photothermal
conversion materials; (2) making the evaporator with good
thermal management and improve energy utilization efficiency
by appropriate strategies, including compounding low thermal
conductivity polymer materials, introducing pleated structures,
microporous structures, Janus structure, etc.

Based on this, Fan et al.'*’ designed and fabricated a
hierarchical solar-absorbing architecture: cobalt nanoparticles
(CoNP)—carbon nanosheets/MXene foam (Co—CNS/M
foam) (Figure 19c). The structure has a 3D microporous
backbone assembled by vertically aligned MXene nanosheets,
while the backbone is later modified by 2D carbon nanoplates
embedded with cobalt nanoparticles derived from cobalt
metal—organic frameworks (Co-MOFs). As shown in Figure
19¢;, the foam has the following unique advantages: first,
vertically aligned MXene nanosheets and two-dimensional
carbon nanosheets grown on the surface of the nanosheets are
able to enhance light absorption through multiple reflections of
incident light (Figure 19c,); second, the combination of three
photothermal conversion materials allows it to combine the
photothermal mechanisms of molecular thermal vibration and
plasma local heating, ensuring high photothermal conversion
efficiency of the material itself; the vertically aligned porous
structure and its inherent hydrophilicity ensure fast water
delivery. It is worth pointing out that, due to the modification
of amorphous carbon nanosheets, the composite not only has a
very low thermal conductivity but also effectively prevents the
oxidation of the MXene, which greatly enhances the long-term
stability of the material (Figure 19¢;).
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Because of the above excellent structural design, the
structure can achieve a solar steam conversion efficiency of
93.4% under 1 sun and can be maintained at more than 91%
for 100 h (10 h per day, 10 days of continuous operation).

Unlike composite other photothermal conversion materials,
Zhang et al.”” prepared spectrally modified SM-Ti;C,T,
nanosheets by continuous oxidation of Ti;C,T, and simple
calcination with the introduction of Ti**—TiO, as well as
amorphous carbon nanoparticles on the nanosheet surface.
This SM-Ti;C,T, nanosheet was then used as a photothermal
module to prepare structure-specific 3D aerogels by the ice
structure freeze casting (ISFC) technique with the addition of
PVA (Figure 20a). The aerogel has each anisotropic graded
structure with a microscopic morphology highly similar to that
of penguin down. As shown in Figure 20a,, the size of its main
pores is 10—20 um, but the large pore walls still have
directionally arranged submicrometer pores that are capable of
generating stronger capillary forces. Therefore, water tends to
be transported through submicrometer pores within the
macropore walls, leaving low density air to fill the micro-
channels. The unique graded structure gives the material a
suitable water supply rate as well as thermal insulation
properties, and Figure 20a,a; shows a schematic of this
aerogel for water management as well as thermal management.

In addition, the study noted that, in practical applications,
the solar irradiation intensity is often less than 1 kW/m? due to
weather and seasonal variations, and this aerogel maximizes the
use of solar energy due to both enhanced light captures and
good thermal management. Therefore, even under the weak
irradiation intensity of 0.5 sun, the aerogel is able to achieve a
high energy rate of 88.52% and an evaporation efficiency of
0.92 kg m™> h™".

From the above excellent research results, we can get the
inspiration that the design of three-dimensional aerogel
structure should start from the following elements: (1)
enhance the capture and absorption of incident light on the
surface by designing reasonable surface microstructures and
compounding other photothermal materials; (2) reduce the
overall thermal conductivity of the material to achieve good
thermal management; (3) design reasonable water supply
paths to reduce convective heat loss.

4.1.3.2. Solar Evaporator Based on 3D Hydrogel
Structure. Another popular structure for solar water desalina-
tion is the three-dimensional hydrogel. It has been reported
that, due to the interaction between polymer and water, some
of the water in the molecular lattice of a polymer hydrogel can
be activated, which can effectively decrease the enthalpy of
evaporation of water, thus significantly enhancing the efliciency
of energy utilization.'*®

Based on this, Yu et al."®* prepared a photothermal hydrogel
with horizontally aligned channels by the directed freezing
technique using PVA and a MXene as raw materials. Due to its
structural design and hydrogel activation, the hydrogel was
able to achieve a high performance of 90.7% energy efficiency
and evaporation from 1 sun of 2.71 kg m™ h™".

In contrast, Li et al.'® prepared rGO hydrogels with vertical
structures by light reduction and liquid nitrogen directed freeze
casting and then assembled a MXene on the 3D hydrogel
backbone to obtain rGO/MXene composite hydrogels with
vertical arrays. The structure achieves fast water pumping and
also enhances the light trapping through multiple scattering of
light. More importantly, it has been pointed out that a
significant amount of oxygen-containing functional groups on
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the surface of intentionally controlled and slightly reduced
graphene oxide can effectively decrease the enthalpy of
vaporization of water (Figure 20b).

As shown in the Raman spectra in Figure 20b,,b;, the water
in this MXene/rGO composite hydrogel is not in the same
state as pure water, and the composite hydrogel contains a
higher amount of intermediate water, so the water in the
hydrogel is more likely to evaporate.'®® This is mainly due to
the effect of the large number of oxygen-containing functional
groups still contained on the surface of the initially reduced
rGO. To prove this conclusion, the composite hydrogel was
subjected to heat treatment to further reduce rGO in Figure
20b,, and the results showed that the further reduced
composite hydrogel lost the ability to reduce the enthalpy of
water evaporation.

In summary, the reasonable structural design enables fast
water supply and enhanced solar light capture; the composite
with lightly reduced rGO can effectively reduce the enthalpy of
water vaporization. As a result, the composite hydrogel is able
to achieve an evaporation rate of 2.09 kg m™ h™' and an
energy conversion efficiency of up to 93.5% under 1 sun. In
addition, this report is also the first to investigate the effect of
inorganic hydrogels on the evaporation enthalpy, which avoids
the addition of polymeric materials that affect solar absorption
and provides a new idea for the development of high-
performance solar evaporators.

4.1.3.3. Fabrics/Film with 3D Microstructure. In addition
to the three-dimensional gel structure, thin films/fabrics with
3D microstructures are also one of the options for preparing
solar evaporators. Peng et al®* prepared an asymmetric
photothermal evaporation system by asymmetric deposition
of MXene nanosheets on cotton fabric. This unique design was
able to create a concentration difference on its surface, thus
effectively preventing salt deposition. It is worth pointing out
that the material is able to maintain a high evaporation rate of
1.38 kg m™> h™" in 1 sun with a conversion efficiency of 83.1%
while generating 363 mV by forming an asymmetric double
electrode layer within the Ti;C,T,-MXene nanochannel in the
immersed state, thereby generating continuous electrical
energy.

Recently, a study reported a fabric with a 3D honeycomb
microstructure for use as a photothermal conversion layer in
solar evaporation systems (Figure 20¢).” As shown in Figure
20c,, the periodic concave array structure on the fabric surface
enables multiple scattering and omnidirectional light absorp-
tion of sunlight, which works synergistically with the surface-
loaded MXene to achieve maximum light capture. The entire
evaporation system consists of a loaded MXene honeycomb
fabric, an insulating foam, and a cotton fiber rod in the center
of the foam (Figure 20c;). In particular, the low thermal
conductivity hydrophobic foam and the cotton fiber rods in its
center form a one-dimensional water transfer channel that
minimizes convective heat loss due to water supply. As a result,
the evaporation system was able to achieve a high energy
utilization efficiency of 93.5% and an evaporation rate of 1.62
kg m~> h™! under 1 sun. Notably, the system was designed with
the 1D water supply channel in the center of the MXene fabric,
so the salt solution can form a concentration gradient from the
center to the edge of the evaporation surface during
evaporation, thus allowing the salt to crystallize and precipitate
at the edge (e.g., Figure 20c;).The ingenious design allows for
effective collection of salt from the water while preventing salt
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from crystallizing on the evaporation surface and impeding
subsequent evaporation.

From the above excellent work, we can obtain some
important information. First, the synergistic use of multi-
component photothermal materials is not simply one plus one,
but can combine different photothermal mechanisms to
synergistically enhance the photothermal conversion perform-
ance of the materials. In addition, the reasonable structural
design can further improve the evaporation rate as well as the
energy utilization efficiency of the evaporator. Specifically, the
combination of multicomponent photothermal materials and
reasonable surface structure design can effectively reduce the
reflection of light on the surface and improve the efficiency of
sunlight capture. A reasonable structure design can ensure
rapid pumping and vapor escape while achieving good thermal
management and improving the efficiency of energy utilization,
promote evaporation by designing hydration in the material,
and introduce a Janus structure or build salt solution on the
surface concentration gradient. Other structural designs can
effectively prevent salt from crystallizing on the evaporator
surface and achieve long-term stable operation. These works
provide us with more guidance for the preparation of high-
performance solar evaporators in the future. Table S4
summarizes the recent progress on 3D MXene materials for
solar evaporation/desalination and their efficiency and
innovation.

4.2, Adsorption of Contaminants in Water. With the
booming development of modern industry, various pollutants
are discharged into inadequately treated water, causing serious
environmental pollution and human health hazards. To date, a
variety of technologies have been used for the removal of
contaminants from water, for instance, coagulation, ion
exchange, adsorption, membrane filtration, chemical precip-
itation, biodegradation, and photocatalytic oxidation. Among
these technologies, adsorption is one of the most attractive
wastewater treatment technologies because of its simplicity of
operation, quick results, and cost-effectiveness. Due to their
large aspect ratios, abundant surface groups and large numbers
of active sites, MXenes and their composites are very practical
adsorption materials.

However, similar to other nanomaterials, MXene materials
have problems in wastewater treatment such as easy
agglomeration, difficult recovery, and secondary pollution. By
assembling a MXene into a three-dimensional porous
structure, it can effectively prevent the reaccumulation of
nanosheets with a large number of accessible surfaces as well as
active sites, which is important for expanding the application of
MXene materials in the field of pollutant adsorption in water.

4.2.1. Adsorption Mechanism of MXene-Based Materials.
In recent years, MXenes and their composites have been used
as efficient adsorbents for the removal of contaminants such as
water-soluble dyes, heavy metal ions, and radionuclides. Many
studies have been done on the adsorption mechanisms of
MXene materials, which involve various mechanisms, including
electrostatic interactions, ion exchange, coordination, chem-
isorption, physical adsorption, reductive adsorption, surface
complexation, and van der Waals interactions. Among them,
electrostatic interactions are generally the main influencing
factor because of the large number of negatively charged
functional groups on the MXene surface. For electrostatic
interactions, the point of zero charge (PZC) of the adsorbent
is a crucial parameter, and when the ambient pH is lower than
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Figure 21. MXene 3D structure for adsorption of contaminants in water. (a) MXene/PNIPAM thermally responsive system. (Reproduced with
permission from ref 172. Copyright 2022 Elsevier.) (a;) Schematic diagram of the temperature controlled adsorption process. (a,) Digital
photograph of the process of 30%-MXene/PNIPAM gelation and adsorption of Cu®* from water, followed by separation from water. (a;)
Adsorption performance of the system on Cu®'. (b) MXene/metal—organic framework decorated with three-dimensional (3D) printed lattice
structure (3D-MXOF). (Reproduced from ref 173. Copyright 2022 American Chemical Society.) (b;) Schematic diagram of the preparation
process of 3D-MXOF and the adsorption of organic dyes. The inset shows the changes of 3D-MXOF and the color of the solution before and after
adsorption. (b,) SEM images of the graded structure. (b;) Adsorption performance of 3D-MXOF on the two dyes as well as the cycling stability.

the PZC, the protonation of the group causes a char§e shift
from significant adsorption of anionic contaminants.'®>'®’

However, in some cases, ionic contaminants are still
significantly removed in the presence of electrostatic repulsion.
This implies that there are still other mechanisms, such as ion
exchange and complexation, that dominate the adsorption
process.' ®'” For instance, Peng et al. investigated the
adsorption behavior of Alk-MXene obtained by alkaline
intercalation treatment on Pb(II). The material showed an
ultrahigh adsorption capacity as well as a high adsorption rate.
Importantly, it was demonstrated that the adsorption behavior
of Alk-MXene on Pb(II) was mainly carried out by ion
exchange as well as complexation.'*®

It follows that the ion-exchange behavior also facilitates the
adsorption of ionic contaminants, especially metal ions, usually
by the exchange of ions attached to the functional groups on
the MXene surface with contaminant ions in water. It has been
reported that these ion-exchange behaviors are most likely
achieved through the formation of hydroxyl potential traps in
water by MXene surface groups with other ions (e.g,, H*, Na*)
attached.'”” In summary, the adsorption of MXenes on heavy
metal ions, organic dyes, and other ionic pollutants is
controlled by a combination of adsorption mechanisms.'”"

4.2.2. Adsorption of Inorganic Pollutants. With the
development of modern industry, many inorganic pollutants,
such as heavy metal ions and radionuclides, which are
extremely harmful to human health as well as the natural
environment, have been discharged into the water environ-
ment freely. More importantly, some pollutants are able to
accumulate in living organisms, so they are more damaging
than others and must therefore be removed in a more effective
manner whenever possible. Yang et al.” developed a molding
technique using ethylenediamine-assisted assembly of MXene/
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rGO hybrid hydrogels and prepared MXene/rGO porous
foams by freeze-drying. The foam exhibited an excellent
adsorption performance for heavy metal ions such as Pb(1I)
and Cu(II), with a capacity of 177 mg g~" for Pb(II), and the
robust three-dimensional structure provided excellent cycling
stability.

Separation after adsorption is also a serious challenge for the
use of nanomaterials as adsorbents. Peng et al.'”* designed and
fabricated a temperature-controlled system using a MXene
coblended with poly(N-isopropylacrylamide) (PNIPAM)
(Figure 2la). The material has an excellent temperature
response, and the composite system shrinks and separates into
a gel phase and an aqueous phase when the ambient
temperature is higher than its lower critical solution temper-
ature (LCST). At this time, the composite gel phase will
rapidly adsorb heavy metal ions from the aqueous phase and
can easily separate the adsorbed contaminant gel from the
aqueous phase. As shown in Figure 21as, the system can reach
a high adsorption capacity of 224 mg g~ for Cu®*. The gel can
be completely dissolved in the aqueous phase when the
ambient temperature is lower than the LCST, so the cyclic
regeneration of the composite system can be achieved by
simply changing the ambient temperature (as shown in Figure
21a,).

4.2.3. Adsorption of Organic Pollutants. In addition to the
inorganic pollutants mentioned above, MXene composites also
have excellent adsorption properties for some organic dyes and
insoluble oil phases. Typically, Wu et al."® used chitosan-based
porous carbon microspheres (CPCM) to avoid the restacking
of Ti;C,T,-MXene nanosheets to prepare CPCM@MXene
composites with a very large specific surface area of more than
1800 m? g™'. As a result, the material exhibited an adsorption
capacity of up to 2750 mg g~* for crystal violet.
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Figure 22. Three-dimensional MXene architecture for offshore crude oil cleanup. (a) MXene coated wood sponge for crude oil adsorption.
(Reproduced with permission from ref 136. Copyright 2022 Elsevier.) (a;) Schematic diagram of the material’s all-weather crude oil adsorption by
photothermal and Joule heat. (a,) Temperature variation of this material under different intensities of sunlight. (b) Biomimetic MXene aerogel for
crude oil cleanup. (Reproduced with permission from ref 175. Copyright 2021 Elsevier.) (b;) Schematic diagram of the preparation process and
crude oil adsorption mechanism. (b,) Characterization of the mechanical properties of MXene aerogel. Stress—strain curve for cyclic compression.

(b;) Wettability characterization of MXene aerogels.

How to maximize the available specific surface areas of
materials has been the focus of research in the field of pollutant
adsorption. Recently, a study was conducted by growing
metal—organic frameworks (MOFs) in situ on MXene
nanosheets and modifying them on printed lattice structures
with hierarchical structures prepared by 3D printing
technology, the preparation process of which is shown in
Figure 21b;.'”> The SEM image in Figure 21b, shows the
hierarchical structure of the composite, which provides an
approximate very large specific surface area of 1232.5 m* g™".
In the composite structure, the Ti;C,T,-MXene layer is able to
provide enough Lewis acid sites to interact with the electron-
rich z-bonds in the dye molecule.'”* Due to the above
advantages, the composite showed a high adsorption perform-
ance for anionic dyes, especially for methyl orange with 91.98%
adsorption retention. It is worth mentioning that, due to its 3D
monolithic structure, the adsorption process does not require
centrifugation or filtration to recover the adsorbent, which
greatly simplifies the operation process of adsorption and
recovery with a sustainable adsorption performance—desorp-
tion cycle after four consecutive adsorptions (Figure 21b;).

All of the above studies showed that, by assembling a
MXene into a three-dimensional porous structure, it can
provide the largest possible specific surface area as well as more
adsorption sites to enhance the adsorption capacity of the
material. Furthermore, a reasonable 3D porous network can
provide multidimensional water transport pathways and
increase the mass transfer efficiency, thus improving the
adsorption rate of the material. Finally, the construction of the
3D structure makes MXene nanosheets easy to recover and
also improves the overall stability of the material, which makes
large-scale applications possible.

In addition to the above-mentioned small molecule
pollutants, crude oil spills at sea have occurred in recent
years, not only causing waste of resources but also seriously
polluting the marine environment. Importantly, these ultra-
viscous crude oils, which basically cannot flow at room
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temperature, are difficult to clean up with traditional
adsorption sponges. The outstanding photothermal conversion
properties of MXenes provide a new idea for cleaning up crude
oil spills at sea. That is, by introducing MXenes in the three-
dimensional porous network, a 3D porous material with a
photothermal effect is prepared, so it can reduce the viscosity
of contact crude oil by self-generation of heat under sunlight
irradiation and then adsorb it by its own capillary force (as
shown in Figure 22a). This is undoubtedly the most
competitive green cleaning method as far as it is concerned.

For example, Wang et al."*® used natural wood as a raw
material to produce wood sponges by delignification and
hemilignification. Then, a MXene was successfully loaded onto
the surface of the wood sponge by impregnation to build a
functional layer for photothermal conversion. Finally, PDMS
was coated to achieve hydrophobization and enhance its
mechanical stability. Compared with commercial sponges, this
wood sponge has a vertical array of pore structure, which can
enhance the capture of sunlight on the one hand and has a
stronger capillary force on the other hand to realize the rapid
cleaning of crude oil (Figure 22a). As shown in Figure 22a,,
the material can rapidly warm up to 66 °C at an irradiation
intensity of 1.5 suns. In addition, an applied voltage can be
applied to generate Joule heat, and experiments have shown
that it can be rapidly warmed up to 80 °C at an applied voltage
of only 4 V. Therefore, the material can be used for all-weather
cleanup of crude oil spills at sea.

In addition to the natural wood sponges mentioned above,
various commercial sponges have been used to composite
MZXenes to build three-dimensional structures for crude oil
cleanup. This solution combines the photothermal conversion
ability of the MXene material and the excellent mechanical
properties of the 3D skeleton, giving it good cyclic stability and
greater practical value in cleaning up crude oil spills at sea.
Table S5 summarizes the various 3D MZXene materials
currently used for crude oil adsorption, including their
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Figure 23. MXene 3D structure for the treatment of complex contaminants in water. (a) Adsorption of heavy metal ions by MXene/SA hybrid gel
spheres. (Reproduced with permission from ref 176. Copyright 2019 Elsevier.) (a,) Highly efficient adsorption capacity of MX-SA aerogel spheres
for Hg™". (a,) Structure diagram of MX-SA aerogel sphere. (a;) Adsorption capacity of MX-SA4:20 in mixed ionic solutions. (b) MXene-Ca>* gel
for adsorption of phosphate and U(VI) in water. (Reproduced with permission from ref 177. Copyright 2021 Elsevier.) (b;) Schematic diagram of
the preparation of the composite gel and the adsorption of contaminants. (b,) Schematic diagram of the mechanism of U(VI) adsorption by

composite gel.

photothermal capabilities as well as their crude oil adsorption
capacity.

4.2.4. MXene-Based Adsorbents for Complex Pollutants.
The rapid development of industrial levels makes the water
environment more and more complex and the variety of
pollutants in water more and more; the single means of
wastewater treatment seems to be stretched to the limit. The
rich functionality of MXenes provides new inspiration for
designing multifunctional all-weather wastewater treatment
systems. Shahzad et al.'’® prepared core—shell structured
aerogel spheres with outstanding adsorption capacity for Hg**
using Ti;C,T, and sodium alginate (SA) as the main materials,
as shown in Figure 23a. The gel spheres have a cage-like
microstructure, as shown in Figure 23a;, and provide high
porosity and the largest possible specific surface area to
effectively capture heavy metal ions in water, especially for
Hg?* with an adsorption capacity of 932.84 mg g
Considering the complex water conditions in practical
applications, for the mixed solution of eight metal ions in
Figure 23a;, the gel spheres still showed high adsorption
capacity, especially for the five ions of Cd(1I), Hg(II), Cr(III),
Pb(II), and Cu(II), where the removal efficiency was greater
than 90%. In addition, the material exhibits excellent
adsorption efficiency in extreme situations (pH <0), as well
as cycling stability. Notably, the unique three-dimensional
structure of the material (small size spheres) makes it possible
for large-scale applications (column packing devices) with
continuous operation. This suggests that the available specific
surface area can be effectively increased by constructing a
three-dimensional porous structure to promote the adsorption
efficiency.

In addition to heavy metal ions, the three-dimensional
structure of a MXene can also be used to adsorb pollutants
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such as radionuclides from water due to its inherent excellent
resistance to radiation. In addition, phosphate tends to cause
eutrophication of water bodies and break the ecological
environment, and it also needs to be cleaned up as much as
possible. As shown in Figure 23b, He et al.'"”” used Ca®* to
break the electrostatic equilibrium between MXene nano-
sheets, thus assembling a 3D MXene gel. This MXene gel
cross-linked by Ca®" ions has an excellent adsorption
performance for phosphate in water.

It is noteworthy that phosphate and Ca®* in the system react
in the presence of OH™ to form hydroxyapatite (HAP)
precipitates, which resulted in the formation of a complex gel
with an extremely high affinity for U(VI) after adsorption of
phosphate and showed an adsorption capacity of up to 823.6
mg g~' (Figure 23b,). This strategy provides an effective
method for the removal of phosphate and U(VI) from water.

In summary, the rich functionality of a MXene itself gives it
the potential to handle complex contaminants. In addition, by
constructing a three-dimensional porous structure, it can not
only be compounded with other functional materials for special
applications but also be used to adsorb insoluble oils and the
like, which greatly expands the application scope of MXene-
based functional materials.

4.2.5. Cycling Stability of MXene-Based Adsorbents. The
recycling performance of the adsorbent is also a key concern.
Conventional adsorbents in powder form are not only difficult
to recycle but also prone to secondary contamination. The
assembled three-dimensional structure of the adsorbent can
avoid this problem, which is not only safe and environmentally
friendly but also highly cost-effective. For example, Yang et
al.”’ cross-linked MXene nanosheets with GO nanosheets by
EDA, thus preparing a three-dimensional porous foam that
exhibited an excellent adsorption capacity for insoluble oil
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phases and heavy metal ions at room temperature and also
showed an excellent recycling performance. Experiments
showed that only a simple ethanol wash was required to
complete the desorption, and the mass of residual pollutants
after each cycle was less than 0.5% in 10 adsorption cycles of
the material for phenoxin; the adsorption amount was stable at
165 mg g~' in 10 adsorption cycles for Pb*".

The three-dimensional material with excellent mechanical
stability is even more crucial for the adsorption of insoluble oil
and other contaminants. For example, Cai et al.'” fabricated
hydrophobic MXene porous aerogels by combining aqueous
polyurethane (WPU) with a MXene and functionalized
cellulose crystals using a unidirectional freeze casting technique
(Figure 22b).

As shown in Figure 22b,b;, the aerogel exhibited stable
hydrophobicity and excellent mechanical properties. Thus, the
material exhibits high adsorption of light oil contaminants in
water and it shows an efficient uptake of 24.5 g g™' for
ultraviscous crude oil under a single solar irradiation due to its
efficient photothermal conversion capability. More impor-
tantly, due to its excellent cycling stability, continuous
adsorption of sea surface crude oil can be achieved by a
squeeze cycle or peristaltic pumping. All these examples show
that, by assembling MXene into a 3D porous foam, it is
beneficial to enhance its adsorption performance and, more
importantly, it can effectively recover and recycle the
adsorbent, which provides a basis for its industrial application.

4.3. Photocatalytic Degradation. With booming in-
dustry, more and more pollutants are being discharged into
groundwater, rivers, oceans, and other water sources. In
particular, pharmaceuticals such as organic dyes and antibiotics
are released into the natural environment at will, posing a
serious threat to human health and the ecological environment.

To date, many wastewater treatment methods, such as
adsorption, sedimentation, membrane technology, biological
treatment, and photocatalytic degradation, have been devel-
oped to treat various pollutants from wastewater.'” >’
However, these methods have problems such as low efficiency
and easy secondary pollution. In recent years, photocatalytic
degradation of organic materials by semiconductors under light
illumination is undoubtedly the most attractive strategy for
wastewater treatment because it can decompose organic
substances into environmentally benign substances such as
water, CO,, and inorganic materials. It is an efficient and
convenient method that does not require cumbersome post-
treatment and can completely clean up pollutants.

4.3.1. Photocatalytic Degradation Mechanism. The
commonly used photocatalysts are various semiconductor
materials, which generally have a narrow band gap (E,). In a
typical procedure, when the incident light energy absorbed by
the catalyst is greater than or equal to its own band gap,
electrons can be excited from the valence band (VB) to the
conduction band (CB), thus producing photogenerated
electrons with high activity in the conduction band, leaving
positively charged holes in the valence band. Subsequently,
these photogenerated electrons react with the holes and the
water and oxygen bound on the catalyst surface to generate
hydroxyl radicals (OH®), anionic superoxide ions (O*~), and
other active substances. These active substances are capable of
redox reactions with pollutants adsorbed on the surface of

semiconductors, thus degrading them to inorganic substan-
180—182
ces.
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Currently, conventional semiconductor photocatalysts suffer
from various defects and tend to utilize only short wavelengths
of UV light, which leads to their low photocatalytic
degradation capacity in visible light. More importantly,
although conventional semiconductor materials (e.g., TiO,,
silver-based semiconductors) have high catalytic degradation
abilities, their inevitable rapid compounding of photogenerated
electrons and holes and insufficient active sites lead to low
degradation efficiency.'® "%

The introduction of a cocatalyst is a strategy to effectively
improve photocatalytic efficiency, and its role is mainly
reflected in the following two aspects: (i) the cocatalyst has
abundant photogenerated carrier trap positions and exhibits
good electrical conductivity, which can effectively extract
electrons from the photocatalyst to achieve the separation of
electrons and holes;'**'*” (ii) the cocatalyst facilitates the
reduction of the reaction activation energy and thus accelerates
the degradation reaction.'®”

However, the widely used cocatalysts are generally precious
metals (Au, Pt, Pd, Ru, etc.) and metal oxides (MnO,, CoO,,
RuO,, etc.).'®”""" These materials are costly and also do not
fully meet the requirements of the cocatalyst.

As mentioned earlier, the unique electronic properties of a
MXene as well as its hydrophilicity make it an ideal cocatalyst
for the photocatalytic degradation of pollutants in water
(Figure 24)."°V192 The salient features of a MXene as a

<> HP = Host photocatalyst
e MC = MXene co-catalyst

Figure 24. Schematic diagram of the photocatalytic mechanism of
MXene-based photocatalyst. (Reproduced from ref 192. Copyright
2019 American Chemical Society.)

cocatalyst are highlighted as follows: (1) The two-dimensional
morphology of the MXene itself and its ultrahigh conductivity
facilitate the quick detachment and migration of photo-
generated electrons and holes. (2) Exposed titanium metal on
the surface of the MXene may provide a stronger redox site for
photocatalysis, giving it greater oxidative reactivity than
conventional carbon materials."”® (3) The abundant surface
functional groups contained on MXene nanosheets benefit its
complexation with semiconductor photocatalysts, thus building
heterogeneous structures to enhance interfacial charge transfer.
In addition, it can also make it have good hydrophilicity and
make it more suitable for degrading pollutants in
water. 194197

Therefore, combining MXenes with conventional semi-
conductor catalysts and constructing three-dimensional net-
work structures to synergistically promote their photocatalytic
degradation abilities is an effective strategy to build high-
performance photocatalysts. The advantages of 3D networks in
the field of photocatalysis are mainly reflected in the following
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Figure 25. Schottky junction MXene/Ag,S catalyst for photocatalytic degradation of pollutants. (Reproduced with permission from ref 183.
Copyright 2021 Elsevier.) (a) Schematic diagram of the synthesis of 3D MXene as well as Ag,S/MXene. (b) Comparison of the
photoluminescence (PL) spectra of the composite catalyst with Ag,S and MXene at 320 nm excitation wavelength shows that the structural design
of the catalyst effectively reduces the complexation of photogenerated carriers. (c) Transient photocurrent response of different catalyst materials
under visible light irradiation (>420 nm). (d) Ability of the MXene/Ag,S catalyst to degrade the four mixed dyes in visible light, with the

corresponding degradation curves and rate constants on the right.

aspects: (1) The networks have a larger specific surface area,
which can promote the adsorption of contaminants. As
mentioned earlier, in multiphase photocatalytic systems, the
redox reactions for degrading pollutants occur mainly on the
catalyst surface.'”® The adsorption ability of pollutants on the
surface of the photocatalyst is improved, which helps to
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promote the photocatalytic degradation reaction. (2) The
interconnected porous structure in the three-dimensional
network provides a complete conductive network as well as a
multidimensional electron transport path, which shortens the
carrier migration distance from the generation center to the
surface effectively, thus improving the charge carrier transport
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Figure 26. Ti;C,T,-based three-dimensional hydrogel (RTiC) for enhanced photocatalytic redox process. (Reproduced from ref 19. Copyright
2019 American Chemical Society.) (a) Schematic diagram of RTiC complexed with Eosin Y for enhanced photocatalysis. (b) Characterization of
functional RTiC/EY hydrogels. The digital photograph shows the supernatant after EY was immobilized compared with the pure EY solution
(orange). The UV absorption curves of the supernatant and the pure EY solution are shown on the upper right, indicating that EY was completely
immobilized on the hydrogel backbone. The SEM images (lower) show that the loading of EY did not affect the three-dimensional porous structure
of the hydrogel. (¢, d) Photocatalytic activity of RTiC/EY hydrogel. (e) Instantaneous photocurrent response test and (f) electrochemical
impedance spectroscopy Nyquist plots of functional composite hydrogel and RTiC/EY composite powder. (g) Schematic diagram of RTiC/EY

hydrogel and RTiC/EY powder photocatalytic mechanism.

efficiency and effectively suppressing the rapid compounding
of photogenerated electrons and holes.

4.3.2. Photocatalytic Degradation for Pollutants. Based
on the above principles, a study has prepared Ti;C,T,-MXene
(001-T/MX) modified with heterostructured derivatives of
TiO, crystalline surface using a simple hydrothermal treat-
ment.”’ In this system, 2D Ti;C,T, nanosheets were used as a
substrate for loading photocatalyst TiO,, and the Ti atoms on
Ti;C, acted as nucleation sites. Thus, the interfacial
heterojunction formed at the atomic scale between the in
situ generated TiO, and Ti;C, nanosheets helps to decrease
the defect-induced complexation of photoexcited charge
carriers. This material is capable of decomposing the organic
dyes methyl orange (MO)"” and rhodamine B (RhB),**
under light conditions, the drug carbamazepine (CBZ)," 29!
and other contaminants.

However, the restacking of 2D nanomaterials in water is still
a nonnegligible problem. It leads to the loss of active sites and
also limits the effective separation of photogenerated electrons
from holes, which greatly reduces the photocatalytic
degradation efliciency. The construction of three-dimensional
structural networks used as a substrate platform for photo-
catalytic reactions is a feasible solution to the above problem.
For example, Feng et al.'®® first prepared 3D MXene gel
spheres by using sodium alginate (SA) to assist MXene
assembly. With this as a substrate, a homogeneous 3D MXene/
Ag,S Schottky junction catalyst was constructed by depositing
Ag,S catalyst onto its surface through chemical sedimentary
and electrostatic self-assembly strategies, as shown in Figure
25a. Due to the effective scattering of incident light by the
uniform microstructure of the surface, the visible light
absorption ability of this material is significantly better than
that of the pristine Ag,S catalyst. The nonhomogeneous
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catalysts prepared by this strategy not only exhibit a decreased
apparent band gap but also are able to promote the effective
separation of photogenerated carriers. The lower photo-
luminescence (PL) spectroscopy signal in Figure 25b indicates
that the structure effectively reduces the charge carrier
complexation, mainly attributed to the charge transfer
mechanism of the Schottky structure and the synergistic effect
of the silver ion plasmon resonance effect. The excellent
photocurrent sensitivity of the MXene/Ag,S material in Figure
25c also illustrates this issue. It is noteworthy that, after six
cycles, the photocurrent of the material does not change
significantly, indicating its stable photoelectrochemical proper-
ties. This special structural design effectively solves the
problem of the extremely high charge carrier complexation
rate brought about by the silver-based semiconductor due to
its own very low potential in the conduction band.

Therefore, MXene/Ag,S catalysts have better photocatalytic
degradation efficiency for organic dyes and antibiotics (as
shown in Figure 25d). It is worth pointing out that the three-
dimensional structure design makes it different from other
powder photocatalysts, with better recyclability and recycling
performance.

In addition, Chen et al.'’ constructed a three-dimensional
MXene/rGO hydrogel as well as a powder of this composite,
added the photosensitive catalyst Eosin Y (EY) to both (Figure
26a—c), and found that the hydrogel photocatalytic perform-
ance improved with increasing MXene content. As shown in
Figure 26d, under 10 min visible light irradiation, RTiC/EY
hydrogels were effective in reducing 99.3% of Cr(VI) as well as
enabling 97% photocatalytic hydrogenation of 4-nitroaniline
(4-NA). In contrast, the photocatalytic degradation function of
the 3D skeleton was better than that of the composite powder
in both cases. To explain the above phenomenon, the transient
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photocurrent response of MXene/rGO composite hydrogel
with added EY and MXene/rGO composite powder was
tested, as shown in Figure 26e. The transient photocurrent
response of the photocatalyst with the composite hydrogel as
the matrix was significantly increased, which indicates that the
photogenerated carriers generated by the catalyst achieve rapid
migration and separation in the conductive three-dimensional
network. The Nyquist curve shown in Figure 26f similarly
confirms that the 3D hydrogel suppresses the complexation of
photogenerated carriers more effectively.

In summary, the RTiC/EY hydrogel catalyst prepared by
this strategy can provide a multidimensional electron transfer
pathway, thus facilitating the effective separation of photo-
generated electrons from holes. In addition, the large specific
surface area provided by the three-dimensional porous
structure effectively promotes the adsorption of pollutants,
thus facilitating the photocatalytic degradation reaction.
Therefore, the functional hydrogel has a more outstanding
photocatalytic efficiency compared to EY.

At present, there are relatively few studies to achieve efficient
photocatalytic degradation by constructing 3D MXene/semi-
conductor structures. It is clear from the above studies that this
preparation strategy/route has great research value as well as
application potential. Table S6 summarizes the current studies
to improve the photocatalytic degradation performance of the
3D MXene-based materials.

5. MXene-BASED MEMBRANES FOR WASTEWATER
TREATMENT AND DESALINATION

Membrane technology is a water purification technology that
has been developing rapidly in recent years. Compared with
traditional adsorption, sedimentation, and biological treat-
ments, it has advantages such as good water purification effect
and green energy saving. However, traditional separation
membranes often have defects such as easy contamination,
swelling, and instability, while MXenes are ideal materials for
building advanced separation membranes due to their activated
metal hydroxide sites, surface functionalities, high hydro-
philicities, high specific surface areas, and high adsorption
reduction capacities. These makes them have potential for
application in wastewater treatment and seawater desalination.

Aiming for wastewater treatment, MXenes can be used to
prepare separation membrane materials with defined size
nanochannels for the treatment of an insoluble oil phase, heavy
metal ions, dyes, and other contaminants in water. For
example, Zeng et al.”’”> constructed a Hal@MXene-PDA
composite membrane for oil—water separation using halloysite
nanotubes as well as poly(dopamine) to synergistically modify
the MXene. In this work, PDA can be used for cross-linking
between the MXene and Hal nanomaterials, which results in
stronger adhesion on the support layer and improves the
swelling resistance of the membrane in solution. In addition,
the reducing property of PDA prevents the MXene from being
oxidized, and the large number of oxygen-containing functional
groups on the Hal and PDA structures help improve the
hydrophilicity of the composite membrane. As a result, the
composite membrane exhibits a pure water flux of up to 5036.2
L m™ h™! bar™ and shows a retention efficiency of up to
99.8% for oil-in-water emulsions. In addition, it exhibits good
resistance to oil contamination due to its good hydrophilic/
strong surface.

The removal of water-soluble dyes and other small molecule
contaminants is more problematic than oil—water emulsions.
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The trade-off between permeate flux and retention efficiency
has been the focus of membrane separation technology. To
address this, Ma et al.””® constructed a layered membrane
material for the removal of various dyes from water by
assembling small-sized graphene oxide nanosheets layer by
layer on a substrate material and inserting MXene nanosheets
between the layers. The small size of these nanosheets allows
for shorter and more direct transport channels, while the
MXene intercalation layer allows for wider layer spacing. As a
result, high permeate flux and high retention efficiency can be
achieved simultaneously when removing dyes from water. The
material is reported to be capable of achieving a pure water flux
of 136.68 L m > h™! bar™! and retaining over 99.99% of various
dyes. It also has excellent antiswelling stability and is suitable
for wastewater treatment tasks in harsh environments.

As for the desalination field, the stacking of two-dimensional
(2D) nanomaterials into laminar membranes is a promising
technology to achieve high selectivity and permeability in
seawater desalination. MXenes have ultrahigh water perme-
abilities due to their excellent hydrophilicities coupled with
atomic lamellar structures. In addition, the layered structures of
MXenes allow the design of nanochannels with ideal
dimensions, and the surfaces of MXenes also contain a large
number of negatively charged groups. In summary, the laminar
membranes constructed by MXene materials are very suitable
for separating hydrated ions for seawater desalination.

However, the poor rejection performance of MXene-based
2D membrane materials for monovalent metal ions still poses a
considerable challenge for membrane materials applied in
seawater desalination. The reasons for this are analyzed: first,
membrane materials tend to swell in water, leading to an
increase in the layer spacing; second, monovalent ions can be
more easily inserted between the layers of the laminar
membrane and adsorbed on its surface to form a bilayer,
further expanding the layer spacing; in addition, the electro-
static interaction between monovalent ions and MZXene
membranes is relatively weak.

To solve the above problems, researchers have made many
attempts. First, it was Ding et al. who innovatively fabricated a
swelling-resistant AI’* intercalated MXene membrane with a
high retention efficiency of up to 96.5% for NaCl solution and
a permeate flux of 2.8 m™> h™', which is of superb application
in seawater desalination.””* Lu et al.”>® prepared a self-cross-
linked MXene film, which, through a simple heat treatment,
formed Ti—O-Ti bonds by using the hydroxyl groups on
adjacent nanosheets to self-cross-link. It has excellent rejection
of monovalent metal ions and an excellent antiswelling
property, and it can operate continuously and stably for 70
h. In addition, MXene-based 2D films are also commonly used
for solar-powered desalination due to their own excellent
photothermal conversion properties.”’® However, compared to
three-dimensional materials, two-dimensional planar structures
result in low solar light capture due to stronger light reflection.

In summary, due to the 2D nanomorphology and many
excellent properties of MXene, MXene-based 2D films can
realize the separation of pollutants (including insoluble oil
phase, organic dyes, and metal ions) in water based on size
sieving and electrostatic interactions and have great potential
for application in wastewater treatment and seawater
desalination. However, there are many problems in applying
MXene-based 2D films for wastewater treatment and
desalination. For example, the low flux leads to low treatment
efficiency, the short pore channel is easily fouled, and the
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environmental instability of MXenes is also an important factor
affecting their large-scale application.

6. CONCLUSION AND OUTLOOK

The development of wastewater treatment and water
reclamation means is an effective way to solve today’s water
scarcity problems. Here, we present an objective review of
MXene materials and their innovative work in the fields of
wastewater treatment and water reclamation. First, we
introduce the synthesis pathways and excellent properties of
MXenes and explain the feasibility of MXene materials for
wastewater treatment and water reclamation, including large
aspect ratios, abundant surface groups, customizable surfaces,
and outstanding photothermal conversion properties. Second,
we focus on the assembly strategy based on the 3D structure of
MXene materials and summarize its recent progress in the
fields of wastewater treatment and water reclamation (mainly
pollutant adsorption, photocatalytic degradation, and desalina-
tion). By assembling MXenes into 3D porous structures, it is
possible to build multiscale pore channels and effectively
suppress the tendency of nanosheet restacking. Undoubtedly,
after rapid development in recent years, MXene-based 3D
porous materials have shown remarkable results in terms of
their application properties and mechanisms in various
applications including water treatment.

However, compared with other nanomaterials, the research
on MXenes and their 3D structures is still at the initial stage;
especially there is a big gap between the initial design of 3D
MXene-based materials for wastewater treatment and their
subsequent practical applications. Therefore, there are still
many problems and challenges to be solved for 3D MXene
materials applied in wastewater treatment and water
reclamation.

6.1. Mass Production of High Quality MXene. The
fluorine-free preparation of MZXenes and the industrial
production of MXenes are still two of the main focuses of
research. The currently used fluorinated nanosheets still have
the possibility of secondary contamination in wastewater
treatment; therefore, fluorine-free high-quality MXene nano-
sheets for wastewater treatment applications are worth being
expected. Although many emerging strategies for fluorine-free
syntheses of MXenes have been developed, such as electro-
chemical etching and acoustic wave assisted etching, it is how
to solve the problem of their high cost that is the key to
promoting their further industrialization. Also, how to develop
a green and safe production route and transfer them from the
laboratory to the factory for mass production while ensuring
the quality of MXenes is also a main challenge of concern.

6.2. Poor Stability of the 3D MXene-Based Structures.
The mechanical stability of a MXene is often unsatisfactory
due to the weak gelation ability of the MXene itself, which
leads to weak interaction between the lamellae in the MXene
3D structure and the limited contact area of the connection.
Currently, the addition of other components during the
assembly process to enhance the mechanical stability is a
common solution strategy. However, the addition of other
components may cause the loss of some of the excellent
properties of MXenes, such as electrical conductivity and
photothermal conversion properties. Therefore, how to grasp
the relationship between material properties and structure and
achieve the joint optimization of material stability and
application performance is the key to improving their
mechanical properties. In addition, MXenes are very fragile
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and their high surface energies make them highly susceptible to
oxidation in water/oxygen-rich environments, which affects the
application of MXene-based functional materials in the field of
wastewater treatment. How to enhance the oxidation
resistance of MXenes in long-term use is a key issue.

6.3. Large-Scale Preparation of 3D MXene Functional
Materials Is Difficult. In practical applications, it is still
challenging to obtain highly tunable 3D MZXene porous
materials in an efficient and scalable manner. A variety of
assembly strategies have been developed that require precise
and complex experimental conditions. For example, the ice
template method requires precise control of the freezing
direction and rate; 3D printing requires ultrahigh MXene
dispersion concentration. These factors pose problems for the
large-scale preparation of 3D MXene functional materials. In
addition, the excellent application performance of 3D MXene
functional materials is often closely related to their structures;
however, how to ensure the structural stability of the materials
in the large-scale preparation is of great significance for their
industrial applications.

6.4. The Mechanism of Application in the Direction
of Water Treatment Is Not Fully Understood. MXene-
based 3D porous materials have made considerable progress in
the field of wastewater treatment. However, at present, the
specific mechanism is still not completely clear. For example,
the photothermal conversion mechanism of a MXene is usually
considered to be the LSPR effect. However, due to the
diversity of surface group types and arrangements, there also
exist semimetallic MXenes, and the photothermal conversion
mechanism of such MXenes cannot be explained by the LSPR
effect. In addition, the current 3D MXene functional materials
applied in the field of wastewater treatment are basically based
on Ti;C,T,, while the research and development of other
members of the MXene family are still relatively few.
Researchers should further focus on the mechanistic study of
MZXenes in the field of wastewater treatment, so as to select or
tailor suitable MXene materials from the demand perspective
instead of the single selection of Ti;,C,T,.

In this regard, many efforts have been made, for example,
(1) the preparation of bare MXenes and MXenes with special
surface functional groups through specific synthetic strategies,
(2) the dispersion of MXenes in suitable polymer networks to
improve the overall mechanical and chemical stabilities of the
materials, and (3) the ease of compounding with other
functional materials to expand the functionalities of the
materials for applications.

Besides, the future development trends in this field will be
focused on the exploitation of the 3D MXene functional
materials featuring excellent application versatility and stability
in the water treatment field. MXene functional materials that
can simultaneously treat wastewater and regenerate seawater
resources have very great design potential, and this versatility
expands the access to drinking water from the environment.
The full exploitation of MXene functionalities for the
preparation of all-weather multifunctional water purification
materials is the focus of future research.

In addition, the outstanding electrical conductivities of
MXenes makes their performance in photovoltaic devices very
bright, and some byproducts in the process of wastewater
treatment and water resource regeneration, such as waste heat
power generation and steam power generation, also have
important research value. These multidisciplinary integrations
and collaborations enable researchers to fully and effectively
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utilize MXenes and provide novel ideas for future development
in several fields.
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CDI = capacitive deionization

DFT = density functional theory

MILD = minimum intensity layer delamination
TMA-OH = tetramethylammonium hydroxide
CVD = chemical vapor deposition

SEM = scanning electron microscope

RP = red phosphorus

LSPR = localized surface plasmon resonance
PTT = photothermal therapy

PMMA = poly(methyl methacrylate)

PS = polystyrene

MF = melamine foam

GO = graphene oxide

rGO = reduced graphene oxide

PAN = polyacrylonitrile

PEO = poly(ethylene oxide)

RO = reverse osmosis

EDLC = electrochemical double-layer capacitance
SAR = salt adsorption rate

Co-MOF = cobalt metal—organic framework
PZC = point of zero charge

PNIPAM = poly(N-isopropylacrylamide)
Cu(II) = copper ion

Hg(II) = mercury ion

Cd(II) = cadmium ion

CPCM = chitosan-based porous carbon microspheres
WPU = waterborne polyurethane

CB = conduction band

RhB = rhodamine B

SA = sodium alginate

Hal = halloysite nanotubes

SAW = surface acoustic waves

ACN = acetonitrile

DMEF = N,N-dimethylformamide

DMSO = dimethyl sulfoxide

PC = propylene carbonate

NMP = N-methyl-2-pyrrolidone

ISEC = ice structure freeze casting

PVA = poly(vinyl alcohol)

POSS-NH, = amine-functionalized polyhedral oligomeric
sesquisiloxane

CTAB = cetyltrimethylammonium bromide
EDA = ethylenediamine

3DFP = 3D freeze printing

IRM = interference reflection microscopy
PDMS = polydimethylsiloxane

PU = polyurethane

MD = membrane distillation

SAC = salt adsorption capacity

EY = Eosin Y

CLF = cellulose fibers

Co—CNS/M foam = cobalt nanoparticles (CoNPs)—carbon
nanosheets/MXene foam

LCST = lower critical solution temperature
Pb(II) = lead ion

U(VI) = uranium ion

Cr(III) = chromium ion
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3D-MXOF = MXene/metal—organic framework decorated
with three-dimensional (3D) printed lattice structure
MOF = metal—organic framework

VB = valence band

MO = methyl orange

CBZ = carbamazepine

PL = photoluminescence

4-NA = 4-nitroaniline
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