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2D transition metal carbides and/or nitrides (MXenes), by virtue of high elec-
trical conductivity, abundant surface functional groups and excellent dispersion
in various solvents, are attracting increasing attention and showing competitive
performance in energy storage and conversion applications. However, like other
2D materials, MXene nanosheets incline to stack together via van der Waals
interactions, which lead to limited number of active sites, sluggish ionic kinetics,
and finally ordinary performance of MXene materials/devices. Constructing 2D
MXene nanosheets into 3D architectures has been proven to be an effective
strategy to reduce restacking, thus providing larger specific surface area, higher
porosity, and shorter ion and mass transport distance over normal 1D and 2D
structures. In this review, the commonly used strategies for manufacturing 3D
MXene architectures (3D MXenes and 3D MXene-based composites) are sum-
marized, such as template, assembly, 3D printing, and other methods. Special
attention is also given to the structure—property relationships of 3D MXene
architectures and their applications in electrochemical energy storage and con-
version, including supercapacitors, rechargeable batteries, and electrocatalysis.
Finally, the authors propose a brief perspective on future opportunities and chal-
lenges for 3D MXene architectures [devices.

2D nanomaterials show great potential for
extensive applications in optoelectronics,
biology, medicine, environmental protec-
ton, catalysis, sensors, energy storage,
and conversion.”! Thus, new 2D nanoma-
terials, such as hexagonal boron nitrides,?!
transition ~ metal  dichalcogenides,!
silicene/®! phosphorene ! germanane,”!
and metal oxides,”® have been successfully
prepared as well.

MXenes, an emerging family of
2D tansitional metal carbides and)
or nitrides with a general formula of
M, X,T,, are obtained by selective
etching of A elements from ternary MAX
phases (M, AX,), where M is an early
transition metal (Sc, Ti, V, Cr, Zr, Nb,
Mo, Hf, or Ta), A is a group IIIA or IVA
species, X is carbon andjor nitrogen,
n is an integer berween 1 and 4, and T,
represents surface functional groups!¥
The unique structure of MXenes renders
them particularly attractive for electro-
chemical energy storage and conversion

1. Introduction

The successful exfoliation of graphene in 2004 aroused tre-
mendous research interest in 2D nanomaterials.l! Due to
their unusual electrical, mechanical, and optical properties,

applications because: 1) the transition metal carbide core ena-
bles metallic conductivity (up to 10 000 § cm™ for Ti;C,T,)
for fast electrons transport throughout the electrodes;!”
2) the transition metal oxide-like surface is redox-active;'! and
3) the negatively charged surface groups (—0, —OH, and —F)
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supply abundant sites for active catalysts anchoring."¥ For
example, a Ti;C;T, hydrogel delivered an ultrahigh volumetric
capacitance of 1500 F an*"! MoS,/Ti;C,T,@C hybrids with
uniform growth of MoS; nanoplates on MXene nanosheets
showed excellent activity and durability in an acidic solu-
tion for hydrogen evolution reaction (HER).I"! Nevertheless,
aggregation and selfrestacking of single or few-layer MXene
nanosheets are usually inevitable during the electrode fabrica-
tion processes due to strong van der Waals interactions and
hydrogen bonds between adjacent nanosheets. These pro-
cesses limit electrolyte ions accessibility, hindering the full uti-
lization of the functional surfaces of MXenes, thus impairing
their electrochemical performance.!™

The construction of 3D architectures from 2D MXenes
provides an effective strategy to overcome these issues.[l
Generally, 3D MXene architectures possess the following
advantages: 1) the large specific surface area of MXene
nanosheets can be maintained in a 3D MXene architectures
as the restacking of nanosheets is effectively inhibited.'®!
Therefore, a great number of electrochemically active sites are
exposed to electrolyte, thus enabling sufficient electrochem-
ical reactions; 2) the rich channels in 3D MZXene architec-
tures are favorable for rapid diffusion of electrolyte, and the
outstanding electrical conductivity of MXenes makes them
ideal active materials or current collectors for fast transport of
charge carriers within the porous framework; 3) the abundant
functional groups (O, —OH, and —F) can serve as appealing
sites for binding various organic or inorganic species, which
provides an opportunity for the construction of 3D MXene
architectures with diverse complexity and functionality; 4) for
practical applications, the 3D conductive architectures ensure
efficient charge transport throughout the bulk volume of thick
electrodes, which is desirable for maximizing the utilization
of active materials regardless of electrode thickness or mass
loading. Not surprisingly, 3D MXene architectures are very
promising for high-performance energy storage and conver-
sion applications.

In this review, we first highlight the commonly employed
fabrication methods for the construction of 3D MXene archi-
tectures. Then, their applications in electrochemical energy
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Figure 1. Schematic of various fabrication strategies for preparing 3D
MXene architectures, including template, assembly, 3D printing, among
other methods, alongwith their applications in supercapacitors, recharge-
able batteries (Li-ion, Ma-ion, and Li-S batteries) and electrocatalysis.
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storage and conversion are discussed, with special focus in
supercapacitors, rechargeable batteries, and electrocatalysis
(Figure 1). Finally, we list some challenges and opportunities
in this promising research area. We also suggest how these
problems might be solved to further push forward the advance-
ment of 3D MXene architectures for greater breakthroughs and
a broader range of applications.
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Figure 2. Template methods for manufacturing 3D MXene architectures. a) Schematic of the construction of 3D macroporous PANI@M-Ti,C, T, frame-

works with PS spheres as template. b) SEM images of the 3D PANI@M-Ti,C,T, film. Reproduced with permission.'3l Copyright 2019, Wiley-VCH.

c) Schematic illustration of the fabrication procedure of MXene-sponge. d) SEM image of the MXene-sponge. Reproduced with permission.””3

Copyright 2018, Elsevier Ltd. e) Schematic diagrams of the fabrication process and digital images showing the light weight of the MXene/PI aerogel,
which can rest on the top of a dandelion. f) SEM image of the MXene/PI aerogel. Reproduced with permission.??3 Copyright 2018, Wiley-VCH.

2. Manufacturing Strategies for 3D MXene 2.1. Template Method
Architectures

Template synthesis is one of the most straightforward and effec-
As the preparation methods of MXenes have been insightfully  tive methods for manufacturing 3D porous architectures.™®! In
summarized elsewhere,” ! here we only focus on the fabri-  addition, the microstructure of the resultant 3D materials can
cation strategies for 3D MXene architectures. These routes  be easily customized by adjusting the size and/or morphology
mainly include template, assembly, 3D printing, among other  of templates."” In general, the templated synthesis of 3D mate-
methods. rials includes the following steps: 1) template preparation;



2) coating desired materials on the selected template; and
3) template removal (if necessary).[2"

Polystyrene (P3) and poly(methyl methacrylate) (PMMA)
spheres are the most widely employed templates for constructing
3D graphene materials, which also applies to build 3D macropo-
rous MXenes "5 [n 3 typical example (Figure 2a), PS spheres
and Ti;C; T, MXene with a mass ratio of 3:1 were first homoge-
neously mixed in agqueous solution. Throughout this process,
MZXene nanosheets wrapped the surface of PS spheres spontane-
ously because of the interaction between their surface hydroxyl
groups. Afterward, a 3D Ti;C,T, MXene film was obtained by
filtrating the mixed dispersion, followed by the removal of PS
spheres at 450 °C in argon gas. In this process, due to the van der
Waals interactions and hydrogen bonds between neighboring 2D
TiyC, T, nanosheets, the porous architecture of 3D MXene frame-
works remained unchanged after template removal."** These
films could be further used as porous substrates for manufac-
turing 3D MXene-based nanocomposites, such as the 3D poly-
aniline@macroporous Ti;C, T, (3D PANI@M-Ti;C,T,) as shown
in Figure 2b/%3 Melamine formaldehyde spheres and sulfur
particles®! were also used as templates for preparing 3D MXene
architectures in a similar process.

3D monoliths with porous structure can also be directly used
as templates for producing 3D MXene architectures, without
the filration process. Nickel foam,? melamine foam, /%!
carbon foam,® commercial sponge,! graphene aerogel,®
and electrospun polymer fiber networks?®® are commonly
used templates. In this case, MXenes are directly coated onto
the skeletons of 3D templates by a facile dipping or dropping
method. Taken the MXene-sponge composite as an example,
the dean melamine sponge-substrate was first soaked in
MZXene solution to absorb 2D nanosheets, followed by transfer-
ring into a vacuum oven at 80 °C for drying. After 24 h, a 3D
MXene-sponge composite formed with a thin layer of MXenes
anchoring on the 3D skeleton of the sponge (Figure 2c,d)./*!

Due to the hydrophilic nature of MXene nanosheets, freeze-
drying can also lead to the formation of macroporous MXenes
with ice crystals as templates.®” Typically, to produce a 3D
porous MXene monolith, the Ti;C,T, aqueous dispersion is ini-
tially frozen in a dry ice bath, followed by freeze-drying at-70 °C
for 48 h to remove the ice templatesP™ Scanning electron
microscope (SEM) images showed that the 3D Ti;C,T, MXene
monolith has a macroporous structure, with a pore size around
20 pm and slightly corrugated cell walls. It was proposed that
during freeze casting, MXene nanosheets were repulsed by
the growing ice crystals getting entrapped at their boundaries,
yielding a continuous network. To further prevent the self-
stacking of MXene nanosheets and enhance the mechanical
strength of the resultant 3D architecrures, reduced graphene
oxide (rGO)B%*! and polyimide (PI)?? were introduced. For
instance, after incorporating PI (Figure 2e,f),#*! the character-
istic (002) peak slightly shifted from 6.40° (Ti;C,T, MXene) to
6.017 (3D MXene/PI aerogel), which implies an enlarged inter-
layer spacing from 1.38 to 1.47 nm. This effect suggests that
the intercalation of PI into the MXene galleries successfully
disrupted their restacking tendency. Moreover, the synergistic
effect between MXene and PI endowed the 3D aerogel remark-
able flexibility to bear deformations of 80% compression, tor-
sion, and even 180° bending. This ice-template method was

also employed to prepare several other 3D MXene architectures
for different applications, examples are 3D Ti;C,T,/carbon for
wearable sensorsP 3D Ti,C,T,/polyethylene glycol® and
3D Ti;C; Ty bacterial cellulose/polyethylene glycol®®! for solar
energy storage and conversion, 3D Co;0,/Ti;C,T,/rGO, 1 3D
NiOJTi;C; L and 3D Fe;04/TiC, TR for electrochemical
energy storage.

2.2. Assembly Method

As MXenes have abundant surface groups (—0O, —OH, and
—F), they can be uniformly dispersed in aqueous solution. By
introducing gelation agents or disrupting the balance between
the electrostatic repulsion force and the Van der Waals interac-
tons, 2D MXene nanosheets in solution will interconnect and
assembly into 3D porous architectures.*¥

Graphene oxide (GO), a typical gelation agent, can mix homo-
geneously with MXene nanosheets in water and lead to the for-
mation of 3D MXene/rGO composites.®! For instance, 1GO
sheets resulting from the reduction of GO by ascorbic acid and
hydrothermal treatment interconnected with each other and
formed a 3D framework. Meanwhile, Ti;C,T, nanosheets were
assembled onto the surfaces of the rGO framework, leading to
the formation of a Ti;C;T,/rGO hybrid hydrogel (Figure 3a).H®
The resulting Ti;C;T,,/rGO hybrid aerogel showed a uniform and
overall aligned cellular structure with a unidirectional assembly
of GO and Ti;C,T, nanosheets (Figure 3b). This porous and
aligned structure allowed the Ti,C,T,/rGO aerogel to stand on a
flower. 100 mg of Ti,C,T,/rGO aerogel was shown to withstand a
load of 500 g without fracturing, thus revealing a good mechan-
ical srength (Figure 3c). Besides GO, ethylenediamine® and
epichlorchydrin (ECH)* can also lead to the gelation of MXene
nanosheets. For instance, ECH used as a cross-linking agent to
build covalent bonds between MXene nanosheets and cellulose,
due to etherification reactions and hydrogen bond interactions,
a Ti;C,T, MXene/cellulose hydrogel with 3D porous structure
formed ¥ In another study, hydrothermal treatment of Ti;C, T,
MXene in a mixmre of thiourea dioxide and ammonia solu-
ton resulted in a 3D N-doped Ti;C,T, aerogel as well, with an
enlarged BET specific surface area of 108 m?* g~

Liquid-liquid interface self-assembly method can also
be used to build 3D MXenes (Figure 3d).*! For instance,
hydrophilic Ti;C,T, dispersed in water and oil-soluble amine-
functionalized polyhedral oligomeric silsesquioxane dis-
solved in toluene interacted at the cil-water interface. A
significant reduction in the interfacial tension of the water-
toluene system, resulted in a layer of overlapping MXene
nanosheets. ™ After vigorously homogenizing the mix-
ture, stable water-in-oil Pickering emulsions at a water/oil
ratio of 1:8 were obtained. Unlike conventional Pickering
emulsions with spherical shapes, all the droplets exhib-
ited highly irregular configuration because of the very rapid
interfacial jamming of the MXene-based nanoparticles. A
lightweight, hydrophobic and isotropic 3D MXene aerogel
with excellent mechanical properties was easily prepared by
freeze-drying the concentrated emulsion droplets, where
the pore size and shape were commensurate with those of
the emulsion droplets (Figure 3e,f).** A high concentrated



Etching
g

Exfoliation

«Ti
e C
« Al
* POSS-NH,
% e
e e Tt Freeze-drying
-

MXene aerogel

| +Q,‘

P

Fe2?* ion

e

MXene

MXene
: Suspension

Hydrogel

Figure 3. Assembly methods for manufacturing 3D MXene architectures. a) Schematic illustrating the fabrication process of a 3D Ti;C; T, MXene/
rGO hybrid aerogel. b) Side-view SEM image of 3D MXene/rGO aerogel. c) Digital images of a 3D MXene/rGO aerogel (100 mg) standing on a flower
(left) and supporting a weight of 500 g (right). Reproduced with permission.!*®3l Copyright 2018, American Chemical Society. d) Schematic showing the
construction of 3D Ti;C,T, MXene aerogels by liquid-liquid interface self-assembly method. e) SEM image of the 3D Ti;C,T, aerogel. f) A small piece of
MXene aerogel on a flower. Reproduced with permission."3 Copyright 2019, Wiley-VCH. g) Schematic of the metal ion-initiated interaction of MXene
nanosheets and photo of the MXene hydrogel. h) SEM image of the MXene monolith. Reproduced with permission.?%! Copyright 2019, Wiley-VCH.

cetyltrimethylammoniumbromide-doped MXene (>24mgmlL™)
was also stabilized at the interface of dodecane and water,
resulting in a semisolid and foam-like microstructure, and
finally a 3D MXene foam.!*®!

Etched Ti;C,;T, MXene nanosheets are negatively charged
(zeta potential around —40 mV),"**! therefore, they can be homo-
geneously dispersed in aqueous solution due to electrostatic

repulsion.*! By introducing positively charged species in
solution, the electrostatic repulsion forces between MXene
nanosheets are shielded, leading to the assembly of MXenes
into 3D frameworks. In a typical process,?* MXene dispersion
with a concentration of 10 mg mL ™" was added to a FeCl;-4H,0
solution (the mass ratio of FeCl; to MXene is from 3:8 to 41)
and a hydrogel was formed in a few minutes (Figure 3g), being



composed by 95 wt? water. The well-shaped hydrogel remained
in place even when the tube was inverted, and, after freeze-
drying, the MXene monolith showed an interlinked 3D net-
work (Figure 3h). The Fe**-mediated assembly of MXenes can
be divided into two steps. First, electrical interactions between
Fe?* and functional groups on MXene surface hinder the elec-
trostatic repulsive force between MXene nanosheets, due to the
negative surface charge of MXenes in water. Afterwards, the
assembly of MXene nanosheets is assisted by the Fe** ions as
linking agents, resulting in a 3D MXene hydrogel. Interestingly,
the 3D MXene hydrogels can also be fabricated with assistance
of other multivalent ions, such as divalent (Mg, Co®, Ni%)
and trivalent |{A13+] ions, while univalent ions, such as K, H* ¥
Li*, Na*, K*, TBA**¥ and NH,** only lead to the coagulation
of MXenes. Most likely, due to the low hydration energy of uni-
wvalent cations, the bonds established with —OH groups on the
surface of MXenes is too poor for gelation, even at high Ti,C, T,
concentration (15 mg mL™) and high Na* ions concentration
(24 m).1*¥! Despite initiating the gelation of MXene, some triva-
lent ions with high oxidation ability, such as Fe** and Co*, can
as well oxidize MXenes B!

2.3. 3D Printing Method

Additive manufacturing technology, also known as 3D
printing, is an emerging technology that allows scalable
manufacture of various 3D objects and complex structures,
from suitable inks.*"! As MXene inks can feature favorable
viscosity and shear-thinning rheological behavior,220:5% it is
expected to bring 2D MXene nanosheets into 3D architectures
by printing.

For example, Ti;C,T, inks with concentrations above 50 mg
mL™! can easily flow through narrow nozzles and instantane-
ously recover their solid-like behavior, retaining the nozzle's fil-
amentary shape after extrusion, resulting in a programmed 3D
MXene structure (Figure 4a).5! Morphological characterization
showed that the individually printed filaments {mean diameter
of about 326 pm) formed a stable 3D structure without over-
lapping or internal collapse. At a structural level, the Ti;C,T,
nanosheets were organized into an internal network with pore
size ranging from 3 to 35 pm. The specific surface area of the
3D printed Ti;C,T, architectures was calculated as 177 m? g,
which is considerably higher than previous reports (normally
below 80 m?* g).*2

2.4, Other Preparation Methods

Electrospinning is a simple, versatile, and cost-effective method
for manufacturing 3D polymer networks with tunable fiber
diameter and porosity.**! In a typical process, an electrical
potential is applied berween a droplet of a polymer solution/
melt and a grounded target. When the applied electric field
overcomes the surface tension of the droplet, a charged jet of
polymer solution is ejected and grows longer and thinner until
it solidifies or is collected on the rarget.[s“] These fibers stack
randomly on each other and form 3D networks. Polyethylene
oxide (PEOQ), polyacrylic acid (PAA), polyvinyl alcohol (PVA),

polyurethane (PU), polyacrylonitrile (PAN), and polycapro-
lactone (PCL) are the most commonly employed polymers
for electrospinning.*® They can be easily mixed with Ti;C,T,
MXene in aqueous or polar organic solvents*® For example,
Ti;C,T, mixed with PVA in water resulted in a homogenous
mixture. After electrospinning under an applied voltage of
18 kV, a TiiC;T/PVA composite network with abundant
mesopores was obtained (Figure 4b)*"l Following the same
approach, a Ti;C,T,/PAN composite network was successfully
produced in N,N-dimethylformamide as well. In this case, the
Ti;C,T, MXene nanosheets were found inside of the polymer
fibers. Moreover, this Ti;C,T,/PAN composite could be easily
converted into a 3D Ti3C,T,/carbon network via carbonization
without structure breakage.*® Other examples of MXene-based
3D networks prepared by electrospinning include TiyC,T,/
PEO,¥ TiyC,T,/chitosan,’® Ti;C,T,/PAA B! Ti;C;T,/alginate/
PEO,* Ti;C, T,/ PVA/ PAA Fe;0,/%Y among others.

Gas foaming technology is also commonly used for pre-
paring 3D architectures.®* As an example, hydrazine reacted
with —OH groups on Ti;C,T, MXene surface at 90 °C, gener
ating O3, CO, and CO;. The large amounts of gaseous species
assured a fast establishment of high pressure between MXene
nanosheets, which countered the van der Waals forces that hold
the nanosheets together. Consequently, numercus small pores
formed between the parallel layers, along with a thickness
increment, resulting in a well-defined 3D porous MXene foam
(Figure 4<)."" Notably, because of the removal of hydrophilic
groups, this MXene foam exhibited a hydrophobic character.

3. 3D MXene Architectures for Energy Storage
Applications

Supercapacitors and rechargeable batteries are becoming more
and more important in our daily life because of their high
power and energy densities for powering portable electronics
and vehicles. 3D MXene architectures with open structures,
abundant surface groups, high electrical conductivity and
high ion/felectron transfer efficiency, hold great potential for
designing high-performance supercapacitors and rechargeable

batteries.

3.1. Supercapacitors

Electrochemical capacitors, also called supercapacitors, store
energy using either ion adsorption (electrochemical double-
layer capacitors) or fast surface redoxfintercalation reactions
(redox-capacitors). They can complement or replace batteries in
electrical energy storage and harvesting applications, when high
power delivery or uptake is needed.|® The traditional electrode
materials for supercapacitors are carbons,®® conducting poly-
mers,'¥! and transition metal oxides/sulfides.® However, they
mostly suffer from low practical capacitance, limited electrical
conductivity or short cycle life,**5* which may not necessarily
meet the ever-increasing demands for modern electronics.

The unique structure of MXenes renders them particularly
attractive for energy storage applications because: 1) a conduc-
tive inner transition metal carbide layer enables fast electron
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Figure 4. Other methods for manufacturing 3D MXene architectures. a) Schematic representation of the 3D printing method for preparing 3D MXenes.
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supply to electrochemically active sites; 2) a transition metal By integrating carbon nanotube (CNT) or PVA in between
oxide-like surface is redox-active and 3) a 2D morphology and ~ MXene nanosheets, the capacitance of MXene films can be
preintercalated water enable fast ion transport (Figure 5a).'"!  further enhanced, specifically, 390 F cm™ for CNT/Ti;C;T, in
A variety of cations can be intercalated into MXene sheets, ~MgSO; electrolyte”™ and 528 F cm™ for PVA/Ti;C,T, in KOH
offering high volumetric electrochemical performance. For electrolyte.” In H;SOy electrolyte, super high volumetric
example, the Ti;C,T, MXene film demonstrated a competitive  capacitances of up to 9007% and 1500 F cm~"!l were obtained
pseudocapacitance of 350 F cm~ by K* cation intercalation."®  for Ti,C,T, films and Ti;C,T, hydrogels, respectively. Besides
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Figure 5. 3D MXene architectures for supercapacitors. a) Schematic of MXene-facilitated proton exchange with water intercalation for energy storage.
b) SEM image of Ti3C,T, MXene hydrogel. c) SEM image of macroporous templated Ti;C;T; electrode. Scale bars, 5 pm. Insets in b) and c) show sche-
matically the ionic current pathway in electrodes of different architectures. d) Cyclic voltammetry profiles of a macroporous 13 pm thick film collected
in 3 M H,SO,. The inset shows schematically macroporous electrode architecture and ionic current pathways in it. €) Determination of the slope, b,
for the logarithm of anodic (open symbols) and cathodic (filled symbols) peak current versus logarithm of scan rate for macroporous films with dif-
ferent mass loadings. f) Electrochemical impedance spectroscopy data collected at different potentials for a macroporous film. g) Comparison of ion
transport resistance for hydrogel and macroporous electrodes extracted from electrochemical impedance spectroscopy collected at different applied
potentials. The insets show schematically the ionic current pathway in hydrogel (top) and macroporous (bottom) electrodes. h,i) Rate performance of
MXene films with different preparation methods and mass loadings represented in gravimetric h) and areal i) capacitance. Reproduced with permis-

sion.I"! Copyright 2017, Nature Publishing Group.

Ti;C; Ty, other MXenes, such as the Mo;CT, film, also delivered
a high volumetric capacitance of 700 F cm—.7*! However, for the
majority of reported MXene electrodes, their rate capabilities
are moderate when the electrode thickness exceeds a couple of
microns, because of the long ion transport pathways caused by
the highly aligned stacked MXene nanosheets (Figure 5b).

Integrating 2D materials into 3D porous framework has
proved to be an effective method offering a more open struc-
ture with larger specific surface area, which is beneficial for
facilitating ionic and electronic transport in electrode mate-
rials and thus improving their electrochemical performance.”!
For instance, by using PMMA spheres as templates, a 3D
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macroporous Ti;C, T, (MP-Ti;C,T,) MXene (Figure 5c) was pre-
pared."!l Compared to the rapid decrease of gravimetric and
volumetric capacitance of the Ti;C,T, hydrogel (HG-Ti;C,T,) at
scan rates above 500 mV s, the MP-Ti,C,T, electrodes revealed
a more exceptional rate handling ability (Figure 5d,e,h,i), with
gravimetric capacitance of 310 F g™' at 10 mV s (0.135 F cm™)
and 210 F g™ (0.090 F cm™) at 10 V s for a 13 um thick film,
surpassing some of the best-reported results.”” Moreover, a
180 pm thick macroporous film demonstrated a capacitance
of 125 F g! (0.54 F cm™?) at 1 V s™! (Figure 5h). The superior
rate capability of the macroporous electrode was further proved
by the ultralow ion transport resistance of 0.04 Q cm? across
all potentials (Figure 5f,g). Even in organic electrolyte with
low ionic conductivity, the 3D macroporous Ti;C;T, electrodes
still delivered a high capacitance of 195 F g™ (410 F an™) at
2 mV s! and exhibited a high capacitance retention of 61% at
1000 mV s, over a wide voltage window of 2.4 V.*'¥l This suc-
cessful 3D macroporous electrode strategy also suits for other
MXenes, such as the Mo,CT,, the porous Mo,CT, electrode

with a thickness of 30 um yielded a capacitance of <130 F g' at
an ultrahigh scan rate of 1V s in H,SO, electrolyte.!'!

Vertical alignment of 2D materials facilitates fast ion trans-
port, shortens ion diffusion paths, and favors ion access to
electrodes, resulting in thickness-independent electrochemical
performances in thick films.”® The vertically aligned Ti;C,T,
MXene lamellar liquid crystal (MXLLC) films (Figure 6a-h)
showed two pairs of redox peaks, and which remained mostly
independent of film thickness from 40 up to 200 um, promi-
nently surpassing the horizontally stacked filtrated films.
Besides, the characteristic parameter b kept nearly 1 between 5
and 2000 mV s! for films up to 200 pm thick, reflecting ultra-
fast surface reactions-controlled charge-storage kinetics of the
MXLLC films with thickness-independent behavior. In addition,
the 200 um thick MXLLC film demonstrated excellent retention
with a capacitance of over 200 F g (areal capacitance greater
than 0.6 F cm™) at a high scan rate of 2000 mV s, which is
better than filtrated and macroporous films (Figure 6i,j). More-
over, the areal capacitance at scan rates of 1000-2000 mV s~



Table 1. Comparison of 30 MXene architectures for supercapacitor applications.

3D M¥ene architectures Electrolyte (Capacitance at low rate (Capacitance at high rate Cycling stability Refs.
Porous TizC,T, film 3 m Hz504 0Fg' omysT) MFg 10vsT 95% (10 000) ]
Poraus MoyCT, film 3 m H;50, =160 F ¢! (10 mv 57} =I0Fg' 1VsT) NA m]
Porous Ti;C:T, film 1w LiTFSI in propylene W5Fg' 2mysT) 120 F g (1000 mVs™) 549 (10 000) [214]
carbonate

Porous TizC,T, film 3 m Hz504 =250F g l0mvsT =155 Fg lovsT) T00%s (20 000) [
TizCT, hydrogel 3 M H;50, MFg'2mvsT) 22Fg' IVsT 97.19 (10 000) [35]
TiyCyT, aerogel 3 M H;504 AD4F g (D5 AEY) 283F g (20A ) 96% (8000} [30f]
TiyCyT, aerogel 3 M H;504 438 F g o mv 57 MoFg!zvsT) 90% {20 000) [43]
TizCeT, foam Tm KOH 7.2 mF em 2 (5 mV 7)) 177.7 mF em2 (100 mV 57} BE7% (10 000) [20]
TiyC;T,/rGO aerogel 2MZnsS0y 1W2Fg 2mvsT 385 Fg (100 mv s 9535 (75 000) [28]
Ti3C;T,/rGO hydrogel NA WoFg ' (SAg) 65 Fg ' (1000A g™ 98% (10 000 [41b]
Carambola-like Ti;C; T, polypyrrole 1M H;50, N6Fg' (0587 08Fg (BAET 26.4% (5000) 78]
TizGTfNiO aerogal 1m Na;50, MIFem? 2 mVsT) =110 F cm™ (100 mV s7') 114% (2500) 7
Porous Ti;C;T,/bacterial cellulose film 3w Hp50, 416 Fg' (3 mA cm™?) 260 F g7 (50 mA cm ™) 96.5% (10 000} 9]
TiyC; T,/ nickel-aluminum layered double & M KOH E665Fg ' 1AgT) IBFg 10A g 709 (4000) 811
Fydroxide network

Coy04/TiyCoT,/rGO aerogel 6 M KOH MSFgAg NA 859 (10 D00 [26]
TizCaTyrGO aerogel PVA[H;50, MEmFem? (1mV s} (device) 9.2 mF cm™? (100 mV 577 (device) 51% (15 000) [31t]
AC/CNT|TiCoT,/rGO network PVA[H,50, 701 mF e (10 mV s (device) 62.5 mF cm™2 (100 mV s} (device) 97% (7000 [223]
TizCo T, network PVA[H350, 2425 F g [0.2A g (device) WIFg' [(5Ag™) (device) 90%: (10 000) [51]

is about the same for mass loadings in the range of 2.80 to
6.16 mg cm? (Figure 6k), showing the possibility of using ver-
tically aligned MXenes to enable thick electrodes operating at
very high charge-discharge rates.”!

Besides pure 3D MXenes, 3D MXene-based composites
with different components and features, such as MXene/
graphene, #3416l MYene/PANLI™  MXene/polypyrrole,™
MXene/cellulose,™ MXene/NiO,*”! and MXene/rGO/ Co;0,,
also exhibited impressive electrochemical performance. For
example, the 3D porous Ti;C,T,/cellulose composite delivered
a high specific capacitance of 416 F g at 3 mA cm~ and a high
capacitance retention with 260 F g~! at 50 mA cm 2, which was
much higher than that of the pure Ti;C;T, MXene electrodes
(318 F g 'at 3 mA cm™ and 87 F g! at 50 mA am2).7¥ Clearly,
the 3D natre of the formed structures provides great advan-
tages, such as: 1) 3D porous network allows for vast ion storage
and rapid ion transport; 2) short ion transport length favors
more efficient ion diffusion; 3) large ion-accessible active sur-
face; and 4} high electrical conductivity from interconnected
MXene nanosheets. Moreover, even after mechanically com-
pressing the 3D Ti;C;T,/PANI composite, the electrode still
showed high specific capacitances of 510 F g™ at 10 mV s~ and
407 F g ar 1000 mV s7'in a 3 m H,50, electrolyte. A higher
specific capacitance of 579 F g at 10 mV s could be achieved
with higher PANI content. It is worth noting that this is the first
reported high-performance MXene-based positive electrode, as
proved by both experiments and first-principle calculations.!"™
The electrochemical performances of 3D MXene architectures
for supercapacitors are summarized in Table 1.

3.2. Lithium-lon Batteries

Owing to the non-memory effect and enhanced energy densi-
ties, rechargeable lithium-ion batteries (LIBs) have attracted
intense interest and have been widely used in portable elec-
tronics and electrical vehicles for the past few decades® As
the most important component of LIBs, electrode materials
play a key role in determining their performance. 2D materials,
especially the emerging MXenes, show great potential for the
next generation LIBs electrodes because of their high theoret-
ical capacity, high electric conductivity, and wide chemical and
structural variety.*d#3l

MXenes can accommodate lithium ions in between the layers
by forming M, X, T Li,, for example, Ti;C,0,Li,* In addition,
owing to the 2D nature and conductivity of MXenes, an addi-
tonal layer of lithium ions can be reversibly formed, providing
a twofold boost of the electrode capacity (Figure 7a). =% Lots of
factors are found to significantly affect the lithium storage per-
formance of MXenes, such as surface functional groups, formula
weights, and transition metal species. Oxygen terminations can
lead to the highest capacity, whereas hydroxyls and fluorines
result in lower capacities as well as lithium-ion transport
deterioration.®** %! MXenes with low formula weights, such as
MaX (Ti;C, NbyC, V3G, Sc;C, among others) electrodes, usually
show higher gravimetric capacities than their M3X; and MX;
ccunterparr.'m However, there are some exceptions. Nicbium
atoms are heavier than titanium ones, but Nb,CT, still shows
higher gravimetric capacity than Ti;CT, at the same cycling rate
(180 mAh g for Nb,CT, versus 110 mAh g of Ti,CT, at 1 C).[%
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Chemical Society.

Besides inherent material properties, electrode structure is
another important determinant of electrochemical performance
of MXene materials.”! In striking contrast to 2D stacking
structure, 3D porous electrode architectures can effectively
facilitate ions transport and improve the utilization of MXene
nanosheets, resulting in improved lithium storage performance
(Table 2). For example, a stacked Ti;C,T, MXene film exhib-
ited a relatively low specific surface area of 1.9 m? g! and a
low capacity of 35.4 mAh g, In contrast, a sulfur-template 3D
Ti;C,T, foam (Figure 7b) with open structure and an enlarged
specific surface area of 39.9 m? g exhibited a significantly
enhanced capacity of 455.5 mAh g at 50 mA g!, an excel-
lent rate performance (101 mAh g at 18 A g!) and a superior
ultralong-term cycle stability (220 mAh g at 1 A g! after 3500
cydes) (Figure 7c,d),”*" demonstrating the great advantages
of porous electrode architectures for lithium storage. By com-
bining the MXene with rGO, a 3D porous Ti;C,T,/rGO com-
posite film with less stacking of MXene nanosheets was also
obtained. This hybrid inherited the advantage of graphene in

, respectively. Reproduced with permission.®® Copyright 2018, American

the formation of a porous structure and of MXene by showing
high electrical conductivity, leading to a weaker stacking of
MXene nanosheets and a facilitated electrolyte ions infil-
tration efficiency in electrodes. The resultant 3D porous
Ti;C,T,/rGO film showed a high specific capacity of 335.5mAh g
at 0.05 A g!, a good rate capability with 30% capacitance
retention at 4 A g™, and no capacity decay after 1000 cycles.B
To further improve the Li-ion storage ability of 3D MXenes,
various transition metal oxides or sulfides were introduced. The
resulting 3D MXene-based nanocomposites combined both
high conductivity, high porosity of 3D MXene framework and
high specific capacity of redox materials, favoring a remark-
ably enhanced electrochemical performance. For example, the
3D FeS,@Ti;C; Ty nanohybrid with =10 nm FeS; nanodots
homogeneously anchored on the surface of 3D MXene pre-
sented high specific capacities of 1728 mAh g at 0.1 A g and
601mAh g at 10 A g for Li-ion storage, respectively (Figure 7e).
Its long-term stability was also remarkable. After 1000 cycles at
a current density of 10 A g, the 3D FeS,@Ti;C, T, nanohybrid



Table 2. Comparison of 3D MXene architectures for rechargeable battery applications.

3D MXene architectures Types Current density Cycle number Capacity retention Refs.
Porous TizC;T, film LIBs 0.05Ag! 300 314.9 mAh g [236]
1A 3500 220 mAh g
Porous TizC;T,/rGO film LIBs 1ag?! 1000 212.5 mah g [35q]
TiyC,T,fFes; framewark LIEs 0Ag! 1000 762 mAh g”! 189]
TizCa T,/ SN0, @C aerogel Ligs 0sag! 100 509 mah g [87]
1A 1000 520 mAh g
2ag’! 1000 432 mah g’
sag! 1000 301.6 mAh g
wag?! 1000 169 mAh g
Hollow TizC; T,/ Co0yCozMosOy LIBs 01Ag! 100 936.2 mAh g [92]
network 2ag" 1200 545 mah g
TisCaTof Magz:TiO; network LIBs Sag! 4000 7& mah g! na7]
TiyC; T,/ May 53 TiO; network SiBs 2Ag? 4000 56mah g no7
Porous TiC;T, film SIBs 25C 1000 295 mAh g [213]
Porous V,CT, film SlBs 25C 1000 310 mah g
Porous Ma;CT, film SIBs 25C 1000 290 mAh g
Ti3CoT, network = 01Ag" 100 180 mAh g [23a]
1ag? 1000 189 mAh g
Ti3CaT, network 5lBs 002 4g7 50 246 mAh g [47]
TisC,T, network Sigs 01ag? 300 160 mah g [48]
Ti3C; T, nanoribbons SIBs 0.05Ag! 200 113 mah gt Moz
02Ag! 500 53maAh g’
Ti3CaTfTiQ:rGO  cellulose aerogel SIBs 1ag?! 2000 =105 mah g~ no3]
Ti3C,T,/Sb,0; network slBs D05 AgT 50 470 mAn g! o4
01Ag! 100 472 mAh g!
Ti;C, T, FeS, network sles 01Ag 100 563 mAh g”! [89]
sag! 100 291 mAh g
TisCaT,f MiCoP network 5lBs 01Ag! 100 3748 mAh g [105]
1ag? 2000 2617 mAh g
Flower-like TiyC;T,/VO; SIBs 01Ag! 200 280.9 mah g [108]
1Ag" 200 =240 mAh g!
Ti;CaT,/PODA-NPCN network SIBs 01Ag’ 300 3584 mAh g [14a]
1ag" 2000 2522 mah g
2ag] 2000 1512 mAh g’
TiyC;T, nanoribbons PIBs 0zag! 500 47 mAh g [107]
Porous TizCT, film MIBs 1C 60 =50 mAh g1 [21q]
TisCaTofCNT netwark LSBs 0.5C 1200 =450 mAh g’ [52c]
TizCT,/ CNT network LSBs 0.5C 1200 =450 mAh g”!
TisCMNT,f CNT network LSBs 05C 1200 =450 mAh g’
TizCaT, G0 aerogel L5Bs 01c 30 E79 mAh gl [40b]
1C 500 596 mAh g
N-TiyCT, network LSBs 02c 200 950 mAh g [115]
TizCNT,/ mesoporous carbon network L5Bs 05C 300 704.6 mAh g [120]
Ti;CNT,/ MnO; aerogel L5Bs 1C 500 501 mah g nai
Ti3C3T, nanoribbens-TisC;T,/ PP LSBs 05C 50 611 mAh g! moq




still depicted a reversible specific capacity of 762 mAh g,
which was much higher than pure FeS, (128 mAh g' after
100 cycles) and Ti;C,T, MXene (161 mAh g! after 100 cycles)
(Figure 7f).*¥ The significant enhancement of the electrochem-
ical performance can be ascribed to the large surface area and
superior electrical conductivity of the unique 3D FeS,@Ti,C,T,
heterostructure. SnQ; is another attractive electrode material
because of its high theoretical capadity (782 mAh g™'), nontox-
icity, low cost, facile preparation, and good chemical stability.*
Attributing to 3D Ti;C; T, conductive network and protective
carbon layer, the as-prepared 3D SnO,@C/Ti;C,T, aerogel
framework delivered a high inital capacity (1314 mAh g)
and a reversible specific capacity up to 520 mAh g after 1000
charge-discharge cycles at 1 A g!. Even at 10 A g, it still
achieved a reversible specific capacity of 205.6 mAh g!, with
a discharge capacity of 169 mAh g™ and a Coulombic efficiency
of 99.5% after 1000 cycles.™ 3D CoO/Co,Moy0s@Ti;C, T,
frameworks prepared by electrostatically assembling of the
negatively charged MXene and the positively charged layered
double hydroxide, also presented a high reversible capacity
of 9474 mAh g! at 0.1 A g, remarkable rate behavior with
4358 mAh g' retained at 5 A g, and good stability over
1200 cycles (545 mAh gt at2 A g )P

3.3. Sodium-lon Batteries

LIBs are being widely used in portable electronic devices and
large-scale grids storages, which however could be greatly ham-
pered by limited available lithium resources, rising cost, and
safety issues. Sodium-ion batteries (SIBs) are regarded as a
promising alternative to LIBs because of their rich abundance,
low cost, high energy density approaching to LIBs, and similar
redox potential (g, ..=-271v vs SHE, E_  .=-3.04V vs
SHE)."¥ Unfortunately, the ionic radius of sodium ion (1.02 A)
is larger than lithium ion (0.76 A), resulting in a totally different
electrochemical behavior of 5IBs from LIBs. For example,
sodium ions even cannot be intercalated into commercially
available graphite anodes due to insufficient interlayer space.I*¥

With flexible interlayer space and high conductivity,
MXenes can accommodate ions with various sizes, showing
great potential for high-performance SIBs applications.["®
In fact, theoretical studies also suggest that sodium ions can
be electrochemically intercalated/deintercalated intofout of
the TiyC,T, lattice (Figure 8a). This reversible process occurs
via a two-phase transiton and solid-solution reaction, with a
low diffusion barrier (about 0.41 eV).I*®! Ex situ NMR spectra
during the initial two cycles further proved that, rather than
the solvated sodium ions adsorption, desolvated sodium ions
intercalation is the main electrochemical reaction accounting
for sodiation of TiyC,;T. (Figure 8b). The interlayer distance
remained unchanged during the whole secdiation/desodiation
process due 1o the pillaring effect of trapped sodium ions and
the swelling effect of penetrated solvent molecules between the
Ti,C,T, nanosheets. Overall, these effects resulted in high cycle
stability and fast sodium ions diffusion.””! Moreover, the theo-
retical capacity of nonterminated Ti:C; MXene was reported
to be 351.8 mAh g "8 which is very close to that of the

commercial graphite for LIBs (372 mAh g )" Nevertheless,
the stacking of MXene nanosheets leads to limited active sur-
face area and thus weakened electrochemical performance '™
As mentioned before, designing a 3D porous electrode struc-
ture can effectively conquer this issue and favor enhanced
sodium-ion storage capability. Taking the PMMA-templated
macroporous MXene films as an example, the freestanding,
flexible, and highly conductive 3D Ti;C;T,, V,CT,, and Mo,CT,
film electrodes exhibited reversible capacities of 330, 340, and
370 mAh g' at a charging rate of 0.25 C, respectively. At a high
current rate of 25 C, the 3D Ti,C,T,, V,CT, and Mo,CT, still
retained capacities of 120, 125, and 170 mAh g, respectively
(Figure 8c). Moreover, all 3D MXene films were stable during
the entire 1000 cycles, with a Coulombic efficiency close to 100%
(Figure 8d).1*"*l These values were significantly better than the
values obtained on stacked MXenes, #9101 demonstrating
once again the advantages of 3D electrode architecture. Besides,
sulfur-templated 3D macroporous Ti;C,T, MXene film,#! acid
or alkali-induced 3D TiyC,T, foam,¥*¥ alkalized 3D Ti,C,T,
nanoribbon™? and freeze-dried 3D rGO/Ti,C,T,/cellulose
aerogel'! all showed improved SIBs performance over the
stacked MXenes, due to their more abundant ion access/elec-
tron transport channels and richer exposed active surface area
{Table 2).

By introducing other electrochemically active materials,
the sodium storage performance of 3D MXenes could be
further enhanced. 3D Sb;04/TiyC,T, composite with ShyO,
nanoparticles (sub-50 nm) uniformly incorporated in 3D
Ti;C,T, networks, presented a good structural stability and
superior electrochemical performance in SIBs."™! This was
characterized by a high reversible capacity of 444 mAh g
at 50 mA g", an excellent rate performance with a capacity
of 295 mAh g'at 2 A g, and an enhanced cycling perfor-
mance without capacity decay after 100 cycles at 100 mA g
This remarkable performance can be attributed to three fac-
tors: 1) Sh,0; nanoparticles serve as sodium ion reservoir;
2) 3D Ti;C,T, networks provide highly efficient pathways
for transport of electrons and sodium ions; and 3) Ti;C,T,
nanosheets buffer the volume expansion of Sb,0; during
sodiation/desodiation. Benefiting from the 3D conductive
network, close contact between electrode and electrolyte, and
rich redox reaction sites, the 3D Tiy;C;/NiCoP electrode also
delivered high specific capacities of 416.9, 364.9, 3076, 278.1,
and 240.1 mAh g'at 0.1, 0.2, 0.5, 1 and 2 A g, respectively,
which is much higher than that of the TiyC,T, electrode
(Figure 8e—g).l"! A similar synergistic effect was observed
as well for VO,/Ti,C;T,'! and Nay 3 TiO,/ Ti,C, T com-
posites with 3D architecture, which demonstrated remark-
ably improved sodium-ion storage performance. Moreover,
by integrating FeS; on 3D Ti;C,T,, better electrochemical per-
formances than 3D MXene/oxides composites were obtained,
including high specific capacity of 665 mAh g at 0.1 A g7,
excellent rate capability with 334 mAh g' at 2 A g! and
outstanding cycling stability.® Nevertheless, the electrochem-
ical performance of 3D MXene architectures in 51Bs is inferior
to that in LIBs, mainly due to the larger ionic radius of sodium
ions caused lower adatom content and more sluggish kinetics,
in both MXenes and MXene-based composites. 95104
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Chemistry.

3.4. Metal-lon Batteries Beyond Lithium and Sodium

In addition to lithium ions and sodium ions, other metal ions
with different sizes and valences, such as potassium, magne-
sium, calcium, and aluminum ions can also be intercalated into
2D MXenes.'"™1% Combining with the metallic conductivity
and oxide-like surface functional groups, MXenes hold great
promises for non-lithium and non-sodium batteries. Addition-
ally, first principle simulations suggest that oxygen-terminated
MXenes can deliver very high theoretical capacities for lithium,
sodium, potassium, magnesium, calcium and aluminum-ion
batteries (Figure 9a), and the formation of an additional metal
layer predicted for lithium and other ions would lead to a dou-
bling of the capacities.”*#4!

For instance, potassium-ion batteries (PIBs) based on 3D
poly(diallyldimethylammonium chloride) modified N-rich
porous carbon nanosheets/Ti;C, (PDDA-NPCN/Ti;C,) hybrids
(Figure 9b,c) delivered a high reversible capacity of 526.6 mAh g~
at 0.1 A g, which is much larger than exfoliated Ti;C,
(ex-TizCy) (172.3 mAh g') and PDDA-NPCNs (3873 mAh g)
(Figure 9d). Its rate capability and long-term stability were also
excellent, showing a high reversible capacity of 191.2 mAh g at
2 A g' and only 0.03% degradation per cycle within 2000 cycles
at 1 A g (Figure 9e,f)."*l Most likely, this optimal electro-
chemical performance can be auributed to enlarged interlayer
spacing, unique 3D porous interconnected conductive network
and abundant utilization of active sites in electrostatically self-
assembled 3D PDDA-NPCN/Ti;C, hybrids. 3D MXenes also
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showed promising results for magnesium-ion batteries (MIBs).
Templated 3D macroporous Ti;C,T, films could deliver high
capacities of =210, =140, and =55 mAh g'at0.5C,1C,and 5 C,
respectively (Figure 9g).!?'! The charge-storage mechanisms
for Ti3C;T, in MIBs system possibly combine both intercala-
tion and conversion processes. However, the conversion-type
charge storage is irreversible due to a large activation barrier
to recharge Mg-containing compounds like MgO, as suggested
by the disappearing of the plateau at 0.9/1.9 V after 20 cycles
(Figure 9h). As a result, the capacity of 3D macroporous Ti,C,T,
electrode was reduced from 170.5 mAh g™ at the first cycle to
=140 mAh g™ during the following several cycles, and finally
stabilized at =50 mAh g (Figure 9i).

3.5. Lithium—Sulfur Batteries

Lithium—sulfur batteries (LSBs) have gained considerable atten-
tion in recent years because of their ultrahigh theoretical energy
density (2567 Wh kg, also abundance, low-cost and ecofriendly
characteristic of the active material (i.e., sulfur)."” Neverthe-
less, LSBs are still suffering from several critical issues that
hinder their practical applications, such as the poor electrical
conductivity of sulfur (5 x 103°Scm™ at 25°C),""¥ the dissolu-
tion of lithium polysulfides (LPSs) (Li,S,, 4 < x < 8) in organic
electrolytes,™? and the large volume expansion of cathode
(=80%) during cycling""™ Especially the migration of dis-
solved LPSs between cathode and anode, also called the internal
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“shuttle effect.” This significantly weakens the performance of
LSBs as it leads to the corrosion of Li anode and the passivation
of cathode, resulting in poor Coulombic efficiency, short cycle
life, significant self-discharge, large active mass loss, and obvious
capacity fading"3 To address this issue, physical adsorption
approaches using high surface area materials have been widely
employed I""™11214] Carbons, with large effective surface area,
can adsorb LPSs and effectively improve the electrical conduc-
tivity of sulfur cathodes, offering the as-fabricated LSBs very high
capacities. However, the weak physical interactions between non-
polar carbon and polar polysulfide intermediates, results in irre-
versible loss of active materials and serious capacity fade during
long-term cycling."! In comparison, bonding the LPSs with host
materials through strong chemical interactions, such as metal-
sulfur bonding"*®! and polar-polar interaction,"”! appears to be a
more effective strategy to suppress the polysulfide shutte effect.
Theoretical calculations and X-ray photoelectron spectros-
copy analysis suggest that MXenes can strongly bond with LPSs
through dual polysulfide adsorption mode: 1) reaction of ter-
minal hydroxyl groups with LPSs, forming thiosulfate surface
species, and 2) Lewis acid-base interactions between exposed
titanium atoms and additional LPSs (Figure 10a—c).5%!181 As

a result, a compact §/Ti,C composite cathode with 70 wt%
sulfur loading showed a great stability with 723 mAh g! after
650 cycles at 0.5 C (1 C = 1675 mA g'), corresponding 1o a
decay rate of 0.05% per cycle."*®!

By interweaving CNTs in between MXene layers and con-
structing 3D porous architectures, the electrochemical perfor-
mance of the S/MXene composite cathode was further improved.
This porous, electrically conductive network (Figure 10d) with
high LPSs adsorption capability, led to an excellent long-term
cycling performance with an ultralow fading rate of 0.043%
per cycle for up to 1200 cycles (Figure 10e). This outstanding
performance was resulted from the larger specific surface area
and exposed active sites in CNT/MXene composites. In addi-
tion, a stable performance was also achieved for practical high
mass loading electrodes, up to 5.5 mg cm™? sulfur*? Simi-
larly, rGO,#¥® 1 mesoporous carbon,'™ and MnO,"?!l were
also employed to prevent the restacking of MXene nanosheets
and offer assistance in trapping LPSs, by constructing 3D
architectures. For example, freeze-dried 3D Ti,C,T,/rGO
aerogel could deliver a high capacity of 1270 mAh g™ at 0.1 C,
an extended cycling life up to 500 cycles with a low capacity
decay rate of 0.07% per cycle, and a high areal capacity of



PisTatada'aa s
et eateatastagrs atatatate

BRI TR IR IR IR IR IR I m A

5 \ 20 nm
% 80 ” ,
G 90 /
40 4
g 20 - AV=162V /
e g
$-20- AV=1.58 V ——=
v

T 40+ -
E-SO- — CoP@3D Ti,C,-MXene/CP
8-&0 / — PUCICP — RuOJCP — CP

02 04 00 12 13 14 15 16 1.7

Potential / V vs. RHE

e
19 I 100 g 24 1F
2 @ 13 —— CoP@3D Ti,C,-MXene/CP (+, -) ~—— CoP/3D Ti,C,-MXene/CP (+, -)
E § 3 o 80 =——RuO,/CP (+) !l PUCICP () 201 —RuO,/CP (+) /I PUCICP (-)
- g = S19]  —CoP/D TiC,MXeneiCP (+, -)
g ~ 604 S
e 17 ; g ; % S1.3-
" [ 100 mA em™

g < 404 5
< 3 =1.7+ S ———
g °
% 164 & g 204 °'1.3, 10 mA em?
g ‘=_ ................................................

154
& - 013 1.4 15 16 1 T 4 6 B 140 142 144 146 148 150
Catalysts ; 3 2 ; 0 4 6 140 142 144 146 148
by Potential / V Time/h

Figure 11. 3D MXene architectures for electrocatalysis. a) Schematic of the transition metal anchored on Cr;CO; MXene surface as bifunctional catalyst
for overall water splitting. The adsorbed states for reactions include *H, *O, *OH, and *OOH species. The blue, red, brown, green, and light pink
balls represent the Cr, O, C, Ni, and H atoms, respectively. Reproduced with permission.'?2 Copyright 2018, American Chemical Society. b) SEM
image of CoP@3D Ti;C,T,~MXene architecture. c) Enlarged transmission electron microscopy image revealing the uniform dispersion of ultrafine CoP
Nanoparticles on the surface of 3D MXene architecture. d) Steady-state polarization curves of various catalysts for OER and HER in 1 M KOH (CP:
carbon paper). e) A comparison of CoP@3D Ti;C,T,~MXene catalyst with the state-of-the-art nonprecious bifunctional catalysts in the voltage required
to reach 10 mA cm? for overall water splitting in KOH. f) The two-electrode polarization curves at a scan rate of 10 mV s~ for overall water splitting in
1M KOH. g) Chronopotentiometric response of the devices in 1 M KOH. Reproduced with permission.[”! Copyright 2018, American Chemical Society.

5.27 mAh cm2M%l A self-assembled 3D MnO,@Ti;C; aerogel
with high specific surface area and mesoporous structure,
also exhibited a high active-sulfur utilization (initial discharge
capacity of 1140 mAh g™), good rate capacity (reversible capacity
of 615 mAh g at 2 C), outstanding specific discharge capacity,
and superior capacity retention (only 0.06% capacity decay
per cycle over 500 cycles at 1 C, even at sulfur loadings up to
37 mg cm )2l Heteroatom doping was also attempted in
order to strengthen the interaction between LPSs and MXene-
based hosts. A 3D nitrogen-doped Ti;C;T, (N-Ti;C,T,) MXene
(Figure 10f inset) showed effective adsorption for LPS and
thus delivered an excellent electrochemical performance
(Figure 10f,g). A high capacity of =550 mAh g' after 1000 cycles
at 2 C is by far much better than that of the mechanically-mixed
Ti;C,T,/S composites without 3D structure and modified sur-
face (Figure 10h)."™! The electrochemical performances of 3D
MXene architectures for rechargeable batteries are summarized
in Table 2.

4. 3D MXene Architectures for Energy Conversion
Applications

Electrocatalysis, e.g., the electrochemical splitting of water
into H; and O, (Figure 11a), plays a key role in sustainable
and clean energy conversion, which is essential for addressing
the on-going climate change and fossil fuels depletion.'%]
Developing high-efficiency and low-cost catalysts are of great
importance for realizing the scalable application of electro-
catalysis."”’l Since Mo,CT, MXene was demonstrated to be
an efficient electrocatalyst for HER,"*! various MXenes and
MXene-based composites have been thoroughly studied as
electrocatalysts through combined theoretical and experi-
mental approaches.I'213523125] For example, owing to the
strong covalent interactions, Pt-Mo,TiC;T, catalyst with single
Pt atoms immobilized on Mo,TiC,;Ty was proved to exhibit
a mass activity 40 times superior to the commercial Pt/C
catalysts.!"”3 Ti;C,T, MXene nanosheets also showed high



activity towards ammonium electrosynthesis, achieving a high
faradic efficiency (5.78%) at an ultralow potential of —0.2 V
versus RHE.[23H]

In fact, MXene meets the three key requirements for a cata-
lyst, activity, accessibility of active sites, and conductivity. Fur-
ther catalysis improvement can be considered by dispersing
active materials in 3D porous structures.!" ¥ Thus, 3D nano-
structured MXenes are among the most promising candidates
for catalysis operations because of their high electrical con-
ductivity, large active surface area, abundant surface groups,
and wide structural variety. For example, a capillary-forced
assembled CoP@3D Ti;CrMXene (Figure 1lb.c) exhibited
accelerated charge and mass transport through an isotopi-
cally broadened pathway, and a possible synergetic particle—
MXene interaction. The CoP@3D Ti;Cr-MXene composite
delivered high electrocatalytic activity toward HER and oxygen
evolution reaction (OER) in KOH (Figure 11d), resulting in
superior overall-water-splitting activity and stability to the
combination of precious Pt and RuO, catalysts, among others
(Figure 11e—g)."" In addition, other 3D MXene-based catalysis,
such as N-CoSey/3D-Ti;C,T,."™ 3D nickel-iron/Ti,C,,"** 3D
Ti3Cy/Ti0; nancflowers!™ and 3D FeNi-LDH/Ti;Cp" have
also been developed and exhibit excellent electrocatalytic perfor-
mance, demonstrating the promising potential of 3D MXenes
in electrochemical energy conversion.

5. Summary and Perspectives

This review summarizes the recent progress in the preparation
of 3D MXene architectures and their application in electro-
chemical energy storage and conversion. Various preparation
methods, including template, assembly, 3D printing, and other
routes, have been developed for manufacturing different kinds
of 3D MXenes and their nanocomposites. Since the restacking
of MXene nanosheets is effectively inhibited in these 3D archi-
tectures, Imore active sites are exposed for electrochemical reac-
tions. The 3D porous structure and high electrical conductivity
also offer interpenetrating pathways for highly efficient elec-
trons and ions transport. As a result, 3D MXene architectures
exhibit enhanced performance in terms of electrochemical
energy storage and conversion compared to their bulk counter-
parts and even with other 2D materials.

Despite intensive research efforts and considerable progress
o date, several key points remain to be addressed. First, the
rational design and precise control over the pore morphology,
including size and wall thickness. In fact, various 3D MXene
architectures have been successfully synthesized, but they are all
depicting unordered macroporous structures with uncontrollable
wall thicknesses. Second, the poor scalability related to the pro-
duction of elaborate 3D MXene architectures. Unforunately, the
mostly employed methods for constructing 3D MXene architec-
tures still suffer from complicated procedures, limited produc-
tion or toxic chemicals. Third, regarding the chemical composi-
tion, current efforts mainly focused on the hybridization of 3D
MZXenes with inorganic and carbon components, few organics
have been introduced. Given that the diversity, multifunction-
ality and molecular level tailorability of organics, the integration
of organics into 3D MXenes will become an important futre

direction for 3D MXene architectures that leads to other new
applications or breakthroughs. Fourth, the low density of 3D
MXene architecrures, as a result of abundant macropores, inevi-
tably leads to low volumetric performance. Rational mechanical
compression and pore structure design would be helpful for
eliminating most waste void space and increasing the packing
density of electrodes. Fifth, most of current 3D MXene archi-
tectures are constructed from TiyC,T,. Considering the diverse
properties of different MXenes, the exploration of 3D MXene
architectures based on other types of MXenes, such as Mo;T-
iC,; T, NbyG,T,, and Ta,C,T,, may lead to new developments in
the field of electrochemical energy storage and conversion.

To summarize, due to their optimal physicochemical proper-
ties, 3D MXene architectures offer a plethora of new possible
and exciting applications. Fast-paced developments in fabrica-
tion methods, along with the synthesis techniques, will result
in greater breakthroughs and realize commercialization in the
near future.
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