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Assembling two-dimensional (2D) materials into functional three-dimensional (3D) structures can
enable their use in a wide variety of applications. For energy storage devices, 3D electrodes with high
ionic and electronic transport properties and decent mechanical properties are expected to prompt the
fabrication of the next generations of devices with high energy and power densities. Herein, we report a
simple, efficient, and scalable process based on unidirectional freeze casting to fabricate ordered and
porous 3D aerogels from 2D Ti3C2Tx MXene flakes. The fabricated aerogels show excellent mechanical,
electrical, and electrochemical properties. Our studies show that the processing conditions significantly
affect the properties of MXene aerogels. The electrical conductivity and mechanical properties of
fabricated aerogels directly correlate with their structural features. The mechanical test results showed
that MXene aerogels with ordered structures could withstand almost 50% of strain before recovering to
their original shape and maintain their electrical conductivities during continuous compressive cycling.
As electrode materials for lithium-ion capacitors, the fabricated aerogels delivered a significantly high
specific capacity (~1210 mAh/g at 0.05 A/g), excellent rate capability (~200 mAh/g at 10 A/g), and
outstanding cycling performance. We believe that the MXene aerogels with ordered structures have
promising properties for a broad range of applications, including energy storage devices and strain
sensors.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Assembling two-dimensional (2D) materials into functional
three-dimensional (3D) structures can enable applications of these
materials in various fields. 3D aerogels, hydrogels, and foams
fabricated by the assembly of 2D materials show interesting
physical properties, such as high specific surface areas, high po-
rosities, low densities, and interconnected conductive networks
[1e3]. Therefore, materials with 3D structures, such as aerogels,
have shown promising performances for a range of applications,
including catalysis [4], stretchable electronics [5,6], supercapacitors
[7e9], hydrogen storage [10], and environmental protection [11].
However, further implementation of aerogels based on 2D mate-
rials for functional applications is dependent on addressing various
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challenges specific to each application. For energy storage appli-
cations, such as electrodes of batteries and electrochemical capac-
itors, one of the main challenges is engineering the structure of
aerogels to enhance their ionic and electronic transport and me-
chanical properties to meet practical usage requirements. Another
critical challenge is the fabrication of aerogels using materials with
intrinsically higher electronic conductivities and electrochemical
performances.

In the past few years, much research has been dedicated to
improving the properties of electrodes used in batteries and
supercapacitors by understanding their structureeproperty re-
lationships [12,13]. For aerogel electrodes based on 2D materials,
controlling the porosity and the density of the electrodes to
improve ionic and electronic properties has been a major theme of
research as these properties can be readily controlled by changing
processing conditions [14]. Further improvement of these proper-
ties can be achieved by controlling the orientation and the inter-
connected network of 2D sheets in the structure of aerogels, which
is significantly more challenging. Herein, we report a general
strategy based on unidirectional freeze casting to fabricate 3D
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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freestanding MXene aerogels with excellent mechanical, electrical,
and electrochemical properties. The developed process is free of
cross-linker or functionalization agents and offers control over the
alignment of the 2D flakes in the fabricated 3D aerogels structure.

MXenes were first discovered by Naguib et al. [15] in 2011, and
since then various members of this compositionally diverse family
of 2D materials have shown excellent properties for applications
such as energy storage and conversion, membrane separation,
sensors, electromagnetic interference shielding, and many other
applications [12,16e21]. MXenes are recognized with a general
formula of Mnþ1XnTx where ‘M’ is a transition metal (such as Ti, V,
Cr), X is C and N, Tx represents surface functional groups (O�, OH�,
and F� which are randomly distributed), and n is an integer be-
tween 1 and 4. MXenes are synthesized by selectively etching A-
layer atoms (where A is a group 13 or 14 elements such as Al, Si, Ga)
from the structure of layered MAX phases with the general formula
of MnAXn�1, where M, X, A, and n are the same as described above
[16]. The functionalized transition metal layer at the surfaces of
MXene show oxide/hydroxide like properties and are redox-active,
while the metal carbide inner layers of MXene show high con-
ductivities and facilitate electron transport to electrochemically
active sites [16]. The 2D layered structure of MXenes can be inter-
calated with water, organic molecules, and inorganic/organic ions,
which often results in increased interlayer spacings of MXenes and
improved ionic transport properties [16,22].

Freeze-casting has been widely used in fabrication of free-
standing 3D macroporous structures based on 2D materials such
as graphene and boron nitride [23e26]. This method consists of
two key steps: freezing and freeze-drying. In the freezing step, a
precursor suspension, which is composed of a liquid solvent and
solute particles, is frozen inside a mold to provide the desired
shape. During freezing, the solute particles are rejected by
growing crystals of solvent, which results in a tightly packed
network of solute particles. With the applied low temperature
and pressure during the freeze-drying step, solidified solvent
crystals are sublimated, and a porous structure whose
morphology is a replica of the solvent crystals is obtained
[27,28]. Growth of the solvent crystals can be oriented with a
temperature gradient, as seen in unidirectional and bidirectional
freeze casting to obtain aligned micro porosities [29]. Unidirec-
tional and bidirectional freeze casting methods have been pre-
viously used to fabricate freestanding 3D aerogels made from
pristine Ti3C2Tx [30,31]. However, so far, the focus of these
studies has been on the performance of MXene aerogels for
electromagnetic shielding applications. A comprehensive under-
standing of the relations between freeze casting conditions and
the morphology of the Ti3C2Tx aerogels and their mechanical,
electrical, and electrochemical properties is missing.

Ti3C2Tx, the first discovered MXene, has been extensively stud-
ied for electrochemical energy storage applications and has shown
the potential to intercalate cations of different sizes and charges
[12,15,22,32e37]. Several previous studies have explored strategies
to improve the performance of Ti3C2Tx electrodes tested in batteries
and electrochemical capacitors by the design and synthesis of
materials and electrode structures with enhanced ionic and elec-
tronic conductivities. These include hybridization of Ti3C2Tx with
other nanomaterials such as carbon nanotubes (CNTs) [9,38] and
various polymers [19,39e41], or synthesizing porous Ti3C2Tx flakes
[42]. Also, electrodes with 3D structures such as aerogel films and
structures formed by crumpled MXene flakes have been fabricated,
and their improved ion accessibility has been reported [43]. How-
ever, the vast majority of studies on the electrical, mechanical, and
electrochemical properties of various MXenes have been limited to
freestanding films or thin films deposited on a substrate
[7,16,17,20,38,42,44e47].
2

In this article, the effect of process parameters such as freezing
temperature and dispersion concentration on the microstructure of
MXene aerogels and their mechanical, electrical, and electro-
chemical properties are reported. A unidirectional freeze casting
process was employed to control the alignment of theMXene flakes
in the aerogel structure. It was found that aerogels fabricated by
freeze casting at �70 �C using a colloidal dispersion of Ti3C2Tx with
a concentration of 9 mg/mL can be fully recovered from 50% of
compressive strain. As expected, the currentevoltage curves of the
fabricated aerogels showed that their electrical conductivities
follow the Ohm's law. The measurements of electrical resistance
under cyclic loading confirmed the excellent electro-mechanical
properties of MXene aerogels and their significantly robust struc-
tures. To examine their electrochemical properties, we studied the
performance of MXene aerogels as electrodes of Li-ion capacitors
and found that the microstructure of aerogel electrodes has an
immense impact on their specific capacity, rate capability, and
cycling performance. The properties of MXene aerogels with
aligned MXene flakes demonstrate their high potential for a range
of applications, including energy storage devices and strain sensors.

2. Experimental

2.1. Preparation of Ti3C2Tx colloidal dispersions

The dispersions of Ti3C2Tx in water were prepared based on a
previously reported method [48]. Briefly, concentrated hydrochlo-
ric acid (HCl, ACS Grade, BDH) solutionwas diluted with DI water to
obtain 20 mL of 9 M HCl solution. About 1 g lithium fluoride (LiF,
98þ% purity, Alfa Aesar) was added to the solution and stirred for
10 min using Teflon coated magnetic stir bars at room temperature.
Then, 1 g of Ti3AlC2 powder was slowly added to the solution (to
prevent overheating). The mixture was transferred to a hot bath
and kept at 35 �C for 24 h while stirring. The mixture was then
washed several times with DI water and centrifuged at 3500 rpm
until the pH of the supernatant reached ~6. TheMXene powder was
collected, redispersed in water, and tip sonicated (Qsonica Q700)
for 1 h with a power of 35 W. The resulting dispersion was
centrifuged at 3500 rpm for 1 h, and the supernatant was collected
and used as the base material.

2.2. Unidirectional freeze casting

The Ti3C2Tx aerogels were prepared by a unidirectional freeze
casting process. This technique generally consists of freezing the
liquid dispersion on a cold plate and then freeze-drying. Three
Ti3C2Tx dispersions with concentrations of 9 mg/mL, 7 mg/mL, and
5 mg/mL were prepared. Each dispersion (1.4 mL) was poured in a
cylindrical aluminum foil mold with a diameter of 15mm, placed on
a cold plate, and was kept there at the desired freezing temperature
for 30 min for sufficient freezing. Then, the frozen samples were
transferred to a �70 �C freezer and kept there for 24 h. Repeating
the same procedure, the temperature of the cold platewas adjusted
to �50 �C and �30 �C to prepare the second and third batches,
respectively. Finally, all the frozen samples were transferred to
a �35 �C freeze-dryer connected to a running vacuum pump
(0.2 Pa) to prepare the Ti3C2Tx aerogels.

2.3. Material characterization

The microstructures of the aerogels were studied using a scan-
ning electron microscope (SEM, HELIOS nanolab 600i, FEI). X-ray
diffraction (XRD) was carried out on a Rigaku Smart Lab (Tokyo,
Japan) diffractometer using Cu Ka radiation (40 kV and 44 mA) and
step scan 0.02�, 3�e20� 2 theta range, and step time of 0.5 s.
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Nitrogen adsorptionedesorption (Quantachrome, NOVA 2000,
Boynton Beach, FL, USA) was used to obtain surface area and pore
size distribution via the BrunauereEmmetteTeller (BET) method. A
digital material testing device was used for performing the
compression tests (Shimadzu Universal Testing Machine). All the
compression tests were performed with a constant compression
rate of 1 mm/min. The VeI plots for obtaining the electrical con-
ductivity properties of the MXene aerogels were measured using a
CHI 760D electrochemical workstation (CH Instruments, Austin,
TX). The electrochemical properties of samples were tested in
standard coin cells (CR-2032, MTI, Richmond, CA, USA). The Ti3C2Tx
freestanding films (punched) or Ti3C2Tx aerogels (cut and pressed
between two glass slides using a 150 g weight) were placed on
copper current collectors and tested as working electrodes. The
reference and counter electrodes were lithium metal foil. A poly-
propylene membrane (Celgard, Inc., Charlotte, NC) was used as the
separator. The electrolyte was 1 M lithium hexafluorophosphate
solution in ethylene carbonate and diethylcarbonate (1.0 M LiPF6 in
EC/DEC:50/50 (v/v)). Cyclic voltammetry (CV) was conducted at
scan rates of 0.2 mV/s using a potentiostat (Biologic VMP3). The
coin cells were tested in a galvanostatic mode within the voltage
range of 0.01e3.01 V with respect to Li, using a battery tester
(LANDT, China). Galvanostatic cycling was performed at current
densities from 0.05 to 10 A/g. The mass loading of the working
electrodes was 0.7e2 mg/cm2.

3. Results and discussion

The process used for the fabrication of 3D MXene aerogels is
schematically shown in Fig. 1a. MXene dispersions with known
concentrations were poured into aluminum foil molds and were
frozen by placing the molds on a cold plate with a precisely
controlled temperature. Different freeze casting parameters,
including casting temperature and dispersion concentration, were
studied to find the optimal condition for Ti3C2Tx aerogel synthesis.
In unidirectional freeze casting, the temperature gradient between
the cold plate and MXene dispersion is the driving force for the
nucleation and directional growth of ice crystals from the bottom of
the mold to its top [28]. During their growth along the temperature
gradient, the ice crystals are ordered in submillimeter lamellar
domains (shown in Fig. 1b and c). The MXene sheets are expelled
from the freezing dispersion to the spaces between the ice crystals
[49]. After the completion of the freezing step, MXene aerogels
were fabricated by sublimation of the ice by a freeze-drying pro-
cess, and the pores replicate the lamellar pattern of the ice. The
microstructure of the aerogels fabricated through this process
showed that MXene flakes are well aligned along the temperature
gradient during the freezing process (Fig. 1c). The density of the
fabricated MXene aerogels were in the range of 5.5 mg/cm3 to
11.3 mg/cm3, depending on the concentration of the dispersion
used in the process. The fabricated aerogels were ultralight; they
could be placed on a flower without any deformation of the plant
fibers (Fig. 1d). Fig. 1e shows a transmission electron microscope
(TEM) image of a representative single-layer Ti3C2Tx flake used in
the aerogel fabrication. In addition, atomic force microscopy (AFM)
images and XRD patterns of synthesized Ti3C2Tx are shown in
Fig. S1 in the electronic supplementary information showing the
initial solution contains MXene single flakes with an average size of
0.3 mm, and there is no new phase formation during the freeze-
casting process.

The effects of fabrication conditions on the MXene aerogels
microstructure were studied by comparing the top and cross-
sectional SEM images of various aerogels fabricated using 5, 7,
and 9 mg/mL dispersions with freezing temperatures
of �30 �C, �50 �C, and �70 �C. The SEM images comparing the
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effects of fabrication conditions are summarized in Fig. 2. A more
comprehensive presentation of SEM images of various samples can
be found in Fig. S2. The top-view SEM images of aerogels, shown in
Fig. 2a, c, and e, as well as Fig. S2, showed that theMXene sheets are
ordered in individual domains, and cross-sectional SEM images of
the microstructures shown in Fig. 2b, d, and f, confirmed the
alignment of the MXene sheets along the temperature gradient
(from bottom to top).

The SEM images also showed the dependence of the micro-
structure of aerogels on the concentration of the dispersions used
in their fabrication and the freezing temperature. For a fixed con-
centration, the aerogels prepared at lower freezing temperatures
showed a morphology that consists of submillimeter domains with
well-aligned MXene sheets inside each domain, while the samples
prepared at higher freezing temperatures showed less ordered
structures (Fig. 2c and e). The difference in the microstructure can
be related to the fact that at a lower freezing temperature, the ice
crystals grow faster with smaller initial crystal nucleates, leading to
the formation of thinner crystals in the MXene dispersion [50]. The
thinner ice crystals also resulted in finer pores in the resulting
aerogels, as shown in Fig. 2e and f, and higher surface area
confirmed with BET surface area analysis (Fig. S3). The surface area
based on the density functional theorymethodwas calculated to be
162.98 m2/g, 266.14 m2/g, and 296.45 m2/g for samples fabricated
at �30 �C, �50 �C, and �70 �C, respectively. The SEM images
showed that the aerogel fabricated using the most concentrated
MXene dispersion (9 mg/mL) and lowest freezing temperature
(�70 �C) has a more uniform structure with distinguishable aligned
MXene walls. However, the aerogel structures showed less unifor-
mity and alignment when the concentration of dispersion was
decreased or freezing temperature was increased. The observed
differences in the microstructures suggested that the aerogels
fabricated using dispersions with higher concentrations and at
lower freezing temperatures show better structural integrity, more
aligned flakes, and finer pore structures, which can positively
impact themechanical, electrical, and electrochemical properties of
the aerogels. Understanding the mechanical properties of fabri-
cated aerogels can help to evaluate their potential for various ap-
plications, where good mechanical properties are required.

Previously, Lipatov et al. [51] investigated the elastic properties
of Ti3C2Tx mono- and bilayer sheets and reported that the effective
Young's modulus of single-layer Ti3C2Tx (0.33 TPa) is the highest
among previously studied solution-processed 2D materials.
Experimental characterization of the mechanical properties of
MXenes has also been performed on cylindrical samples made by
rolling MXene films (prepared by vacuum-assisted filtration) by
Zheng et al. [7], demonstrating that a MXene film with a thickness
of 5 mm can support ~4000 times its weight. The mechanical
properties of MXene aerogels in this study were characterized by
conducting monotonic uniaxial compression tests and measuring
the compressive stress (s) as a function of strain (ε) [52e55].

The uniaxial compression tests were performed on aerogel
samples prepared at different freezing temperatures using disper-
sion with different concentrations, as mentioned previously. The
results of in-plane compression tests of samples are summarized in
Fig. 3. The stressestrain curves contain five stepped compression
cycles with strain magnitudes of 10%, 20%, 30%, 40%, and 50% in
sequence. The starting compression point of each cycle was the
same and equaled the original height of the sample [56]. Interest-
ingly, the stressestrain curves show that some of the fabricated
aerogels can withstand almost 50% of strain and then recover to
their original shape, demonstrating that for some processing con-
ditions, the Ti3C2Tx aerogels have a good compression capability
and strain memory effect.



Fig. 1. (a) Schematic demonstration of the aerogel fabrication process. (bec) Top view and cross-sectional view SEM image of MXene aerogels. (d) An ultralight Ti3C2Tx aerogel
placed on a flower. (e) TEM image of a single-layer Ti3C2Tx flake.
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Reducing the freezing temperature at fixed dispersion concen-
tration significantly enhanced the structural integrity (Fig. 3a and
b). Regardless of the freezing temperature, the aerogels prepared
using a dispersion of lower concentrations of MXene did not showa
good response to the compression force (Fig. S4). Aerogels prepared
using dispersions with a higher concentration (9 mg/mL) demon-
strated a higher compressive stress tolerance and better structural
integrity for all freeze casting temperatures (Fig. 3c and d). For the
same dispersion concentration, the aerogels fabricated at lower
temperatures showed higher compressive strengths. The samples
prepared using a dispersion concentration of 9 mg/mL and freeze
casting temperature of �70 �C demonstrated the highest
compressive strength and the highest compression recovery
capability under 50% of compression (Fig. 3d). The loading curves in
Fig. 3d show the three distinct regions that are typically observed in
mechanical testing of cellular materials, namely the initial Hookean
region at 5% < ε < 10%, plateau region at 12% < ε < 26%, and
densification region for ε > 30% with a sharp increase in stress
[52,56]. The initial increase of stress for ε < 5% is caused by the
increase in the contact area between the sample and compression
plate [56].

The observed hysteresis loops in the loadingeunloading curves
indicate the high energy dissipation capability of all the fabricated
aerogels [56,57]. The energy dissipation can be attributed to the
4

buckling of 2D Ti3C2Tx sheets, the adhesion forces between sheets
that cause friction between them, and the formation of cracks
under large compressive strains [56]. The linear elastic bending
mode deformation of MXene sheets is primarily responsible for the
Hookean region [56]. The plateau region that follows the Hookean
region is primarily governed by the buckling deformation of MXene
sheets [56].

To further determine the stability of the aerogels under cyclic
loading, compression up to 10% strain was applied for 100 cycles
(Fig. 3e). The second loadingeunloading curve exhibits a 5.2%
degradation of stress achieved in the first cycle, meaning that the
Ti3C2Tx aerogels maintain their original elasticity and structural
robustness. It is worth noting that MXene aerogels have similar
compression modulus values compared to other reported aerogels
with similar relative densities (Fig. 3f) [58e61]. Overall, all the
specimens demonstrated high compressive recovery capability,
presenting unidirectional freeze casting as a feasible and reliable
methodology to fabricate freestanding MXene aerogels for possible
structural applications.

We further investigated the effect of MXene dispersion con-
centration and the freezing temperature on the electrical and
electrochemical properties of the fabricated aerogel. Fig. 4a shows
the current-voltage (IeV) curves of samples with different densities
ranging from 5.5 to 11.3 mg/cm3. The insert picture in Fig. 4a shows



Fig. 2. SEM images of the Ti3C2Tx aerogels fabricated with different conditions. Top surface and cross sectional view of the Ti3C2Tx aerogels prepared using (aeb) 7 mg/
mL dispersion with a freezing temperature of �30 �C, (ced) 9 mg/mL dispersion with a freezing temperature of �30 �C, and (eef) 9 mg/mL dispersion with a freezing temperature
of �70 �C.

Fig. 3. (aed) Stressestrain curves during loadingeunloading cycles by increasing strain amplitude for MXene aerogels fabricated using 7 mg/mL and 9 mg/mL dispersions with
freezing temperatures of �30 �C and �70 �C. (e) The stressestrain curves for cyclic loading-unloading compression tests of a Ti3C2Tx aerogel fabricated from 9 mg/mL dispersion
with a freezing temperature of �50 �C. (f) Compression modulus vs. density of the fabricated aerogels and similar aerogels reported in the literature.
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a demonstration of the high electrical conductivity of a MXene
aerogel. The current responses of all aerogels followed Ohm's law,
presenting a typical linear relationship with applied voltage
[52,54]. For the same freezing temperature, an aerogel prepared
5

using a dispersion with a higher concentration than 7 mg/
mL demonstrates a higher current under the same applied voltage,
which means it has a lower electrical resistance. Interestingly, the
aerogels prepared at the freezing temperature of �50 �C show the



Fig. 4. Electrical and electrochemical properties of MXene aerogels fabricated at different conditions. (a) IeV curves of MXene aerogels. The insert shows the electrical conductivity
of MXene aerogels. (b) Resistivity change against compressive cycles. (c) Pressing directions are defined based on the direction of the domains. (d, e, f) Electrochemical performance
of MXene aerogels based on pressing direction (9 mg/mL dispersion freeze casted at �70 �C), dispersion concentration (freeze-casted at �30 �C), and freezing temperature (7 mg/
mL dispersion).
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lowest electrical resistance. We believe that the higher density and
the thicker MXene walls obtained for sample freeze-casted
at �50 �C may have resulted in a higher conductivity of these
samples [62]. The samples produced at �30 �C, �50 �C, and �70 �C
freezing temperatures with 7 mg/mL dispersion concentration
showed electrical resistances of ~49.27 � 103 U mm,
~6.05 � 103 U mm, and ~12.53 � 103 U mm, respectively. The
measured data suggests that electrical resistance increases rapidly
as the density decreases as a result of the increased porosity and
less intersheet junctions in the aerogels with lower densities [54].
As shown in Fig. 4b, the electrical resistance of the freeze-casted
MXene aerogel is highly consistent over multiple compression cy-
cles (10 cycles are shown in Fig. 4b), indicating the significant
structural resilience of aerogels under cyclic loading [57].

The freeze-dried aerogels showed different domains and di-
rections in their microstructures (Fig. 1). Thus, the freeze casted
samples were tested as electrode material for Li-ion storage in
various directions (the aerogel was pressed between two glass
slides before assembling a coin cell, as shown in Fig. 4c). The
electrochemical studies indicated that pressing in the X direction
(Fig. 4c and d) with minimum change in dimensions delivered the
best electrochemical response compared with the other pressing
directions, probably due to the minimal structural damage. The
Ti3C2Tx aerogel electrode delivered the initial discharge and charge
capacities of 755 and 435 mAh/g, respectively. The irreversible
capacity loss in the first cycle is primarily attributed to the solid
electrolyte interphase formation, electrolyte decomposition, or
irreversible reactions of various surface functional groups (O�, OH�,
and F�) [63e67].

The as-fabricated Ti3C2Tx aerogel electrodes showed a gravi-
metric capacity of ~330 mAh/g at a 0.1 A/g current density (Fig. 4d).
However, as explained below, the specific capacity of the MXene
aerogels significantly increased after their continuous cycling.
Nevertheless, the as-fabricated aerogel electrodes showed higher
specific capacities compared to previously reported freestanding
Ti3C2Tx films [12]. They also exhibited a good rate capability due to
their open pore structures, which facilitates electrolyte transport
while preserving their high electrical conductivity. Specific capac-
ities of up to ~100 mAh/g and ~75 mAh/g were obtained at high
rates of 5 A/g and 10 A/g, respectively. During the cyclic tests, for all
6

samples, the coulombic efficiency rapidly reached ~100% after the
second cycle and was constant during the remaining cycles. The
electrochemical tests suggest that aerogels fabricated using dis-
persions with higher concentrations and at lower freeze casting
temperature showed a better electrochemical response in terms of
specific capacity and rate handling capability (Fig. 4e and f). This
could be related to the increased interlayer spacing of aerogels
fabricated at lower freeze-casting temperatures. As shown in
Fig. S5, the corresponding (0002) plane of MXene downshifts from
6.69� to 6.06� for the MXene film and freeze-casted aerogel
at �70 �C, respectively. This corresponds to a 1.4 Å larger d-spacing
for the freeze-casted aerogel. It is worth mentioning that at high
current densities, the aerogels freeze casted at �50 �C showed
better electrochemical performance, which is in line with the
higher electrical conductivity of these samples.

The cyclic tests of the aerogel electrodes showed that their ca-
pacities gradually increased during the first few hundred cycles.
Fig. 5a shows the cyclic performance of a MXene aerogel electrode
(fabricated using a 9 mg/mL dispersion with a freeze casting tem-
perature of �70 �C) tested at a constant charge/discharge current
density of 0.5 A/g. The specific capacity of the electrode dropped in
the first ~15 cycles (stabilization) and then continuously increased
over the next ~900 cycles followed by a steady performance for the
remaining cycles. This continuous increase in capacity suggests that
the accessibility of Li ions to the active sites between MXene layers
improves over cycling due to the minimize restacking of the MXene
flakes [39,43]. The as-fabricated aerogels have porous structures,
and the walls consist of several MXene layers. The interlayer
spacing of these layers is not readily accessible to Li ions. During
each cycle, the intercalation of Li ions, which may be completely or
partially dissolved, increases the interlayer spacing and more ions
can intercalate between the layers in the subsequent cycles.
Therefore, the specific capacity of the aerogel electrodes continu-
ously increases until the maximum expansion in the interlayer
spacing is achieved. The porous structure of aerogels allows the
expansion of the interlayer spacing while preserving the structure
of the electrodes and electrical connectivity of MXene flakes. Also,
the ordering of the flakes in the structure facilitates the uniform
expansion of their interlayer spacing. Therefore, we believe that the
porous structure of the as-fabricated aerogels has an immense



Fig. 5. Li ion storage performance of Ti3C2Tx aerogels electrodes. (a) Capacity retention, cycling stability, and Coulombic efficiency of Ti3C2Tx aerogel electrodes test at a current
density of 0.5 A/g. (b) Voltage profiles of precycled aerogel at various current densities (A/g); (c) Discharge capacities at different current densities for Ti3C2Tx aerogels, films and
Ti3C2Tx-CNT composite film.
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impact on this electrochemical activation phenomenon (i. e., the
improved performance of the electrodes during each cycle). As
shown in Fig. S6, when a freestanding MXene electrode fabricated
by vacuum-assisted filtration was tested under the same condi-
tions, it showed much lower initial capacity (14 mAh/g at 0.5 A/g)
with a slight increase of capacity over cycling.

The cycled aerogel electrodes were tested at different current
densities to understand the effects of the electrochemical activation
on the performance of the electrodes (Fig. 5a and Fig. S7). The
CV test result of the first few cycles showed a pseudo-rectangular
shape with very broad lithiation and de-lithiation peaks, repre-
senting the capacitive performance of the electrodes (Fig. S7),
which is in line with previous reports of the MXene electrodes for
Li-ion capacitors. The CV tests were also performed on electrodes
after 700 charge-discharge cycles at 0.5 A/g and showed a similar
pseudo-rectangular shape with the substantially increased area
due to the improved capacity of the electrodes after cycling
(Fig. S7). Therefore, the CV and voltage profiles of the aerogel
electrodes showed that they are excellent electrodes for Li-ion
capacitors.

The cycled electrodes (cycled for a few hundred cycles) were
tested at various current rates, which showed their excellent
cyclability and rate handling capability. A high specific capacity of
~1210 mAh/g was achieved at 0.05 A/g, which gradually decreases
to ~200 mAh/g at a very high current density of 10 A/g (Fig. 5b and
c). As explained above, we attribute the significant improvement in
the electrochemical performance of the electrodes to the improved
ionic transport properties of the aerogels due to the increase in the
interlayer spacing. It is worth noting that the measured specific
capacities of the cycled electrode at all current densities signifi-
cantly exceed those previously reported for MXene Li-ion capaci-
tors tested at the same current densities [12]. The performance of
the MXene aerogel electrodes was compared with two of the most
commonly tested electrode structures for MXenes, freestanding
films of MXene or MXene/CNT hybrids, fabricated by vacuum-
assisted filtration. As shown in Fig. 5c, the cycled aerogel elec-
trodes showed significantly higher specific capacities compared to
these electrodes at all tested current densities.
4. Conclusion

In summary, freestanding, binder and additive-free, and ultra-
light weight (density below 11.3 mg/cm3) MXene aerogels with
ordered structures were fabricated through unidirectional freeze
casting. It was demonstrated that the processing conditions, such as
freezing temperature and dispersion concentration, can control the
structural, mechanical, electrical, and electrochemical properties of
fabricated aerogels. Our studies of the morphology of MXene aer-
ogels showed the alignment of MXene flakes in submillimeter do-
mains along the temperature gradient. The compression tests
7

showed that MXene aerogels could withstand and recover from
compressive strains up to 50%. The MXene aerogels showed supe-
rior electrochemical response with excellent cyclic stability, high
specific capacity, and excellent rate performance. The electro-
chemical studies of the aerogels, as electrodes for Li-ion capacitors,
showed that the capacity of the electrodes gradually increases
during the cycling. After activationwith cycling, the MXene aerogel
electrode showed outstanding performance, surpassing the per-
formance of previously reported Ti3C2Tx electrodes tested as elec-
trodes for Li-ion capacitors. We believe that employing strategies to
prevent restacking of the MXene flakes during aerogel fabrication
would eliminate the need for electrochemical cycling to achieve
maximum capacity. Also, we believe that the electrical and me-
chanical properties of the MXene aerogels make them a promising
candidate for a range of other applications. For example, the
excellent electro-mechanical properties of MXene aerogels under
cyclic loading can be exploited to fabricate high-performance strain
sensors.
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