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. . , . . 1. Introduction
Assembling 2D materials such as MXenes into functional 3D aerogels using

3D printing technologies gains attention due to simplicity of fabrication, cus-
tomized geometry and physical properties, and improved performance. Also,
the establishment of straightforward electrode fabrication methods with the

The outstanding electronic, mechanical,
electrochemical, and optical properties of
2D MXenes, have attracted much research
interest since their discovery in 20111

aim to hinder the restack and/or aggregation of electrode materials, which
limits the performance of the electrode, is of great significant. In this study,
unidirectional freeze casting and inkjet-based 3D printing are combined to
fabricate macroscopic porous aerogels with vertically aligned Ti;C,T, sheets.
The fabrication method is developed to easily control the aerogel microstruc-
ture and alignment of the MXene sheets. The aerogels show excellent electro-
mechanical performance so that they can withstand almost 50% compression
before recovering to the original shape and maintain their electrical conduc-
tivities during continuous compression cycles. To enhance the electrochem-
ical performance, an inkjet-printed MXene current collector layer is added
with horizontally aligned MXene sheets. This combines the superior electrical
conductivity of the current collector layer with the improved ionic diffusion
provided by the porous electrode. The cells fabricated with horizontal MXene
sheets alignment as current collector with subsequent vertical MXene sheets

MXenes are transition metal carbides,
nitrides, and carbonitrides produced by a
selective etching of metal “A” layer atoms
from their corresponding “MAX” phases.
The term “MAX” phase refers to a group
of layered ceramics of the chemical com-
position of “M,,;;AX,,”, where “M” stands
for an early transition metal, “A” is an A
group element, and “X” is carbon and/or
nitrogen.>-®l MXenes have shown excep-
tional properties such as high electrical
conductivity, hydrophilicity, and the ability
to intercalate different cations between
their layers.[*") However, similar to other
2D materials, the performance of MXenes
for some applications is affected by their

alignment layers show the best electrochemical performance with thickness-

independent capacitive behavior.
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tendency to restack and/or aggregate
during assembly.'"?) To overcome this
issue, various methods are successfully
utilized to integrate 2D materials into 3D
macroscopic architectures with attractive
properties such as ultralight feature, high porosity, and large
specific surface area.l3 Ti;C,T,, which is produced by selec-
tive etching of Al atoms from Ti;AIC, MAX phase, is the first
discovered and the most studied MXene,® and macroscopic
3D porous structures fabricated from Ti;C,T, and its compos-
ites have shown great promise for a variety of applications,!"!
including electrochemical energy storage,>7-2% electromag-
netic interference shielding,*'*’] sensing applications,!?8-3%
photothermal energy conversion,?32l water/oil separation,?*’]
and solar desalination applications.*

Unidirectional freeze casting (UFC) method has been pre-
viously utilized for the fabrication of macroscopic 3D porous
structures from Ti;C,T, and its composites. In this method,
prepared gels or suspensions of Ti;C,T, sheets and other com-
ponents are frozen by applying a unidirectional temperature
gradient. Ice crystals nucleate on the cold surface and grow
along the temperature gradient. Ti;C,T, sheets are expelled by
the growing ice crystals and aligned along the freezing direc-
tion forming a tightly packed continuous network.?* This well-
ordered microstructure obtained after UFC have shown great
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benefits for a variety of applications. For instance, Bian et al.
utilized UFC to fabricate pristine Ti;C,T, aerogels for electro-
magnetic interference (EMI) shielding applications.?l Their
aerogels’ specific shielding effectiveness reached 9904 dB cm? g7/,
which is the highest value reported for foam-like materials.
Other studies also reported aerogels that are composites of
Ti;C,T, and reduced graphene oxide,?!) sodium alginate,?*
nanocellulose,?’ and gelatin,?’) fabricated through UFC. The
high EMI shielding performances of those aerogels are attrib-
uted to their ultralight density, high conductivity, and highly
ordered porous microstructure. Cai et al. demonstrated that
highly ordered microstructures of Ti;C,T,-based aerogels fabri-
cated by UFC are highly efficient for solar absorption and show
fast capillarity-driven oil absorption capability.l*!

Moreover, MXene aerogels have been widely explored as
electrodes for electrochemical energy storage devices. Engi-
neering electrode structures to enhance their ionic and elec-
tronic conductivity can significantly affect the electrochemical
properties including rate capability.'” Yang et al. fabricated
porous Ti;C,T, films using UFC to achieve a homogeneous
microstructure that is composed of vertically aligned MXene
walls within lamellar pores.** Supercapacitor electrodes based
on the MXene films exhibited remarkably high gravimetric
and areal power density of 150 kW kg™ at 10 00 A g and
667 mW cm™ at 4444 mA cm™2, respectively. The performance
of the Ti3C,T,-based porous supercapacitor electrode films was
attributed to the efficient ion transport created by well-ordered
microstructure that allows for fast electrochemical charge—dis-
charge cycles. In our previous study, we have demonstrated the
critical role of microstructure on the mechanical, electrical, and
electrochemical properties of MXene aerogels by fabrication of
aerogels with ordered Ti;C,T, sheets through UFC.[! Lithium-
ion capacitor electrodes made from those aerogels delivered a
significantly high specific capacity (<1210 mAh g1 at 0.05 A g™},
excellent rate capability (=200 mAh g at 10 A g!), and out-
standing cycling performance due to their highly ordered and
well-engineered microstructure.

Although UFC provided porous Ti;C,T, bodies with well-
ordered microstructure, which was proven to be beneficial for
multiple applications, this method lacks the ability of fabri-
cating porous bodies with complex, engineered macrostruc-
tures since it is a mold-based fabrication approach. For applica-
tions such as electrochemical energy storage devices, where the
geometry, architecture, and micropore morphology of the elec-
trode play a crucial role in the capacitive behavior, fabrication of
devices with tailored hierarchical architectures involving micro-,
meso-, and macropores is a significant challenge.'>363] To
address this issue, Li et al. performed the extrusion-based 3D
printing and followed with UFC to fabricate thick interdigitated
micro-supercapacitors (MSCs) from Ti;C,T,-based aerogels.l*®!
Highly ordered honeycomb-like microporous architectures
were obtained after directional freezing facilitated the infiltra-
tion of the electrolyte into the internal active sites, which can
improve electrochemical performance and also improve resil-
ience to deformation.3®]

Despite the recent advances in 3D printing of MXenes, due
to the limitations of extrusion-based 3D printing, truly 3D archi-
tectures with overhang features or changing cross-sectional
geometry is often difficult to fabricate without using tedious
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chemical/thermal post-processes. In the previous reported 3D
printed MXene aerogels, extrusion-based 3D printing methods
have been used and fabricated structures had to have constant
cross-sectional geometries due to lack of support material that
can easily be removed after the printing process.[3¥* Also, con-
trolling the orientation of MXene sheets in the printed struc-
ture has been challenging. As we have demonstrated in this
paper, the ability to control the orientation of sheets in both
horizontal and vertical directions allows engineering the micro-
structure of the prints, improve their performance, and extend
their applications.

Here, we report on the fabrication of ultralight and truly
3D MXene aerogel structures using 3D freeze-printing (3DFP)
method. This novel fabrication method combines UFC and
drop-on-demand inkjet printing to tailor the micro- and mac-
rostructure of the aerogels.™! Unlike extrusion-based 3D
printing, 3DFP does not require a viscoelastic shear-thinning
ink and can use water (ice) as supporting material to fabricate
truly 3D structures with overhang features. In this study, we
performed mechanical, electrical, and electrochemical charac-
terization of the 3DFP Ti;C,T, aerogels to evaluate their poten-
tial for different applications such as piezoresistive sensing,
flexible/wearable electronics, and MSC devices. Furthermore,
with the advantages provided by our inkjet-based 3D printing
method, we fabricated all-MXene MSC devices that are com-
posed of current collector and porous electrodes with con-
trolled orientation of MXene sheets. 3D printed all-MXene
MSC devices with engineered microstructure, composed of
both horizontally and vertically aligned MXene sheets demon-
strated the importance of MXene sheets alignment on the elec-
trochemical performance of the MSCs. The results showed that
the current collector layer with horizontally aligned MXenes
helps enhancing the electrical conductivity whereas the verti-
cally aligned layer with high porosity provides better ion trans-
port and improved performance at high scan rates. To the best
of our knowledge, this is the first report proposing all-solid
state. MXene MSC devices with both horizontally and verti-
cally aligned MXene sheets. Our results demonstrate 3DFP as
a simple, straightforward, and inexpensive electrode fabrica-
tion method with great customizability to engineer electrode’s
micro- and macrostructure.

2. Results and Discussion

Ti;C,T, aqueous dispersion was prepared following a previ-
ously reported method (please see the Experimental Section
for a detailed description of the MXene synthesis process and
preparation of dispersions).?! Briefly, Ti;C,T, was first synthe-
sized by selective etching of Al atoms from Ti;AlC, particles in
a LiF and HCI aqueous mixture. The mixture was then washed
with DI water until its pH dropped below 5. The product of this
washing step was a dilute dispersion of single-layer Ti;C,T,
sheets. Superabsorbing polymer balls were used to adjust the
concentration of the dispersion to desired value according
to our previously reported method. Figure Sla of the Sup-
porting Information shows an atomic force microscope image
of representative single-layer Ti;C,T, sheets showing an average
size of 0.8 um for MXene sheets. To fabricate Ti;C,T, aerogels,
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droplets of the additive-free aqueous Ti;C,T, dispersion were
generated using an inkjet head (see Figure S2, Supporting
Information), and they were deposited onto a freezing sub-
strate at —20 °C (Figure 1a). Droplets are instantly frozen upon
contact with the precooled substrate, preserving their shape.
By adjusting the interdroplet distance and time lapse between
successive droplets, continuous lines were generated through
the coalescence of separate droplets. Complex 3D architectures
were printed through layer-by-layer deposition of lines (see
Video S1, Supporting Information). Once the 3D printing of

Freezing
Direction

Ice Crystals MXene Sheets

www.advmat.de

the frozen structure is completed, a freeze-drying process was
applied to remove the ice from the frozen bodies and achieve
highly porous aerogels, as presented in Figure 1b. Figure S1b
of the Supporting Information shows a representative X-ray
diffraction pattern of a fabricated 3DFP Ti;C,T, aerogel, con-
firming that there is no new phase formation during the 3DFP
process.

Since the frozen structures are composed of mostly DI water,
after freeze-drying, obtained aerogels are light-weight with a
density as low as 9.73 mg cm™. As it is presented in Figure 1c,

Figure 1. a) Schematics of the 3DFP process used for the fabrication of 3D Ti;C,T, aerogels. MXene ink is deposited in form of spherical droplets on
to a freezing substrate. Partial melting caused by the freshly deposited ink (layer N+1) ensures a good bonding of successive layers. With the freezing
of the deposited ink, ice crystals grow from bottom to top, resulting in a vertically aligned porosity and MXene flakes. b) Photograph showing the 3D
printed MXene aerogels having various geometries with constant cross-sections. c) Photograph showing 3D printed ultralight aerogels standing on a
flower. d) Photographs showing the steps of fabricating truly 3D MXene aerogels with overhang truss structures.
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3DFP aerogels can stand on a flower without damaging its
fibers.

In extrusion-based 3D printing, the physical properties of
the prints are negatively influenced by insufficient bonding
at the interface of the deposited layers driven by intermolec-
ular diffusion and the undesirable voids between the adjacent
layers.3l In 3DFP, deposited layer at room temperature (N+1™
layer—Figure 1a) causes a partial melting on top of the previ-
ously deposited and frozen layer (N layer—Figure 1a). Since
the ink’s viscosity is low, it fills the possible voids between
layers by the help of surface tension and gravitational forces.
Finally, partially melted part of N layer fuses with the not
yet frozen N+1" layer, and they both freeze together. This
eliminates insufficient bonding, interfacial boundaries, and
voids between layers and yields aerogels with continuous
MXene walls as confirmed by the scanning electron micros-
copy (SEM) images (Figure 2a,b). Furthermore, as in the
UFC method, deposited ink on top of the precooled substrate
or already frozen layer unidirectionally freezes with ice crys-
tals growing from the bottom to the top along the tempera-
ture gradient. This forces the MXene sheets to align vertically
forming tightly packed walls between the ice crystals. After
freeze-drying, MXene aerogels whose pore morphology is a
replica of the ice crystals are obtained.

3D printed Ti;C,T,-based aerogels have previously been fab-
ricated by using extrusion-based 3D printing followed by freeze
drying.3#*] This 3D printing method is limited in printing
truly 3D architectures as it is often difficult to print structures
with overhang features or changing cross-sectional geometry
without using harsh chemical or thermal postprocesses.*
Accordingly, the studies report the fabrication of MXene-
based aerogels using extrusion-based 3D printed having a con-
stant cross-sectional geometry, which limits the freedom in
design.?*#0 The use of sacrificial support materials that can be
burned out after drying process is not practical for MXene due
to its oxidation tendency.l*8! However, in 3DFP process, ice can
be used as the as support material (Figure S3, Supporting Infor-
mation) to fabricate MXene aerogels with overhang structures
(Figure 1d). As we also described in our previous works, #3454/
we employed a multinozzle 3D printing setup in which one
nozzle was loaded with MXene ink and another nozzle was
loaded with DI water as support material. The pillars and
trusses of the cube presented in Figure 1d have cross-sectional
dimensions of 1 x 1 mm. The length of each truss and the
height of each pillar are 10 and 5 mm, respectively. With the
3D printing setup used in this work, the minimum height and
thickness of the pillars can be printed are 0.1 and 0.25 mm,
respectively. The maximum values of the width and height of
the pillars are limited by the build volume of the 3D printing
setup (120 x 120 x 120 mm in our setup) provided that the
thickness of each pillar is sufficiently large to support the load
of the pillars. Also, as we presented in our previous work,*!
the number of the horizontal trusses as well as the number of
ice supports between those can be further increased. After sub-
limation of the ice including the support material during the
freeze-drying process truly 3D Ti;C,T, aerogels with overhang
features were fabricated. Since 3DFP enables the fabrication of
truly 3D MXene aerogels, we believe that this method may lead
to new applications for 3D MXene aerogels in the future.
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The micropore morphology of the aerogels fabricated
through a freeze casting-based method depends on type, con-
centration, and average size of the solute in the initial suspen-
sion, type of the solvent and used additives, and rate of freezing
(solidification).*] For instance, Dash et al. showed that the
decreasing rate of freezing results in larger average pore size.*"l

Yan et al. showed that the solid loading of the initial sus-
pension has a similar impact (e.g., decreasing solid loading
resulting in larger average pore size) on the microstructure of
the aerogel.®! Zhang et al. showed how the pore morphology
can be tuned by using additives in the initial suspension for-
mulation.’) With a defined temperature gradient, as in UFC,
the nucleation of the ice crystals occurs on the cooled surface
and the ice crystals propagate along the temperature gradient.
At the end of the freeze-drying process, an aligned pore mor-
phology is obtained.’? Since 3DFP is a UFC-based fabrication
method, the microstructure of the 3DFP aerogels can be tuned
using the tools available for UFC, such as solid loading of the
ink, temperature of the freezing substrate, using additives in
the ink formulation, etc.

The microstructure of aerogels fabricated using 3DFP was
studied by SEM, confirming the alignment of the MXene
sheets along the temperature gradient from the bottom to
the top (Figure 2a—c). With the advantages provided by 3DFP
method, void formation is eliminated between subsequent
layers and continuous MXene walls all along the freezing direc-
tion is obtained (Figure 2a,b). The top surface (plane parallel
to the freezing direction) of 3DFP MXene aerogels consists
of a micropore morphology with randomly aligned lamellar
structures (Figure 2d-f). Depositing the ink in a layer-by-layer
fashion did not result in void or boundary formation between
deposited layers, indicating the merging of subsequently
printed layers into previously printed layers (Figure 2f). The
effect of the dispersion concentration on the aerogel's mor-
phology is presented in Figure 2g. With the increasing concen-
tration (from 9 to 15 mg mL™), the porosity decreased, MXene
walls became thicker, and the pore width between MXene
walls became smaller. This can be related to the less available
space for the ice crystals to nucleate and grow and is in good
agreement with our previous study reporting the fabrication of
MXene aerogels by UFC.[®l Changing the microstructure of the
aerogels by increasing the concentration of MXene ink would
affect mechanical and electrical properties of the fabricated
electrodes as discussed below.

Ti3C,T, MXene aerogels and its composites fabricated by
conventional methods have been studied as pressure sensors in
several previous reports.[*293053] Using 3D printing to fabricate
aerogels can provide flexibility in design and sensor geometry
for different applications. To evaluate the performance of the
3DFP MXene aerogels for pressure sensing, we characterized
their mechanical and electrical properties (Figure 3). For these
tests, cubic aerogels (5 X 5 X 5 mm) were fabricated using 9, 12,
and 15 mg mL™! dispersions and their average densities were
measured to be 9.73, 12.56, and 15.69 mg cm™, respectively.
Mechanical properties of the aerogels were characterized by
in-plane compression tests with up to 50% strain (Figure 3a).
Three distinctive regimes were observed in the loading curves:
a linear elastic region within 0-5% compressive strain, a pla-
teau-like regime between 5% and 30% compressive strain, and
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Figure 2. a) SEM image showing the cross-sectional surface of the aerogels showing deposited layers upon previous one. b) High-magnification SEM
image showing the layer interface without any voids and interlayer boundaries. ¢) High-magnification SEM image showing the layer with the aligned
porosity along the freezing direction (from bottom to top). d) SEM image showing the top surface of the 3D freeze printed MXene aerogels. €) High-
magpnification SEM image showing the random pore alignment on the plane perpendicular to freezing direction. f) High-magnification SEM image
showing no visible boundary between grids deposited one after another. g) Images showing the top surface of 3DFP MXene aerogels fabricated from

inks with a concentration of 9, 12, and 15 mg mL™".

a nonlinear elastic regime after 30% compressive strain. The
maximum stresses at 50% strain were measured as 1.3, 2.25,
and 4.04 kPa with the increasing density values. This trend was
in good agreement with previously reported 3DFP aerogels(*?*3]
and freeze casted pristine Ti;C,T, aerogels.>?2

The mechanical response of the 15.69 mg cm™ aerogel,
which provided the highest stress response at 50% compressive
strain value, was further studied using five-stepped compressive

3
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loading—unloading strains up to 50% strain with 10% incre-
ments (Figure 3b). The results indicate that the succeeding
stress—strain curves almost rise back to the stress level meas-
ured at the maximum strain value of the previous cycle. This
trend was repeated for all increment values indicating an excel-
lent strain memory effect.*¥ Multicycle compression test fur-
ther revealed the great resilience of the 3DFP MXene aerogels.
3D freeze printed specimens were compressed for 50 cycles up

© 2021 Wiley-VCH GmbH
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Figure 3. Mechanical and electrical properties of 3DFP MXene aerogels. a) Stress—strain plots of the aerogels having different densities after uniaxial
compression tests up to 50% compressive strain. b) Stress—strain curves of multicycle compression by increasing strain amplitude of printed MXene
aerogels (p =15.69 mg cm™). c) Stress—strain curves for 50 loading-unloading cycles up to 10% strain (p =15.69 mg cm™). d) I~V curves of Ti;C,T,
aerogels with different densities parallel to freezing direction. e) -V curves of Ti;C,T, aerogels with different densities perpendicular to freezing direc-
tion. The arrows in the inset of both (d) and (e) indicate the freezing direction. f) Response in the aerogels resistance to a compression with 10% strain
for 10 consecutive cycles (p =15.69 mg cm3). g) 3D freeze printed MXene aerogels infiltrated in PDMS elastomer. h) Response in the resistance of
the 3D freeze printed aerogels infiltrated in PDMS after applying 10% tension.

to 10% strain to further investigate the mechanical robustness
of the structure (Figure 3c). The second loading—unloading
curve exhibited a stress degradation less than 3%, meaning that
the 3DFP MXene aerogels maintain their original elasticity and
structural robustness. After 15 loops, the stress response at 10%
strain was stabilized at =0.87 kPa (Figure S4, Supporting Infor-
mation), which corresponds to an 11.2% stress decay.

The electrical conductivity of the fabricated cubic specimens
as a function of their density was investigated using current
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(I)-voltage (V) curves. In Figure 3d,e, the MXene aerogels
were placed between two copper electrodes so that the freezing
direction is parallel and perpendicular to the testing direction,
respectively. The current responses of all specimens in all direc-
tions present a linear relationship with the changing voltage,
following Ohm’s law. Since the microstructural features of
the aerogels, such as the thickness of MXene walls or the dis-
tance between the walls, have a great dependency on the den-
sity of aerogels, the resistance of the specimens increased with

© 2021 Wiley-VCH GmbH
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decreasing density due to the presence of more space and less
intersheet junctions in the microstructure. A similar behavior
was also observed in our previous study reporting Ti,C,T, aero-
gels fabricated through the UFC method.[') 3DFP MXene aero-
gels in parallel configuration (measurement in the direction
of freezing) exhibited high electrical conductivity values: 3.78,
5.35, and 11.8 S m™! at densities of 9.73, 12.56, and 15.69 mg cm™>,
respectively (Figure 3d). When the freezing direction of the
aerogels are perpendicular to the copper plates (measurement
in the direction perpendicular to freezing), the conductivity of
the samples reduced to 1.76, 2.40, and 5.35 S m™! for 9.73, 12.56,
and 15.69 mg cm~3 samples, respectively. This anisotropy in the
electrical conductivity of the 3D freeze printed aerogels due to
unidirectional freezing is in good agreement with the previous
reports.[%’]

To further characterize the piezoresistive behavior of the
3DFP aerogels, in situ resistance measurement was employed
over 10 cycles of mechanical compression up to 10% strain
value. Electrical resistance of the fabricated aerogels is highly
stable over multiple cycles, indicating a significant structural
resilience (Figure 3f).>* Inspired by the work of Wang et al.,l*®l
3DFP MXene aerogels were infiltrated in poly(dimethylsiloxane)
(PDMS) elastomer to provide improved performance for real
world applications such as wearable electronics. As seen in
Figure 3g, we printed MXene aerogels where the user can con-
trol the shape and dimensions of the inner features. After infil-
tration of the PDMS into the pores of the MXene aerogels and
curing, we have obtained flexible composites with a conductive
MXene network, whose shape and dimensions can be custom-
ized for various needs. MXene/PDMS composites showed a
great elasticity and a stable response in the electrical resistance
(=30% change in the resistance) with the applied tension (10%
strain) for 10 consecutive cycles (Figure 3h).

In order to demonstrate the potential of 3DFP MXene aero-
gels for energy storage application, interdigitated Ti;C,T, elec-
trodes were printed (using 15 mg mL™ dispersion) on various
substrates (including paper, acetate film, acrylic sheet, and glass
slide), and their performance as all-solid state MSCs were inves-
tigated (Figure S5, Supporting Information). The dimensions of
the printed MSCs are provided in Figure S6 of the Supporting
Information. Due to the nature of the 3DFP process, fabricated
interdigitated electrodes possessed a highly ordered porous
morphology with vertically aligned MXene sheets (Figure S7,
Supporting Information). The ordered and vertically aligned
microstructure of the printed electrodes leads to their enhanced
electrical and ionic conductivities, improving the capacitance
and rate handling capability of the printed devices.>>] How-
ever, due to the anisotropic microstructure of the MXene aero-
gels, the electrical conductivity is also anisotropic as discussed
above (Figure 3d,e). Considering the geometry of the fabricated
MSCs, in-plane electrical conductivity (x-y plane) is expected
to be much lower than out-of-plane (y-z or x-z planes) due
to the vertical alignment of the MXene sheets (see Figure S8,
Supporting Information). Cuna et al. have previously showed
that the electrical conductivity as well as specific capacitance of
electrodes having an anisotropic porosity is highly dependent
on the testing direction.®!

To address this issue and increase the electrical conductivity
in x—y plane, we added a current collector layer to the electrode
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design. To achieve that, the same 3D printing setup was
employed while the substrate was kept at ambient temperature.
We first performed inkjet-based printing of a current collector
layer and let it dry in ambient conditions to obtain MXene film
with horizontally aligned sheets. Following, the temperature of
the substrate was reduced to the desired value and 3DFP was
performed to achieve porous electrodes standing on the cur-
rent collector layer (Figure S9, Supporting Information). The
resulting MSCs had a hybrid alignment of MXene sheets: the
current collector with horizontally aligned sheets followed
by the porous electrode with vertically aligned MXene sheets
(Figure S10, Supporting Information). The current collector
layer with horizontally aligned MXene sheets provided supe-
rior electrical conductivity along x—y plane (Figure S8, Sup-
porting Information) whereas the porous electrode with verti-
cally aligned MXene sheets provided an improved ionic diffu-
sion and electrical conductivity in z direction. As previously
reported by Peng et al.,’”! all-MXene MSCs exhibit a much
lower contact resistance, higher capacitances, and better rate-
capabilities compared to MXene MSCs with platinum current
collectors.

To evaluate the performance of fabricated MXene-based
MSCs and study the effect of MXene sheets alignment on
the electrochemical performance, 3D devices with horizontal,
vertical, and mixed alignment of the MXene sheet were fabri-
cated. The fabricated devices were labeled based on the number
of printed layers as MSC-XH-YV, where X and Y represent
the number of printed layers with horizontal (H, air dried)
and vertical (V, freeze printed/dried) sheet alignment, respec-
tively (e.g., MSC-1H-3V consists of one layer of air dried and
three layers of freeze printed structure). The CV curves of
the MSC-2H-1V device at different scan rates show an ideal
capacitive behavior with a quasi-rectangular shape as presented
in Figure 4a. To test the flexibility of the MSC devices, the
effect of bending on their electrochemical performance of the
MSC-3V devices printed on paper substrate was investigated
(Figure S11, Supporting Information). CV curves at 50 mV s!
and electrochemical impedance spectroscopy (EIS) tests results
at different bending angles (60°, 120°, and 180°) are presented
in Figure S11 of the Supporting Information. The flexibility of
the printed devices is demonstrated by the capacitance, and
series resistance (Rs) of the MSC not changing significantly
with changing the bending angle. MSCs with different current
collector—electrode layer combinations showed similar CV curve
shapes at different scan rate (Figure 4b; Figure S12, Supporting
Information, CV at 10 mV s™). The specific capacitance of the
devices with different number of printed layers at different scan
rates is presented in Figure 4c. As expected, increasing the load
of active material per area results in a higher areal capacitance.
The MCS-1H, MCS-1H-1V, MCS-1H-3V, MCS-1H-5V, and MCS-
2H-1V devices showed high areal capacitance of 13, 35, 48.2,
79, and 63 mF cm™, respectively (Figure 4c). The results indi-
cate that designing electrode structure through changing the
MXene sheets orientation significantly affect electrochemical
performances.['!

Comparing the electrochemical properties of MSC-1V (supe-
rior capacitive performance at higher scan rates) and MSC-1H
(superior capacitive performance at lower scan rates) helps to
better understand the influence of sheet alignment (Figure 4d).

© 2021 Wiley-VCH GmbH
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Figure 4. Electrochemical performance of 3DFP MXene-based MSC. a) CV at different scan rate for MSC-2H-1V. b,c) CV curves at 10 mV s~ and
areal capacitance of different 3DFP MSC devices. d) Gravimetric capacitance of MXene-based MSC compared with different MXene-based film with
different thicknesses and sheets alignment. e) Nyquist plots for different MXene MSCs taken at OV versus the open-circuit potential. The inset
shows the Nyquist plots of the MSC-5H and MSC-1H-5V. f) Ragone plots of the 3DFP Ti;C,T,-based MSCs together with other reported values for

comparison.

At low scan rates ionic transfer is the dominant factor on the
electrochemical performance, while at high scan rates the
role of electron transfer is dominant. The results show that
MSC-1H has better electron transfer properties (in agreement
with aforementioned electrical conductivity results), while for
the MSC-1V ionic transfer is enhanced. MSC-2H-1V showed
high gravimetric capacitance of =200 F g™ at 2 mV s due to
its improved ionic and electronic transfer properties. In addi-
tion, increasing the electrode thickness from 626 to =925 pm
for MSC-1H-3V and MSC-1H-5V did not affect the gravimetric
capacitive behavior of the devices, indicating the thickness inde-
pendent-behavior. The freeze printed MSCs surpasses some of
the best gravimetric capacitive performances reported in litera-
ture (Table S1, Supporting Information).””¢-7% This behavior
can be related to the increased amount of accessible MXene
surface area in the vertically aligned structure and enhanced
electrical conductivity due to the horizontally aligned sheets in
the current collector layer.

As previously discussed by Yang et al., vertical alignment of
the MXene sheets may reduce their restacking while preserving
a high porosity in the structure resulting in a highly ion acces-
sible the electrodes.*® Directional ion transport, parallel to
the direction of sheets, also leads to a thickness independent
behavior of the electrodes.’”) On the other hand, the horizon-
tally aligned current collector layer provides enhanced electrical
conductivity due to its closely packed MXene sheets that are
oriented in direction of electron flow from the device electrical
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connection to the interdigital electrodes.”! The advantage of
the dual alignment of the sheet on the charge storage proper-
ties of MSCs is schematically presented in Figure S13 of the
Supporting Information. Once ion reaches the surface MXene
sheets, the charge is stored by the reversible protonation of sur-
face functional groups. In a simplified view, the overall charge—
discharge process can be expressed as Equation (1)

TisC,0. (OH), F.+ H' +SO;” = Ti,C,0, (OH), E. | / /H'

+[Ti,C,0. (OH), E. | //s0i @

where H* and SO,?~ are the cation and the anion present in the
PVA/H,SO, electrolyte.

The fabricated devices showed excellent cyclability, retaining
=94% of their capacitance after 10 000 cycles (Figure S14, Sup-
porting Information). It is worth highlighting the importance of
the horizontally aligned layers (the current collector) in device
integrity and physical stability. The vertically aligned MXene
sheets did not have a good attachment to the substrate.

To compare the maximum areal capacitance value of the
3DFP MSC-1H-5V (79 mF cm™2), we prepared the plot given in
Figure S15 of the Supporting Information. This compares the
maximum areal capacitance values reported for interdigitated
electrode structures fabricated from solely MXene inks. It
shows that 3DFP results in a higher areal capacitance by

© 2021 Wiley-VCH GmbH
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keeping the initial ink concentration the same when compared
to other fabrication methods.

EIS test was employed to further study the charge transfer
and ion transport in the 3DFP MSCs with their porous and
well aligned architecture. As presented in Figure 4e and
Figure S16 (Supporting Information) Rs was decreased from
=550 Q cm™ for MSC-1V to =300 Q cm™ for MSC-1H to
=150 Q cm™2 for MSC-1H-1V, and to =120 Q cm™ for MSC-
2H-1V with MXene sheets working as current collector, indi-
cating the importance of horizontally aligned layers. The EIS
results of MSC-5H and MSC-1H-5V are presented in inset of
Figure 4e. While the MSC-5H showed lower Rs, the MSC-
1H-5V showed improved ionic transfer confirmed by higher
slope of the Nyquist plot in the low frequency regime.[:!
This originated from the vertical versus horizontal alignment
of the MXene sheets. The vertically aligned MXene sheets pos-
sess faster ion transport compared with horizontally aligned
electrodes due to their well aligned porous structure, which
is a key element for thickness-independent performance. It
is worth mentioning the lack of noticeable semicircle in high
frequency region, indicating low charge transfer resistance
for all the tested samples. These results are in line with the
morphological studies of the electrodes confirming the for-
mation of a well aligned porous structure for MSC fabricated
with 3DPF process.

The Ragone plot (Figure 4f) further showcases the potential of
3DFP MXene interdigitated electrodes for high energy density and
power density supercapacitors.*3%737°] At a scan rate of 50 mV
s7!, the MSC-1H-5V exhibits an energy density of 2 uWh cm™
and a power density of 0.6 mW cm™. By decreasing scan rate to
2 mV s7!, the energy density increases to 3.9 uWh cm=2 while the
power density decreases to 0.05 mW cm2 The 3DFP, Ti;C,T,-
based MSCs exhibit almost ten orders of magnitude higher
energy density with comparable power densities to other reported
MSC devices with similar power density values. The electro-
chemical performances indicate that designing electrode struc-
ture through changing the MXene sheets orientation significantly
affects electrochemical performances.?!

3. Conclusions

This study reports on fabrication of ultralight, multipurpose,
and truly 3D MXene aerogel structures using 3DFP method.
While simple, straightforward, and inexpensive, the proposed
fabrication method provides a great deal of customizability to
engineer the micro- and macrostructure of the fabricated elec-
trodes. Employing this capability and study electrodes prop-
erties with different microstructure provided a better insight
into structure—property relationship. The mechanical com-
pression tests showed that the aerogels’ mechanical properties
can be tuned simply by controlling the ink concentration. The
excellent stability of the electrical conductivity over multiple
compression cycles revealed excellent structural resilience of
the fabricated aerogels. The all-MXene based 3DFP MSCs with
various sheets alignment showed improved capacitive and rate
capability responses and confirmed the importance of engi-
neering microstructure and its effect on electrochemical per-
formances. The engineered MSCs with hybrid MXene sheets
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orientation showed thickness independent capacitive behavior.
The proposed fabrication method can be employed to fabricate
various devices with enhanced performances in applications
such as flexible electronics, sensors, and energy storage.

4. Experimental Section

Preparation of TisC,T, Dispersions: TisC,T, dispersions were prepared
according to a previously reported method.é! Briefly, concentrated
hydrochloric acid (HCl, ACS Grade, BDH) solution was diluted with DI
water to obtain 20 mL of 9 M HCl solution. About 1.6 g lithium fluoride
(LiF, 98+% 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 Ti3AlC, powder was slowly added to the solution. 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 supernatant pH reaches =6. The supernatant in
each washing step was collected and the concentration was adjusted to
desired values using superabsorbing polymer balls.") The dispersion
then used to print all MXene-based aerogels and MSC electrodes."

Freeze Printing: Details of the 3D printing setupl® and 3DFP
processi”l were explained in the previous reports. Briefly, a 3-axis
motion stage (Panowin Technologies, Shanghai, China) was used to
manipulate the inkjet printing head, which was composed of a syringe
barrel (Nordson EFD, RI, USA) and a solenoid inkjet dispenser (The
Lee Co, CT, USA) connected to a 100 um nozzle tip. Ti;C,T, suspension
with various concentrations was loaded inside the syringe barrel and
the internal pressure was controlled using a pneumatic fluid dispenser
(Nordson EFD, RI, USA). Droplets of Ti;C,T, suspension that were
generated by the inkjet dispenser were deposited on to the substrate
whose temperature was controlled by liquid nitrogen (LN,) operated
hot/cold plate (Instec, CO, USA). Silicon wafer substrates (unless
otherwise specified) and a cold plate temperature of =20 °C were used.
Once 3D freeze printing of samples was completed, they were freeze
dried by a commercially available freeze dryer (Labconco, MO, USA) at
—35 °C and 0.02 mbar for at least 48 h.

Material Characterization: The microstructure of the 3DFP TiyC,T,
aerogels was investigated by SEM (FEI HELIOS Nanolab 600i, OR,
USA). For mechanical, electrical, and thermoelectrical characterization,
cubic samples with dimensions of 5 X 5 X 5 mm were fabricated using
MXene dispersions with concentrations of 9, 12, and 15 mg mL™". For
in-plane compression tests, a digital material testing device (Shimadzu
Universal Testing Machine, Kyoto, Japan) was used. All the compression
tests were performed with a constant compression rate of T mm min.
The V-I plots for obtaining the electrical conductivity properties of
the MXene aerogels were obtained using a CHI 760D electrochemical
workstation (CH Instruments, Austin, TX). For determination of the
piezoelectric behavior, the resistance of the aerogels was measured by a
two-probe method using a digital multimeter (Fluke 287) by a sampling
interval of 2 Hz. The electrodes were painted with high conductive silver
paste (=0.01 Q cm) on two sides of the samples to eliminate contact
resistance. All the samples were placed between the compression
(for mechanical characterization) or copper plates (for electrical
characterization) so that the freezing direction is parallel to the surface
normal of compression/copper plates unless otherwise stated.

Symmetrical MSCs were 3DFP using 15 mg mL™" dispersion and their
electrochemical performances were tested using a VMP3 potentiostat
(Biologic, France). Pieces of silver wire were used to connect the printed
electrodes to the potentiostat cables. Silver adhesive (fast-drying Ag
paint, SPI Supplies) was used to connect silver wires with the current
collectors/electrodes. To cover the contact area to protect the silver
paint and wires from the electrolyte, nail polish was used. The PVA/
H,SO, gel electrolyte was carefully drop cast onto the printed Ti;C,T,
interdigital electrodes design followed by air drying overnight. To avoid
MXene oxidation, cyclic voltammetry tests were performed at scan rates
ranging from 2 to 100 mV s™' in a potential window of 0 to 0.6 V.[]
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Electrochemical impedance spectroscopy was performed at open-circuit
potential, with a small sinusoidal amplitude of 5 mV, and frequencies
of 10 mHz to 100 kHz. The areal and gravimetric capacitances were
calculated for the printed devices.’]

The CV curve was used to calculate the cell capacitance (C/A),
according to the following equations

C= JIE)V%[F], (two-electrode configuration)

2)

where [(V) was the voltammetric discharge current (mA), v is the scan
rate (mV s7'), and AV is the potential window (0.6 V).

The normalized areal (C/A) and gravimetric (C/G) capacitances were
calculated based on the area (A, in cm? calculated as the total area of
the device) and total weight of the printed devices. The normalized
capacitances were calculated as follows

c vice
CjA==dgice 3)
and
C/G= Cdg/ice (4)

The power and energy densities of the devices were measured
according to the following equations

(/A= Vv?)

Energy density(E) = =200 [Wh cmfz] (5)
Power density(P) = m [W Cmfz] ©)

where C/A [F cm™2], V[V], and ¥ [mV s7"] are as described above.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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