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ABSTRACT: Rapid evolution of smart devices necessitates high-
performance, lightweight materials for effective electromagnetic
interference (EMI) shielding. Ti;C,T, MXene nanosheets are
promising for such applications, yet the high solid content typically
required for 3D-printable MXene inks limits their scalability and
cost efficiency. In this study, we present an MXene-based ink with
an ultralow solid content (0.1 vol %) and a high water content (up
to 98 wt %) enabled by cross-linked poly(acrylic acid) Carbopol
microgels. The microgels facilitate a jammed network, creating a
percolated structure that allows MXene assembly at minimal
concentrations and achieving the lowest reported solid content for
MXene inks to date. The MXene/microgel hybrid ink demon-
strates superior rheological properties, matching or surpassing
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existing formulations, and is readily extrudable for 3D printing complex structures and coatings. Following freeze-drying, the printed
MXene aerogels exhibit an electrical conductivity of 360 S/m, an EMI shielding efficiency of 57 dB, and a compression modulus of
1750 kPa, all achieved at an ultralow density of 25 mg/cm®. This work provides a detailed analysis of the MXene/Carbopol ink’s
structure-processing-performance relationship, highlighting its transformative potential for scalable 3D printing of conductive, EMI

shielding materials across diverse applications.
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1. INTRODUCTION

Electromagnetic interference (EMI) shielding is becoming
increasingly critical with the rapid advancement and
miniaturization of electronic devices.”” As demands for high
performance, portability, and miniaturization continue to rise,
traditional shielding materials like aluminum and copper are
continually optimized to enhance the efficiency; however, their
weight, rigidity, and processing limitations hinder their
suitability across diverse industries such as aerospace,
automotive, military, and telecommunications.*

In this context, the novel two-dimensional (2D) material
TiyC,T, MXene (where T, represents OH, O, F, or Cl) has
garnered attention due to its unique combination of high
electrical conductivity, excellent mechanical properties, and
effective EMI shielding capabilities.s_7 Additionally, MXene’s
hydrophilic surface functional groups facilitate stable aqueous
suspensions, which enables its assembly into solid-state EMI
shields.*~"* Nevertheless, scalable production of MXene-based
EMI shields remains a significant challenge as the high solid
content typically required for effective conductivity raises
production costs and complicates the large-scale manufactur-
ing process.15

Extrusion-based 3D printing is emerging as a promising
method for the scalable production of MXene-based materials,
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allowing for high precision, rapid prototyping, and custom-
ization of product architecture.'® However, successful
implementation of this technique requires MXene inks with
tailored rheological properties, including shear-thinning
behavior, thixotropy, yield stress, and storage modulus that
can enable stable extrusion and print fidelity.'® These
requirements are difficult to achieve with pure MXene
suspensions, which typically necessitate very high MXene
concentrations to ensure sufficient structural stability during
printing.'”'® Consequently, achieving the desired performance
in MXene-based 3D printing inks often involves trade-offs:
while higher MXene content can improve conductivity and
stability, it also increases material costs, risk of nozzle clogging,
filament roughness, and phase separation during the extrusion
process.’”

Various approaches have been explored to overcome these
limitations, including the hybridization of MXene with other
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nanomaterials or polymers, which can enhance the ink’s
rheological properties. For instance, adding conductive
polymers such as PEDOT:PSS has shown potential for
improving the rheolo%y while preserving the ink’s electro-
conductive structure.””>"** However, these modifications
often require complex processing steps such as the removal
of the insulating PSS component through acid treatment to
enhance MXene nanosheet contact. These additional process-
ing steps raise production costs, add complexity, and limit the
scalability of MXene-based inks for practical applications.’!
Another promising approach involves emulsion-based printing,
where MXene nanosheets act as surfactants at the water—oil
interface, stabilizing the emulsion and thereby enhancing the
rheological characteristics.””~*> This technique, explored in
recent studies, leverages interfacial jamming and can produce
ultralightweight, conductive architectures from nanomaterial-
based inks by creating stable emulsions. For instance, an
emulsion-based ink developed with MXene and graphene
oxide has demonstrated excellent stability and porosity,
enabling the creation of ultralight architectures with tailored
rheological properties optimized for 3D printing.**** Emul-
sion-based systems also show promise for producing cryogels
with high EMI shielding efficiency, even at ultralow densities,
due to the numerous internal interfaces that contribute to
effective wave dissipation through reflection and absorption
mechanisms.” Despite these advancements, emulsion-based
inks face challenges in maintaining stable and consistent
emulsion compositions, particularly at low solid contents,
which can affect printability and structural integrity.
Furthermore, the requirement for additional surfactants or
stabilizers to support emulsion formation can alter the ink’s
properties and complicate its formulation, limiting its
suitability for high-precision applications in 3D printing.
Therefore, developing an ink formulation that combines a
low solid content with high conductivity and processability for
large-scale 3D printing remains an open challenge.

In this work, we explore a MXene ink formulation that
leverages the jamming of Carbopol microgels, cross-linked
poly(acrylic acid) hydrogel particles, to stabilize MXene
nanosheets and form a percolated network at ultralow
concentrations. Carbopol microgels, known for their space-
filling morphology and gel-like viscoelastic properties, provide
a confined structure that enhances the ink’s shear-thinning
ability, thixotropic behavior, and yield stress at minimal solid
content.’*™*’ The jamming of these microgels enables a
percolated network of MXene nanosheets at ultralow
concentrations, reducing the need for high MXene content
and providing a practical, cost-effective approach to ink
formulation. This approach is designed to achieve two main
objectives: (1) reduce the MXene content required for high-
performance 3D printing ink and (2) maintain key rheological
properties needed for extrusion printing, ensuring structural
fidelity without compromising conductivity. By exploring this
microgel-assisted assembly technique, we hypothesize that our
MXene-based ink will exhibit optimal printability, mechanical
stability, and electrical performance, offering a pathway toward
the scalable, high-fidelity 3D printing of conductive materials.

2. MATERIALS AND METHODS

2.1. Synthesis of Ti;C,T, MXene. Ti;C,T, MXene is synthesized
by selective etching Al atomic layers from the Ti;AIC, MAX precursor
(20200 pum particles, Carbon-Ukraine). Briefly, 1 g of TiAlC,
powder is added to the etching solution containing 1.5 g of lithium
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fluoride (99% LiF, Millipore Sigma) in 20 mL of 9 M hydrochloric
acid (HCI, Millipore Sigma), and the reaction continues for 28 h at 50
°C. After that, the suspension is washed repeatedly with pure water
(18.2 MQ-cm, 25 °C) until pH ~ 6. Then, after the separation of the
unreacted MAX phase, a delaminated MXene suspension is obtained
by centrifugation at 1500 rpm for 30 min. MXene suspension is stored
at =70 °C in argon-purged vials for future use.

2.2. Dispersion of Carbopol Microgels. Commercial Carbopol
980 NF (Lubrizol) is used to prepare the inks. Carbopol microgels are
prepared by dispersing dried Carbopol powder in pure water using a
homogenizer (Fisherbrand 850 Homogenizer) at 25,000 rpm until a
homogeneous mixture is obtained. Afterward, 1 M NaOH is gradually
added to the Carbopol mixture to increase the swelling ratio of
Carbopol particles and obtain a jammed assembly of Carbopol
microgels. Consequently, a planetary centrifugal DAC 330-100 SE
speed mixer (FlackTek SpeedMixer) is used at 3000 rpm for 3 min to
fully homogenize the gel and remove the bubbles.

2.3. Preparation of MXene-Carbopol Gel Inks. The concen-
tration of Carbopol microgels for all recipes is constant at 0.51 wt %,
and the concentration of MXene nanosheets for each sample is
adjusted. To prepare the inks, Carbopol and MXene dispersions are
initially mixed via two interconnected syringes. Then, to ensure the
homogeneity of the hybrids, the gel inks are homogenized using the
speed mixer (FlackTek SpeedMixer) at 3000 rpm for 3 min.

2.4. 3D Printing of Gel Inks. The gel inks are loaded into a S mL
syringe and centrifuged at 1500 rpm for 20 s to remove the trapped
air bubbles. The Hyrel 3D printer (System 30 M) coupled with an
SDS-05 head is used to print 3D objects. The printing process is
performed at room temperature using 20—22 gauge blunted needles
at a printing speed of 2 to 4 mm/s depending on the geometry of the
printed objects.

2.5. Characterizations and Data Analysis. 2.5.1. Rheology.
The rheological behavior of all samples is measured at 25 °C by a
Discovery HR-2 (TA Instruments) rheometer, and a solvent trap is
used to avoid water evaporation during measurements. For the
pristine MXene suspension, a cone and plate geometry (Al, 40 mm,
2.013°, SS pm truncation gap) is utilized to minimize the effect of the
geometry inertia on recorded data. The linear viscoelastic behavior of
this sample is collected under oscillating deformations (0.3%, 1 Hz)
for 1200 s after being presheared at different shear rates (0—10 1/s)
for 30 s. The rheological behavior of gel inks is evaluated using a
double cross-hatched parallel-plate geometry (stainless steel, 40 mm,
1 mm gap) to prevent wall slip.

The rheological results are examined by different geometries to
ensure the repeatability of the results. All samples are equilibrated for
10 min after loading, and minimum shear is applied during loading.
To ensure that the inertial artifacts do not affect the recorded raw
data, only data with less than 50° phase shift between the sinusoidal
curves of torque and deformation are reported. The oscillation
amplitude sweep tests are performed at 1 Hz to examine the linear
viscoelastic regime of the gels. The oscillation frequency-sweep tests
are conducted at 0.5% strain within the linear viscoelastic regime for
all compositions. For all of the oscillation tests, to record the steady-
state behavior at each data point, the conditioning and sampling times
are both set to 30 s. The flow sweep measurements are performed in
cyclic runs from high to low shear rates, and vice versa for each
sample. The data points are collected with active steady-state sensing
and a sampling period of 30 s. To evaluate the structural recovery,
consecutive oscillation time sweeps at the constant frequency of 1 Hz
and different strains of 0.5 and 300% are conducted.

2.5.2. Structural Analysis. The morphologies of MXene nano-
sheets, Carbopol particles, and MXene/Carbopol assemblies are
analyzed using FE-SEM (Zeiss Gemini 500) and quantified by Image]
software. To evaluate the ordering of MXene nanosheets in gel inks
and aerogels, X-ray measurements at the transmission mode are
performed at the South Carolina SAXS Collaborative (SCSC) using a
SAXSLab Ganesha instrument. A Xenocs GeniX, 3D microfocus
source is used with a copper target to produce a monochromatic beam
with a wavelength of 0.154 nm. A Pilatus 300k detector (Dectris) is
used to collect a 2D scattering pattern with the nominal pixel
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Figure 1. Preparation procedure and rheological properties of MXene/Carbopol gel inks. (a) Schematics illustrating the morphologies of Carbopol
dispersion, MXene suspension, and the final ink. SEM images of (b) freeze-dried Carbopol, (c) MXene nanosheets on porous alumina substrate,
and (d) freeze-dried MXene/Carbopol hybrid. (d, e) Steady shear rheological behavior of MXene/Carbopol gel inks and (f) fully developed
velocity profile of M[1.5]C[0.5]-7 gel ink laminar flow (average velocity of 3 mm/s) in a nozzle (0.6 mm ID) simulated by COMSOL Multiphysics
v5.4. (g and h) Oscillation frequency sweep behavior of MXene/Carbopol gel inks at the constant strain of 0.5%. (i) Five-step recovery behavior of
M[1.5]C[0.5]-7 gel ink at a constant oscillation frequency of 1 Hz. The scale bars indicate (b) 100 ym, (c) 2 pm, and (d) SO ym.

dimensions of 172 X 172 mm? The 2D images are azimuthally
integrated to yield the scattering vector () and intensity (I). For the
SAXS measurement of gel inks, the samples are encapsulated between
two Kapton tapes. Note that no peaks related to the Kapton tape are
observed in the “q” range 0.005—0.2 A™'. The SAXS/WAXS
measurements of aerogels are performed on rectangular samples
with a thickness of 1.5 mm using standard sample plate holders. SAXS
spectra of a gel sample are collected for 90 min, and the SAXS/WAXS
data of each aerogel are measured for 60 min. X-ray diffraction
patterns are obtained at the speed of 1.2°/min using a powder
diffractometer (Rigaku Miniflex IT) equipped with a Cu Ka radiation
X-ray source.
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2.5.3. Composition. To examine the composition of the hybrid,
thermogravimetric analysis (TA Instruments, TGASS0) is carried out.
The sample is heated at 10 °C min~' under an argon atmosphere
(130 mL min™") during the measurement and is vacuum-dried at 80
°C for 24 h before testing.

2.5.4. Electrical Conductivity. The sheet resistance of aerogels is
measured by the four-point probe method (Ossila T2001A3).

2.5.5. Mechanical Properties. The mechanical tests are performed
using a Discovery HR-2 (TA Instruments) instrument in the
compression mode at 25 °C with a linear deformation rate of 0.1
mm/s.

2.5.6. Porosity. The nitrogen adsorption/desorption analysis is
performed at 77 K via an ASAP 2020 Plus analyzer. At least, 100 mg
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ACS Appl. Mater. Interfaces 2025, 17, 4022—4032


https://pubs.acs.org/doi/10.1021/acsami.4c19700?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19700?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19700?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19700?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c19700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

N
S

Width variation (%)
o

-20

Freeze-drying A M- 10111
sk i

Thiswork -
* o on hogjo J
Withy lica)
o © fow Solig g Pertieg ¥
[ ] Ontent
*
® o ¢
[ 1
[ ]
*
[ .. °
P °
10 20 30

Solid Content (wt.%)

Figure 2. 3D printability of M[1.5]C[0.5]-7 gel ink. (a) Variation in the width of deposited filaments with respect to the nozzle inner diameter
(610 pm). (b) Printed grid before and after freeze-drying. (c) SEM image of the printed grid after freeze-drying printed structures. (d) One layer
ink coating on the glass substrate, (e) cube 25 X 13 X 3 mm?, (f) grid 25 X 13 X 2 mm?, (g) hollow cylinder 17 X 12 X 3 mm?, and (h) pyramid 15

X 15 X 6 mm>. (i) Free-standing hydrogel reinforced by hydrogen bondin
17,18,20,24,25,27,28,31,32,41—

study and other MXene-based inks reported before.

%

(j) Rheological properties of the 3D-printable ink designed in this
The scale bars indicate (a and b) 2 mm and (c) 500 um.

of the sample is tested, and it is degassed for 72 h at 150 °C under a
vacuum before the test.

2.5.7. Particle Size and Zeta Potential. The hydrodynamic size
distribution and zeta potential of MXene suspension at a very dilute
regime are estimated by the dynamic light scattering technique using a
Malvern Instruments Nano ZS instrument.

2.5.8. Optical Imaging. The optical microscopic images are
captured under the transmission mode by a ZEISS Axioscope 5
microscope.

2.5.9. EMI Shielding. EMI shielding measurements of aerogels are
carried out in the X-band frequency range (8.2—12.4 GHz) using a
WRY0 waveguide (inner dimension of 22.86 X 10.16 mm?) connected
to the vector network analyzer (ZVA67, Rohde & Schwarz). Aerogels
with different compositions and thicknesses are 3D printed (70%
filling, 45° filling angle) before being freeze-dried. Each sample is
tightly fixed inside the waveguide, and the holder is tightened with
screws and clamps to prevent any wave leakage during the test. Three
replicates for each sample are prepared, and an average of at least
three measurements is reported for each. The “S” parameters
measured by the vector network analyzer are used to calculate the
shielding effectiveness for each sample.

3. RESULTS AND DISCUSSION

Rheological Tailoring and Optimization of Microgel-
Guided MXene Ink. Highly stable MXene suspension with
average nanosheet sizes between 1 and 3 ym and a zeta
potential of —35 mV was prepared through minimally intensive
etching and delamination of Ti;AlC, (MAX) compact particles
(20-200 um) (Figure S1, SI). The absence of the character-
istic Ti;AlC, peak in the XRD pattern at 39° and the increased
d-spacing of MXene indicate successful etching with no
residual MAX phase remaining in the final product (Figure
S2, SI). To develop robust aqueous gel ink formulations
compatible with extrusion-based 3D printing, MXene nano-
sheets were incorporated within a jammed Carbopol microgel
matrix (Figure 1a), which creates a confined environment that
prevents MXene infiltration due to its lateral micrometer-scale
dimensions, as confirmed by SEM (Figure 1b). This
confinement facilitates electrical percolation through close
interfacial contact, allowing optimal rheological properties
without compromising the template’s structural integrity. Our
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hybrid inks, labeled as M[x]C[y]-n, where “x” and “y” denote
the weight percentage of MXene and Carbopol, respectively,
and “n” represents the pH of the Carbopol dispersion used in
ink preparation, exhibit diversity in their formulations (Table
S1, SI).

The strong hydrogen bonding between the surface groups of
MXene and the carboxylic acid moieties of Carbopol enhances
the stability of the composite, maintaining homogeneity and
resistance to phase separation, as confirmed by a 30 min
centrifugation test at 10,000 rpm with no noticeable
stratification (Figure S3, SI). Additionally, freeze-drying
showed minimal impact on the ink’s internal structure due
to the compatibility between MXene sheets and Carbopol
particles. In contrast to the collapse observed in Carbopol
alone, the MXene/Carbopol hybrid retained its structure,
supporting the formation of a solid closed-cell porous network
(Figures lc, entry S4, SI).

The rheological properties of the MXene/Carbopol gel inks
were evaluated, with MXene loading varied from 0.2 to 1.5 wt
% and Carbopol concentration fixed at an optimal 0.5 wt % to
simulate conditions encountered during and after extrusion
(Figure 1d—i). The inks demonstrated pronounced shear-
thinning behavior (Figure 1d), which is critical for consistent
flow through the nozzle during printing. The inks’ high
viscosity (exceeding 10° Pa-s) and yield stress (7,) values
ranging from 150 to 400 Pa (Figure lde, Table S2, SI)
facilitate shape retention postdeposition, a requirement for 3D
printing applications. The flow behavior follows the Herschel-
Bulkley model (7 = 7, + ky/", where 7 is the shear stress, k is the
consistency index, y is the shear rate, and n is the power law
index), with n decreasing from 0.362 to 0.24 as the MXene
content increases (Table S2, SI). This decreasing trend in the
power law index indicates enhanced shear-thinning capability
crucial for smooth extrusion. The systematic increase in the
yield stress with increasing MXene content correlates with the
strengthening of the percolated network structure, as
evidenced by amplitude sweep measurements showing an
extended linear viscoelastic region (Figure S7, SI). This
behavior restricts fluid flow under low stress, preserving
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Figure 3. Structural properties of MXene/Carbopol gel inks. (a) Oscillation rheology of pristine MXene ink (1.5 wt %) measured at 0.3% strain
amplitude and a frequency of 1 Hz, presheared from 0.1 to 5 s™". (b) Oscillation strain sweeps of Carbopol dispersions prepared by medium-cross-
linked grade at pH 4 (C[0.5]-4) and 7 (C[0.5]-7) or by highly cross-linked grade at pH 7 (C*[0.5]-7) measured at the frequency of 1 Hz. (c)
Average storage moduli calculated from the data measured in the linear viscoelastic range at 1 Hz for hybrid inks with the pH of 4 and 7 at different
MXene concentrations and their optical microscopic images at 0.4 vol % MXene. (d) Variation in the linear elastic modulus of M[1.5]C[0.5] gel
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fraction. (h) Change in flow transition index by increasing the MXene volume fraction. (i, j) SAXS scattering intensities as a function of scattering

vector q (q = 27/d) of MXene/Carbopol gel inks.

structural integrity and enabling rapid recovery of the ink’s
original modulus after extrusion (Figure 1f).

To further understand the viscoelastic characteristics, we
performed oscillatory frequency sweeps under a constant strain
of 0.5%, confirming a frequency-independent storage modulus
across formulations, indicative of a predominantly solid-like
system (Figure lg). The storage modulus (G’) consistently
exceeded the loss modulus (G”), with a G'/G” ratio greater
than 5, surpassing the threshold for extrusion printing fidelity.
This behavior is further supported by amplitude sweep
measurements (Figure S7, SI) showing clear yield points that
shift to higher strains with increasing MXene content,
indicating an enhanced structural stability. The high G'/G”
ratio signifies that the ink solidifies readily and retains shape
immediately upon extrusion (Figure 1h).

Through synergistic interactions between MXene and
Carbopol, we achieved optimal rheological properties for 3D
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printing at an ultralow solid concentration of 2 wt %, where
MZXene constitutes 75% of the solid mass. The M[1.5]-C[0.5]-
7 ink formulation also displayed thixotropic behavior, allowing
it to regain its viscoelastic properties instantly after extrusion, a
key factor in maintaining the shape fidelity of printed
structures (Figure 1i). In a structured five-step recovery test,
an initial low strain of 0.3% simulated preextrusion conditions
followed by a high strain of 350% to replicate the viscous-
dominated regime where G” exceeds G'. The immediate
recovery of storage modulus after high-strain deformation
indicates rapid rebuilding of the microgel-MXene network
structure, essential for layer-by-layer printing where quick
solidification prevents structural collapse. Upon returning to
low strain, the storage modulus rapidly recovered, demonstrat-
ing the ink’s capacity to withstand shear and return to its gel-
like state without loss of structural properties.

https://doi.org/10.1021/acsami.4c19700
ACS Appl. Mater. Interfaces 2025, 17, 4022—4032


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c19700/suppl_file/am4c19700_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19700?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19700?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19700?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19700?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c19700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

This rheological profile, achieved at a low MXene content,
highlights the efficacy of the microgel-guided assembly in
producing a 3D-printable MXene-based ink with remarkable
stability and shape retention. Such a formulation reduces
material usage and offers the potential for production
scalability and cost effectiveness.

3.2. Printability of MXene/Carbopol Gel Inks. The
extrusion printability of M[1.5]-C[0.5]-7 ink was evaluated by
analyzing the variance in the width of the printed lines based
on the nozzle’s inner diameter (Figure 2a). The thickness
variations of the printed lines are less than 15% compared with
the nozzle size, indicating minimal filament spreading. This
deviation is significantly below the lowest reported value of
25% measured for Ti;C, MXene-based inks.*’

The optimal printability of an ink gel should manifest in an
extruded filament with well-defined morphology, smooth
surface, and consistent width, which in turn results in the
construction of regular grids with square holes.** The

printability characteristic “Pr” (Pr = %%, in which “C”

denotes hole circularity) of the printed grids should fall within
the 0.9—1.1 range for ideal mechanical stability."" The Pr
values of the printed M[1.5]-C[0.5]-7 grid shown in Figure 2b
are approximately 1 + 0.0S, indicating that the 3D printed
hydrogel construct presents robust filament morphology and
mechanical stability. Moreover, the printed gel ink maintains
shape fidelity and integrity with less than 3% dimensional shift
after freeze-drying, eliminating the need for additional thermal
or chemical treatments (Figure 2b,c).

By exploiting the optimal rheological properties and uniform
dispersion of nanosheets in the gel inks, we fabricated various
3D architectures through continuous extrusion printing of
M[1.5]-C[0.5]-7 ink (Figure 2d—h). Given the favorable
mechanical properties and rapid recovery when shear is absent,
the printed gel ink retains geometric features and structural
integration upon deposition. Furthermore, by enhancement of
hydrogen bonding between components, free-standing hydro-
gels with excellent shape fidelity were achieved. This was
realized by adding 0.9 mg of sodium tetraborate decahydrate
and 13 uL of glycerol to 1 mL of MXene/Carbopol hybrid and
then allowing the mixture to rest for 24 h in a sealed container
at 30 °C (Figure 2i).

The rheological properties of the 3D-printable MXene/
Carbopol gel ink with 2 wt % solid content are compared with
previously reported 3D printed MXene-based inks (Figure 2j;
detailed data in Table S3, SI). Despite having minimal solid
content, the ink developed in this study displays rheological
properties that are comparable, if not superior, to those
reported in other studies. The remarkable properties of the ink
are attributed to the percolated network of high-modulus
MXene nanosheets throughout the structure, enabled by the
space-filling morphology of jammed Carbopol microgels.

3.3. Morphology-Rheology Relationship of MXene/
Carbopol Gel Inks. The storage modulus of pristine MXene
suspension is largely contingent on the long-range orientation
or liquid-crystalline assembly of MXene nanosheets in the
system, as explained by Onsager theory.** This orientation
arises from the repulsive interactions between the nanosheets
and is enhanced by applying external deformation to the
system or increasing the concentration (Figures 3aand SS, SI).
The storage modulus of the isotropic MXene suspension (1.5
wt %) is approximately S Pa at the onset of the partial long-
range orientation of nanosheets, as illustrated by the
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anisotropic SAXS diffusive pattern (Figure 3a). As the shear
rate increases to 5 s™', the solid behavior (i.e, G’ and G'/G”")
progressively improves, with the storage modulus reaching ~90
Pa (Figure 3a). These observations reveal that the viscoelastic
response of the pristine MXene suspension is greatly affected
by the shear history, with a recovery time exceeding 1200 s,
rendering it unsuitable for 3D printing.

Conversely, the macroelasticity of Carbopol dispersions is
governed by the volume fraction and cross-link density of the
polymer particles.”> For the Carbopol 980 NF, characterized
by moderate cross-linking density, the highest storage modulus
of approximately 300 Pa is achieved for 0.5 wt % dispersion
after pH neutralizing (C[0.5]-7 and C[0.5]-4); (Figure 3b).
This is attributed to the ionization of carboxylate groups,
which triggers the polymer chain uncoiling and microgel
swelling due to electrostatic repulsion. Furthermore, as the
cross-link density of Carbog)ol particles increases, the polymer
aggregates become Iarger,3 and the storage modulus reaches
600 Pa at 0.5 wt %, pH 7 (C*[0.5]-7) (Figure 3b).

Leveraging the close-packed morphology (i.e., jamming) of
Carbopol and the high modulus of MXene nanosheets,
MXene/Carbopol gels demonstrate synergistic rheological
behavior despite the relatively low storage moduli of both
the individual MXene suspension and Carbopol dispersion. In
accordance with the statistical percolation model,** we observe
a percolation in the storage modulus (G’) at 0.4 wt % (0.1 vol
%) of MXene (Figure 3c). This underscores the substantial
impact of MXene nanosheets on the rigidity of the MXene/
Carbopol solidlike networks due to the multiparticle
interactions and friction among closely packed particles.
Interestingly, the acidic MXene/Carbopol gel ink, even with
the smaller size of Carbopol microgels and their lower storage
modulus at pH 4, exhibits a higher storage modulus compared
to the neutralized ink, particularly beyond the percolation
threshold (Figure 3c). This enhanced reinforcement effect of
MXene nanosheets at pH 4 is attributed to nanosheet
aggregation, as illustrated by optical microscopic images
(Figure 3c). However, such an aggregation is not ideal for
3D printing as it compromises ink homogeneity, potentially
causing nozzle clogging and phase separation during the
printing process. On the other hand, utilizing Carbopol with a
high cross-link density increases the storage modulus of
M[1.5]C*[0.5]-7 to 2700 Pa, a significant increase from 1200
Pa achieved with less cross-linked Carbopol (Figure 3d).

The 3D printability of pristine MXene inks is typically
influenced by the asg)ect ratio of MXene nanosheets and the
ink concentration.”® However, the production of highly
concentrated suspension (>S5 wt %) containing large, few-
layered MXene nanosheets for 3D printing poses considerable
challenges and demands substantial time.”” Intriguingly,
altering the lateral sizes of MXene does not significantly
impact the mechanical properties of MXene/Carbopol gel inks,
enhancing the feasibility of this system for large-scale 3D
printing of MXene products (Figures 3d and S6, SI).

To distinguish the individual effects of MXene and Carbopol
morphologies on the mechanical properties of the gel inks, the
reinforcement degree is calculated by normalizing the storage
modulus of the gel inks to the respective values for the pristine
Carbopol dispersions (Figure 3d). Results suggest that for
similar compositions, the aggregation states of both MXene
and Carbopol particles profoundly influence the storage
modulus of the gel ink. Later sections explore how these
parameters impact the solid-state properties of MXene/
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Figure 4. Solid-state structure and properties of MXene/Carbopol aerogels. (a) SAXS and (b) WAXS scattering profiles, (c) XRD patterns. (d)
Change in electrical conductivity by increasing MXene volume fractions. (e) EMI shielding effectiveness of aerogels by increasing the MXene
volume fractions and (f) by changing the aggregation states of Carbopol particles. (g) EMI shielding mechanisms of MXene/Carbopol aerogels. (h)

Mchanical behavior of M[1.5]C[0.5]-7 aerogel under compression.

Carbopol hybrids, providing insights into optimizing param-
eters based on specific final applications.

The viscoelastic response of MXene/Carbopol gels provides
additional understanding of the dispersion state of MXene
nanosheets and their interactions with Carbopol microgels
(Figures 3e and S7, SI). In the linear viscoelastic range (LVR),
where strain amplitude is small compared to the strength of the
bonds maintaining the microstructure, the material behaves
like a homogeneously deformable gel-like or soft solid.** In this
region, microgels are restricted to their respective “cages”
undergoing elastic deformation without significant relative
movement.”” It is hypothesized that favorable interactions
between MXene and Carbopol permit nanosheets to settle on
the microgel surfaces, which results in an increase in the elastic
modulus in the LVR with an increase in the MXene content.

The yield point is the strain amplitude (y,) where reversible
elastic deformation ends and irreversible deformation, or bond-
breaking process, begins (Figure 3f).* Yielding region of
MXene/Carbopol gel inks is characterized by the dominance
of G’ and a simultaneous overshoot in the loss modulus
(Figure S7, SI). This is due to the continuous and spatially
heterogeneous transition from recoverable to unrecoverable
strain acquisition, which intensifies throughout the material as
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the deformation amplitude increases.*”*’ The nonlinear region
commences beyond the crossover point of G’ and G” known as
the flow point (y;), where dissipation predominates due to
unrecoverable plastic flow* (Figure 3f). The high strain
amplitudes in this region cause a massive bond breakage, so the
microstructure is no longer percolated, and the material shows
liquidlike behavior.

Up to 024 vol % (0.9 wt %) of MXene, Yy and g
respectively, rise from 10 and 170% for the Carbopol
dispersion to 32.7 and 347% for M[0.9]-C[0.5]-7 (Figure
3g). This suggests that MXene nanosheets partially covering
the microgels form a highly elastic, well-packed assembly,
delaying the gel’s transition to a viscoelastic and liquidlike
behavior. However, with further MXene content increase to
0.4 vol % (1.5 wt %), both yield and flow points decrease to
strain amplitudes of 24 and 230%, respectively. Similar to
Carbopol dispersions with added spherical fillers,”! in the
MXene/Carbopol system, increasing the MXene volume
percentage from 0.2 to 0.4 weakens the microgel interconnec-
tion and increases the MXene/MXene repulsive interactions.
This enhances plastic deformation mechanisms and shifts the
structure to viscoelastic and liquidlike regions at lower strain
amplitudes. Meanwhile, the flow transition index (y¢/7,), which

https://doi.org/10.1021/acsami.4c19700
ACS Appl. Mater. Interfaces 2025, 17, 4022—4032


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c19700/suppl_file/am4c19700_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c19700/suppl_file/am4c19700_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19700?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19700?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19700?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19700?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c19700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

characterizes the inner structure’s breaking behavior,*”
continually decreases from 17 to 10 as the MXene content
increases to 1.5 wt % (Figure 3h). This trend indicates a
transition from a weak network to a stiff or brittle soft material,
evidencing the structure’s ability to yield, break down, and
rebuild during the printing process.

To supplement the structural characterization offered by
rheology, SAXS measurements are carried out on MXene/
Carbopol gel inks (Figure 3i,). It is important to note that the
scattering pattern observed in SAXS is primarily due to the
presence of MXene nanosheets, which have high contrast with
water, while the pristine Carbopol dispersion does not exhibit
any diffusive scattering pattern (Figure S8a, SI). Therefore, the
structural ordering observed for hybrid systems is solely
assigned to the arrangements of the MXene nanosheets.

The slope of the SAXS scattering intensity profile at very low
q values can be used to determine the fractal dimensionality of
the dispersed objects in the system.””>* The X-ray scattering
intensity (I) decreases monotonically with the scattering vector
modulus (q) for MXene concentrations ranging from 0.2 to 1.5
wt %, with I ~ g~2 This follows the typical scattering law of 2D
planar colloids and indicates the excellent dispersion of MXene
nanosheets in gel inks (Figure 3i).

The 2D scattering pattern of the M[1.5]C[0.5]-7 gel ink
shows an isotropic diffusive pattern, contrasting with the long-
range orientation observed in the M[1.5] suspension (Figures
3i and S8a, SI). This confirms the confinement of MXene
nanosheets between Carbopol microgels, preventing them
from achieving long-range orientation.

To better illustrate the characteristic peaks related to the
ordering of MXene nanosheets, the intensity is normalized by
multiplication with g* (Figure 3j). The scattering profiles of
MXene/Carbopol gel inks display notable peaks indicative of
the correlation distances between the MXene nanosheets.
These peaks are not observed in either MXene or Carbopol
dispersions (Figure S8b, SI). Interestingly, within the studied
concentration range, while the intensity of the peaks increases
with MXene concentration, the correlation distances between
the MXene nanosheets remain unchanged. The peaks observed
in the scattering profiles at g*—5¢*—10g* cannot be simply
attributed to the lamellar ordering typically seen in suspensions
of repulsive nanosheets.”* In the MXene/Carbopol system, not
only are MXene nanosheets confined between the jammed
Carbopol microgels, but there are also hydrogen bonding and
electrostatic repulsions between various entities such as
MXene/MXene, MXene/Carbopol particles, and MXene/
PAA dangling chains. To understand the ordering geometry
of MXene nanosheets, future theoretical studies and computer
simulations are required.

3.4. Morphology and Properties of MXene/Carbopol
Aerogels. The X-ray scattering analysis (SAXS/WAXS/XRD)
of aerogels in different length scales of 0.1 to 120 nm was
carried out to assess the dispersion state of MXenes, as shown
in Figure 4a—c. After the hydrogels were freeze-dried, the
decay slope of the SAXS profile rises to 3.6—3.8 depending on
the MXene concentration (Figure 4a). This suggests the
restacking of MXene nanosheets after freeze-drying as a result
of the high local concentration of MXenes in the confined
volume between polymer agglomerates and/or creasing of
nanosheets dispersed in the repulsive polymer matrix. Also, as
the MXene content increases from 28 to 74 wt %, the
interlayer spacing of MXene nanosheets shrinks from 5.64 to
4.22 A, with a corresponding increase in the intensity of (002)
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peaks, especially above the percolation threshold (Figure 4b).
This signifies enhanced face-to-face MXene assembly by
increasing the MXene concentration, thus corroborating the
SAXS results. This MXene assembly results in aerogels that
possess both effective electrical conduction and suitable
mechanical properties.

X-ray diffraction patterns at smaller length scales show the
higher order (001) peaks and (110) peak as characteristics of c-
lattice and a-lattice parameters of MXenes, respectively (Figure
4c). A major peak ranging from 26 of 10° to 25°, linked to
Carbopol, is observed in aerogels’ patterns, with the highest
intensity measured for the aerogel containing the lowest
MXene concentration (M[0.2]C[0.5]-7). On the other hand,
the intensity of the (110) peak, indicating the in-plane
crystalline order of MXene nanosheets, amplifies as the MXene
concentration increases. High-order (00) MXene peaks are
clearly observed in the aerogels’ patterns, particularly in the
system with the highest degree of face-to-face MXene assembly
(M[1.5]C[0.5]-7). The comparison of the intensities of
MXene’s characteristic peaks reveals that percolated MXene
assembly occurs above 0.0S vol % MXene (Figure 4c). This
structural development directly impacts the solid-state
electronic properties of the MXene/Carbopol aerogels.

The effective face-to-face contact between MXene nano-
sheets, facilitated by the closely packed segregated morphology
of the MXene/Carbopol system, results in excellent electrical
conductivity of approximately 360 S'm™", even at low MXene
concentrations of only 0.4 vol %. (Figure 4d). This is why the
electrical conductivity of the MXene/Carbopol aerogel greatly
exceeds that of other segregated structures prepared using
spherical polymer particles as templates (Table S4, SI). As
suggested by the X-ray diffraction patterns, a rapid increase in
direct electrical conductivity is observed at 0.05 vol % MXene,
with a conductivity of 0.15 S'm™", which greatly surpasses the
antistatic criterion (107° S:m™").*” Increasing MXene loading
above 0.11 vol % vyields a more gradual rise in electrical
conductivity, e.g., ®63 and 104 S-m~! at 0.16 and 0.23 vol %,
respectively. This enhancement in electrical conductivity
exemplifies the formation of interconnected conductive paths
between MXene nanosheets and can be described by the bond
percolation model. Above the percolation threshold, the bond
percolation model offers a power law, o, = o[ (¢ — @) /(1 —
@.)], for the conductivity of the composite, where “oyy”
represents conductivity of the MXene, “@p” is the filler volume
fraction, “@.” is the percolation threshold, and “¢” is the so-
called universal critical exponent. In the MXene/Carbopol
system, the critical exponent “t” is 1.93, which is close to the
theoretical universal value of 2 for 3D systems.”” The electrical
percolation in the solid state (0.05 vol %) precedes the
theological percolation (0.1 vol %) of MXene/Carbopol gel
inks. This is attributed to the proximity of MXene nanosheets
after the removal of interlayer water molecules, which facilitate
electron hopping between nanosheets.

The EMI shielding effectiveness (SE) of aerogels that
contain a well-developed electrically conductive network of
MXene nanosheets was evaluated (Figures 4e,f, S10, SI and eqs
S1—S3, SI). The physical properties of the tested aerogels,
which were prepared via 3D printing, are presented in Table S5
and Figure S9, SI. When the MXene concentration increases
from 53 to 63 wt %, SE increases from 22.5 to 57 dB (Figure
4e). However, a further increase in the MXene concentration
to 74 wt % only improves the shielding effectiveness by about 3
dB. This suggests that a well-developed, space-spanning
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MXene network is formed at only 63 wt % (0.24 vol %) of
MZXene, which can shield more than 99% of incident EM
waves.

Moreover, for the M[1.5]C[0.5]-7 sample with the highest
MXene content, there is no significant change in the shielding
effectiveness when the thickness of the shield is increased from
2 to 3 mm. This negligible effect of material thickness on the
shielding effectiveness is attributed to the decreased attenu-
ation constant for highly porous materials, a phenomenon also
observed in other systems.*

Figure 4f compares the shielding effectiveness of aerogels
with a consistent MXene content of 53 wt % but with varying
dispersion states of MXene and Carbopol (Figure S10, SI).
The aggregation of MXene nanosheets at a low pH (in the
M[0.9]C[0.5]-4 system) reduces the electrical conductivity by
3 times compared to the system with a homogeneous MXene
distribution (inset of Figure 4f). Consequently, the non-
homogenous system shows a minimum shielding effectiveness
of about 24 dB.

On the other hand, increasing the cross-link density of
Carbopol particles leads to a larger cell size for the aerogel and
reduces the accessible volume for displacing MXene nano-
sheets. This corresponds to a higher density of MXene
nanosheets in cell walls and thereby enhances interconnections
between the nanosheets, improving electron conduction in
M[0.9]C*[0.5]-7 system (Figure 4f). In contrast, the shielding
effectiveness drops to approximately 42 dB due to the system’s
reduced absorption capability through interfacial polarization
at MXene/polymer interfaces and/or internal reflections in the
aerogel with a larger cell size (Figure 4g).

These results clearly demonstrate the interplay between
electrical conductivity and porous morphology in the
attenuation of electromagnetic waves. It is important to note,
however, that the impact of porous morphology on the
shielding effectiveness may differ depending on the electrical
conductivity of the MXene assemblies, and varying trends may
be observed in different situations.”*” The manipulation of the
dispersion state of MXene nanosheets and Carbopol particles
optimizes the processability of MXene/Carbopol gel inks,
ultimately refining the electric and electromagnetic properties
of the resulting aerogels. The MXene/Carbopol aerogels
exhibit comparable performance to other aerogels prepared
using the template method (as shown in Table S4, SI);
however, the MXene/Carbopol aerogel stands out because of
its compatibility with 3D printing processes and its
simultaneous high electrical conductivity and EMI shielding
effectiveness, even at the low thickness and solid content.

MXene/Carbopol aerogel exhibits the characteristic me-
chanical response of foamlike materials with three distinct
regions: elastic, plateau (plastic), and densification (Figure
4h). The MXene nanosheets are the main component of the
cell walls in the M[1.5]C[0.5]-7 aerogel, contributing to an
elastic modulus of 1.75 MPa, an elastic yield stress of 250 kPa,
and a compression strength of about 1.4 MPa. Interestingly,
the aerogel can support more than 5000 times its own weight
without collapsing due to its impressive elastic modulus at a
mere mass of 18 mg. This robustness indicates the broad
application potential of the MXene/Carbopol aerogel across
diverse fields. Beyond a deformation of 65%, the densification
region begins, which corresponds to a state in which the
majority of cells are damaged due to the substantial load,
causing the cell walls to come in contact with one another. The
structure after load removal is not recoverable due to the
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minimum elastic properties of Carbopol in its solid state and/
or the inherent brittleness of the MXene cell walls. However,
the swelling of Carbopol particles can act as a stimulus,
restoring the collapsed cells to their original arrangements
within the material (Video S1, SI). When compared to
previously reported MXene/polymer foams, the elastic
modulus and compression strength of the MXene/Carbopol
aerogel are notably superior (Table S6, SI).

4. CONCLUSIONS

This study introduces a novel approach to designing a 3D-
printable MXene ink with optimized rheological and
mechanical properties, leveraging the unique jamming effects
of Carbopol microgels to guide the MXene nanosheet
assembly. By serving as templates, the jammed Carbopol
microgels create a percolated, densely packed network of
MXene nanosheets with minimal solid content (2 wt %),
achieving a viscosity of 50,000 Pa-s and a yield stress up to 400
Pa. This synergy between jamming and percolation results in a
viscoelastic ink, facilitating high-precision extrusion printing
and enabling the creation of free-standing 3D structures with
excellent shape fidelity and stability. The encapsulation of
Carbopol microgels within an MXene network provides the
resulting aerogels, after freeze-drying, with a highly porous yet
mechanically robust structure, boasting over 98% porosity.
This structure supports a lightweight, conductive MXene
network that demonstrates superior EM shielding efficiency of
57 dB at an ultralow density of 25 mg/cm®. These properties
align the MXene/Carbopol aerogels with the characteristics of
mechanical metamaterials, where disorder and jamming yield
unique structural advantages, including a high compressive
modulus and EMI shielding performance.

The high conductivity and durability of the MXene/
Carbopol aerogels make them promising candidates for
advanced applications across multiple fields, including energy
storage and wearable and implantable electronics. By applying
principles of jamming and synergistic network formation, this
method extends beyond MXene-based systems and offers a
versatile platform for developing printable inks with other 2D
nanomaterials. In doing so, it opens a pathway toward the
scalable fabrication of lightweight, high-performance materials,
aligning with the evolving needs of smart device technologies
and EMI shielding applications in advanced metamaterials.
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