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Abstract

Two-dimensional transition metal carbides and nitrides (MXenes) show great
promise for electromagnetic interference (EMI) shielding. However, their sus-
ceptibility to oxidation, particularly in humid environments or water, limits
their industrial applications. This study introduces a straightforward method
for developing functionalized MXenes (F-MXenes) with significantly enhanced
oxidation resistance and environmental stability, which are critical factors for
industrial scalability. The resulting F-MXenes disperse easily in non-polar sol-
vents, adhere well to various substrates, and remain highly stable under harsh
conditions in an accelerated oxidation test at 100°C and 80% relative humidity
for 49 days; F-MXenes retained 93% of their initial electrical resistance. Addi-
tionally, these films withstand water exposure, maintain superior current
retention in seawater and corrosive environments, and exhibit high flexibility
(10 000 bending cycles) and tensile strength (35 MPa). Notably, the EMI
shielding effectiveness of the hydrophobic F-MXene films, produced using
scalable techniques such as spray and blade coating, far exceeds that of previ-
ously reported hydrophobic MXene films and MXene composites, achieving
52-77 dB at thicknesses of 5-40 pm. This study highlights the potential of
F-MXene as high-performance, scalable EMI-shielding coatings, particularly in

humid or water-exposed environments.
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1 | INTRODUCTION

As a novel class of two-dimensional (2D) materials with
unique structural, electrical, and electrochemical proper-
ties, transition metal carbides and nitrides (MXenes) have
been extensively studied.'”> MXenes exhibit high electro-
magnetic interference (EMI) shielding effectiveness (SE),
reaching up to 93 dB at a thickness of 40 um,® due to
their layered structure (enabling multiple reflection and
absorption of EM waves),” high electrical conductivity
(up to 20000 S cm '),® and large surface area which
facilitates thin-film fabrication.” These properties make
MXenes ideal for high-performance EMI shielding.®%**
Additionally, they can be processed using scalable
solution-based techniques, such as spray and blade coat-
ing, making them suitable for industrial-scale
production.'*™'* Their flexibility and mechanical strength
further enhance their applicability in shielding materials
that conform to various shapes and structures.*'>'¢

However, MXenes are highly susceptible to oxidation,
which significantly degrades their electrical conductivity
and flexibility—critical properties for their practical
use.'’?° Current strategies to mitigate oxidation include
thermal treatment (with or without additives),”*** sur-
face passivation with alkali ions,****> and composite for-
mation with hydrophobic polymers.”** Thermal
treatment, often performed after film fabrication, typi-
cally requires high temperatures in an inert or hydrogen
atmosphere. Low-temperature processes necessitate addi-
tives, which can be resource intensive and challenging
for large-scale applications. Surface passivation with
alkali ions can cause crumpling of MXenes, reducing dis-
persion stability and requiring additional purification
steps. In hydrophobic polymer composites, MXenes typi-
cally serve as fillers in a multilayered structure, which
limits their full potential.

A promising alternative for preventing oxidation is
dispersing MXenes in non-polar solvents, shielding
them from oxygen and water, and extending their shelf
life for industrial applications.>*>! Surface modification
with organic molecules imparts hydrophobicity by
forming physical or chemical bonds with MXene surface
functional groups.***° However, this method often
requires harsh processing conditions to establish stable
bonds and increases the interlayer spacing due to long
alkyl chains, leading to oxidation and a significant drop
in electrical conductivity. Moreover, most studies have
focused on preparing nonpolar dispersions, with limited
exploration of their large-scale integration into EMI
shielding films. Therefore, developing an efficient, scal-
able, and environmentally stable approach to enhance
the oxidation and water resistance of MXenes while pre-
serving their electrical conductivity and enabling

industrial-scale integration is crucial for advancing their
practical applications.

In this study, we developed a scalable and environ-
mentally stable functionalized MXene (F-MXene) by
attaching alkyl amines of varying chain lengths
(e.g., dodecyl-, tetradecyl-, and hexadecyl-amine) to the
MZXene surface. The resulting F-MXenes readily disperse
in nonpolar solvents such as toluene, chlorobenzene, and
heptane and can be coated onto various substrates
including glass, copper, stainless steel, and polyethylene
naphthalate. These films exhibited enhanced structural
stability, environmental stability, and corrosion resis-
tance. The free-standing F-MXene films demonstrated
high flexibility, withstanding up to 10 000 bending cycles,
and structural stability with a tensile strength of 35 MPa.
Notably, the EMI SE of the hydrophobic F-MXene films
surpassed that of previously reported hydrophobic
MZXene films and MXene composites, achieving approxi-
mately 52-77 dB at thicknesses of 5-40 pm, compared to
70 dB at 60 um for prior designs.*® In an accelerated oxi-
dation test at 80% relative humidity (RH) and 100°C for
49 days, the hydrophobic F-MXene films retained approx-
imately 93% of their initial electrical resistance, whereas
pristine MXene films exhibited a 49% decline in pristine
MXene films. Additionally, the free-standing F-MXene
films demonstrated excellent water resistance,
maintaining conductivity even under direct water expo-
sure, unlike pristine MXene films, which degraded imme-
diately upon contact with water. Further testing in a
3.5 wt% NaCl aqueous solution (simulating seawater con-
ditions) under a continuous 1V current for 7 days
confirmed that F-MXene films maintained their current
more effectively than commercial Al foil. Finally,
F-MXene films proved adaptable to various scalable
application methods, including spray coating, paint
brushing, and blade coating on both curved and flat sur-
faces. They exhibited superior adhesion compared to pris-
tine MXene films, further demonstrating their potential
for real-world EMI shielding applications.

2 | RESULTS AND DISCUSSION

2.1 | Hydrophobicity of MXene via alkyl
amine functionalization

Pristine MXene is intrinsically hydrophilic and disperses
easily in water due to its highly negative zeta potential,
attributed to surface terminations such as -O and ~-OH.*
However, dispersing MXene in nonpolar solvents
requires increasing the inter-flake spacing to counteract
‘like dissolves like’ effects, primarily driven by London
dispersion  forces and three-dimensional steric
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FIGURE 1 Characterizations of hydrophobic 2D F-MXene. (A)

Temperature (°C)

Time (min)

Schematic illustration of synthesis and functionalization of 2D MXene

and alkyl amines. (B) Photograph image after functionalized process. (C) Zeta potential comparison of MXene and F-MXene. (D) Size
distribution of each sample obtained by DLS analysis. (E) XPS analysis of N 1s of F-MXene. (F) XPS analysis of O 1s of MXene (bottom) and

F-MXene (top). (G) TGA analysis of MXene and F-MXene with diffe
F-MXene with time.

stabilization.>”** Figure 1A illustrates the synthesis of
MZXene, followed by alkyl amine functionalization via
hydrogen bonding to increase the inter-flake spacing.
X-ray diffraction (XRD) and scanning electron micros-
copy (SEM) analyses of the Ti;AlC, MAX phase and
Ti;C,T, (MXene), with an average flake size of 9.1 pm,
confirm the high quality of the MXene employed in this
study (Figures S1 and S2). To achieve stable MXene dis-
persion in nonpolar solvents, the optimal alkylamine
chain length was systematically investigated by increas-
ing the chain length in two-carbon increments from
octylamine (OA) to hexadecylamine (HDA). While OA
and decylamine (DA) provided insufficient inter-flake
spacing for stable dispersion, dodecylamine (DDA),

rent alkyl amines. (H) Changes in water contact angle of MXene and

tetradecylamine (TDA), and HDA improved flake separa-
tion (Figure 1B). However, DDA-functionalized MXene
lost its dispersion stability and was sedimented within
3 days, whereas HDA-functionalized MXene remained
stable. Consequently, HDA was selected for all subse-
quent F-MXene samples (Figure S3).

The colloidal stability of F-MXene was confirmed
through surface zeta potential measurements and the
Tyndall effect (Figures 1C and S4). The near-zero zeta
potential of F-MXene indicates that alkyl amine
functionalization effectively neutralized the surface
dipole of pristine MXene, which originally had a zeta
potential of —35.6 mV. Dynamic light scattering (DLS)
analysis revealed an increase in hydrodynamic size, with
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peak intensities at 1106, 1281, and 1484 nm for DDA-,
TDA-, and HDA-functionalized MXenes, respectively,
confirming successful alkyl amine attachment
(Figure 1D). Atomic force microscopy (AFM) height pro-
files revealed an increase in flake thickness from 2 to
4 nm, attributed to alkyl amines on both sides of the
MZXene flakes (Figure S5). Transmission electron micros-
copy (TEM) images showed that the F-MXene flakes
retained their morphology, with clean surfaces, preserv-
ing their intrinsic hexagonal structure (Figure S6).
Energy-dispersive Xl-ray spectroscopy (EDS) mapping
confirmed the presence of Ti from F-MXene and N from
the alkyl amines, validating successful functionalization
(Figure S7).

Freestanding F-MXene films were fabricated via vac-
uum filtration to characterize their physical properties.
Cross-sectional SEM and corresponding EDS mapping of
the F-MXene films confirmed the homogeneous
distribution of Ti, C, and N atoms throughout each alkyl
amine-functionalized MXene film (Figure S8). The
Raman spectra revealed that the characteristic vibrational
modes of MXene at 206, 384, and 723 cm™! remained
unchanged in F-MXene, whereas the mode at 590 cm™t
shifted to 550 cm™*, suggesting the influence of amine
attachment on the Ti surface (Figure $9).*° Furthermore,
the peak at 291.3 cm !, associated with ~-OH groups,
exhibited a slight red shift to 288.7 cm ™" and diminished
after functionalization, indicating hydrogen bonding
between the amine groups and surface terminations of
MZXene. Figure 1E presents the X-ray photoelectron spec-
troscopy (XPS) analysis of the N Is region of F-MXene.
The presence of C-N bonds rather than Ti-N bonds sug-
gests that alkyl amine is physically attached to the
MXene surface through interactions between MXene sur-
face terminations and -NH, groups rather than Ti-N
bonds.*® XPS analysis also revealed changes in the (i) C-
Ti-O peaks and (ii) the peaks associated with the surface
termination of O sites, indicating that amine functiona-
lization affects surface titanium, consistent with the
Raman data (Figure 1F).*' The absence of an adsorbed
H,O signal for F-MXene suggests that amine functiona-
lization effectively induces hydrophobicity. Furthermore,
the lack of significant shifts in the Ti 2p or C Is binding
energies suggests that the amine functionalization does
not involve direct chemical bonding (Figure S10).
Thermogravimetric analysis (TGA) revealed that, while
pristine MXene exhibited weight loss at approximately
100°C due to water evaporation, F-MXene exhibited
weight loss at around 150°C, corresponding to the higher
boiling point of chlorobenzene (Figure 1G). A notable
weight change above 280°C, corresponding to alkyl
amine decomposition, further confirmed that F-MXene
retained its hydrophobic properties during heat treatment

up to approximately 200°C. Figure S11 shows a substan-
tial increase in the water contact angle of alkyl amine-
treated MXene compared to pristine MXene, indicating
enhanced hydrophobicity due to alkyl chains extending
outward from the MXene flake surface. Time-dependent
contact angle measurements revealed that pristine
MZXene rapidly absorbed water, causing the contact angle
to reach 0° within 15 min (Figure 1H). In contrast,
F-MXene maintained its contact angle, reaching 0° only
after 180 min due to water evaporation rather than
absorption, demonstrating excellent hydrophobicity
(Figure S12).

2.2 | Environmentally robust F-MXene
films with High EMI shielding
performance

Figure 2A presents the XRD patterns of the pristine and
F-MXene films before and after the heat treatment. The
(002) peak of pristine MXene shifted gradually from 26
~ 7.10° to 5.06° after alkyl amine functionalization due
to intercalation of chains and trapped solvent molecules.
Heat treatment at 200°C removed the trapped solvents,
shifting the (002) peak of F-MXene back to 260 ~ 6.40°.
The d-spacings were 10A for pristine MXene and 14 A
for F-MXene, indicating a 4 A reduction after heat treat-
ment (Figures 2B and S13). Since the fully stretched
chain length of HDA is nearly 20 A,** the changes in d-
spacings suggest that the alkyl chains of the alkyl amines
shrink after solvent removal due to rotational freedom of
the C-C bonds. This shrinkage helps maintain the lay-
ered structure of MXene. The graft ratio (ry) was calcu-
lated from the change in d-spacing using the following
equation®*:

re(graftratio) = (legy — o) /(L — o), (1)

where , represents the interlayer spacing of pristine
MXene (1.24 nm), and I, is the experimentally observed
interlayer spacing. L denotes the theoretical interlayer
spacing, given by:

L= lO (1 +rw 'pMXene//)Alkylamine) ’ (2)

where ry, is the weight ratio of alkyl amines to MXene,
and represents the mass density (3.7 g cm > for pristine
MXene,* 0.806 g cm > for DDA, 0.993 g cm > for TDA,
and 0.94 g cm > for HDA). The r,, values obtained from
TGA analysis were 0.078 for DDA, 0.107 for TDA, and
0.110 for HDA. The experimental interlayer spacings
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FIGURE 2  Structural robustness of F-MXene with high EMI SE. (A) XRD patterns of MXene and F-MXene with different alkyl amines

before and after annealing. (B) d-spacing change by different alkyl amines before and after annealing. (C) Cross-sectional SEM images of MXene
and F-MXene. (D) Stress-strain curves of MXene and F-MXene decorated by various alkyl amines. (E) Normalized resistance changes vs. bending
cycle at bending radii of 3.2 and 1.8 mm. Inset shows photograph images of 3.2- and 1.8-mm-bended F-MXene. (F) EMI shielding effectiveness of
F-MXene with different thicknesses. (G) EMI SE7 vs. thickness chart. (H) Absolute EMI shielding effectiveness vs. thickness chart.

(lexp) were 1.67 nm for DDA, 1.75nm for TDA, and
1.77nm for HDA, yielding values of 098 for
DDA_MZXene, 1.03 for TDA_MXene, and 0.99
for HDA_MXene. These results suggest that the graft
ratios are similar across all functionalized MXenes. This
similarity can be attributed to the washing process, which
effectively removes excess unattached alkyl amines, leav-
ing behind a consistent amount of grafted material.
Cross-sectional SEM images confirmed that F-MXene
maintained an orderly and well-preserved layered struc-
ture despite the increase in d-spacing (Figure 2C).
Mechanical stability was evaluated using stress—strain
analysis (Figure 2D). Alkyl amine-functionalized MXenes
exhibited tensile strength ranges of 35-40 MPa, while the
elongation at fracture increased from 0.5% to 1.3%, indi-
cating reduced inter-flake interactions due to
surface-attached alkyl amines (Figure S14). SEM images

of fractured F-MXene films after tensile testing revealed a
densely packed lamellar structure with curled fracture
edges and characteristic ‘“zigzag” step-type cracks
(Figure S15).'° Crack propagation initiated as adjacent
F-MXene flakes slid against each other. Upon reaching
the yield strength, the entangled alkyl chains unraveled,
separating adjacent F-MXene flakes and ultimately caus-
ing full fracture. This behavior is consistent with the
increased tensile strain observed in Figure 2D. The longer
the alkylamine chains, the greater the degree and the
likelihood of entanglement, leading to enhanced
mechanical interlocking within the F-MXene films.*> A
10 000-cycle bending test on F-MXene, conducted at
bending radii of 3.2 and 1.8 mm, demonstrated excellent
durability, with resistance increasing by only 8% and
19%, respectively (Figure 2E). These findings highlight
the outstanding mechanical flexibility and resilience of
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F-MXene, even with alkyl amines positioned between
MZXene layers.

Prior to the assessment of the EMI shielding perfor-
mance, the electrical conductivities of the MXene films
were analyzed on the basis of the type of alkyl amine, as it
directly impacts the EMI SE and depends on both intra-
and inter-flake conductivity.***” Alkyl chain attachment
resulted in a half-order magnitude decrease in electrical
conductivity due to increased interlayer spacing, rather
than difference in graft ratios, which remained similar
across functionalized MXenes (Figure S16 and Table S1).
However, thermal treatment significantly improved elec-
trical conductivities across all samples. For example,
DDA-functionalized MXene exhibited an electrical con-
ductivity of 4782 + 180 S cm ', the highest reported for
hydrophobic MXenes (Table S2).

The EMI SE of F-MXene was evaluated at X-band
(8.2-12.4 GHz) across various film thicknesses. Due to its
superior electrical conductivity, F-MXene exhibited high
EMI SE values of 50.1 £+ 1.1, 56.9 & 1.2, 61.4 & 1.2, and
75.0 + 1.3dB at thicknesses of 5, 10, 20, and 40 um,
respectively (Figure 2F). Notably, at a thickness of 10 pm,
F-MXene retained approximately 76% of EMI SE of pris-
tine MXene (Figure S17). Compared with previous
studies,”*' 11323274856 p_MXene demonstrated excep-
tional absolute EMI SE despite, its hydrophobic nature,
while also maintaining superior electrical conductivity
(Figure 2G,H). This was achieved by the strategic place-
ment of alkyl amines between MXene layers, reducing
the number of flakes needed for the same thickness,
resulting in lower overall density. This moderate trade-off
in conductivity significantly improves environmental
robustness and mechanical stability while maintaining
EMI shielding performance well above commercial
standards.

To understand the high EMI SE of F-MXene, its
shielding mechanism was investigated (Figure S18). More
than 90% of incident EM waves were reflected, while the
residual EM waves were absorbed within the film, as
indicated by extremely low T values (T < 0.001). SE can
be calculated wusing the following coefficients
(Figure S19). The reflection SE (SEg) of the F-MXene
films remained constant at approximately 20 dB
irrespective of the film thickness. Conversely, the absorp-
tion SE (SE,) increased progressively with thickness,
contributing significantly to the total SE (SE7). These
findings indicate that the EMI shielding performance of
F-MXene is predominantly driven by the SE,, consistent
with previous reports.®

Figure 3A shows the oxidation stability of free-
standing films tested at 80% RH and 100°C. Pristine
MZXene exhibited a resistance increase of 51% + 5% after
49 days, whereas F-MXene showed only a minor increase

of 7% + 2%, indicating a significantly improved oxidation
stability under humid conditions. SEM images revealed
that the surface of pristine MXene became contaminated
and partially cracked after oxidation, while F-MXene
remained unchanged (Figure S20). XPS analysis further
confirmed this, with a pronounced increase in the TiO,
peak for pristine MXene after 49 days (Figure 3B),
whereas F-MXene exhibited minimal change (Figure 3C).
The exposed alkyl chains on the MXene surface, being
non-polar due to the negligible electronegativity differ-
ence between carbon and hydrogen atoms, transformed
its hydrophilic nature to hydrophobicity. This hydropho-
bic barrier effectively prevented water molecules from
accessing the MXene surface, which is the primary cause
of oxidation.’” Additional confirmation of enhanced oxi-
dation stability was obtained by comparing F-MXene in a
non-polar solvent with MXene in water—both stirred at
1000 rpm and 80°C—and monitoring oxidation via
ultraviolet-visible (UV-vis) spectroscopy (Figure S21).
For pristine MXene, the peak near 780 nm disappeared
within 1 day, leaving only the TiO, peak at 350 nm,
whereas F-MXene retained its characteristic peak for over
35 days, further confirming its superior oxidation resis-
tance. This stability extends the shelf life of F-MXene,
reduces storage costs, and minimizes material waste due
to oxidation, thereby significantly contributing to cost
reduction for industrial use.

Building on its environmental stability, verifying the
durability of F-MXene films in water is crucial to
assessing their resilience under various conditions,
including physically and chemically harsh environ-
ments. Pristine MXene films dissolved completely
within 60s of ultrasonication in water, whereas
F-MXene retained its structure even after 30 min
(Figure S22), demonstrating its resistance to water pene-
tration and structural integrity under external stress. To
further confirm the stability of F-MXene in aquatic envi-
ronments, current values were monitored over time
while submerged in water. As shown in Figure 3D, the
current in pristine MXene rapidly decreases upon expo-
sure to water, whereas F-MXene maintains a stable cur-
rent. This finding was reinforced by the electrode setup
experiment, where pristine MXene caused the light bulb
to turn off in the water, while F-MXene kept it illumi-
nated (Figure 3E).

Beyond its resistance to pure water, F-MXene demon-
strated remarkable stability in highly corrosive environ-
ments, such as seawater. Figure 3F presents its stability
in a 3.5 wt% NacCl solution, simulating seawater condi-
tions. For commercial metals such as Al foil, the current
dropped sharply within 24 h, retaining only 0.04% of its
initial value after 7days. In contrast, F-MXene
maintained a stable current under these conditions,
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Environmentally stable F-MXene. (A) Resistance changes during oxidation test under 80% RH and 100°C. (B, C) XPS

analysis of Ti 2p of MXene and F-MXene after oxidation test. (D) Current value change after water immersion. (E) Photograph images of the
light bulb working status after pouring water. (F) Current value change of Al foil and F-MXene under seawater environment.
(G) Polarization curves in the electrolyte with or without F-MXene passivation. (H) Al ion concentration before and after CV test. (I) EMI SE

comparison of Al and F-MXene by storing in acidic condition.

highlighting its enhanced durability in seawater and cor-
rosive environments. After 1 day of seawater exposure,
the current in the Al foil declined and plateaued, indicat-
ing corrosion. Significant surface corrosion was also visi-
ble, as confirmed by an increased oxygen signal in the
EDS analysis, whereas the surface of F-MXene remained
unchanged (Figures S23 and S24).

The potential of F-MXene as an anticorrosion barrier
was further evaluated. Figure 3G presents the polariza-
tion curves of the Al foils with and without an F-MXene
coating. The corrosion potential (E.,) of F-MXene-
coated Al foil shifted to —0.75 V (slightly more negative
than bare Al foil), with a higher corrosion current density

(Jeorr) of —1.43 mA cm™? compared to —1.05 mA cm ™ 2
for untreated Al foil. To further validate its anticorrosion
capability, the Al ion concentration in the electrolyte was
measured using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) (Figure 3H). For bare Al,
the Al-ion concentration rose significantly from 0.006 to
99.0 mg L™ after 100 cyclic voltammetry (CV) cycles. In
contrast, the F-MXene-coated Al foil exhibited only a
minimal increase from 0.003 to 1.05 mg L™, demonstrat-
ing its superior anticorrosion ability. These results
established F-MXene not only as a robust film material
but also as an effective passivation layer for protecting
existing metals from corrosion.
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FIGURE 4 Large-scale integration with versatile coating process. (A) Surface energy of different substrates and work of adhesion of
F-MXene against different substrates. (B) Surface tension measurement of MXene and F-MXene. Paint brushing of F-MXene ink on

(C) complex patterned curvature surface and (D) different substrates. (E) Photograph images of bending MXene- and F-MXene-coated

Cu. (F) Photograph images of spray-coated F-MXene on Al foil with divided section and after rolling using Al foil roll (inset). (G) Thickness

uniformity of spray-coated Al foil.

2.3 | Large-scale integration through
versatile coating

For industrial applications, verifying whether F-MXenes
can be processed over large areas using various tech-
niques is necessary. This requires assessing the surface
tension of the solution and the surface energy of the sub-
strate for compatibility. Figure 4A presents the surface
energies of different substrates calculated using the
Owens, Wendt, Rabel, and Kaelble (OWRK) theory and
determined through contact angle measurements using
water and diiodomethane. The work of adhesion was cal-
culated using the DuPre equation.

WsL =Ysv+ +Yrv — Ysr. = Yrv (14 cos 0), (3)

where is the work of adhesion for the solid-liquid inter-
face, is the solid-vapor interfacial energy, is the liquid-
vapor interfacial energy, and is the solid-liquid interfacial
energy. The measured was approximately 51.8 mN m
for each substrate, indicating strong adhesion.’® The mea-
sured surface tension of pristine MXene in water was 72.4
mN m™?, whereas F-MXene in chlorobenzene exhibited a
much lower surface tension of 25.9 mN m~' (Figure 4B).
This low surface tension allows F-MXene to be applied
directly without additional surface treatment, unlike pris-
tine MXene, which requires UV-ozone or O, plasma treat-
ment to increase substrate surface energy for effective
processing.’® The elimination of the pretreatment process
to control surface energy can significantly reduce costs,
enhancing the feasibility of F-MXene for industrial use.
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The low surface tension of F-MXene also enhances
wettability across various substrates, confirming its suit-
ability for large-area coating applications (Figure S25). It
can be applied using a brush on flat substrates, such as
Cu, glass, and stainless steel (STS), as well as on
complex-patterned surfaces (Figure 4C,D). When coated
on Cu and subjected to bending, pristine MXene began to
detach at a bending radius of approximately 4 mm and
fully separated at 1.2 mm (Figure 4E). In contrast,
F-MXene maintained its structural integrity with no
detachment, even at a bending radius of 1.2 mm, indicat-
ing its superior coating ability and adhesive properties.
As shown in Figure 4F, scalable spray coating is
employed to Al foil with a length and width of 130 and
30 cm, respectively. The F-MXene-coated Al foil
remained intact without any detachment, even after
rolling (inset of Figure 4F). The coated foil was seg-
mented into eight sections to assess uniformity, with the
coating evenly distributed across all sections and an aver-
age thickness of 18.07 + 1.08 ym (Figure 4G). Further-
more, the cross-sectional SEM image (Figure S26)
revealed that the F-MXene flakes were well aligned and
exhibited strong adhesion to the Al foil. Additionally,
blade coating was successfully applied over a large area
(100 cm?) on a polyethylene naphthalate (PEN) substrate,
with no detachment even after rolling (Figure S27). These
results demonstrate not only the feasibility of large-area
processing using various methods but also the industrial
potential of F-MXene as a durable and highly adhesive
sustainable material for diverse substrates.

3 | CONCLUSION

In summary, we developed oxidation- and water-resistant
titanium carbide MXenes through alkyl amine-based sur-
face functionalization. This functionalization enabled the
dispersion of MXenes in nonpolar solvents via steric sta-
bilization, with the minimum required alkyl chain length
experimentally determined. The proposed F-MXenes
maintained their high performance and oxidative stabil-
ity after a single, efficient surface-functionalization step,
making them compatible with large-area processing. The
optimized F-MXenes exhibited exceptionally high flexi-
bility and structural stability, achieving the highest elec-
trical conductivity among reported hydrophobic MXenes
and their composites. This superior conductivity led to
enhanced EMI shielding efficiency at reduced thick-
nesses. Unlike traditional covalent bonding approaches,
which often require high temperatures and prolonged
heat treatments, the physical bonding approach used in
this study enables rapid and straightforward surface
functionalization while minimizing damage to MXene.

WILEY_| 22

This approach preserves its high electrical conductivity
and EMI shielding properties. Furthermore, F-MXene
ink can be applied to various metal, plastic, and glass
substrates with complex patterns. The highly adhesive
F-MXene coating exhibited strong environmental stabil-
ity under seawater conditions, reinforcing its potential
for industrial applications as an effective anticorrosion
and passivation coating. Our work bridges the gap
between fundamental innovation and practical applica-
tion by leveraging delaminated 2D MXenes, a mild and
scalable functionalization strategy, and industrially
relevant film fabrication techniques, thereby enabling a
high-performance, large-scale EMI shielding solution
that distinguishes our approach from existing
methodologies.

4 | EXPERIMENTAL SECTION

4.1 | TizAlC, synthesis

TiC (Thermo Fisher Scientific, 99.5%, 2 pm), Ti (Thermo
Fisher Scientific, 99.5%, 325 mesh), and Al (Thermo
Fisher Scientific, 99.5%, 325 mesh) powders were ball-
milled with a molar ratio of 2:1:1.05 for 20 h. A 250 mL
flat-bottom high-density polypropylene (HDPE) tube
with a zirconia ball size of 3 mm was used for ball mill-
ing. The HDPE tube was filled with powder and balls at a
weight ratio of 1:10. Ball-milled powder was then placed
into an alumina crucible, sintered at a rate of 5°C min !
to 1450°C, and held for 2 h under an Ar flow of 0.5 NL
min~". The sintered TizAlC, was ground using an agate
mortar and pestle and sieved through a 325 mesh for
further use.

4.2 | TizC,T, synthesis

1 g of Ti3AIC, was poured into a mixed etchant consisting
of 2 mL of hydrofluoric acid (Alfa Aesar, 48%-51%), 8 mL
of DI water, and 10 mL of hydrochloric acid (Sigma
Aldrich, 36.5%-38.0%) and was continuously stirred for
24 h at 35°C for etching the Al layer. The etched multi-
layer MXene was then washed with DI water via centrifu-
gation at 3500 rcf for 5 min until the pH of the
supernatant reached approximately 6 (typically 3-4
times), wusing a 250mL conical polypropylene
(PP) centrifuge tube. Subsequently, 1 g of lithium chlo-
ride (Sigma-Aldrich, >99%) was dissolved in 10 mL of DI
water in a 50 mL conical PP tube and mixed at 3200 rpm
using a vortex mixer with multilayer MXene for 1 h. After
1h, the Li-intercalated multilayer MXene was washed
via centrifugation at 3500 rcf for 5 min until self-
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delamination occurred (typically 3-4 times). When self-
delamination occurred, the supernatant and sediment
were mixed and distributed equally into four 250 mL con-
ical centrifuge tubes. The supernatant was collected by
repeated centrifugation for 5 min at 3500 rcf, and the
corresponding process was repeated until the dark color
of the supernatant became faded. The dark supernatant
was collected and concentrated at 12 000 rcf for 30 min.

4.3 | Size selection of Ti;C,T,

The prepared solution was placed in a 250 mL conical
centrifuge tube and centrifuged at 2500 rcf for 5 min. The
supernatant was carefully separated, centrifuged at
12 000 rcf for 10 min, and stored for surface functiona-
lization. The average lateral size of the MXene flakes dis-
persed in the supernatant was measured using SEM.

44 | Surface functionalization

OA (TCI, n-octylamine), DA (TCI, 1-Aminodecane),
DDA (Sigma-Aldrich, dodecylamine), TDA (TCI,
Tetradecylamine), and HDA  (Acros Organics,
1-Hexadecylamine) were added to the prepared MXene
solution and thoroughly mixed using a vortex mixer. The
mixture was then centrifuged at 3500 rcf for 5 min, and
the excess alkylamine present in the sediment was
removed by washing with ethanol (Daejung, Ethyl alco-
hol) and chlorobenzene (Daejung, Monochlorobenzene)
through additional centrifugation. Finally, the washed
sediment was dispersed in chlorobenzene for further use.

4.5 | Characterization

XRD patterns were recorded using a high-power XRD
instrument (Rigaku, D/MAX2500V/PC) with Cu Ka radi-
ation (40 kV, 200 mA) with a scan step of 0.02°. The mor-
phologies and cross sections of the samples were studied
using Cold SEM (Hitachi, S-4800). TEM images and
SAED patterns were acquired using a TEM instrument
(JEOL, JEM-2100). AFM images were acquired using a
Bruker Dimension AFM instrument operating in tapping
mode. XPS was performed using a Thermo Fisher
K-Alpha instrument. DLS (Zetasizer, Malvern, Nano ZS)
analysis was performed to obtain the size distribution.
The mechanical properties were measured using free-
standing films cut into strips (10 mm x 30 mm) for ten-
sile testing. Three strips per sample were tested using an
LS1 material testing machine (Lloyd) with a 10-N load

cell. The strips were then pulled at a rate of 0.01 mm s~ .

The specimens were held at a grip distance of approxi-
mately 10 mm. The tensile strength was calculated using
the maximum stress and cross-sectional area of the strips
before failure. For the bending test, the freestanding film
was cut into 5 mm x 30 mm strips and mounted onto
grips, which were repeatedly bent in one direction while
establishing an electrical connection. Electrical conduc-
tivity was calculated using the sheet resistance measured
by a 4 point-probe (AIT, CMT2000N), and the average
thickness was measured using SEM cross-sectional
images. Thermal stability data were collected using
thermogravimetric analyses (TGA, TA, and Q500). Con-
tact angle and surface energy of substrates was measured
with a goniometer (KRUSS GmbH, DSA100) and surface
tension of fabricated inks was measured with Smartdrop
(Femtofab, SDL200TEZD). The surface was calculated
according to the OWRK theory. The corrosion test
was conducted using an electrochemical analyzer
(Iviumstat2.h, Ivium Technologies), and the electrochem-
ical cell was composed of three electrodes: a 1 x 1 cm?
specimen as the working electrode, a Pt wire as the coun-
ter electrode, and an Ag/AgCl electrode as the reference
electrode. Potentiodynamic polarizations were performed
in a 3.5wt% NaCl solution at room temperature. The
potential range was from —0.8 to 0.2 V, and the scan rate
was 1 mVs . CV sweeps were performed under the
same conditions at a scan rate of 100 mV s~ '. The current
level was measured at 1 V using an electrochemical ana-
lyzer after connecting the specimen to the Cu wire. The S
parameter and EM parameters of samples were measured
using a two-port vector network analyzer (VNA, model
N5247A, Agilent), combined with a millimeter head con-
troller (N5261A, Agilent), a frequency extender
(N5260-60003, Agilent), and rectangular waveguides cov-
ering the X (8.2-12.4 GHz) frequency bands. Standard
calibration was performed using the Thru, Reflect, and
Line (TRL) method.

Reflection (R), absorption (A), and transmission (T)
coefficients were determined from the measured
S-parameters using the following equations:

R=|[Su|*=|Sn/, (4)
T=|Sul’=Snl%, (5)
A=1-R-T, (6)

The total EMI shielding effectiveness (SE7), reflection
loss (SEg), absorption loss (SE4), and multiple
reflection loss (SEr) were described as:
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SE1 = SER + SE4 + SEpg, (7)

1 1
SEr =10log () =10log| — |, (8)
T 1S
SEg=101o (L> —10log| —~— (9)
R — g 1—R - g 1—|Sll|2 )

2
SE, =10log (1TR> =10 log <1|S|Slzl|> , (10)
21

When the total shielding effectiveness (SEr) exceeds
15dB, SEpg is typically neglected, allowing SEr to be
expressed as follows:

SEr = SEg + SEa, (11)
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