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ABSTRACT: Despite their metallic conductivity and solution process-
ability, the practical application of MXenes is limited by two persistent ‘
challenges: poor adhesion to substrates and low chemical stability in air, - & Suppressed
which leads to oxidation. Conventional stabilization approaches often /{} oxidation
involve antioxidant doping or polymer lamination that may compromise - =
electrical conductivity. Here, we tackle these issues by introducing a single-
step laser-induced transfer (LIT) process that engineers the MXene- NSRS
substrate interface to enhance adhesion and chemical stability simulta- Q(O
neously. Our method exploits the spatial confinement of MXene films
sandwiched between a glass slide and a polymer substrate. This
configuration creates an oxygen-depleted microenvironment, and under
laser irradiation allowing for the simultaneous transfer of Ti;C,T, MXene films onto both top and bottom substrates. LIT results in
solid-state sintering that, in addition to boosting adhesion, also provides protective effects due to the development of a carbon-rich
surface layer. This enhanced adhesion and stability are demonstrated by low sheet resistance, remaining below 25 €2/sq for MXenes/
glass and below 6 €/sq for MXenes/TPU after environmental aging for 10 days at 95 + 2% relative humidity and 40—60 °C. In
contrast, conventional direct laser patterning fails to achieve this level of robustness and instead accelerates MXenes decomposition.
The suppressed oxidation and mechanical stability enabled by LIT allowed the creation of robust interfaces suitable for
electrothermal heaters and proof-of-concept breath sensors. This work establishes laser processing not merely as a patterning tool
but also as a powerful interfacial engineering technique, resolving key issues that affect MXene implementation in electronics,
sensors, and wearable devices.

KEYWORDS: MXenes, 2D Materials, Laser Processing, Laser-Induced Transfer (LIT), Laser-Induced Backward Transfer (LIBT),
Laser-Induced Forward Transfer (LIFT), Adhesion
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1. INTRODUCTION

Emerging two-dimensional (2D) materials are shaping the
future of advanced electronics, sensors, and the Internet of
Things. Take, for instance, MXenes. These 2D transition metal
carbides and nitrides are known for their remarkable
combination of high metal-like conductivity (up to 24,000
S/cm),' driven by a high electron density at the Fermi level.
Their intrinsic hydrophilicity, resulting from tunable surface
functional groups such as —OH, —O—, and —F, also plays a
crucial role in their applications,”’ enabling solution
processing and the straightforward fabrication of conductive
films on various substrates. Therefore, MXenes are considered
promising materials for high-performance flexible elec-
tronics”~" and catalysis.”

Despite this potential, the transition from lab-scale
demonstrations to commercially available functional elec-
tronics is limited by two challenges: (1) poor adhesion of
MXene films to hydrophobic substrates (e.g., some commonly
used polymers),® and (2) rapid degradation of electrical and
mechanical properties under ambient conditions.”
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Weak interfacial adhesion results in nonuniform films,
gradual degradation, and delamination, which ultimately lead
to device failure. Various strategies have been reported to
mitigate these issues, including oxygen plasma surface
pretreatment,” surfactant addition, or the salt-assisted assembly
method.” However, these solutions often compromise
conductivity, introduce contaminants, and lack universal
applicability across different substrates.

Conductivity loss and robustness issues due to the
irreversible oxidation and mechanical delamination of MXene
films in humid or heated environments”'® have been partly
addressed through postprocessing techniques such as anti-
oxidant doping, thermal annealing, and surface coating.ll A
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Figure 1. Schematic representation of the laser-assisted MXene transfer process. The illustration shows: 1) Deposition of a Ti;C,T, MXene film via
drop-casting onto a TPU substrate, 2) Pressing MXenes-coated TPU between two transparent glass slides, and 3) Laser processing through the top
glass. The two resulting interfaces demonstrate enhanced adhesion, as observed for 4) MXenes/ glass and 5) MXenes/TPU sides.

recent development involves protecting MXenes with thin
polymer film lamination, which has effectively extended their
application in triboelectric nanogenerators.'> However, these
methods often involve complex multistep processes and do not
create a robust, covalent-like MXene-substrate interface
necessary to resist both delamination and environmental
degradation.

Laser processing is currently revolutionizing nanomaterial
modification, offering a transformative solution to both
adhesion and stability challenges in a single step.” It allows
achieving tremendous results for stable, conductive, and high-
resolution patterning with the whole range of materials from
graphene'” to liquid metals.'> However, in the case of MXenes,
its application has been narrowly focused on patterning for
supercapacitors.'® Recent studies have introduced laser-
induced MXene-based composites for electronic applications.
For instance, Li et al. developed a MXene/graphene composite
by mixing it with polyamide acid as a precursor for graphene to
fabricate an efficient pressure sensor.’” Another method
involved depositing MXenes onto a polyimide film via spin-
coating, followed by direct laser irradiation.'® Additionally,
laser-directed bubble printing has been used to pattern
MXene-semiconductor composites on glass slides; however,
the stability issues of MXenes have resulted in significant
degradation of device performance over time due to air
exposure.'”

Here, we reframe laser processing not as a patterning tool,
but as an interface engineering strategy aimed at enhancing the
adhesion of MXenes to both rigid (glass) and flexible
(thermoplastic polyurethane, TPU) substrates. This results in
robust MXenes-substrate interfaces and extends device
operation. Our method requires no pre- or post-treatment
and applies even to aged MXene films synthesized over a year
ago.

To address the issue of conventional laser processing, which
accelerates oxidative decomposition due to high temperatures
in air, we introduce a sandwich-like configuration that creates a
closed, oxygen-depleted microenvironment in ambient con-
ditions. We propose mechanisms that enhance adhesion and
provide robust electrical conductivity under harsh conditions,
including high humidity and high temperatures. Furthermore,
we demonstrate the applicability of our MXene-based
structures in electrothermal heaters and breath sensors,
opening new opportunities to create high-performance, long-
lasting MXene electronics.

2. RESULTS AND DISCUSSION

2.1. Laser-Induced Transfer. Ti;C,T, is currently the
most widely used MXene, synthesized by selective etching of
the Ti;AlC, MAX phase (see details in Experimental Section).
For deposition onto TPU substrates, it was diluted to form an
aqueous dispersion. Initially, the Ti;C,T, surface is covered by
Ti(I) and Ti(Ill) suboxides, but tends to fully oxidize to
Ti(IV) over time.” Thus, to replicate real-world conditions
and enhance the practical relevance of our findings, dried
MXene films on TPU were further stored untouched in sealed
bags for one year without any intervention. After this extended
storage period, the absence of adhesion-enhancing procedures
resulted in the MXene films being loosely attached to the TPU
substrates, becoming nearly free-standing (see Figure S1).
Despite this, the samples maintained high electrical con-
ductivity, with sheet resistance values in the ~0.5-2 Q/sq
range, indicating potential for electronic applications. How-
ever, the poor interfacial adhesion significantly compromises
reliability due to the need for film immobilization and electrical
contacting, which are crucial for device fabrication.

In most reported cases, direct laser irradiation of MXenes in
air accelerates surface oxidation, sometimes even intention-
ally.'”*"** Our initial findings confirmed these results, as direct
patterning with a green laser led to significant oxidation of
Ti;C,T, to TiO,, as demonstrated by Raman spectroscopy
(Note S1 and Figure S2). To enhance adhesion while
preserving the electrical conductivity and original properties
of MXenes, we aimed to minimize additional oxidation, which
required avoiding direct laser patterning. Instead, we adapted
Laser-Induced Transfer (LIT) as an effective approach to
achieve all of our objectives. Figure 1 shows a schematic
representation of the experimental configuration, which
effectively mitigates oxidation risk during processing by
creating localized oxygen-depleted conditions without the
need for an inert atmosphere or vacuum conditions. This
design was inspired by our previous work on the simultaneous
reduction and backward transfer of graphene oxide onto
glass.”® In this study, we hypothesized that a single-step LIT
process could enable MXenes to adhere to both the top and
bottom substrates, enhancing mechanical stability beyond what
conventional surface pretreatments or direct patterning can
achieve.

In this LIT setup, laser irradiation at a wavelength of 436 nm
was directed through the top transparent glass and absorbed by
the dark MXenes film surface deposited on TPU, triggering
localized high-temperature processing. The active surfaces in
this case were the top glass and TPU substrate. After laser
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Figure 2. Characterization and comparison of original Ti,C,T, and after laser transfer to glass and TPU substrates. SEM cross-sectional images,
Raman spectra, and EDX cross-sectional maps for: a,b,c) MXenes/glass; d,e,f) pristine MXenes; and gh,i) MXenes/TPU.

processing, the sandwich structure was separated, resulting in
MXenes being transferred to both contact surfaces, thereby
forming robust interfaces with them. This approach is
conceptually related to the recently reported laser bidirectional
printing technique by Li et al, where laser irradiation
facilitated simultaneous synthesis and transfer of graphene
onto two substrates via a photothermal and plasma-induced
process.”* Unlike that work, which relies on in situ carbon-
ization of the precursor, our method goes beyond film
transferring with laser-induced graphene formation but instead
employs presynthesized MXene films for interface engineering.

In our case, laser irradiation induced the adhesion of
MXenes to the top glass via Laser-Induced Backward Transfer
(LIBT) and simultaneously to the TPU substrate by Laser-
Induced Forward Transfer (LIFT). The materials obtained are
denoted as MXenes/glass and MXenes/TPU, respectively. We
experimentally determined that the working region for eflicient
transfer for the blue laser is 320—400 mJ and a pulse duration
of 300—350 ps (see Note S2 and Figure S3). Shifting out of
this range either fails to initiate LIBT or results in the materials
burning,

2.2. MXenes/Glass and MXenes/TPU. The synthesized
Ti;C,T, exhibits a typical layered structure for MXenes
(Figure 2d). Energy-Dispersive X-ray spectroscopy (EDX)
analysis confirms a uniform distribution of titanium and carbon
throughout the sample (Figure 2f). However, the bottom side,
which is in contact with the TPU surface, accumulates more
fluorine from the precursor, likely due to the sedimentation of
heavy fluorine-containing crystals during the film drying
process. This resulted in morphological and elemental
differences between the top and bottom surfaces of the
MXenes (see Note S3 and Figure S4).

During laser processing, the radiation passes through the top
glass surface and is absorbed directly by the MXenes film on
TPU, where it is converted into heat. The multilayered
Ti,C,T,, having excellent thermal conductivity,” efficiently
dissipates this heat, resulting in intense gas release within the
closed system. This photothermal effect is the driving force
behind the separation of MXene layers and their transfer
(LIBT and LIFT) toward the glass and polymer substrates.

Most MXene layers transfer to the upper glass surface via
LIBT without damage or delamination. Cross-sectional SEM
imaging reveals a reduction in the interlayer spacing compared
to pristine MXenes (Figure 2a and 2d), which is in contrast
with the case of graphene oxide, where LIBT increased the
roughness of reduced graphene oxide/ glass.23 We attribute the
spacing reduction to interlayer water deintercalation and
removal of terminal groups during the rapid heating, as shown
previously with thermal annealing.”**” It has recently been
shown that Ti;C,T, under vacuum annealing at 600 °C, results
in the complete removal of water.'’ This high temperature can
be reached in our configuration through photothermal
heating.”® Additionally, laser processing under pressure may
further contribute to compaction. Once the first MXene layer
adheres to the glass surface, subsequent layers stack with
reduced spacing, allowing the glass to absorb heat directly.
This change in spacing contributes to the mechanical
robustness and well-preserved MXenes morphology of the
MXenes/glass interface.

Initially, we expected that the high temperatures generated
during laser processing would cause the substrate to melt and
intermix with MXenes during cooling, similar to what occurs
with graphene. However, cross-sectional SEM and EDX images
(Figures 2a and 2c) show no evidence of these effects. Instead,
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Figure 3. Schematic illustration of the processes taking place during LIBT and LIFT, and XRD patterns of pristine MXenes, MXenes/glass, and

MZXenes/TPU.

the characterization reveals a clear and intact boundary
between the MXene layers and the glass substrate, ruling out
a liquid-phase mechanism. These findings are consistent with a
solid-state sintering process, where materials bond and densify
into a solid mass through the application of heat below their
melting point.”®*” The external pressure applied in the LIT
system enhances densification, while the oxygen-depleted
environment reduces oxidation, which will be discussed
further. As the MXene layers reach the glass substrate,
localized heating promotes solid-state sintering at the interface,
ensuring strong adhesion that can withstand mechanical stress
and washing.

MZXenes adhere to TPU in a manner similar to glass, forming
an MXenes/TPU interface through laser sintering. However,
the MXenes/TPU surface differs significantly from the
MXenes/glass, as shown in the SEM cross-sectional image
(Figure 2g). Our LIT configuration ensures that, regardless of
the substrate, for instance, if the TPU substrate is replaced with
glass at the bottom, the most efficient transfer occurs from
LIBT to the top glass interface (Figure SS). This preferential
transfer direction is likely due to gas release during laser
processing, which pushes loosely bonded layers upward and
prevents TPU melting, as is the case when TPU is the top
substrate (Figure S5). Although LIFT is more commonly used,
it tends to cause more structural disruption and defects than
LIBT. Consequently, the bottom surface of the MXenes film is
more defective, resulting in a less preserved MXenes structure
on MXenes/TPU and reduced transfer to the TPU substrate.
Nonetheless, EDX mapping confirms the presence of Ti and C,
and the Raman spectrum shows that MXenes were partially
preserved in MXenes/TPU (Figures 2h and 2i).

Raman spectroscopy analysis of MXenes/glass and MXenes/
TPU after laser processing (Figures 2b and 2h) indicates three
crucial points. First, both interfaces show similar spectra with
the characteristic one of Ti;C,T, (Figure 2e).”" The Aj; mode
at ~200 cm ™" corresponds to out-of-plane vibrations of Ti and
C atoms, as well as surface groups, while the band at ~400
cm™ represents E, in-plane vibrations of surface groups
attached to Ti. The broad region with a distinguishable peak at
~600 cm™! is attributed to vibrations of C atoms (Eg and
Alg).31 This indicates that despite the high temperatures and
morphological changes, laser processing preserves the original
MXenes structure.

Second, the MXenes/glass interface shows no detectable
TiO, anatase phase (~140 cm™), while the MXenes/TPU in
some cases exhibits a weak signal. The observation of this

mode indicates oxidative decomposition of MXenes, and its
absence shows that the LIT oxygen-depleted microenviron-
ment results in minimal MXene oxidation. In this tightly
confined sandwich configuration, the intense photothermal
heating instantly vaporizes water molecules, resulting in high
localized pressure that forces out all air, including oxygen,
preventing the oxidation of MXenes. Maintaining such low
oxidation levels is not possible with direct laser patterning in
air (Note S1), highlighting one of the key benefits of our
transfer method.

Finally, both interfaces reveal prominent D and G carbon
peaks. The original MXenes also demonstrate the presence of
carbon originating from their structure; however, the intensity
and shape of the peaks significantly change after LIT,
indicating carbonization. The sharp G peak originates from
sp>-hybridized carbon structures, caused by the presence of
graphitic domains, while the broad D peak arises from defect-
induced vibrations in disordered carbon. These peaks are not
derived from the substrates but are likely due to partial carbon
extraction from the carbide structure, caused by vacancy-
mediated carbon rearrangement during high-temperature
photothermal processing, and resulting in partial carbide-
derived carbon formation (CDC).

X-ray diffraction (XRD) patterns of the original MXenes
indicates the most characteristic MXene peak at 6.5° attributed
to (002) plane, as well as distinctive peaks at 17.7°, 27.4°,
36.2°, 38.1°, 45.1°, and 60.5° correlated to the (004), (006),
(102), (104), (10S), and (110) indices, respectively. The
patterns were achieved through two independent analyses,
confirming the successful synthesis of MXenes from the MAX
phase,>* and preservation of MXene structure at both
MZXenes/glass and MXenes/TPU interfaces (Figure 3).

Both LIBT and LIFT processes yielded MXene-rich surfaces
with significantly enhanced adhesion to glass and polymer,
retaining their structure after rinsing with water or undergoing
peel-off tests with adhesive tape (Figure S6). These results
support our hypothesis on the capability of laser processing to
create durable MXene-substrate interfaces suitable for practical
applications.

2.3. Surface State of MXenes-Based Interfaces. The
performance of electronic devices based on MXenes/glass and
MXenes/TPU interfaces is significantly affected by their
surface chemistry, which determines the properties of the
active layer. Our findings and proposed mechanisms are
summarized in Figure 3. We employed X-ray photoelectron
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spectroscopy (XPS) as a key analytical tool to analyze the
surface state and oxidation behavior.

The critical range for analysis is the Ti 2p narrow region
represented by the Ti 2p;,, and Ti 2p,/, peaks, which should
ideally maintain a 2:1 ratio. This region is characterized by
three distinct peaks (along with associated satellites), indicative
of titanium oxides: TiO (Ti**), Ti,O, (Ti**), and TiO, (Ti*),
and one of titanium carbide (also with a satellite). When
Ti;C,T, MXenes oxidize, they predominantly form TiO,,
indicated by a characteristic peak around 459—459.5 eV. We
compared the Ti 2p spectra of original free-standing Ti;C,T,
(Figure 4a), MXenes/glass (Figure 4b), and MXenes/TPU
(Figure 4c). The analysis demonstrates that LIT fundamentally
changes MXene oxidation pathways. The top layer of original
MXenes is initially oxidized, having an intense TiO, peak.
Crucially, after laser sintering, both MXenes/glass and
MZXenes/TPU exhibited a significant decrease in the intensity
of peaks related to the TiO, phase, meaning that LIT could be
used as an approach to “prolong MXenes’ life” regardless of
their original oxidation state. This result is attributed to the
rearrangement of carbon atoms during laser processing, which
correlates with the increase in the TiC component (~454.7 eV
for 2p,/, and ~460.8 eV for 2p, ,), and supports the notion of
heat-induced removal of terminal groups and intercalated
water. These critical findings show that although MXene
oxidation is unavoidable, laser sintering in our configuration
not only enhances adhesion and structural robustness but also
suppresses surface oxidation, thereby preserving the structure
and conductivity of the original MXenes.

Details of the laser-induced changes are evident in the C Is
narrow region. After the LIBT process, the TiC band intensity
(~281.5 eV) increased in MXenes/glass, as shown in Figures
4a and 4b, indicating the strengthening of carbide bonds and
higher carbon content. Similar results were observed for
MZXenes/TPU (Figure 4c).

To investigate the structure beneath the topmost layers of
MXenes/glass, we performed localized etching to remove
several nanometers of material from the surface (Figure 4d).
Remarkably, the carbide band intensity exhibited minimal
reduction and remained more pronounced than in the original
MXenes. In contrast, the C—C bond (~285 eV) decreased
significantly, while the C—Ti—O (~282.5 eV) increased,
suggesting that the CDC-like process selectively affects the
surface region at the cleavage point. These are the interfaces
created when the glass-MXenes-TPU sandwich gets opened,
which occurs in regions with the highest graphitization.

This interpretation is supported by Raman spectroscopy
results (Figures 2b, 2e, and 2h), which show that laser
irradiation promotes CDC-initiated carbonization, resulting in
a sp>-hybridized, disordered carbon phase at the newly formed
MXene-composite interface. Etching in XPS experiments
removed the top carbonized layers, exposing the underlying
C—Ti—O bonds. Additionally, the high-energy etching may
have contributed to bond rearrangements, increasing the C—
Ti—O bond while reducing the signal from the C—C bond.
This suggests that laser processing not only modifies the
surface chemistry but also reinforces the stability of the
underlying structure in the form of TiC. The Ti 2p narrow
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Figure 5. a) Sheet resistance of MXenes/ glass and MXenes/TPU interfaces and its change after a week in an environmental chamber and
additional immersion for 1 day in boiling water. b) Performance of MXenes/ glass as an electrothermal heater, demonstrating uniform heat
distribution and thermal stability. c) MXenes/PET proof-of-concept breath sensor.

region showed no significant changes after etching (Figure S7).
The analysis of survey spectra of pristine MXenes and their
interfaces revealed significant changes in the C/O ratios,
supporting our conclusions from the narrow regions character-
ization. Notably, the C/O ratio increased for MXenes/glass
and MXenes/TPU, confirming that the carbonization of the
top surface was induced by laser processing (See Table S1).
Etching of MZXenes/glass exposed underlying layers with
suboxides, restoring the C/O ratio closer to that of
unprocessed Ti;C,T,. Thus, LIT preserved MXenes’ structure,
eliminated interfacial water, and created carbon-based
“bridges” to enhance adhesion and reduce oxidation.

To optimize the LIT process and validate the proposed
mechanism, we systematically investigated the effects of laser
parameters on transfer within the established working range
(Note S2). In addition to enhancing MXenes” adhesion to the
polymer side, we pretreated the TPU substrates with plasma
before MXene deposition, which is a standard approach for
improving wettability and bonding. In Table S2 of the
Supporting Information, we present a comparative analysis
within this range, including assessments of interface morphol-
ogy (cross-sectional SEM), surface morphology (optical
microscopy), TiC content and C/O ratio (XPS), and
suppressed oxidation (XPS Ti 2p and Raman spectroscopy).
We confirmed that changes in laser parameters within the
working range have an insignificant impact on both MXenes/
glass and MXenes/TPU interfaces. However, plasma pretreat-
ment promoted adhesion and transfer to the polymer side,
resulting in 40—70 um thick MXenes/TPU interfaces
(compared to ~38.5 um for pristine MXenes on TPU).
Across all parameters, LIT consistently led to suppressed
oxidation (decrease in TiO, band intensity compared to
original MXenes), a consistent rise in TiC content (as evident
in C 1s narrow region), and carbonization (higher C/O ratios
of 2.39 + 0.06 for MXenes/glass and 2.11 + 0.09 for MXenes/
TPU versus 0.96 + 0.04 for pristine MXenes). Still, in all cases,
there is no evidence of composite formation, and these
outcomes support the proposed mechanisms of solid-state
sintering and CDC-initiated carbonization in an oxygen-
depleted microenvironment.

2.4. Maintaining High Electrical Conductivity and
Interfacial Adhesion. To evaluate the reliability of our
interfaces in real-world conditions, we conducted two
complementary environmental aging tests, monitoring sheet
resistance as detailed in the Experimental Section.

In the first test, we evaluated the long-term stability of
MXenes/glass and MXenes/TPU interfaces, including those
derived from plasma-treated TPU substrates before MXene

deposition (as discussed in Table S2). We also included a set
of reference samples: MXenes deposited directly on glass,
untreated TPU, and plasma pretreated TPU (without LIT).
The samples were exposed to 95 =+ 2% relative humidity (RH)
at varying temperatures (60 °C for 2 days, S0 °C for 3 days,
and 40 °C for S days) in an environmental chamber to
simulate accelerated degradation. The chamber was cycled on
and off daily, introducing repeated humid/dry and thermal
fluctuations. The results, summarized in Figure S8, highlighted
the superior performance of LIT-based interfaces. MXenes/
glass and MXenes/TPU exhibited no delamination throughout
the entire experiment, maintaining values below ~40 Q/sq for
MXenes/glass and 10 Q/sq for MXenes/TPU. Thus, despite
significant surface inhomogeneity of the porous structure, the
measured sheet resistance values remain acceptable for the
device operation even under aggressive environmental
conditions.

In contrast, nonprocessed control samples degraded rapidly;
for MXenes on TPU without LIT, the sheet resistance
increased to ~1 k€/sq, while MXenes on glass underwent
complete delamination. These results highlight the effective-
ness of laser sintering in prolonging MXene functionality under
extreme conditions. Notably, plasma pretreatment of TPU
substrates maintained high conductivity, even under harsh
conditions, as evident in both LIT MXenes/TPU samples and
plasma pretreated references (without LIT). Thus, we propose
using LIT as a complementary approach to plasma pretreat-
ment, particularly for applications requiring resilient interfaces
(Figure S8).

The second test was focused on our target MXenes/glass
and MXenes/TPU interfaces (without plasma pretreatment).
Samples were continuously aged for 1 week at 95 + 2% RH
and ~40 °C, with sheet resistance measured initially and again
after 1, 4, and 6 days. To accelerate degradation further, the
samples were also immersed in boiling water overnight. Figure
Sa summarizes the sheet resistance changes under high
humidity for all samples.

In this test, we conducted statistical analysis on multiple
MXenes/glass and MXenes/TPU interfaces fabricated using
two different laser pulse energies (LPE): 350 m]J/pulse with 7
pulses (LPE 1) and 380 m]J/pulse with 11 pulses (LPE 2), with
the laser spot size of ~200 X S50 pm. The results are
summarized in Table 1.

The sheet resistance of freshly fabricated MXenes/glass
interfaces was similar or slightly higher than that of pristine
MXenes (0.9 + 0.1 Q/sq). After 6 days of the experiment,
there is a distinguishable degradation in electrical properties of
all samples (Table 1), which indicates incomplete suppression
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Table 1. Changes in Electrical Properties of MXenes/Glass
and MXenes/TPU Interfaces upon Aging

Configuration Before aging (€2/sq) After aging (€/sq)
MXenes/glass (LPE 1) 44 + 1.1 179 + 59
MXenes/glass (LPE 2) 43 +2.1 17.8 + 83
MXenes/TPU (LPE 1) 13.1 + 6.6 1892 + 66.4
MXenes/TPU (LPE 2) 9.6 + 9.5 22.8 + 89

of oxidation, as also confirmed by XPS (Table S1, Figure S9).
The trends for the best-performing interfaces among the
investigated ones are shown in Figure S10. The degradation of
electrical properties was more significant for the MXenes/TPU
interface (Table 1), especially for LPE 1, likely due to the
lower MXene content and greater surface roughness compared
to the glass interface, which also contributed to the variability
in sheet resistance. However, XPS showed that the overall C/
O ratio for MXenes/TPU after aging remained higher than for
MXenes/glass (Table S1), likely due to the influence of the
polymer substrate. These results align closely with the initial
test for MXenes/glass interfaces (17.3 + 2.4 Q/sq after 10
days of testing), while MXenes/TPU showed greater variability
(6.1 & 3.3 Q/sq at the end of the first test). This indicates that
LIBT offers more consistent results than LIFT. Achieving
stable values for MXenes/TPU requires additional optimiza-
tion and follow-up work, while plasma pretreatment appears
preferable for this case.

Crucially, for the second test, MXenes remained firmly
attached to the substrates, showing no visual signs of
degradation or delamination. Optical microscopy on day 3
revealed no significant surface changes. The choice of the laser
parameters was critical; for instance using an IR laser, which is
the most common wavelength in laser processing, resulted in
complete degradation after 1 day of exposure to identical
humidity and temperature conditions in the environmental
chamber. While the blue laser leads to interfacial bonding
without structural decomposition, the IR laser (10.6 um)
induces structural damage, likely due to excessive heat (Figure
S11). To better demonstrate enhanced adhesion, we
performed cross-cut tests on the representative interfaces,
following the ASTM D3359 standard. Our results show that
MXenes/glass interfaces achieved a 4B rating (less than 5% of
the coating removed), while pristine MXenes detached entirely
from polymer surfaces (Figure S1). MXenes deposited on
plasma pretreated TPU substrates fell into the 1B category
(35—65% removed). Thus, the LIT approach to nonplasma-
treated surfaces offers advantages for long-term mechanical
stability. A detailed comparison of all results is presented in
Table S3.

Moreover, environmental and adhesion tests indicate that
plasma pretreatment enhances the performance of MXenes/
TPU under harsh conditions. However, in scenarios involving
mechanical interventions, plasma pretreatment is not as
effective as LIT interfaces, which provide better adhesion
and greater resistance to delamination.

In summary, average sheet resistance values after the tests
remained below 25 Q/sq throughout the aging process for
MZXenes/glass, and below 95 Q/sq for MXenes/TPU,
indicating robust interfaces. Notably, after the chamber,
Raman spectra confirmed the presence of MXenes- and
carbon-related peaks, as observed before exposure, while the
original free-standing MXenes showed significant oxidation
(Figure S12).

Our method offers significant improvements in the stability
and substrate adherence of MXene composites, contrasting
with previous reports on laser-based approaches for MXene
composites, such as microbubble printing,4 which reported a
performance loss of over 85% after 62 days of air exposure.
Our LIT-engineered interfaces retained a low sheet resistance
(<25 Q/sq) under harsh aging conditions. Additionally, LIT
offers competitive advantages over standard methods for
stabilizing MXenes, simultaneously addressing both adhesion
and oxidation issues. In contrast, most conventional methods
resolve only one of these challenges (Table S4).

2.5. MXenes/Glass Applications: Electrothermal Heat-
er. Electrically driven heaters are increasingly popular for
applications such as smart windows, antifogging, and eco-
friendly construction materials, or as components for electro-
thermal actuators. These devices are often based on graphene
or carbon nanotubes because of their excellent electrothermal
properties.”” Here, we explored MXenes/glass for this purpose
(Figure Sb). The device’s initial resistance was 4.7 Q and
remained remarkably stable. Our interfaces achieved three key
performance metrics: reaching 140 °C in 45 s at a heating rate
of 3.1 °C/s; maintaining stable operation at ~100 °C for over
100 h; and exhibiting stable behavior during at least 100
heating/cooling cycles to 100 °C. Additionally, we operated
the device at ~85 °C for over 70 h. At the end of these tests,
the device continued to demonstrate stable performance and
homogeneous heating (Figure S13). This performance without
structure degradation suggests that MXene-based heaters are a
competitive alternative to graphene-based ones in various
advanced applications (See comparative Table S5).

Besides the electrothermal heater, the MXenes/glass inter-
face could be promising for memristor applications. For this
purpose, we used the same MXene/glass interface employed
for the electrothermal heater demonstration to evaluate
memristive switching within the voltage range from —4 V to
+4 V. Switching occurred at approximately +2 V, with a low
resistance state (LRS) of 10.8 € at +2 V and a high resistance
state (HRS) of 14.1 € at —2 V. Although this represents only a
~30% relative difference between states, the key observation is
the device’s operational reliability, maintaining stable perform-
ance over 700 cycles (see Note S4 and Figure S14).
Nevertheless, this performance serves as a starting point and
requires further optimization in follow-up studies.

2.6. MXenes/Polymer Applications: Breath Sensor. To
demonstrate the generalizability of our LIT approach, we
substituted TPU by polyethylene terephthalate (PET) as the
donor substrate, while keeping all other conditions intact.
While the resulting MXenes/glass interfaces were indistin-
guishable from those discussed earlier, showing comparable
morphology, adhesion, and electrical properties, the MXenes/
PET interfaces exhibited promising practical potential.

The MXenes/PET interfaces were thoroughly washed to
remove loosely attached MXenes, resulting in a semi-
transparent surface with a sheet resistance in the k€2/sq
range (Figure S15). The MXenes/PET interface demonstrated
remarkable performance as a breath sensor (Figure Sc),
exhibiting an instantaneous resistance change of approximately
300% upon exposure to human breath. This high sensitivity
arises from the layered structure of MXenes and their abundant
surface functional groups, which readily interact with moisture
in exhaled breath. Water vapor adsorption causes interlayer
swelling, which increases the resistance values.”* Such rapid
and reversible sensing opens the perspectives for this in

https://doi.org/10.1021/acsami.5c18259
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18259/suppl_file/am5c18259_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c18259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

wearable health monitoring, where real-time detection of
respiratory patterns or biomarkers could enable noninvasive
diagnostics. Moreover, having robust but flexible MXenes-
based interfaces opens the perspectives for high-performing
deformation sensors and actuators.’

Although currently demonstrated devices have relatively
small areas (several cm?®), the LIT method holds promise for
scaling to larger areas for applications such as antennas and
energy harvesting. Realizing this potential requires the
systematic engineering of the process, including the uniform
deposition of MXene films via scalable techniques such as
spray, spin, or blade coating. This approach also involves
investigating the impact of each MXene synthesis step on the
transfer process and potentially combining it with plasma
pretreatment of the substrates. Additionally, it is needed to
ensure homogeneous mechanical pressure and adapt the
system to industrial lasers with larger processing areas to
achieve uniform and reliable large-area MXene transfer.’®
Looking ahead, the LIT approach holds promise not only for
future scalability but also for broadening the scope of
functional devices by integrating LIT-processed MXenes with
complementary nanomaterials. For instance, hybridizing
MXenes with nanoparticles, nanowires, liquid metals, or
emerging structures like metal—organic frameworks and
perovskites could unlock synergistic properties for advanced
applications.'® This could result in cutting-edge photocatalytic
applications,”” high-performing motion sensors,”* or even soft
robotics.™

3. CONCLUSIONS

We have developed a single-step LIT process to fabricate two
MZXenes/substrate interfaces with enhanced adhesion and
prolonged environmental stability. This process is based on the
combined mechanisms of LIBT and LIFT to transfer Ti;C,T,
films onto glass and TPU substrates without the need for
additional pre- or post-treatments. Morphological and
spectroscopic characterization confirmed that the process
preserves the original MXenes structure, while inducing partial
CDC formation and solid-state sintering at the interfaces,
especially prominent for MXenes/glass. This dual mechanism
effectively minimizes further oxidation of MXenes on both
substrates by creating a protective, carbon-rich interfacial layer.
Consequently, it results in durable, electrically conductive
surfaces (from single to tens of Q/sq) that retain their
performance under prolonged exposure to high humidity and
elevated temperatures. The ability of the interfaces to endure
mechanical peeling and immersion in boiling water verifies
their potential for real-world devices. This practical potential
was validated through the fabrication of an electrothermal
heater and a breath sensor, both of which demonstrated
reliable operation. This work highlights the capabilities of laser
processing beyond a simple patterning or transfer technique,
but as a powerful engineering strategy for advancing MXene-
based electronics and sensors in real-world applications.

4. EXPERIMENTAL SECTION

4.1. Ti3C,T, Synthesis. Ti;C,T, was synthesized via chemical
liquid etching of Ti;AIC, (200 meshes, Forsman Co., China) using 40
wt % hydrofluoric acid (HF). The powder was immersed in the HF
acid at a 1:10 ratio, stirred for 6—18 h at room temperature, and then
washed until the pH >6. After vacuum filtration and freeze-drying, the
multilayered powder was dispersed in DMSO and then in distilled

water. Delamination was achieved through sonication and centrifu-
gation, producing exfoliated Ti;C,T, flakes.

4.2. Ti;C,T,-Film Deposition. Exfoliated Ti;C,T, was dispersed
in water at a concentration of 30 mg/mL. The mixture underwent
sonication for 2 min, followed by 60 s of centrifugation, and an
additional 3 min of oscillation. The resulting dispersion was drop-
casted onto a TPU substrate (0.55 + 0.03 mm thick) at a ratio of
~300 uL/cm® and dried in air. The thickness of the dry film was
~35—40 pm, while thinner films did not result in efficient LIT. The
impact of the thicker films will be investigated in follow-up work.

4.3. Plasma Pretreatment of TPU Substrate. The TPU film
was treated with oxygen plasma for 60 s at a Radio Frequency power
of 100 W, using a custom-built plasma system. The TPU sample was
placed inside the vacuum chamber. High-purity oxygen gas was
introduced and ionized into plasma under the applied high-voltage
electric field. The generated oxygen plasma bombarded the TPU
surface, modifying its chemical and physical properties.

4.4. Laser-Induced Transfer. A Ti;C,T, film on TPU was
sandwiched between two glass microscope slides (1.04 + 0.01 mm
thick). The assembly was mechanically pressed along its borders to
ensure uniform pressure and close contact between substrates.
Irradiation was performed using a 436 nm laser. Laser parameters
varied for specific experiments and are summarized in Note S2 and
mentioned in the main text where applicable. The interpixel distance
was ~200 ym. The laser beam was focused through the top glass slide
onto the Ti;C,T, film on TPU, as illustrated in Figure 1. Irradiation
time depends heavily on the desired geometry; for most
representative samples in this work (approximately 2 cm X 1 cm in
size), it was approximately 2.5 min. For smaller areas, irradiation takes
less than a minute. After irradiation, the top glass was carefully
removed. MXenes adhered to this glass via LIBT, forming MXenes/
glass, while MXenes remaining on TPU formed MXenes/TPU
through LIFT.

4.5. XPS. The XPS spectra were recorded using a Thermo Fisher
Scientific XPS NEXSA spectrometer, equipped with an Al Ka X-ray
monochromatic emitter with an energy of 1486.6 eV. Survey spectra
were recorded using radiation with an energy of 200 eV and an energy
resolution of 1 eV. High-resolution spectra were collected using
radiation with an energy of 50 eV and a resolution of 0.1 eV. The
analysis area was 400 ym. A flood gun was used to compensate for the
charges. A monatomic gun was used for depth profiling with an
energy of 3800 eV. For each spectrum, two different areas were
recorded.

4.6. SEM-EDX. The morphology of our materials was charac-
terized using a SU8220 FESEM (Hitachi, Ltd, Japan) with a
resolution of higher than 0.8 nm at an accelerating voltage of 15 kV.
Cross-sectional EDX mapping was performed with a Magellan 400
FESEM (Thermo Fisher Scientific). To prepare sharp cross sections,
MXene films and interfaces were placed into liquid nitrogen and then
fractured using tweezers. The resulting fragments were put on a
vertical holder and loaded into the microscope chamber.

Additionally, SEM images were recorded using COXEM EM-30
PLUS at an accelerating voltage of 15 kV.

4.7. Optical Images. Surface morphology was evaluated using
Micromed 3LUM microscope (transmittance mode) and NTEGRA
Spectra, NT-MDT Raman system (reflectance mode).

4.8. Raman Spectroscopy. A Raman spectrometer (NTEGRA
Spectra, NT-MDT, Russia) equipped with an electron-multiplying
charge-coupled detector (Andor Newton, UK) cooled to — 65 °C was
employed for the Raman measurements. A diode laser system
emitting at 532 nm wavelength, a 600 lines/mm grating, and a 20x
objective were used for recording the Raman spectra. The calibration
was performed using the sharp peak of Si at 520.7 cm™". For Raman
mapping, the acquisition time was set to 0.1 s, capturing an image size
of 5 X 5 um? to obtain reproducible spectra.

4.9. XRD. XRD patterns were obtained using two setups: 1) D8
DISCOVER DAVINCI (BRUKER AXS GmbH, Germany). The
sample was wholly fixed on the sample stage and scanned by a
microfocus X-ray beam. The double diffraction angle (26) ranged
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from $° to 80°. And 2) XRD-70008S diffractometer (Shimadzu, Kyoto,
Japan).

4.10. Sheet Resistance. MST 4000A microprobe station (MS
Tech Korea Co Ltd., South Korea) was used to position the tips in a
square configuration. Electrical characterization was performed on the
potentiostat-galvanostat P-45X (Electrochemical Instruments, Rus-
sia). Sheet resistance was calculated using the following eq 1:

2 AV

Ro= ey * 7 (1)

where R(y): sheet resistance; AV: the change in voltage measured
between the backside probes; I: the current applied between the
inside probes.

For several measurements, we also used a portable device to
measure sheet resistance.

4.11. Aging Test. We performed two tests using a custom
humidity chamber capable of maintaining temperatures in the range
of 30—60 °C and RH up to 98%. The chamber was placed on a
controlled heating plate, with water vapor introduced via a pump to
achieve the desired humidity levels. Internal conditions were
monitored using an external temperature and humidity sensor
hermetically sealed within the chamber.

In the first test, samples were exposed for a total of 10 days at 95%
RH. The temperature varied as follows: 60 °C for 2 days, 50 °C for 3
days, and 40 °C for S days. The chamber was cycled on and off daily
to introduce repeated environmental stresses. Samples included
MXenes/glass and MXenes/TPU interfaces (with and without plasma
pretreatment of TPU), as well as references (MXenes deposited
directly on glass, untreated TPU, and plasma pretreated TPU without
LIT).

In the second test, focused on constant conditions, samples
(primarﬂy target MXenes/glass and MXenes/TPU without plasma
pretreatment) were aged continuously for 1 week at 95% RH and ~40
°C.

For both tests, sheet resistance was measured using the four-probe
method. Samples were periodically removed from the chamber and
allowed to dry in ambient air before the test.

4.12. Adhesion Test. Adhesion was evaluated using the standard
ASTM D3359 tape test. The sample surfaces were cross-cut using a
sharp blade to create a lattice pattern with a 3 mm spacing and six
parallel cuts in each direction. Pressure-sensitive adhesive tape (Type
1, Class A, complying with CID A-A-113) was applied over the cut
area and firmly pressed down for 60 s to ensure full contact. The tape
was then rapidly removed at an approximate 45° angle. The adhesion
quality was assessed by examining the surface under an optical
microscope to identify any coating removal or damage.

4.13. Electrothermal Heater. We fabricated the MXenes/glass
interface with a size of ~2 X 1 cm? using the same LIT approach
(LPE 350 mJ/pulse). For the contacts, we utilized copper tape and
silver paste.

4.14. Breath Sensor. The breath sensor was fabricated using the
same sandwich structure described in the Laser-Induced Transfer
subsection (LPE of 350 mJ/pulse), with the thermoplastic TPU
substrate replaced by PET. No substrate pretreatment was applied;
the MXene dispersion was deposited on the substrate at a ratio of
~300 pL per cm® The sensor size was approximately 1 X 0.8 cm?.
MXenes/PET was thoroughly washed from the nonsintered MXenes
and used as a proof-of-concept breath sensor. Current—time response
curves were recorded using a P-45X potentiostat-galvanostat to
demonstrate the sensor’s proof-of-concept performance.

4.15. Memristor. To demonstrate memristive switching, we
utilized the electrothermal heater MXenes/glass sample. The
menmristive switching was measured using the MST 4000A microp-
robe station (MS Tech Korea Co., Ltd., South Korea) in a two-probe
scheme, with a potential window of up to &+ 6 V.
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