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Water under 2D confinement exhibits unique structural and dynamic beha-
viors distinct from bulk water, including phase transitions and altered
hydrogen-bonding networks, making it of great scientific interest. While con-
finement in 2D materials like graphene, mica, or hexagonal boron nitride has
been reported, their lack of intrinsic hydrophilicity or metallic conductivity
limits their suitability for probing the interplay between confined water and
electronic transport. MXenes, a family of 2D transition metal carbides and
nitrides, overcome these limitations by combining high metallic conductivity
(-10* S cm™) with hydrophilicity, offering a unique platform to investigate
confined water dynamics and their influence on electronic properties. Here, we
show that temperature and confinement drive structural transitions of water
within MXene interlayers, including the formation of localized ice clusters,
amorphous ice, and dynamic hydrogen-bonded networks. These transforma-
tions disrupt stacking order, inducing a reversible metal-to-semiconductor
transition and conductivity hysteresis in MXene films. Upon heating to 340 K,
the dissociation of ice clusters restores interlayer spacing and metallic beha-
vior. Our findings experimentally establish MXenes as an exceptional platform
for studying the phase change of confined water, offering new insights into
how nanoscale water dynamics modulate electronic properties and enabling
the design of advanced devices with tunable interlayer interactions.

tools and molecular dynamics simulations, achieving comprehensive
insight into confined water properties remains challenging¢.
Previous research has shown that water confined in low-

Water is fundamental for a wide range of physical, chemical, and
geological processes'™. Water confined within nanoscale spaces has
attracted substantial attention in recent years, as it exhibits unique

behaviors and properties different from bulk water®™. The properties
of confined water are governed by the confinement dimensions,
morphology, material surface properties, and the presence of solvated
ions or molecules*'?. Despite advances in nanoscale characterization

dimensional materials has different phase transition temperatures,
transport, and dielectric properties. For instance, water confined
within hydrophobic slits exhibits a low phase transition temperature,
and water confined between graphene or MXene sheets exhibits low or
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even negative dielectric constants®*'”'®, These properties of nano-
confined water are important in energy storage, sensing, catalysis,
drug delivery, and other technologies®* . For example, in energy
storage, nanoconfined water was found to promote the transport of
ions and dampen the interaction between intercalants and host
materials, leading to pseudocapacitive charge storage”**. However,
despite the numerous studies on the properties and applications of
nanoconfined water, the electronic conductivity of confined water
remains largely unexplored. In single-walled carbon nanotube
(SWCNT) mats, a small dose of water was found to improve their
electrical conductivity>?°. This phenomenon was attributed to either
an improved intra-tube conductivity due to water doping or an
improved inter-tube conductivity due to momentum resonance
achieved by adsorbed water molecules®*°. However, the significance
of inter- versus intra-tube conductance is not clear. The role of inter-
calated ions on the transport properties of confined water has been
studied, but is still poorly understood”*°. In many materials, nano-
confined water contains ions to balance the charge of the adjacent
surfaces. The effect of nanoconfined water on the electronic proper-
ties of materials is difficult to investigate because most confining
nanomaterials are either dielectric (clay, graphene oxide, BN, etc.) or
hydrophobic (graphene)*.

2D carbides and nitrides of transition metals known as MXenes
offer a unique platform for studying water under 2D confinement due
to their high hydrophilicity and small interlayer spacing. Figure 1 shows
TisC,T, MXene, where T, stands for surface functional groups
including -O-, -OH, -F, and -Cl. Among these, the ~-OH/-O- surface
groups provide a hydrophilic surface, readily forming hydrogen bonds
with water molecules. This hydrophilicity drives water into the inter-
layer spaces of restacked MXenes, typically forming one to three layers
of nanoconfined water depending on humidity and temperature®,
This has the impact of allowing stable water adsorption in significantly
narrower slits due to hydrogen bonding interactions, in contrast to
water confinement between hydrophobic layers, such as graphene,
which rely on weak van der Waals interactions®. Metallic materials,
including MXenes, usually show a positive temperature coefficient of
resistance (dp/dT>0) due to increased atomic and free electron
movement with temperature, resulting in a larger number of collisions
and, therefore, energy loss. However, deviations from this behavior
have been observed in MXenes and are most likely attributed to
interactions with confined water and intercalated ions within the lay-
ers. The intercalated cations exhibit distinct affinity for water mole-
cules and the MXene surface, which influences the structure of the
confined water. Molecular dynamics simulations indicate that Li* and
Na* ions prefer to stay close to the MXene surface, while K* ions reside
in the middle of the water network®. In contrast, under acidic media,
hydronium formation extracts water molecules from MXene layers,
making MXene interlayers with little to no confined water®. By selec-
tively intercalating Li*, Na‘, K*, and H" ions, we can manipulate the

olLi* eNa* @K* € water

structure of confined water between MXene layers (Fig. 1a)*. TizC,Ty
and some other MXenes behave like metallic conductors despite the
presence of one to three layers of nanoconfined water between the
MXene sheets”. Nonetheless, the amount of interlayer water affects
the electronic conductivity of MXene thin films. For instance, the co-
intercalation of water during electrochemical protonation was found
to correlate directly with the in-plane conductivity of MXenes,
potentially through changing the interlayer spacing®™. This active
modulation of the electronic conductivity has already been applied to
dynamically adjust the electromagnetic interference shielding prop-
erties of MXene®. These initial studies of MXene structures and con-
fined water-ion interactions point to the importance of understanding
the interplay between confined water and the electronic properties of
MXene thin films. However, the role of MXene flake ordering on the
electronic structure remains unclear.

In this work, we study the effect of ion solvation and temperature
on the electronic conductivity of MXenes with nanoconfined water
through resistivity measurements, synchrotron X-ray diffraction
(XRD), X-ray Photoemission Electron Microscopy (XPEEM), and dif-
ferential scanning calorimetry (DSC) near the nominal freezing point
of water (200K to 380 K). We demonstrate unusual hysteresis of the
resistivity and positive to negative dp/dT transitions as a function
of temperature for MXene systems containing alkali ions and confined
water. The hydrogen bonding of confined water molecules and their
spatial distribution over the MXene film were probed using XPEEM. We
observed various degrees of MXene interlayer spacing change upon
thermal cycling due to different ions. Still, we did not detect any
crystalline ice phases reported for other 2D materials, only an amor-
phous ice phase. These findings provide fundamentally new insights
into water-ion interactions under 2D confinement.

Result and discussion

Electronic transport properties of MXene with confined water
We measured the resistivity of TizC,T thin films intercalated with Li*,
Na*, K, and H* (noted as Li-TisC,T,, Na-TizC,T,, K-TizC,T,, and
H-TisC,T,) using four-point-probe resistivity measurements during
continuous thermal cycling between 300 K and 200 K under vacuum.
A temperature-dependent hysteresis was observed (Fig. 2a). To
monitor structural changes, thermal cycling was repeated several
times, and the hysteresis was found to expand and stabilize by the
third cycle for all samples. Therefore, we focused our detailed analysis
on the third thermal cycle.

The resistivity of the H-TizC,T, thin film exhibited metallic beha-
vior (dp/dT > 0) throughout the thermal cycle, as expected for metallic
MXenes®. Despite the difference in intercalants, all Ti;C,T, thin films
displayed similar dp/dT behavior in the metallic region (-200-240 K),
indicating this is an intrinsic property of TizC,T, MXene. However, for
Li*, Na*, and K" intercalated TizC,T, films, a semiconductor-like beha-
vior (dp/dT < 0) emerged during both cooling and heating cycles at
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Fig. 1| Schematic illustration of the interaction between confined water,
intercalated ions, and MXene. Protons and other cations are intercalated between
the MXene sheets with one layer of confined water. MXene with Li* intercalation has

the most water molecules confined in the interlayer, followed by Na* and K*. Note
that protons eliminate the water layer after drying.
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Fig. 2 | Temperature dependence of electrical resistivity and interlayer spacing
of MXene films with Li‘, Na*, K*, and H' intercalants, noted as Li-Ti;C,, Na-Ti;C,,
K-Ti3C,, and H-Ti;C,. a Electrical resistivity of MXenes as a function of temperature
during the third thermal cycle. b Interlayer spacing before and after the third
cooling-heating cycle. ¢ 002 reflections of pristine MXenes and after the third
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cooling-heating cycles of the MXenes at 300 K. d Integrated resistivity hysteresis
for ion-intercalated TizC,T, samples and their corresponding interlayer spacing at
300K for all thermal cycles. The circled (dashed line) points are MXenes from the
first thermal cycle. The color darkness of the points increases with the number of
cycles, and the errors are within the order of the size of the symbols.

higher temperatures. This semiconductor-like transition appeared
between ~273-245K during cooling and 245-267 K during heating.
Notably, this transition temperature region during thermal cycling is
significantly below the freezing point of bulk water, suggesting it was
related to a structural transition of the confined water in the MXene
interlayers, where the freezing point of water can be suppressed*®*.
After heat treatment at 353K at high vacuum over 12 h, which is
expected to remove nearly all physiosorbed water from the interlayer
confinement, the Li-TisC,T, film subsequently shows pure metallic
behavior during cooling and heating cycles (Supplementary Fig. S1),
reinforcing the hypothesis that confined water plays a crucial role in
the observed transition”*%,

Structural changes during thermal cycling

To probe any structural changes, we performed in-situ XRD measure-
ments on cation-intercalated MXene films during three heating/cooling
cycles between 300 K and 200 K under a helium atmosphere. Figure 2b

presents the XRD patterns in the 002 peak region for all MXene samples
at 300 K before cycling and after the third thermal cycle (XRD patterns
over a broader range are shown in Supplementary Figs. S2-S5). Con-
sidering a monolayer thickness of the Ti;C,Ty of 9.4 A, the interlayer
spacings could be calculated from the 002 reflections and were deter-
mined to be 2.6 A, 2.9 A, and 2.9 A for pristine Li*, Na*, and K* inter-
calated TizC,T, before thermal cycling, respectively—corresponding to
one layer of confined water®. In contrast, the H* intercalated MXene
exhibited a significantly smaller interlayer spacing of 1.25 A, close to the
size of the hydronium ion (1.02 A)**. A possible explanation is that the
strong interactions between hydronium ions and the oxygen-
terminated MXene surface cause contraction of the interlayers and
expulsion of water in acidic media. In such conditions, protons/hydro-
nium ions (H;0") intercalate and interact strongly with the MXene sur-
face terminations (predominantly —-O sites)***. This process leads to
observable changes in the surface chemistry, such as an increase in ~-OH
terminations, and results in a significantly reduced amount of confined
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Fig. 3 | Role of confined water within MXene interlayer on thermal hysteresis
during heating/cooling cycles. Thermal hysteresis of electrical resistivity of (a)
Li-Ti;C,T, MXene and (d) H-Ti;C,T, MXene between 200 K and 300K in the first
five thermal cycles followed by heating to 375K and beginning the fifth thermal
cycle with cooling and heating between 400K and 200K, at dT/dt=3 K min™.

Cycle 6 began with cooling from 375K to 200 K, followed by reheating to 380 K.

The same legend of cycles is shared by (a, d). X-ray Diffraction (XRD) patterns of
(b) Li-TizC,T, and (e) H-Ti;C,T,, MXene between 200 K and 300K at repeating
thermal cycles followed by heating to 380 K and cooling back to 300 K.

¢, f Differential scanning calorimetry (DSC) study of a Li-Ti;C,T,, MXene and

b H-Ti;C,T, MXene between 200 K and 300 K recorded at d7/dt=10 Kmin™.

water compared to alkali ion intercalated samples. This dehydration
effect upon protonation/acid treatment is confirmed by the thermo-
gravimetric analysis (TGA) and X-ray photoelectron spectroscopy (XPS)
(Supplementary Figs. S6-S9), which show the lowest water content and
the highest —OH fraction in the H-Ti;C,T, sample, consistent with pre-
vious vibrational spectroscopy studies®*. The resulting water-depleted
state of H-Ti3C,T, serves as an essential control in our study, high-
lighting the role of confined water in the temperature-dependent elec-
tronic behavior observed in the other samples.

After the third thermal cycle, the interlayer spacing expanded to
6.7A, 3.6A, and 59A for Li*, Na*, and K' intercalated MXenes,
respectively (Fig. 2c). These expanded interlayer spacings remained
stable during subsequent thermal cycles (Supplementary Fig. S10, S12,
S13). In contrast, the H* intercalated MXene maintained a consistent
interlayer spacing of -1.3 A across all cycles, likely due to the absence of

confined water (Supplementary Fig. S11). The interlayer expansion
observed during thermal cycling was, therefore, likely associated with
the rearrangement of the confined water molecules or changes in the
solvation structure around the intercalated ions.

The magnitude of resistivity changes and thermal hysteresis cor-
related with the interlayer spacing. We quantified the thermal hyster-
esis by integrating the area enclosed by the resistivity-temperature
curves (Fig. 2d). Minimal thermal hysteresis was observed in the H*
intercalated MXene, which showed consistent interlayer spacing
across all thermal cycles. In contrast, the Li*, Na*, and K" intercalated
MXenes displayed the smallest hysteresis during the first thermal
cycle (highlighted by the dashed circle in Fig. 2d), with hysteresis
increasing after the first cycle. The interlayer spacing expanded further
after the first cycle in the order: Li* > K* > Na* > H" intercalated MXenes,
accompanied by an increase in integrated hysteresis.
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Validation of the critical role of confined water

We validated the critical role of confined water on the temperature-
dependent resistivity by comparing the thermal hysteresis in H" and
Li* intercalated TisC,T, MXenes (Fig. 3). During the initial thermal
cycling, Li-Ti;C,T, showed a minimum thermal hysteresis (Fig. 3a).
Upon cooling from 300 K to 200K, it showed metallic-like behavior
with a positive temperature coefficient of resistivity (dp/
dT=0.0120 QcmK™). A minor semiconductor-like behavior (dp/
dT=-0.0038 QcmK™) emerged between 248K and 240 K. During
heating from 200K, metallic behavior (dp/dT=0.0114QcmK™)
persisted up to 243 K. Between 243K and 266K, the dp/dT slope
doubled, and beyond 266K, a semiconductor-like behavior (dp/
dT=-0.0051QcmK™) reappeared, transitioning back to metallic
behavior at temperatures above 275K.

To gain insights into structural changes during thermal cycling,
we conducted in-situ XRD measurements on the Li-TizC,T, (Fig. 3b and
Supplementary Fig. S2). At 300 K before cycling, the 002 peak at 7.3°
20 indicated an effective monolayer of confined water. As the sample
cooled, the 002 peak gradually shifted to 6.0° 20 with a significant
decrease in intensity, suggesting reduced structural ordering and
interlayer expansion. The interlayer spacing increased to 5.5 A during
the first thermal cycle, indicating substantial structural changes in the
confined water. This interlayer expansion likely contributes to the
observed semiconductor-like behavior (dp/dT < 0) after the first cycle.

Upon heating, the interlayer remained expanded and stabilized
with minimal shifts to lower angles during subsequent thermal cycles
(Ad <1A, cycles 2-5, Supplementary Fig. S10). Although the 002 peak
intensity reached its minimum at 200 K, it recovered upon reheating to
300K, indicating a partial reordering of the layers. This reversible
change in intensity—contrasted with the largely irreversible peak shift—
suggests that the MXene sheets undergo continuous rearrangement
during repeated thermal cycling. We attribute this behavior to tur-
bostratic disorder, wherein the c-axis alignment of stacked layers and
their spacing varies without permanently disrupting structural coher-
ence. Such broadened peaks and smeared diffraction are common in
restacked 2D materials when the stacked nanosheets are not perfectly
aligned*’.

Between cycles 2 and 5, we observed an increase in the resistivity
thermal hysteresis, with more pronounced semiconductor-like beha-
vior (dp/dT < 0) during both heating and cooling (Fig. 3a). The tem-
perature range for semiconductor-like behavior extended from 9K in
the first cycle to 30 K in subsequent cycles, with the transition back to
metallic behavior consistently occurring at -243 K. The magnitude of
dp/dT in the semiconductor-like range also increased with each cycle
(Supplementary Fig. S15).

Similar phenomena were observed in K* and Na* intercalated
TizC,T, MXene, both initially containing one layer of confined water
before thermal cycling (Supplementary Figs. S12-S14). In contrast, the
H-TizC,T,, with minimal confined water, exhibited no significant
changes in resistivity (Fig. 3d) or interlayer spacing (Fig. 3e and Sup-
plementary Fig. S11). Introducing H* decreased the interlayer spacing,
thus increasing the van der Waals interaction between the MXene
layers®™*”. The higher conductivity of H-Ti;C,T, may also be partly
attributed to the intercalated protons facilitating electron transport—a
hypothesis that requires further investigation, which is beyond the
scope of this study.

To further assess the role of confined water, we annealed the
MXene films at 380 K after the fifth thermal cycle (Fig. 3a). Beginning at
340K and continuing to 380K, the corresponding XRD patterns
showed a shift of the 002 reflection to a higher angle that is slightly
higher than the initial position in the pristine sample (Supplementary
Fig. S16). This higher temperature heating causes the loss of weakly
confined water, further reducing interlayer spacing. Cooling the
annealed samples to room temperature (300 K) produced XRD pat-
terns resembling those of the pristine material but with diminished

intensity (Supplementary Fig. S17), indicating increased turbostratic
disorder due to water loss. This misalignment likely disrupted inter-
flake electron transport, significantly contributing to the observed
resistivity hysteresis (Supplementary Fig. Sl4c, cycle 6)**5,

Differential scanning calorimetry (DSC) measurements provided
additional insights into structural transitions during thermal cycling
between 200 K and 300 K (Fig. 3¢). During cooling, a slope change in
the heat flow at 240K was observed for Li* intercalated MXene,
interpreted as the glass transition (7g) of the nanoconfined water,
consistent with calorimetric studies of water in other nanoporous
systems***°, This transition aligns closely with the semiconductor-to-
metal transition temperature (-243K) observed in the resistivity
measurements. Similar glass transitions at around 240 K were detected
for Na* and K" intercalated MXenes (Supplementary Fig. S18). Impor-
tantly, consistent with previous observations, this feature is absent in
the H* intercalated MXene (Fig. 3f), which contains no or minimal
amounts of confined water, implicating confined water as the cause of
this transition.

Local chemical bonding of intercalated water molecules during
thermal transitions

Building upon our observations of the critical role of confined water in
temperature-dependent resistivity and structural changes, we further
investigated the local chemical bonding environment of the inter-
calated water molecules. This was achieved using low-temperature X-
ray photoemission electron microscopy (XPEEM) on Li-TizC,T, MXene
(Fig. 4a). XPEEM is a powerful technique that combines imaging and
spectroscopy to provide spatially resolved chemical information at the
nanoscale. Imaging at the oxygen K-edge over the 220K to 300K
temperature range revealed micron-scale surface heterogeneities
(Figs. 4b-e) with distinct X-ray absorption spectroscopy (XAS)
signatures.

XAS at the oxygen K-edge, recorded locally with XPEEM, provided
high chemical sensitivity to the MXene oxygen surface terminations
and the hydrogen-bonding environment of water within the interlayer
galleries. At 220K, the XA spectrum exhibited pronounced doublet
peaks at 531.0 eV and 533.2 eV, corresponding to 3 d bonding states of
titanijum with predominant ¢, and e; symmetries, respectively. At
higher temperatures, water-related features emerged in the XA spec-
tra, with components corresponding to short-range (I, 533.3eV),
intermediate-range (Il, 535.8eV), and long-range (lll, ~539eV)
hydrogen-bonding order (Fig. 4b)**. At 220K and 240K, only short-
and long-range ordering was observed, corresponding to isolated
water molecules and ice clusters in sub-micrometer regions
(Fig. 4c)™*% Above 260K, the spectra evolved markedly, indicating
dramatic changes in the water hydrogen-bonding network™. The water
molecules transition from localized ice clusters to a two-dimensional
(2D) confined water layer with intermediate-range ordering, suggest-
ing an amorphous ice structure, consistent with the XRD data showing
no crystalline ice reflections®%. At 300K, the long-range water
ordering post-edge (lll) appeared, which is associated with double
hydrogen-bonded water molecules. This feature has a lower relative
intensity compared to liquid water due to the confinement within the
MXene interlayer. The enhanced pre-edge feature (I) indicates
restricted intermolecular hydrogen bonding, consistent with previous
FTIR observations. *°

The difference spectra shown in Fig. 4d are thus representative of
2D confined water layers. The electronic signature of the confined
water within the MXene interlayer at 260 K appears similar to that in
porous carbon materials, where no long-range ordering in the hydro-
gen bonding was detected™. In contrast, the longer-range ordering
observed at 300 K is not possible in nanopores. It is related to the 2D
extended hydrogen-bond network facilitated by hydrogen bonds with
the MXene oxygen surface terminations. Although only minor spectral
differences were observed between the initial water clusters and the
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300 K

550

290 K

clusters (purple region) are shown with their peak fitting. d Temperature-
dependent XAS at the oxygen K-edge of the ice clusters (purple) and MXene film
(black) between 220 and 590 K. The spectra are normalized and offset vertically for
clarity. The XA spectra from confined water are obtained by subtracting the

XA spectrum at 240 K from those recorded at 260 K and 300 K. e XPEEM micro-
graphs over the 220-590 K temperature series. The scale bars are 2 um.

rest of the MXene film at 300 K, contrast differences remained visible
throughout the film.

After annealing at 590 K, most confined water molecules were
desorbed, as evidenced by the disappearance of ice clusters and water-
related XAS features. The remaining oxygen signals were attributed to

MXene surface terminations rather than confined water, consistent
with negligible changes in the Ti L-edge spectra (Supplementary
Fig. S24). This observation aligns with the DSC and XRD-derived
understanding of the MXene thermal response. The microscopic
insights into water clustering and phase changes during the metal-
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Fig. 5 | Schematic summarizing the proposed temperature-dependent struc-
tural transitions of confined water correlated with electronic changes. Based
on experimental results, water within MXene interlayers is proposed to transition
during cooling (top path) from a quasi-2D liquid-like layer (300 K) to localized

water clusters (-240 K) and an amorphous ice-like state (-200 K). Dissociation of
these structures upon heating (bottom path) restores the initial state, with the
overall cycle correlating with observed changes in interlayer spacing, stacking
order, and electronic conductivity hysteresis.

semiconductor transition provided by XPEEM help interpret the
macroscopic glass transitions observed in the resistivity and XRD
measurements.

Influence of confined water on resistivity and interlayer spacing
The observed changes in resistivity and interlayer spacing are directly
related to the conformational changes of confined water molecules
between MXene layers at varying temperatures. At 300 K, the MXene
layers are well aligned, as confirmed by the maximum intensity of the
002 peaks in the initial XRD patterns®. As the temperature decreases
to 270 K, water molecules nucleate and form amorphous ice clusters
within the interlayer galleries. This clustering maximizes hydrogen
bonding with neighboring water molecules and the MXene surface, as
observed by XPEEM, and extends a few hundred nanometers upon
further cooling.

The ultra-high lateral pressure between MXene layers with non-
uniform surface terminations may explain the absence of hexagonal
ice formation*°. The measured adhesion energy of monolayer TizC,T,
is approximately 0.90 ] m?°¢, We calculated the van der Waals pressure
between MXene with 6 A interlayer spacing as 1.2-2.5GPa, which
agrees with the first principles study result that the 2D ice can spon-
taneously form at 250K in a 6.0A nano-slit under high pressure
(Table S3)*°. The reduced dynamics of water molecules and decreased
interlayer distance reduce scattering during intra-flake electron hop-
ping, possibly inducing the metallic behavior observed at tempera-
tures below 240 K>,

The transition from liquid-like water to amorphous ice between
300K and 200K leads to an expansion of the MXene interlayer spa-
cing, as indicated by the XRD data. As amorphous ice clusters form, a
higher temperature is required to break the strong hydrogen bonds
between the water molecules and the MXene surface. Additionally,
more energy is needed to desorb the water clusters compared to their
formation energy*’. Therefore, heating up to 340 K instead of 300 K is
required to disrupt the hydrogen-bonding network of the amorphous
ice clusters, as confirmed by the 002 XRD reflections shifting back to
their original positions at 340 K (Supplementary Fig. S14)*>**, During
the heating of Li-TisC,T,, a glass transition is observed at 248 K (Sup-
plementary Fig. S18). Crucially, MXenes incorporating confined water
demonstrate dynamic motion activation near 253 K—a behavior absent
in samples without weakly confined water*’. This observation indicates
a transition from a glassy to a more dynamic state within the interlayer
regions of MXene, facilitated by the presence of clusters of confined
water molecules and a realignment of the MXene layers. The transi-
tions observed at higher temperatures (343 K for Li*, 331K for Na*, and
347K for K" intercalated MXenes) further corroborate the influence of

confined water on the structural ordering of MXene (Supplementary
Fig. S16). The corresponding XRD peak shifts at approximately 340 K
are consistent with these transitions, suggesting a thermally induced
reorganization of the interlayer spacing and water molecule config-
uration (Supplementary Fig. S16). A stacked plot analysis (Supple-
mentary Figs. S19 and S20) delineates the intricate relationship
between electrical resistivity (p), microstructure, and phase transitions
in the MXene/confined water systems. The analysis reveals a two-stage
thermal response of the confined water upon heating, as shown
schematically in Fig. 5:

1. The initial stage involves transitioning from a glassy amorphous
state of ice clusters below 240K to discrete water clusters around
280K, a process that leaves the XRD patterns almost unaffected.

2. The second stage, occurring near 340 K, involves the relaxation
of these water clusters into a more “flattened” intermediate config-
uration. This relaxation phase corresponds to a loss of the pillaring
effect, leading to a shift of the 002 peak to higher angles and a
reversion to the pristine state of MXene. As a result, the sample
recovered its conductivity at room temperature.

We also observed an abnormal increase of resistivity between
280 K and 260 K, where dp/dT=-0.7 Qcm K™, This may be due to the
disruption of the metallic behavior and inter-flake transport in the
MXene/confined water heterostructure due to an increase in turbos-
tratic disorder compared to the pristine structure at a higher tem-
perature (Fig. 3a, d). The constant slope in the metallic region indicates
that changes in charge transport occur primarily in the semiconductor-
like behavior region (Supplementary Fig. S15). The higher turbostratic
disorder may induce a misalignment or twisting of the overlapping
MXene flakes that will distort their band structure and, hence,
the transport properties of the MXene film®. Altering of the electronic
properties due to stacking misalignment has already been reported
for other 2D materials such as graphene or transition metal
dichalcogenides® >, The semiconducting behavior may, therefore,
result from a water-driven change in the stacking order of the
overlapping MXene flakes in the multilayered film. Electrochemical
impedance spectroscopy (EIS) measurements (Supplementary
Fig. S21) further support this conclusion by confirming that polariza-
tion effects are not dominant in MXene/water heterostructures across
the investigated temperature range. The phase angle (¢=0°) at
low frequencies indicates a resistive-dominated response, with
no evidence of significant interfacial polarization. This supports the
conclusion that the observed semiconductor-like behavior is not
caused by polarization but is instead linked to structural changes
in confined water and the resulting disruption of MXene stack-
ing order.
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This study establishes a direct link between the thermal depen-
dence of electrical resistivity and the structural dynamics of confined
water in MXene/water heterostructures. Using temperature-
dependent resistivity measurements, in-situ XRD, XPEEM, and DSC,
we revealed significant structural transformations of confined water
during the first thermal cycle, including interlayer spacing expansion
and the formation of amorphous ice clusters. These clusters disrupt
the MXene stacking order, driving a metal-to-semiconductor transition
inLi*, Na*, and K" intercalated MXene films. Upon heating above 300 K,
the clusters dissociate, restoring the interlayer spacing and metallic
behavior. In contrast, H* intercalated MXene, lacking confined water,
exhibited no such transitions, underscoring the critical role of con-
fined water in influencing electronic properties. In-situ XPEEM pro-
vided direct imaging of these water clusters transitioning from
amorphous ice to a weakly hydrogen-bonded network upon heating,
complementing macroscopic observations from resistivity and XRD.
DSC further identified glass transitions associated with the confined
water, highlighting its influence on the thermal and structural behavior
of MXenes.

While this work provides key insights from the experimental side,
further computational studies are needed to fully understand the
mechanisms underlying these observations, particularly the role of
amorphous ice formation and its impact on electronic transport. Such
studies could elucidate atomic-scale interactions between confined
water molecules and MXene layers, guiding the design of MXene-
based devices where control over interlayer transport, fluid nano-
confinement, and phase transitions is essential. In summary, this work
highlights the pivotal influence of structural changes and phase tran-
sitions in confined water—specifically amorphous ice formation—on
the thermal and electronic behavior of MXene films, opening avenues
for tailoring their properties for applications in electronics, sensing,
and energy storage.

Methods

Materials

For MAX synthesis, TiC (99.5%, —325 mesh), Ti (99.5%, -325 mesh), Al
(99.5%, =325 mesh), and graphite (99.0%, —300 mesh) powders were
obtained from Alfa Aesar. For MXene synthesis, LiF (Lithium fluoride,
Thermo Scientific, 99.85%), HCI (hydrochloric acid, Fisher Scientific,
37 wt%), and deionized water (10-15MQ) solutions were used. LiCl
(anhydrous, 99%, Thermo Scientific), KCI (potassium chloride, ACS,
99.0% min), and NaCl (sodium chloride, ACS, 99.0% min) were used in
intercalation experiments.

MAX phase synthesis

Synthesis of TizAlC, MAX followed the procedures reported by Mathis
et al.%%, Specifically, the precursor powders were mixed at a molar ratio
of Ti:Al:C = 3.25:2.20:2.00. The precursor powders were mixed in
HDPE jars by ball milling for 18 h at -70 rpm with a 2:1 weight ratio of
Zr0; balls to powder. The mixed powder was then packed into alumina
crucibles, heated under a continuous argon flow (-100 sccm) at a rate
of 3°Cmin™ and held at 1380 °C for 2 hours, then cooled naturally to
room temperature. The resulting sintered blocks were milled into fine
powders with a TiN-coated milling bit. 50 g powder batches were
added to 500 mL of 9 M HCI and stirred overnight to dissolve residual
intermetallic species. Then, the MAX phase was collected by vacuum
filtration and washed with excess deionized water through a poly-
carbonate filter membrane (pore size 5um). The acid-washed MAX
phase was dried in a vacuum oven at 150 °C and sieved through a
400 mesh (38 pm) stainless steel screen to obtain the final powder that
was used for the MXene synthesis (<38 pm).

Synthesis of MXene
We prepared a colloidal solution of Li-TizC,T, MXene by selectively
etching the Al layer from the Ti;AlC, MAX phase using a LiF and HCI

mixture®***, Specifically, 1g of TisAlC, powder was reacted with a
premixed etchant (1.6 g of LiF and 20 mL of 9 M HCI) for 24 h at room
temperature. Then the acid mixture was washed with 150 mL of deio-
nized water for 4-6 cycles until the pH of the supernatant reached a
value of 6. Then, the collected sediment was redispersed with 50 mL DI
water and hand-shaken for 16 min, followed by centrifugation at
3500 rpm for 10 min to remove unreacted MAX particles and reaction
by-products. The dark supernatant was centrifuged at 7500 rpm for
3 min to obtain a solution of single-layer Li-TizC,T,.

To obtain Na-Ti;C, T, and K-Ti;C,T, and control the solvation shell
of water molecules between the MXene layers, Li-Ti;C,T, underwent
ion exchange in 5M KCI and 5M NacCl solutions. Freestanding films
were prepared by vacuum filtration of colloidal solutions with Celgard
filter membranes (3501 Coated PP, Celgard, USA). Acid treatment of Li-
Ti;C, T, freestanding films was performed to investigate the effect of
protons on the properties of MXene/confined water systems. The films
were soaked in 3 M HCI to introduce protons into the layers, followed
by dip washing with DI water three times to remove excess protons and
chlorine from the surface, named as H-Ti;C,T,, and dried on a vacuum
filter to flatten the film. All samples were stored under vacuum at room
temperature for two days before use. To remove the adsorbed con-
fined water, we annealed the samples under high vacuum at 253K
(80 °C) for at least 12 h (<0.01 mbar with a constant vacuum supply).

Thermogravimetric-mass spectrometry analysis

The simultaneous thermogravimetric-mass spectrometry analysis was
conducted using a Discovery SDT 650 instrument coupled with a mass
spectrometer (TA Instruments, DE). To prepare the samples, vacuum-
filtered films of Li*, Na*, K*, and H" intercalated Ti;C,T, MXenes were
cut into small pieces and packed into a 90 pL alumina pan. The analysis
chamber was purged with Ar gas at a flow rate of 300 mL min~ for1.5h
before heating to remove any residual air. The samples were then
subjected to a constant heating rate of 10 °C min™ in an Ar atmosphere
(200 mL min™), with the temperature ramped up to 400°C for
analysis.

Low-temperature electronic transport

The electronic transport properties of freestanding MXene films were
measured using a Quantum Design EverCool Il Physical Property
Measurement System (PPMS). The MXene freestanding film was cut
into strips with a rectangular shape of 1mm x 5 mm and wired to the
PPMS sample puck using conductive Ag paint and Ag wire (Supple-
mentary Fig. S19). The temperature-dependent resistance was recor-
ded from 25°C (300K) down to -75°C (200K) in a low-pressure
helium environment (~0.5Torr). The resistance of each film was
recorded while cooling the film from 300K to 200K and heating it
back at a heating/cooling rate of 3Kmin™. The measurement was
repeated for six cooling cycles. At the end of the sixth cycle, heating
reached 380K, and resistivity measurements were taken at a profile of
380K -200K - 380 K.

Synchrotron radiation X-ray diffraction

X-ray diffraction data were obtained using synchrotron radiation at the
KMC-2 DIFFRACTION beamline at the BESSY II facility (see Supple-
mentary Fig. S21)®°. The radiation had an energy of 8.048 keV (corre-
sponding to a wavelength of 1.5406 A, equivalent to Cu Ko radiation
for rapid comparison with laboratory-based data) and a flux of f=10"
photons s mm™. Diffracted signals were collected over an angular
range of 3-39.3° 26 using a Bruker Vantec 2000 area detector. The 2D
diffraction images were azimuthally integrated to obtain 1D diffraction
patterns using an in-house program developed at HZB. The samples,
cut from MXene sheets, were affixed to a planar sample stage and held
at an angle of 45° relative to the incident beam. The low-temperature
sample environment, developed in-house at HZB (TMP-CCR-HXR),
regulated the temperature through a closed-cycle refrigeration system
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and encapsulated the sample stage with two domes. The first dome
was evacuated and refilled with helium gas three times prior to mea-
surement to create a low-humidity atmosphere. The measurements
were performed with a small amount of helium gas to enhance heat
transfer in the central unit. The outer dome was evacuated to a pres-
sure of 10~*mbar to prevent water condensation and freezing when the
samples were exposed to low temperatures. Temperatures were
measured using a thermocouple within the central unit. Measurements
were taken under isothermal conditions at the reported temperatures.

X-ray photoemission electron microscopy

X-ry photoemission electron microscopy (XPEEM) was conducted at
the soft X-ray undulator beamline UE49-PGM-A of the BESSY Il syn-
chrotron facility®. The endstation was equipped with an Elmitec PEEM-
Il energy microscope/analyzer, allowing energy and spatially resolved
imaging. The XA spectra were measured in Partial Electron Yield (PEY)
detection mode. The Li-Ti;C,T,, MXene sample was prepared by spin
coating on a conductive Si substrate and was rapidly transferred under
vacuum to a sample holder cooled at 80 K. The temperature was then
controlled, and the XPEEM measurements were performed after
thermal stabilization. The XAS recorded at the oxygen K-edge was
fitted using the Multipeak Fitting tool from Igor Pro 8 with Gaussian
peaks and an arctangent baseline.

Dimensionality reduction and clustering were performed on
XPEEM datasets at the oxygen K-edge, for temperatures from 220 K to
300K, to group pixels with similar spectral behavior. Independent
Component Analysis (ICA) was used for dimensionality reduction,
excluding the first component to reduce thickness artifacts. A Gaus-
sian Mixture Model (GMM) was then employed to cluster the pixels in
the examined MXene region, maintaining a constant number of clus-
ters across different temperatures. Custom Python scripts were uti-
lized for image alignment, interpolation, and clustering®.

X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) analysis was conducted
on a Physical Electronics VersaProbe 5000 spectrometer (Chanhassen,
MN) using a 100 um monochromatic Al K, X-ray beam. Photoelectrons
were collected at a takeoff angle of 45° between the sample surface
and the hemispherical electron energy analyzer. Charge neutralization
was achieved using a dual-beam charge neutralizer, which irradiated
low-energy electrons and ion beams. Vacuum-filtered films were
affixed to carbon tape and electrically grounded using a copper wire.
The core-level spectra were deconvoluted and quantified using
CasaXPS Version 2.3.16 RP 1.6 software. Before quantification and
deconvolution, background contributions to the measured intensities
were subtracted using a Shirley function.

Data availability

The temperature-dependent electrical conductivity data are available
in Zenodo database under the accession code https://doi.org/10.5281/
zenodo.15786192. Further data is available upon request to the
authors.
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