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MXenes have demonstrated potential for various applications owing to their tunable
surface chemistry andmetallic conductivity.However, high temperatures can accelerate
MXene film oxidation in air. Understanding the mechanisms of MXene oxidation at
elevated temperatures, which is still limited, is critical in improving their thermal
stability for high-temperature applications. Here, we demonstrate that Ti3C2Tx

MXene monoflakes have exceptional thermal stability at temperatures up to 600 ◦C
in air, while multiflakes readily oxidize in air at 300 ◦C. Density functional theory
calculations indicate that confined water between Ti3C2Tx flakes has higher removal
energy than surface water and can thus persist to higher temperatures, leading to
oxidation. We demonstrate that the amount of confined water correlates with the
degree of oxidation in stacked flakes. Confined water can be fully removed by vacuum
annealing Ti3C2Tx films at 600 ◦C, resulting in substantial stability improvement in
multiflake films (can withstand 600 ◦C in air). These findings provide fundamental
insights into the kinetics of confined water and its role in Ti3C2Tx oxidation. This
work enables the use of stable monoflake MXenes in high-temperature applications
and provides guidelines for proper vacuum annealing of multiflake films to enhance
their stability.

MXene | thermal stability | stable monoflake | confined water | MXene oxidation

Two-dimensional (2D) transition-metal carbides, nitrides, or carbonitrides (MXenes)
have made pronounced impacts in various application fields such as energy storage, (1, 2)
optoelectronics, (3) electromagnetic interference shielding, (4) wearable electronics, (5)
water purification, (6) and biomedicine, (7). These applications are enabled by MXenes’
exceptional electronic, mechanical, electrochemical, and optical properties. (8–10)
MXenes have the general chemical formula of Mn+1XnTx (n = 1 to 4), where (n + 1)
atomic layers of an early transition metal (M) from groups three to six are interleaved by
n atomic layers of carbon and/or nitrogen (X), and the outermost exposed M layers are
terminated with a combination of surface groups (T = F, O, OH) (10, 11). It has
been reported that Ti3C2Tx MXene films are environmentally stable formany years when
stored in air at room temperature. (12) However, these MXene films can readily oxidize
upon heating in air, due to humidity given their metastable surface terminations (13, 14).
This degradation process limits their high-temperature applications.
The oxidation mechanism of MXenes, especially for Ti3C2Tx , has been extensively

investigated (14–16). Generally, Ti3C2Tx films can react with oxygen and water to
generate TiO2 and amorphous carbon sheets in air (13, 14, 17). MXene oxidation can
be expedited in aqueous solutions, as water can trigger a hydrolysis reaction, which
can become the primary pathway to degradation (15, 18). MXene degradation rate is
further accelerated at elevated temperatures (19). For instance, for a colloidal solution of
delaminated Ti3C2Tx flakes to be fully oxidized, the degradation time is reduced from
several days at room temperature(18) to several hours when the sample is held at 400 ◦C
in the air (20). It has been shown that MXene oxidation can be affected by intercalated
H2O and surface terminations (17), which can be controlled by posttreatment annealing
in vacuum at elevated temperatures (16, 21). For instance, the desorption of intercalated
H2O has been reported to occur below 200 ◦C (16, 22, 23), followed by the removal of
OH termination groups, which occur in the temperature window of 200 ◦C to 400 ◦C

(21). A further temperature increase results in the removal of the F and O groups
(14). As the presence of water has been considered to be the main reason for oxidation,
200 ◦C vacuum annealing has been widely adopted in the literature as an approach to
improving the stability of Ti3C2Tx MXene (24, 25), with moderate success. Moreover, it
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has been reported that Ti3C2Tx MXene film stability in harsh
environments (100% relative humidity, 70 ◦C) can be improved
after hydrogen annealing at 900 ◦C (26).
Most investigations of Ti3C2Tx oxidation have been per-

formed onMXenemultiflake films or colloidal solutions (14, 20).
As such, the details of the oxidation process at the single- or
few-flake level are lacking. Due to their high surface-to-volume
ratios, Ti3C2Tx MXenemonoflakes have unique properties, such
as higher conductivity (27), friction force (28), and Young’s
modulus (29). While it has previously been reported that single-
layerMXene films have high stability at room temperature (30), it
is also important to understand and improve the thermal stability
of monoflakes at elevated temperatures, to broaden their use in
high-temperature applications.

In this work, we investigate the detailed role of confined water
in the thermal stability of Ti3C2Tx MXene in monoflakes and
multiflakes films, using various spectroscopy and atomic force
microscopy (AFM) techniques and density functional theory
(DFT) calculations. We find that Ti3C2Tx monoflakes are ex-
ceptionally stable against oxidation and retain their conductivity
and other properties at temperatures as high as 600 ◦C in air.
In contrast, stacked flakes readily oxidize in air upon heating to
300 ◦C to form TiO2 nanoparticles, which are more prevalent
when a higher number of flakes are stacked. We conclusively
report that confined interflake water, as opposed to ambient
humidity, causes multiflake oxidation. We demonstrate that
this confined water can only be fully removed under vacuum
by annealing to 600 ◦C, a much higher annealing temperature
than previously employed. Upon the removal of confined water
in Ti3C2Tx films, the thermal stability of stacked flakes is
dramatically increased, allowing them to withstand heating to
600 ◦C in air, without oxidation. These findings fill the gap
that existed in understanding the variations in observed levels
of oxidation in monoflakes, stacked flakes, and bulk Ti3C2Tx ,
suggest a change in standard annealing conditions of MXenes
for stabilizing multiflake films, and enable MXene applications
at extremely high temperatures.

Results and Discussions

Ti3C2Tx MXene was synthesized by selectively etching the
optimized Ti3AlC2 MAX phase (31) followed by delamination
at 65 ◦C under argon (details in Materials and Methods). The
MAX are layered, hexagonal carbides and nitrides, with the
general formula Mn+1AXn, where M is an early transition metal,
A is an A-group (13 or 14 groups) element and X is either
carbon and/or nitrogen. Thin films with different numbers of
stacked flakes of Ti3C2Tx were fabricated on Si substrates via
spin-coating from aqueous solutions (details in Materials and
Methods). The thermal stability of MXene films was measured
through the temperature dependence of optical resistivity via
in situ spectroscopic ellipsometry (SE) (23). Fig. 1A shows an
example of resistivity as a function of temperature, upon thermal
cycling to various temperatures at a rate of 10 ◦C/min in ambient
conditions, for an As-prepared Ti3C2Tx film. The resistivity
of this film (0.45 ± 0.03 × 10−3

Ω·cm at room temperature)
was deduced based on a fitted Drude Oscillator to the near
infrared (IR) spectral region(23), which demonstrates metallic
conductivity. More details of SE fitting procedures and results
can be found in SI Appendix, Note S1 and Fig. S1 and Table S1.

Determining the Oxidation Onset Temperature and Products.

Upon heating under air from room temperature to 200 ◦C

Fig. 1. Stacked Ti3C2Tx flakes are readily oxidized, while monoflakes are
thermally stable. (A) Resistivity vs. temperatureof anAs-preparedTi3C2Tx film
(1.5 nm thickness) spun-cast on a Si substrate, measured with in situ SE upon
three consecutive thermal cycling in air (humidity 10 to 20%) at 10 ◦C/min
to 200 ◦C (gray curve), 300 ◦C (pink curve), and 400 ◦C (blue curve), with a
3min hold time at each temperature. Arrows show the direction of heating
and cooling. The oxidation onset, where an irreversible increase in resistivity
occurs, ismeasured at 300 ◦C. (B) Ti 2p XPS spectra of an As-prepared Ti3C2Tx
film before (Bottom) and after air annealing treatment at 400 ◦C for 3min
(Top). The details of fitting for each peak can be found in SI Appendix, Note
S2 and Tables S2 and S4. (C) AFM image of an As-prepared Ti3C2Tx film on a
Si substrate. The Inset shows the height profile along the green line. (D) AFM
image of a similarly prepared film as in (C) upon annealing in air at 400 ◦C for
3min (denotedasAir-400 ◦C-3min).Whitedots,whichappearonly on stacked
flakes, indicate the formation of TiO2 nanoparticles upon oxidation. Small-
area AFM topography (E) and corresponding surface potential (F ) images of
an air-annealed (Air-400 ◦C-3min) film show monoflake and biflake Ti3C2Tx
regions on Si substrate. Surface potential (F ) is reduced on oxidized regions,
which correspond to the white nanoparticles in (E) as well as the flake
edges. The black and blue image borders in (C–F ) denote As-prepared and
Air-400 ◦C-3min films, respectively.

(Fig. 1A, gray curve), the film resistivity increases with tem-
perature, consistent with the metallic nature of Ti3C2Tx . The
resistivity recovers its original value when the sample is cooled
back to room temperature, meaning that the film is thermally
stable within this temperature window. However, when the
temperature is increased to 300 ◦C (Fig. 1A, pink curve) in
air, a sudden jump in resistivity is observed from (0.49 ±

0.02) ×10−3 to (0.72 ± 0.11)×10−3
Ω·cm after a 3-min hold

at this temperature, which is irreversible upon cooling. This
trend continues upon heating to 400 ◦C followed by another
3-min hold (Fig. 1A, blue curve), increasing the resistivity
to above (1.21 ± 0.31) ×10−3

Ω·cm. These results are the
averaged values from 5 independent measurements on different
samples. The irreversible change in resistivity can be attributed to
decreasing free electron density upon Ti3C2Tx oxidation and the
formation of semiconducting TiO2 (15, 23, 27). This onset of
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irreversible oxidation at 300 ◦C is more apparent when resistivity
is measured upon cycling to successively higher temperatures as
shown in SI Appendix, Fig. S1C and at a higher cycling rate as
shown in SI Appendix, Fig. S2. The amplitude of the signature
near-IR Ti3C2Tx extinction peak also decreases upon heating to
above 300 ◦C (SI Appendix, Fig. S1D), further corroborating the
onset of Ti3C2Tx degradation at 300 ◦C. X-ray photoelectron
spectroscopy (XPS) measurements show the formation of TiO2
as the primary oxidation reaction product. XPS was performed
on samples before and after annealing in air to 300 ◦C and
400 ◦C, respectively, with a 3-min hold at each temperature. The
detailed fitting procedure for the XPS spectra can be found in
the literature (32) and in SI Appendix, Note S2. The fitted results
are tabulated in SI Appendix, Tables S2–S4. The most prevalent
signals in the Ti 2p spectra (Fig. 1B) correspond to theC Ti Tx

bonding (dominant before annealing) and TiO2 (dominant after
air annealing at 400 ◦C). As the air annealing temperature is
increased, complementary TiO2 signals increase, as also observed
in the O 1s spectra (SI Appendix, Fig. S3). Combined with the
results shown in Fig. 1B and SI Appendix, Fig. S3A, the data
suggest that the percentage of TiO2 increases with increasing
annealing temperature. These results are consistent with the
previously reported results for both As-prepared and oxidized
Ti3C2Tx (32, 33). With air annealing temperature increasing,
the C–C signal also increases in the C 1s spectra (SI Appendix,
Fig. S3C ) due to the formation of carbon, as one of the oxidation
products (13, 34). This is also consistent with the previous C 1s
XPS results for oxidized Ti3C2Tx (33, 35).

MXene Monoflake is Stable Toward Oxidation in Air. To gain
insight into the morphological changes of Ti3C2Tx upon
oxidation, the morphology of Ti3C2Tx thin films before and
after air annealing (held at 400 ◦C for 3 min) were characterized
using AFM. The results are shown in Fig. 1 C–E. As seen in Fig.
1C, As-prepared films (before oxidation, black border) mostly
consist of randomly stacked Ti3C2Tx flakes. As shown by the
example height profile (green line) in Fig. 1C, the flake heights
relative to each other are measured to be 1.02 ± 0.04 nm,
which is consistent with the previously reported thickness of
Ti3C2Tx single flakes (27, 36). However, Ti3C2Tx monoflakes
as well as the first flakes in a stack, as counted from the substrate
(SI Appendix, Fig. S4), typically show higher heights of 1.71
± 0.04 nm. SI Appendix, Fig. S4 and Note S3 schematically
show these height values and definitions of flake numbers in a
stacked biflake. Previous measurements on Nb4C3Tx MXenes
also reported a higher thickness for the first flake on the substrate
compared to other flakes (37). Upon oxidation (Fig. 1 D and
E, blue border), the stacked regions show increased roughness
with numerous randomly sized nanoparticles on their surfaces,
indicating the formation of TiO2. Notably, monoflakes do not
appear to show any change in their morphology and height and
remain stable despite the overall thermal degradation of the film
after annealing to 400 ◦C in air, as measured through SE and
XPS (Fig. 1 A and B).
To determine the extent of monoflake stability, the effects

of air annealing time and temperature were also investigated.
After prolonging the air annealing time from 3min to 2 h at
400 ◦C, there was still no TiO2 formation on monoflake surfaces
(SI Appendix, Fig. S5A). Increasing the oxidation temperature
to 600 ◦C with a 3-min hold also did not result in any
TiO2 formation on monoflakes either (SI Appendix, Fig. S5B).
However, the monoflakes eventually oxidized after holding
MXene thin films for 2 h at 600 ◦C in air, whichwas confirmed by

the appearance of the TiO2 nanoparticles on monoflake surfaces
(SI Appendix, Fig. S5C ). As such, it is clear that the Ti3C2Tx

monoflakes can withstand temperatures as high as 400 ◦C for a
prolonged duration of time (at least for 2 h) and temperatures
as high as 600 ◦C for a brief period of time without bulk
oxidation. These findings provide a valuable opportunity to use
Ti3C2Tx monoflakes for high-temperature applications. It would
be valuable to explore the extent of this durability upon long-term
storage, which will be detailed in our upcoming work.
To further confirm that the chemical structure of monoflakes

is unperturbed and determine the chemical composition of
the nanoparticles on stacked flake surfaces, kelvin probe force
microscopy (KPFM)was employed to determine the surface work
function. AFM topography and corresponding surface potential
images of an oxidized film (annealed in Air-400 ◦C-3min) with
monoflakes and biflakes are shown in Fig. 1 E and F. Consistent
with the height difference in Fig. 1E, the surface potential of
nanoparticles (pink colored regions in Fig. 1F ) are quite different
than the unoxidized regions of the biflake as well as themonoflake
surfaces (seen as green color in the background of Fig. 1F and
in SI Appendix, Fig. S6). Based on these data, the work function
of the flat regions is estimated to be 4.72 ± 0.04 eV, which is in
agreement with the previously reported values for Ti3C2Tx (38).
The work function for the nanoparticles is measured to be
4.52 ± 0.03 eV, which is also consistent with the reported
values for TiO2 (39), further confirming that the nanoparticles
are primarily made of TiO2. Interestingly, despite the lack of
significant height increase at the MXene edges (Fig. 1E), the
surface potential of the edges for both monoflakes and biflakes
are similar to these of the TiO2 nanoparticles, as seen in Fig.
1F. This implies that Ti3C2Tx edges are overall more prone to
oxidation, even in otherwise stable monoflakes. This is likely due
to the dangling bonds and increased number of defects on the
edges, as has been previously predicted (27).
The stability of Ti3C2Tx monoflakes and the rapid oxidation

of stacked flakes are observed regardless of the supporting
substrate and synthesis method. Similar oxidation features were
observed for Ti3C2Tx films on mica substrate (SI Appendix,
Fig. S7) and stoichiometric Ti3C2Tx , synthesized from the
oxycarbide Ti3AlC2 MAX phase (40) (SI Appendix, Fig. S8).
More details can be found in SI Appendix, Note S4.

The Effect of Vacuum Annealing Strategies on Stacked-Flake

Stability.Vacuum annealing at 200 ◦C has been widely adopted
as an approach to improve Ti3C2Tx stability by removing
water (24, 25). To investigate the effect of vacuum annealing on
the stability andmorphology of stacked flakes, vacuum annealing
was performed on Ti3C2Tx films at various temperatures as
schematically shown in Fig. 2 (Top row, marked with green
shadow). The vacuum-annealed samples were then subjected to
the same air annealing oxidation test as the As-prepared samples
(schematically shown at the Bottom row of Fig. 2, blue box). For
simplicity, Vacuum-annealed samples are denoted as Vacuum-
T -t, where T and t are the annealing temperature and time,
respectively. AFM images of As-prepared, Vacuum-200 ◦C-24 h,
Vacuum-500 ◦C-5 h, and Vacuum-600 ◦C-2 h films are shown
in SI Appendix, Fig. S9 A–D. There is no evidence of TiO2
nanoparticles on the surfaces of either monoflakes and stacked
flakes in these images, indicating that vacuum annealing even
at 600 ◦C for 2 h does not result in Ti3C2Tx degradation. XPS
results in SI Appendix, Fig. S10 also do not show any evidence
of TiO2 formation upon vacuum annealing. This is in line
with the previous results indicating the stable structure of 2D
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Fig. 2. Schematic description of the experimental steps. The Top row (black
box) shows sample preparation steps. From Left to Right; As-prepared
(pristine) Ti3C2Tx sample (red label) has surface and confined water trapped
in the interflake region, vacuum annealing (marked by green shadow) at
200 ◦C for 24 h (orange label) removes the surface adsorbed water, and
vacuum annealing at 600 ◦C for 2 h (purple label) further removes the
confined water. The Bottom row (blue box) shows the structure of the same
samples after air annealing, typically at 400 ◦C for 3 min, respectively. In
samples originally containing surface adsorbed and confined water (marked
by pink shadow), TiO2 is only detected but only in the stacked-flake regions,
while themonoflakes are stable. In the sample annealed in vacuum at 600 ◦C
for 2 h, in which both surface adsorbed and confined water are removed, no
evidence of oxidation is observed anywhere.

Ti3C2Tx after heating to 600 ◦C in vacuum, confirmed by the
scanning electron microscope and X-ray diffraction (19). The
effects of vacuum annealing rate and holding time at various
temperatures were examined. No differences between 60 ◦C/min
and 10 ◦C/min heating rates and no oxidation after vacuum
annealing to 600 ◦C were observed (SI Appendix, Fig. S11). The
effect of holding time at 600 ◦C for 1 h, 2 h, and 5 h was also
tested. It was found that 1 h is not enough to protect Ti3C2Tx

from oxidation (SI Appendix, Fig. S12).
Fig. 3 A and B depict the AFM morphology of Vacuum-

200 ◦C-24 h and Vacuum-600 ◦C-2 h Ti3C2Tx films after air
annealing at 400 ◦C for 3min, respectively. The corresponding
AFM images under other vacuumannealing conditions are shown
in SI Appendix, Fig. S13. Not surprisingly, the monoflakes of
all of the Vacuum-annealed samples are very stable and do not
show any significant change in their flat morphology. However,
when the vacuum annealing temperature was below 500 ◦C,
stacked flakes of Ti3C2Tx oxidized upon subsequent annealing
in air (Fig. 3A and SI Appendix, Fig. S13 A–C ). Interestingly,
increased stacking contributes to faster rate of oxidation in
partially Vacuum-annealed films. For example SI Appendix, Fig.
S13C and the corresponding deduced values in SI Appendix,
Fig. S14, show that triflakes have an even higher roughness with
larger TiO2 nanoparticles on their surfaces than biflakes. In other
words, the thicker the deposited Ti3C2Tx film, the easier it is to
oxidize. These observations imply that some water is present in
stacked flakes despite high-temperature annealing in vacuum, as
schematically shown in Fig. 2. In contrast, in the samples that
were vacuum annealed at 600 ◦C for 2 h, Ti3C2Tx biflakes,
and other stacked flakes did not show any sign of oxidation, as
nanoparticles were not observed on their surfaces.

High-Temperature Vacuum Annealing Dramatically Improves

Stacked-Flake Stability. The dramatic improvement of the air

stability of Vacuum-600 ◦C-2 h films as observed by the ab-
sence of TiO2 nanoparticles after air annealing at 400 ◦C, is
more clearly evident in AFM images of biflakes (Fig. 3B and
SI Appendix, Fig. S15). Increasing the oxidation temperature to
600 ◦C with a 3-min hold still did not result in the biflakes
oxidation in air (similar to the AFM image in Fig. 3B, not shown
here). The distribution of height values is also quantitatively
different in biflakes of Vacuum-600 ◦C-2 h films than those
of Vacuum-200 ◦C-24 h films as seen in their corresponding
AFM height histograms. The height histogram of a Vacuum-
600 ◦C-2 h biflake (Fig. 3D) can be fitted well by a Gaussian
function, representing a flat morphology with random surface
roughness. (41) However, there is an asymmetric tail at higher
height values of the corresponding Gaussian peak in a biflake
of the Vacuum-200 ◦C-24 h film (Fig. 3C ). This asymmetric
distribution can be fitted well with a lognormal function (Inset
of Fig. 3C ), which is analogous to distributions observed in
nucleation and growth of other types of nanoparticles (42).
As such, the observed distribution, with a larger number of
smaller nanoparticles, can be attributed to the formation and
growth of TiO2 nanoparticles on the biflake surface upon air
annealing. More details of the fitting protocols are provided
in SI Appendix, Note S5. The peak value of the lognormal
distribution, 0.56 ± 0.01 nm, represents the estimated TiO2
nanoparticle height. Similarly, for both samples, the maximum
of the Gaussian distribution can be attributed to the thickness.
The root mean square roughness (RMS) of a biflake was directly
measured from the AFM images (square marked areas in Fig. 3 A
and B) during data processing, representing the surface roughness
of the areas.
Fig. 3E compares the measured RMS values of monoflakes

and biflakes with the average height of TiO2 nanoparticles at
different vacuum annealing temperatures. Each point has its SD,
averaged from three different AFM measurements on different
MXene films. In oxidized biflakes (annealed below 500 ◦C), the
RMS roughness and TiO2 height are similar (gray and orange
curves), and decrease with increasing annealing temperature.
In contrast, in the unoxidized 600 ◦C-2 h film, where TiO2
nanoparticles are not observed, the RMS roughness of the biflake
is the same as that of monoflake, indicating that the single
flake properties are conserved in these films. Vacuum annealing
at 600 ◦C for 2 h appears to completely suppress oxidation
even in stacked flakes. The RMS values of monoflakes remain
constant regardless of annealing conditions, further confirming
the impressive stability of Ti3C2Tx MXene monoflakes. In situ
SE experiments also demonstrate the exceptional thermal stability
of the Vacuum-600 ◦C-2 h film against oxidation upon air
annealing(Fig. 3F ). Unlike the As-prepared sample that readily
oxidizes upon thermal cycling to above 300 ◦C (Fig. 1A), the
room-temperature resistivity of the Vacuum-600 ◦C-2 h film
remains unchanged after three thermal cycles up to 400 ◦C.

Confined Water Is the Main Reason for MXene Oxidation.

Intuitively, a monoflake is expected to be more susceptible to
oxidation, because it has a higher surface-to-volume ratio than a
biflake, resulting in a higher exposure of its atoms to the ambient
humidity and oxygen. However, the exact opposite is seen here
for both As-prepared (Fig. 1) and moderately Vacuum-annealed
Ti3C2Tx films (Fig. 3A), where monoflakes are observed to
be exceptionally stable toward oxidation even after prolonged
annealing at high temperatures in air (SI Appendix, Fig. S5),
and biflakes are observed to degrade readily unless vacuum
annealing is performed at 600 ◦C for 2 h. To understand this
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Fig. 3. Effect of vacuum annealing temperature on stacked flake oxidation.
(A and B) The AFM topography images of the Vacuum-200 ◦C-24h and 600 ◦C-
2h Ti3C2Tx films on Si substrate after air annealing at 400 ◦C for 3min.
(C) The normalized height histogram of an oxidized biflake, marked by an
orange square in (A). The Gaussian fit (solid black curve) represents the
height of the biflake, while the extended tail at higher heights indicates
the height distribution of TiO2 nanoparticles. This tail distribution can be
fitted by a Lognormal function as shown in the Inset, upon the subtraction
of the Gaussian fit from the height histogram. (D) The normalized height
histogram of a biflake marked by a purple square in (B). The histogram fits
well to a single Gaussian function (solid black curve) without an extended
tail indicating the absence of TiO2 nanoparticles. (E) The root mean square
(RMS) roughness (Left axis) of monoflake (red) and biflake (gray) MXenes,
and the average height of TiO2 nanoparticles (orange, Right axis) for vacuum
annealed samples at various temperatures, after air annealing at 400 ◦C for
3min. (F ) Resistivity vs. temperature of the Vacuum-600 ◦C-2h Ti3C2Tx film
on a Si substrate, measuredwith in situ SE during consecutive thermal cycling
in air at 10 ◦C/min to 200 ◦C (gray curve), 300 ◦C (pink curve), and 400 ◦C (blue
curve), with a 3-min hold time at each temperature.

discrepancy, it is important to consider the availability and the
source of water and oxygen in each case. For an As-prepared
monoflake, water molecules can be either adsorbed on the flake
surface (43) or be trapped between the MXene flake and its
supporting substrate (27, 29), which is native silicon oxide
for most samples studied here. The absence of oxidation in
Ti3C2Tx monoflakes, even for the stoichiometric MXene with
more internal defects (SI Appendix, Fig. S8), indicates that
the surface and substrate adsorbed H2O evaporate below the
oxidation onset temperature (300 ◦C, in Fig. 1A) in air. This
hypothesis is supported by previous reports that show a 100 ◦C
onset of H2O desorption (21, 23) and breakdown of OH H2O
complexes (43) in Ti3C2Tx . A similar desorption onset is also
measured on silica surfaces (44). In contrast, in stacked flakes
water can also be trapped in the interflake space (21, 22, 45),
as schematically shown in Fig. 2. The trapped water, which
can be physically adsorbed or chemically confined, e.g., through
hydrogen bonding (46), locally oxidizes theMXene to formTiO2

nanoparticles, at elevated temperatures above 300 ◦C in air. The
oxidation mechanism involving confined water could potentially
be similar to the proposed degradation route in aqueous solutions,
which is predominantly through hydrolysis (18). If so, it is
expected that methane would also be produced as a reaction
product, the production of which can be investigated in the
future to confirm this hypothesis. This hypothesis can explain
why increasing the number of stacking results in more and larger
TiO2 nanoparticles (SI Appendix, Fig. S14) while increasing
vacuum annealing temperature reduces the average number and
size of TiO2 nanoparticles (Fig. 3E) due to the reduce of the
amount of confined water through evaporation. These results
also imply that, while some water evaporates upon vacuum
annealing at moderate temperatures, confined water does not
fully evaporate unless vacuum annealing is performed at 600 ◦C
for 2 h (schematically shown in Fig. 2), where stacked flakes are
finally stabilized under air annealing.

The Kinetics and Thermodynamics of ConfinedWater Removal.

It is rather challenging to quantify trapped (physically adsorbed)
and confined (chemically attached) water in the interflake region.
However, these two types of water appear to have distinct
morphological signatures in AFM imaging. Fig. 4 A–C illustrate
high-resolution AFM topography images of biflake surfaces
for As-prepared, Vacuum-200 ◦C-24 h, and Vacuum-600 ◦C-
2 h films on atomically flat mica substrates (used to reduce
the role of substrate roughness in these measurements). The
surfaces of the As-prepared biflakes show a rough morphology
with semi-interconnected islands with an approximate height of
0.30 ± 0.14 nm. This can be seen in the line profile shown
in Fig. 4A (0.36 nm height difference) as well as the two
distinct height distributions observed in the corresponding height
histogram (SI Appendix, Fig. S16A, 0.3 ± 0.14 nm peak to peak
distance). The height difference is consistent with the thickness
of a submonolayer of water being trapped between the two
flakes, similar to previous observations of water trapped between
graphene and mica substrate (0.37 nm) (47). Given the mixed
termination of MXenes, this water likely exists in regions with
OH and O terminations. The island structure is absent on

the monoflake surfaces of these films (SI Appendix, Fig. S17)
showing that a minimal amount of water is trapped between the
monoflakes and the substrate.Upon vacuumannealing, the island
structure is suppressed on biflake surfaces of Vacuum-200 ◦C-
24 h, and completely absent on the surface of the Vacuum-
600 ◦C-2 h film. The height histograms of these surfaces only
show a single Gaussian distribution indicating their dramatically
reduced number of trapped water (SI Appendix, Fig. S16 A–
C ), consistent with the single Gaussian distribution of the height
histograms of these monoflake surfaces (SI Appendix, Fig. S16D–
F ). As such, one can concludemost of the trappedH2Omolecules
can be removed upon vacuum annealing at 200 ◦C for 24 h,
which is in line with previous thermogravimetric analysis (TGA)
and SE results (16, 23). However, OH and O terminations
can be stable up to above 400 ◦C in vacuum (21, 48), meaning
that more strongly bonded water could persist on these samples
even after 500 ◦C vacuum annealing, causing air oxidation in
stacked flakes as shown in SI Appendix, Fig. S13C .

To further confirm water removal after vacuum annealing,
X-ray diffraction analysis (XRD) was performed. The detailed
XRD results of As-prepared (red curve), Vacuum-200 ◦C-24 h
(orange curve), andVacuum-600 ◦C-2 h (purple curve) Ti3C2Tx

MXene films (∼5 nm thickness) deposited on Si substrate are
shown in SI Appendix, Fig. S18. No TiO2 peaks are observed
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Fig. 4. Removal barriers for trapped and confined interflake water in
Ti3C2Tx MXene. (A–C) High-resolution AFM images of biflake surfaces in
As-prepared, Vacuum-200 ◦C-24h, and Vacuum-600 ◦C-2h Ti3C2Tx films on
mica substrates. The Inset in (A) is the height profile along the green line,
representing the height change due to the presence of water. (D) XRD (002)
peaks of As-prepared (red curve), Vacuum-200 ◦C-24h (orange curve), and
Vacuum-600 ◦C-2h (purple curve) Ti3C2Tx MXene films (∼5 nm thickness)
deposited on Si substrate. The 2� peak values are 7.78 ± 0.79 degrees for
As-prepared, 8.50 ± 0.26 degrees for Vacuum-200 ◦C-24h, and 8.64 ± 0.27
degrees for Vacuum-600 ◦C-2h, where the error represents thewidth of each
peak. The peak shift to higher 2� represents a decrease in the apparent
interlayer spacing. (E) Normalized height histogram of As-prepared (red bar),
Vacuum-200 ◦C-24h (orange bar), and Vacuum-600 ◦C-2h (purple bar) films
based on the AFM images shown in SI Appendix, Fig. S9 A, B, and D. Four
Gaussian functions were used to fit each histogram (solid black curves),
representing from Left to Right, the silicon substrate, monoflake, biflake, and
triflakeheight distributions in each image. Thepeak-to-peakdistances, shown
in black arrows, indicate the thicknesses of the first to third flakes, from Left
to Right. (F ) The O 1s XPS spectra of As-prepared (red dots), Vacuum-200 ◦C-
24h (orange dots), and Vacuum-600 ◦C-2h (purple dots) films coated on Si
substrate. The fitting details for each peak can be found in SI Appendix, Note
S2 and Tables S2, S5, and S6. (G) DFT-calculated removal energies for the first
water molecule at different configurations. The zero-energy structures are
the relaxed structures of a 3 × 3 Ti3C2O2 system with a confined or surface
water layer containing eight water molecules per repeat unit. The Top row
shows the corresponding energies and relaxed structures of a 3× 3 Ti3C2O2
system with seven water molecules per repeat unit, and the dashed circles
show the site of the first removed water. The Top Right corner Inset shows
the crystal structure of the hexagonal water monolayer. Color code: Ti (blue),
C (gray), O (red), and H (yellow).

in these XRD results, suggesting that no detectable oxidation
occurred after 600 ◦C vacuum annealing. The higher-resolution
data around the (002) peaks in these samples are shown in Fig.
4D. The (002) peak shifts dramatically to higher 2� values after
200 ◦C vacuum annealing indicating a decrease in the apparent

interlayer spacing from 11.21 Å for As-prepared to 10.39 Å
for Vacuum-200 ◦C-24 h, consistent with the water morphology
change observed in AFMmeasurements (Fig. 4 A–C ). The (002)
peak further shifts slightly after 600 ◦C vacuum annealing to
an apparent interlayer spacing of 10.15 Å. This observation is
consistent with the previously reported XRD results of thick
Vacuum-annealed Ti3C2Tx films. (21, 49, 50) However, the
height profiles in SI Appendix, Fig. S9 E and F and the height
histograms in Fig. 4E (based on the AFM images in SI Appendix,
Fig. S9 A, B, andD) show a contrasting change with a systematic
increase in the distance between the distributions corresponding
to the substrates, first, second, and third flakes upon vacuum
annealing to 600 ◦C. To understand this apparent discrepancy
between interlayer distance changes in XRD and the height
measurements of AFM, it is worth highlighting the differences
in the measured quantity of each technique. XRDmeasurements
are performed globally on the entire sample and require coherent
reflection of the X-ray beam, meaning that areas with perfectly
parallel structures near the surface of the flakes can produce a
stronger signal, while the more disordered edges of the samples
and regions with high roughness will not contribute to the signal.
In these areas, the removal of water reduces the interflake distance,
as can be seen for the 200 ◦C vacuum anneal sample in Fig. 4B.
However, while AFM is a more local technique, it can capture
every difference in sample height, including the edges and rough
regions, where the flakes are no longer parallel, resulting in an
average increased distance as well as a broadening of each peak
in the height histogram (Fig. 4E). The broadening in height
histogram peaks indicates increased heterogeneity, meaning that
a large portion of the sample will not contribute to the XRD data.
In addition, SEmeasurements also corroborate the average height
increase in Vacuum-600 ◦C-2 h films (SI Appendix, Fig. S19).
More details of SE measurements can be found in SI Appendix,
Note S6.
The thickness increase upon vacuum annealing at 600 ◦C

can be attributed to chemical changes upon the removal of
the confined H2O, which was further confirmed by the O 1s
XPS spectra shown in Fig. 4F. The H2O percentage decreases
from 6% (As-prepared) to 1.7% (Vacuum-200 ◦C-24 h), and
vanishes for Vacuum-600 ◦C-2 h samples. In addition to water,
the C Ti OH peak also vanishes and the two C Ti O peaks
increase after vacuum annealing at 600 ◦C-2 h, indicating that
the OH terminations have converted to O terminations at
high temperature (14). The two peaks centered at 529 eV and
532 eV, representing the O terminations that reside on two
different sites. Annealing at high temperature allows the transfer
of O and F terminations from one site to another, changing
the relative intensity of these two peaks. This is consistent with
previous results. (32, 51) The other XPS spectra (Ti 2p and
C 1s) are not significantly affected by annealing at 600 ◦C in
vacuum. These results can be found in SI Appendix, Fig. S10.
The chemical changes of the surface terminations were further
confirmed by water droplet contact angle measurements (SI
Appendix, Fig. S20).
The contact angle increases slightly from As-prepared to

Vacuum-200 ◦C-24 h film, but both samples are still hydrophilic.
This suggests that O and OH surface terminations are still
present in these samples and the trapped water has not been
completely removed at this stage. This is in line with the previous
work, which demonstrated that partial water is still present after
200 ◦C anneal. (26) After 600 ◦C-2 h vacuum anneal, the contact
angle increases dramatically to 100 ◦, indicating hydrophobic
surface properties of the film. This suggests that the chemical
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properties aremodified after confinedwater removal, likely due to
the removal of OH terminations, which is also consistent with
the XPS results (Fig. 4F ). The removal of hydrogen bonding or
other chemical bonds can reduce the interflake adhesion energy,
thus increasing their equilibrium distances. Water bridging has
been previously speculated as the reason for higher interflake
adhesion energy (52). For Ti3C2Tx/Ti3C2Tx , adhesion energy
of 1.23 J/m2 has been reported, which is higher than 0.9 J/m2

reported for Ti3C2Tx and silicon substrate (52, 53), explaining
the observed thickness differences in the first and second flakes
(Figs. 1 and 4).

To further understand the effects of confined water on stacked
flakes oxidation, DFT calculations were performed to calculate
the removal energy of H2O frommonoflake and biflake Ti3C2Tx

MXenes (Materials andMethods). These calculations first demon-
strated that the O termination is the most thermodynamically
stable one under a wide range of experimental conditions, con-
sistent with previous studies (54). More calculation procedures
and results can be found in SI Appendix, Note S7 and Table
S8. Therefore, the Ti3C2O2 was chosen to calculate the H2O
binding energies. To compare the removal energies of confined
and surface water, a hexagonal water monolayer (Top Right Inset
of Fig. 4G) was used (SI Appendix, Note S8).

It was found that the removal energy of a single water molecule
is 1.20 eV for confined water and 1.05 eV for surface water,
indicating that it is more difficult to remove confined water than
surface water from the biflake Ti3C2O2, as shown in Fig. 4H,
qualitatively consistent with the experimental observations. The
removal energy of surface water on monoflake Ti3C2O2 was also
calculated to be 1.00 eV, similar to that for surface water on
biflake Ti3C2O2, consistent with the vdW interaction between
the Ti3C2O2 flakes. The bench-marking details of the water
removal energy are in SI Appendix, Notes S9 and S10. In addition
to the hexagonal confined water model, the H2O removal energy
from a zigzag water monolayer (with different concentrations)
was also calculated. These results also demonstrate that the
confined water has higher removal energy compared to the
surface water. More details can be found in SI Appendix, Note
S9 and Fig. S21 and Table S7. Despite the fact that the water
monolayer could possess various structural configurations, it was
demonstrated that the removal energy of confined water is always
higher than that of the surface water.

Conclusions

Contrary to the conventional wisdom,we found that upon proper
annealing in air, Ti3C2Tx MXene monoflakes are exceptionally
stable, up to 600 ◦C, while multiflakes are readily oxidized
above 300 ◦C.We demonstrated that the oxidation of multiflake
Ti3C2Tx is due to confined water, which can be suppressed
significantly when the films are vacuum annealed at elevated
temperatures; specifically, multiflakes become thermally stable
upon vacuum annealing at 600 ◦C allowing them to withstand
600 ◦C in air. We propose that the interflake confined water,
with higher removal energy relative to the surface water, is
the main reason for the multiflake susceptibility to oxidation.
Our work not only demonstrates the higher thermal stability
of monoflakes Ti3C2Tx but also sheds light on the nature of
the lower threshold for biflake oxidation, which is important
both from a fundamental point of view in understanding
MXene interfaces and their role in MXene stability as well as
facilitating their use in future applications at extremely high
temperatures.

Materials and Methods

Synthesis of Ti3AlC2 MAX. Optimized Ti3AlC2 MAX phase was synthesized
by combining titanium carbide, titanium, and aluminum in the molar ratio of
2:1.25:2.2 molar (55). Subsequently, the mixture was jar-milled in Nalgene
high-density polyethylene bottles along with yttria-stabilized zirconia balls
(ball-to-powder mass ratio of 2:1) for 18 h at 64 RPM. The jar-milled powders
were packed into an alumina crucible, covered with graphite foil, and placed in
a high-temperature tube furnace (Carbolite Gero, 1700 ◦C model) for reactive
pressureless sintering. Before starting the heating cycle, the furnacewas purged
with argon (99.999% purity) for 20min. Subsequently, it was subjected to a
controlled heating process, gradually raising the temperature to 1400 ◦C with
a steady heating rate of 3.5 ◦C/min, and 4 h dwell, ensuring an uninterrupted
flow of argon. Following the 4-h sintering process, the furnace was gradually
cooleddown to room temperature at a controlled rate of 10 ◦C/min. The sintered
block was milled into a fine powder (<71 μm) using a TiN-coated mill bit. For
stoichiometric Ti3AlC2 MAX, which was used for the synthesis of stoichiometric
Ti3C2Tx MXene (SI Appendix, Fig. S8), the titanium carbide, titanium, and
aluminum powders were mixed in a 2:1:1 molar ratio, but the synthesis was
otherwise the same.

Synthesis of Ti3C2Tx MXene. The detailed synthesis procedures can be found
in our previous work (31). Briefly, For Ti3C2Tx MXene synthesis, 1 g of optimized
Ti3AlC2 MAX was first washed using 10 mL of 9 M hydrochloric acid (HCl) for
18 h to remove the intermetallic impurities, and then mixed with an etchant
solution (6:3:1mixture (by volume) of 12MHCl, deionized (DI) water, and 28.4
M hydrofluoric acid (HF) and stirred at 400 RPM for 24 h at 35 ◦C. The etched
Ti3C2Tx MXene was washed with deionized water via repeated centrifugation
at 3234 relative centrifugal force (RCF, four to five cycles with ∼200 mL of
deionized water) until the supernatant reached pH ∼6. For delamination, the
etched multilayered Ti3C2Tx MXene sediment (typically 50 mL/per gram of
starting etched powder) was then added to 0.5 M LiCl solution. The mixture
of lithium chloride (LiCl) and etched multilayered Ti3C2Tx MXene was then
stirred at 400 RPM for 1 h at 65 ◦C under constant argon flow. The mixture
was then washed with deionized water via centrifugation at 3234 RCF for 5,
10, 15, and 20min. The final mixture was then vortexed for 30min followed
by centrifugation at 2380 RCF for 30min to ensure the MXene solutions only
contained single-to-few-layered flakes. The final suspension of Ti3C2Tx MXene
was collected and stored in a freezer at−20 ◦C until use.

Fabrication of Ti3C2Tx Films. Different thickness films were spun-cast from
the aqueous solution (0.5 to 10 mg/mL) on a Si substrate (500 ± 25 μm
thick, p-type boron-doped, 0.01 to 0.05 ohm.cm, Virginia Semiconductor) and
freshly cleaved mica (Hi-grade V2, Ted Pella, Inc.) substrates. Si substrates were
first cleaned with acetone, ethanol, and deionized (DI) water. After drying with
nitrogen gas, the substrates were exposed to oxygen plasma for 10min. The
mica substrates were directly used after mechanical exfoliation. All colloidal
solutions were bath-sonicated for 2 min before spin-coating. Typically, films
were constructed on 4 cm2 substrates using a 100 μL solution via a two-step
spin-casting (Laurell WS 400BZ-6NPP/Lite spin coater) process by spinning at
500 revolutions-per-minute (RPM) for 60 s, followed by 2,000 RPM for 10 s.

Vacuum Annealing and Air Annealing Treatments. The schematic of the
designed experimental approach is shown in Fig. 2. Briefly, As-prepared and
Vacuum-annealed MXene films were used for the air annealing (oxidation test)
treatment. For vacuumannealing treatment at 200 ◦C,MXenefilmswereplaced
in an aluminum foil boat, then annealed in a vacuum oven (base pressure:
<10 mTorr) for 24 h. For 500 ◦C and 600 ◦C vacuum annealing, the samples
were mounted onto a temperature-controlled Linkam stage (THMS600) inside
a custom vacuum chamber (base pressure: 20 to 40 mTorr) and held at each
temperature for the desired length of time. The samples were then cooled to
room temperature prior to other measurements.

For air annealing, the samples were mounted onto the temperature-
controlled Linkam stage in ambient conditions. For each step of the oxidation
test, the temperature was increased at a rate of either 10 or 60 ◦C/min to the set
temperature, held constant for various durations, and then cooled down to room
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temperatureat thesamerate.Forexample, for thedatashowninSIAppendix, Fig.
S1C (red curve), the set temperatures and durations are 75 ◦C, 1 min, 125 ◦C,
1 min, 200 ◦C, 1 min, 300 ◦C, 3 min, and 400 ◦C 3 min, respectively. For
convenience, the sample after vacuum and air annealing treatment are denoted
as Vacuum-T-t and Air-T-t, where “T” and “t” are the annealing temperature and
time, respectively. The pristine sample is denoted as As-prepared.

Spectroscopic Ellipsometry Measurements. The spectroscopic ellipsometer
(SE) used in this study was an M-2000 instrument (J. A. Woollam), with a
wavelength range of 371 nm to 1687 nm (0.73 eV to 3.34 eV). For in situ
experiments, the incident angle was fixed at 70 ◦. MXene films were mounted
onto a temperature-controlled Linkam stage and heated from 25 ◦C to 600 ◦C
either under ambient conditions (air, with typical 10 to 20% humanity) or
vacuum (base pressure: 20 to 40 mTorr) with heating rates of either 10 ◦C/min
or 60 ◦C/min. The desired temperatures and heating rates were controlled
by the Linksys software. The sampling rate of in situ SE measurements was
1 s with high-accuracy zone averaging. The SE results were modeled using
CompleteEase software (version 6.69) package. More details about the data
modeling and results can be found in SI Appendix, Note S1 and Fig. S1 and
Table S1.

AFM Imaging. AFM was carried out in tapping mode using a Bruker Icon AFM
(Bruker) instrument equipped with a closed-loop scanner. Tapping mode AFM
Probes with Aluminum Reflective Coating (Budget Sensors, Tap300Al-G, reso-
nance frequency∼300kHz, tip radius∼10nm)wereused to record topography
images with 512 × 512-pixel resolution. For high-resolution images, high-
resolution silicon AFM probes (Budget Sensors, SHR150, resonance frequency
∼150 kHz, tip radius∼1 nm) were used. Topography images were obtained in
open-loopmode with 512× 512-pixel resolution. AFM images were processed
and analyzed by Gwyddion software. A third-order polynomial was employed
to flatten the background for topography images. Height histograms and line
profiles were extracted and analyzed after the flattening process.

PF-KPFM Measurements. Pulsed force Kelvin probe force microscopy
(PF-KPFM) experiments were performed using a home-made lock-in-based
setup (56). Briefly, a Multimode 8 AFM instrument (Bruker) with a sharp
platinum-coated AFM tip with a radius of approximately 30 nm (MikroMasch
NSC:15/pt), a custom PF-KPFM triggering circuit, and a lock-in amplifier (MFLI-
MD-PID, Zurich Instruments) were used. The operational principle of KPFM
is through the alignment of the Fermi level between two dissimilar metals
or semiconductors in close proximity, in which electrons flow and generate
a contact potential (56). KPFM exploits this effect by using an AFM tip as a
reference with a defined work function to measure an unknown sample at the
nanoscale. PF-KPFM is a new variant of KPFM that utilizes the pulsed force
mode (peak force tapping mode) and a field effect transistor (FET) to switch the
electrical connectivity for KPFM measurements (56), in order to improve the
instrument’s spatial resolution under ambient conditions. During the PF-KPFM
measurements, the AFM tip intermittently touched the sample at a frequency of
∼4 kHz under the peak force tappingmode. Shortly after the tip detached from
the sample (when the tip-sample distance was between 1 to 3 nm), a FET served
as a fast switch, connecting anddisconnecting the tip and samplemultiple times
at the cantilever resonance frequency. This process induces periodic Coulombic
forces that match the cantilever’s free space resonant oscillation period. The
oscillation amplitude is dependent on the surface potential of the sample
due to the contact potential difference. The amplitude of this oscillation was
compensated for or suppressed by applying a direct voltage (VDC) between the
tip and the sample. The magnitude of the external VDC needed to suppress
the oscillations correlates to the contact potential difference at each point of the
sample beneath the tip. With the aid of a proportional-integral-derivative (PID)
controller embedded in a Lock-in amplifier (MFLI-MD-PID, Zurich Instruments),
this external VDCwas recordedby theAFMcontroller tomap the surfacepotential
of the sample. The topography and surface potential images were obtained with
256 × 256-pixel resolution. Gwyddion software was used to proceed with the
data analysis, similar to the approach described for AFM image analysis.

XPS Measurements. XPS measurements were performed using a Physical
Electronics (PHI) VersaProbe 5000 instrument (Physical Electronics) with a
200 μm and 50 W monochromatic Al-K� (1486.6 eV) X-ray source. Charge
neutralization was achieved by a dual-beam system involving low-energy Ar+

ions and low-energy electrons at 1 eV and 200μA. Survey spectra were collected
withapassenergyof117.4eVandanenergyresolutionof0.5eV.High-resolution
F 1s, O 1s, Ti 2p, and C 1s spectra were collected with a pass energy of 23.5 eV
and an energy resolution of 0.05 eV. The Ti3C2Tx C 1s peak at 282.00 eV was
used for binding energy scale correction, which was less than 0.10 eV for both
samples due to their conducting nature and sufficient charge compensation.
CasaXPS V2.3.25PR1.0 was utilized for peak fitting and quantification. More
details about data analysis are found in SI Appendix, Note S2 and Figs. S3 and
S10 and Tables S2–S6.

XRD Measurements. XRD patterns were analyzed using a Bruker D8 X-ray
diffractometer with a Cu K� (�= 1.5406 Å) emitter and a Lynxeye detector.
A corundum standard was used to ensure each detector was calibrated. The
samples were mounted on Kapton tapes and scanned from 5 ◦ to 80 ◦ with a
step size of 0.02 ◦.

Contact Angle Measurements. The contact angle of water droplet on the
MXene flakes was measured by a goniometer (Attention, KSV Instruments, Inc.)
A 2 μL deionized water droplet was pipetted onto the MXene surface for the
measurements.

DFT Calculations. DFT calculations were performed using the Vienna Ab initio
SimulationPackage (57, 58). Projector-augmentedwavepseudopotentialswere
implemented, where for Ti atoms the valence 3d and semicore 4s electronswere
included, and for C, O, and H atoms only valence electrons were included.
Calculations were performed under the spin-polarized DFT+U formalism in
order to capture the strong correlation effects of Ti 3d electrons. To determine the
effectivevalueUeff, themagneticmomentsofmonolayerTi3C2O2atdifferentUeff
were compared with the results from hybrid functional HSE06 calculations (59);
and were determined to be Ueff = 3 eV. For all other calculations, the GGA-PBE
functionalwasused. Furthermore, theDFT-D3methodwasalsousedwithBecke–
Johnson damping to describe the vdW interactions (60). For all calculations, the
k-points were sampled using a grid with density 0.03×2π Å−1, and 600 eV
was used for the kinetic energy cutoff of the plane-wave basis sets. For geometry
optimization, the force convergence criterion of 0.005 eV/Å, and a vacuum of
thickness of 20 Å were used.

Data, Materials, and Software Availability. All study data included in the
article and SI Appendix are available on Open Science Framework (https://doi.
org/10.17605/OSF.IO/GWPDV) (61).
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