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Water dynamics in pristine and porous Ti;C,T, MXene as probed by quasielastic neutron scattering
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MXenes are a novel class of two-dimensional (2D) materials whose applications in energy-storage systems
have attracted substantial attention. Still, the rate performance of these materials is often diminished by sheet
restacking, which is attenuated via controlled etching in H,SO, solution. With this process, micropores are
formed in MXene sheets that allow transport across 2D layers. As a result, the intercalation and diffusivity of ions
are facilitated resulting in improved capacitance retention at high charge-discharge rates. In the present work,
we used quasielastic neutron scattering to evaluate the potential changes in water dynamics as a consequence
of this mechanism by assessing the behavior of weakly and strongly confined water populations in pristine and
porous MXenes. First, we have found that the porous sample accommodates a noticeably higher content of
both water populations. Additionally, the fraction of mobile molecules is higher either under strong or weak
confinement. Interestingly, regardless of the abundance of weakly confined water in the porous sample, no
considerable changes in the dynamical behavior were detected in comparison with the dynamics measured in the
pristine material. For the strongly confined populations of water, our results show that water is able to permeate

the micropores introduced by etching and perform unlocalized motions.
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I. INTRODUCTION

In recent years, uncountable efforts have been dedicated to
design two-dimensional (2D) materials aimed at applications
in energy storage, gas sensing, and others [1,2]. Among these
materials, MXenes have attracted considerable attention since
they were reported in 2011 [3]. Typically, MXenes can be
described by the general formula M, X,,T, (n =1,2,3,4)
where M stands for an early transition metal (Ti, Nb, Mo,
V, Cr, Ta, etc.), X is carbon and/or nitrogen, and T, are the
surface functional groups —F, = O, -Cl, or -OH [4]. Thanks to
this compositional versatility, MXenes are among the largest
families of materials ever reported and, as such, can have
their chemical and physical properties tuned to attend to
specific demands. For example, this class of materials has
been successfully used in applications related to microwave
absorption, N, capture, catalysis, and medicine [5-8]. Most
importantly for this work, MXenes are notably promising for
energy-storage applications [9,10].

In particular, titanium carbide (Ti3;C, T, ) has been shown to
possess a broad range of indispensable properties for charge
storage purposes, such as high electronic conductivity (ex-
ceeding 20000 S cm™) [11] and high volumetric capacitance
and rate performance [4]. As commonly observed in 2D
materials, the stacking of Ti3;C,T, may be, in principle, a
limitation to the design of thick electrodes, since it imposes
long ion transport pathways and, consequently, low rate per-
formance [12,13]. However, not only can the composition of
MXenes be adjusted to accomplish desired properties, but also
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their structure and morphology. Within this context, several
attempts have been made focusing on attenuating the restack-
ing in TizC,T, films. For example, the interlayer insertion
of nanomaterials (graphene, carbon nanotube, and others)
has been explored [14,15]. Nevertheless, in general, the re-
ported increases in rate performances are accompanied by a
reduction of volumetric capacitance due to the presence of in-
active materials, excess spacing, or active materials with lower
volumetric capacitance. Within the same scope, irreversible
oxidation of the Tiz;C,T, sheets has also been tested, but a
somewhat similar outcome was observed as the interlayer
spacing was increased via the formation of electrochemically
inactive titania nanostructures [16]. Contrarily, in situ anodic
oxidation has shown to be a promising approach since, in this
case, the increase in the interlayer spacing was concomitant
to the introduction of pores in the MXene structure, which
prevents the impairment of the material’s rate performance
[4]. With this approach, the main limitation remains in the
difficulties associated with its large-scale application.
Recently, a scalable strategy to emulate the results obtained
via in situ anodic oxidation was reported by Tang et al. [17]
based on the partial etching of TizC, T, films with highly con-
centrated H,SO,4. With this method, an increased interlayer
spacing was achieved following an increase in the d spacing
of 0001 planes from 12 to 13 A together with the genera-
tion of micropores in MXene sheets and minimal formation
of electrochemically inactive side products. As an outcome,
the resulting MXene demonstrated ultrahigh rate performance
and improved capacitance retention at high scan rates.
Different from double-layer capacitors (the so-called
supercapacitors), the energy storage in MXenes has a pseu-
docapacitive nature in protic electrolytes, which relies on the
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mobility of protons intercalated between the sheets of the 2D
material [18] and is certainly facilitated by the formation of
micropores via etching. In recent works, the crucial participa-
tion of the electrolytes in the charge storage mechanisms in
MXene has been exposed [19,20] and the interplay between
solvation/desolvation of intercalated ions has shown to be
decisive [21,22]. In the case of MXene etched via treatment
with H,SOy, the mechanisms governing the diffusion of Li*
through the newly formed micropores have not been eluci-
dated and, most importantly, it is still not clear if water can
permeate these diffusive channels and effectively participate
in the charge storage mechanism.

Therefore, in this work, we focus on the dynamics of water
in MXene before and after etching with H,SO, solution. To
characterize these confined dynamics, we resort to quasielas-
tic neutron scattering (QENS), which is a highly suitable
technique for the dynamical characterization of various H-rich
systems, including water confined in MXenes [23-28]. By
investigating either air-dried or annealed Ti3;C, T, samples, be-
fore and after etching in H,SO4, we have been able to describe
the dynamical behavior of weakly and strongly confined wa-
ter. While the former can be somewhat influenced by the
populations of water in the interstack spaces of MXene, the
latter reflects the dynamics of molecules in the interlayer spac-
ing and the micropores. We observed that the etched porous
sample can accommodate a substantially higher content of
weakly confined water but with no prejudice to the diffusivity
of these molecules. As we turned to the strongly confined
water molecules, these, counterintuitively, do not behave as
strongly bound populations and perform rather fast motions.
We also show that these molecules are also more abundant in
the porous sample as a consequence of molecules permeating
the micropore network introduced by the chemical treatment.

II. EXPERIMENT
A. Sample preparation

Ti;C, T, MXene, which is the first discovered and most
studied MXene with many outstanding properties, was used
in this study. Samples were prepared as described in Ref. [17].
Part of the resulting MXene powder was treated in 3M H,SO4
at ~100 °C, washed until pH neutralization, and air dried at
40 °C for gradual removal of excess water. To produce pores
in MXene sheets that would allow the transport of water and
ions across the layers, we used a chemical etching process.
Tiz;C, T, nanosheets were mixed with diluted H,SOy4 in so-
lution and concentrated by evaporation in a vacuum oven at
~60 °C overnight. The etching process took place in a single
step. The washed and redispersed TizC,T, nanosheets were
finally vacuum filtrated into films. For a detailed description
of the etching of MXene, the readers are also referred to
Ref. [17]. The pristine powder was also washed and air dried
following the same procedures as used for the etched sample.
These preparation steps created air-dried pristine and etched
samples. Finally, separated fractions of both the etched and
pristine samples were further annealed at 110 °C under vac-
uum for 10 h for the removal of weakly bound water. This
additional treatment step created annealed pristine and etched
samples.

B. X-ray powder diffraction (XRD) and N,
sorption measurements

For the XRD experiments, a Panalytical X’pert Materi-
als Powder Diffractometer Pro equipped with an X’Celerator
solid-state detector was used. The annealed samples of etched
and pristine MXene were analyzed with x rays generated
at 45 kV/40 mA with a wavelength of A = 1.5418 A (Cu
Ko radiation). For the N, adsorption experiments, the an-
nealed samples were dried for 3 h at 90 °C under vacuum
(107* mbar) and the measurements were performed following
the Brunauer-Emmett-Teller (BET) method with a Gemini VII
(Micromeritics) instrument.

C. Quasielastic neutron scattering (QENS)
measurement and analysis

Air-dried and annealed MXene powders, both etched and
pristine, were investigated with QENS experiments performed
on the backscattering spectrometer BASIS at Spallation Neu-
tron Source, Oak Ridge National Laboratory, USA [29].
BASIS’s energy resolution is 3.7 peV (full width at half max-
imum for the Q-averaged resolution value) and its dynamic
range of accessible energy transfer values is £ 100 peV.
For the experiments, the samples were placed in flat plate
aluminum sample holders and positioned perpendicularly to
the neutron beam. To mitigate the effects of multiple scat-
tering [30], the samples’ thickness was set as 0.25 mm. For
comparison, a sample should ideally scatter about 5%—10%
of the incident neutrons and a sample of dry MXene with the
same thickness would yield a transmission of 98%—-95% (as
estimated with the tool available in Ref. [31]), depending on
the density (which can be as high as 3.7 gcm™ [32]).

Temperature-dependent neutron elastic scattering intensity
scans were performed between 20 and 300 K with 1 K steps
to provide insight into the activation of motions within the
samples. Different from backscattering spectrometers with
Doppler-driven monochromators located at reactor sources,
in which the elastic intensity alone can be measured at zero
energy transfer with the monochromator at rest, BASIS col-
lects the data at all energy transfer values simultaneously
due to the polychromatic nature of the incident beam [33].
Hence, the elastic intensity is defined as the integrated energy
under the elastic line (that is, between +3.7 pueV). Then, full
QENS spectra were collected at 300 K with better statistics
to allow for the analysis of dynamical features within the
samples. QENS spectra were also collected at 10 K for each
sample and were used as instrument resolutions in the data
analysis. After collection of the data, these were reduced
following routine procedures with the software MANTID [34],
including normalization to a flat-plate vanadium standard,
subtraction of the instrumental background using the data
collected from an empty sample holder, and application of a
mask file to exclude noisy detectors. No multiple scattering
correction has been performed. The data analyses were per-
formed using the fitting package QCLIMAX [35].

III. RESULTS AND DISCUSSION

In Fig. 1(a), the XRD data for the pristine and etched
MXenes are presented and the results agree with those pre-
viously reported by Tang et al. [17] as follows. The etching
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FIG. 1. (a) XRD data for pristine and etched MXene. (b) Results
from N, sorption experiments for pristine and etched porous MXene.
The linear relative pressure ranges for each sample are highlighted by
the dotted lines.

of the material leads to a shift of the Bragg reflection from
the 0001 planes from Q = 0.51 to 0.47 A~'. Hence, following
d = 2m/Q, the d spacing (d) increases from ~12 to ~13 A,
and one can also envisage an increase in the interlayer spacing
accessible for water molecules. According to Tang et al. [17],
the slightly increased interlayer spacing in the etched TizC, T,
MXene can be attributed to two factors: (i) the presence of
residual sulfur compounds that were not washed from the
samples after treatment in H,SO,4 and that remain physically
or chemically adsorbed on the material’s surfaces, and (ii)
the in situ formation of carbon species on the surfaces of
MXene in the regions where Ti atoms are partially oxidized
and removed by the etching process. Also, one should notice
that Tang et al. [17] performed the XRD experiments with
air-dried samples while we have used annealed materials. The
similarities between our results, therefore, indicate that the
annealing of the samples does not disrupt the core structure
of the MXenes. Clearly, the Bragg reflection from the etched
sample is broader, which can be associated with a better
dispersion of the MXene stacks during the washing proce-
dure. In Fig. 1(b), the results obtained from the N, sorption
measurements are presented and BET-specific surface areas
were tentatively calculated using the Brunauer-Emmett-Teller
equation in the linear region of the relative pressure between
0.05 and 0.25. For the pristine sample, the BET surface area
has been determined as 26 m?/g, which is also in agreement
with values reported elsewhere [18]. After etching, the linear
range of the BET plot shifts to relative pressures below 0.15
(as highlighted by the dotted line in the figure) indicating
that the chemical treatment was gentle and micropores were
predominantly introduced in the material with dimensions not
assessed by the N, molecules (one should notice that the
kinetic diameter of N; is ~37% higher than of water [36,37]).

Turning to the QENS results, in Fig. 2, the temperature-
dependent neutron elastic scattering intensity scans are
presented. For better statistics, the scans are presented as
sums of the data collected between Q = 0.3 and 1.1 Al In
Fig. 2(a), the data are normalized by the samples’ masses
and a Q-independent perception of the absolute intensities
of the elastic scattering is possible. In the air-dried samples,
the absolute values of the elastic intensities are around 90%
higher in the porous MXene as compared with the pristine
material, indicating that the chemical treatment leads to a
remarkably higher content of water and H-rich surface groups.
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FIG. 2. Temperature-dependent neutron elastic scattering inten-
sity scans for pristine and porous MXene powders before (air-dried)
and after annealing. The results are presented as the sums of the
data collected between Q = 0.3 and 1.1 Al In (a), the data were
normalized by the samples’ masses. In (b,c) the data collected at
20 K were normalized to unit. In (b,c) the red lines are guides for
the eye.

After annealing and the elimination of weakly confined water
molecules, the QENS signals drop around 60%—-70% in both
samples at the lowest temperatures (that is, before any dy-
namic events are activated in the samples). Still, the absolute
values of the elastic intensities are around 20% higher in the
porous sample as compared with the pristine MXene.

Figures 2(b) and 2(c) show the temperature-dependent neu-
tron elastic scattering intensity scans normalized by the value
of the data points collected at 20 K. With this representation,
one can observe the behavior of the fraction of immobile
species within each sample, the so-called elastic scattering
fractions, at the experimental temperatures, and, most impor-
tantly, the activation of dynamic processes within the samples.
In the air-dried samples, Fig. 2(b), the lack of freezing-melting
transition, as indicated by the absence of abrupt drops in the
elastic intensity, confirms that the dynamics assessed by the
experiments is predominantly from confinedlike populations
of water. In these materials, the activation of the dynamic
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FIG. 3. Representation of the changes caused in MXene by treatment in H,SO4 solution and distribution of water populations in interlayer
and interstack spaces. After etching, micropores are formed in the MXene sheets and the interlayer space subtly increases due to the presence
of sulfur- and carbon-based compounds as discussed in Ref. [17]. After etching, micropores are formed in the sheets of Ti;C,T, MXene.
Overall, the porous material retains a larger content of weakly and strongly confined water as compared with the pristine material.

motions occurs at two steps as indicated in the figure: around
185 and 253 K [the red lines in Figs. 2(b) and 2(c) are
guides for the eye]. Regarding the fraction of scatters that
are immobilized (or slower than the characteristic time cor-
responding to the instrument energy resolution, that is, whose
motions’ timescale is longer than ~0.36 ns), these seem to
be more abundant in the pristine sample, as demonstrated
by the relatively higher elastic intensity around room tem-
perature. This feature will be discussed further in the paper
based on the analysis of the QENS full spectra collected at
300 K. After annealing the powders, Fig. 2(c), the activation
of dynamic motions around 253 K is no longer observable
and a single smooth deviation in the monotonical behavior of
the elastic scattering intensity scans is detected around 185 K.
Here, the fraction of immobile species is also seemingly
higher in the pristine sample and will be also discussed further
in the paper.

In general, MXenes can accommodate water molecules
in the so-called interstack and interlayer spaces as discussed
in previous investigations with QENS [19] and represented in
Fig. 3. In this figure, the subtle increase in interlayer spacing,
as well as the formation of micropores in the etched material,
as indicated by the results in Fig. 1, are also represented.
Intuitively, the molecules in the interstack region are expected
to be more abundant and subjected to weaker confinement,
whereas strongly confined molecules are found in the inter-
layer spaces. Thus, since the water population activated at
~253 K is eliminated upon annealing, it is reasonable to
assume that molecules in the interstack region contribute,
at least to a certain extent, to this relaxation. Following the
same rationale, we may infer that, in the motions activated
at ~185 K, the contributions from the interstack water are
scarcer and the dynamics are dominated by the molecules
trapped within the interlayer spaces or in the micropores
conceived by the etching process. Controversially, however,
the lower temperature of dynamic activation suggests that,
although these populations are subjected to a stricter confine-
ment geometry, they are not necessarily strongly bound to the
surfaces of MXene.

A deeper understanding of the dynamical processes re-
vealed by the elastic scattering intensity scans is provided
by the analysis of the full QENS spectra collected at 300 K.

Typically, the measured intensity of the QENS experiments,
1(Q, E), can be described as follows:

1(Q, E) = {x(Q)S(E) + [1 — x(D)]S(Q, E)

+ B(Q, E)} ® R(Q, E), ey

where x(Q) is the elastic fraction of the signal; §(E) is a Dirac
delta function accounting for the referred elastic scattering
(zero energy transfer); S(Q, E) is the dynamic structure fac-
tor, i.e., the QENS model scattering function; B(Q, E) is a
linear background; and R(Q, E) corresponds to the instrument
resolution function (here the data collected at 10 K for each
sample). In our analyses, B(Q, E) accounts for dynamical pro-
cesses that are too fast for the dynamic range of the instrument
(that is, with timescales shorter than a few picoseconds) and,
possibly, sample- and temperature-dependent backgrounds.
Here, S(Q, E) is described by a single Lorentzian function:
I'(Q)

r2(Q) + Ez}’

where I'(Q) is the half width at the half maximum of the curve.
In other words, in the (Q, ) domain, the QENS signal (or the
so-called intermediate scattering function) would be perceived
as a probability function exponentially decaying over time.
With these considerations, the experimental data collected at
300 K were fitted with Eq. (1).

Let us first discuss qualitatively the full QENS spectra
and some outcomes obtained by fitting the data. In Figs. 4(a)
and 4(b), the QENS spectra collected at Q = 1.1 A for
the air-dried pristine and porous samples are displayed as
representative results. In the figures, the resolution and the
Lorentzian S(Q, E) functions are also shown together with the
total fit of the data. Visually, one can observe that the contri-
bution of S(Q, E) in the porous material is larger than in the
pristine. However, as shown in Fig. 4(c), where the intensities
of S(Q, E) are normalized to unity, the broadenings of the
curves are nearly the same, indicating that the dynamic mo-
tions are more abundant in the porous material but similar in
characteristic time to those detected in the pristine MXene. In
Figs. 4(d) and 4(e), the results from the annealed samples are
presented and the larger contribution of S(Q, E) in the porous

1
S(Q,E)=;[ 2
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FIG. 4. Representative QENS spectra collected at 300 K and Q = 1.1 A-! for the air-dried (a) pristine and (b) etched porous samples. The

resolution and the Lorentzian S(Q, E) functions are also shown (red and green lines) together with a fit of the data obtained with Eq. (1)
(orange lines). (c) Normalized S(Q, E) for the air-dried pristine and porous samples as determined by fitting the data with Eq. (1). In (d), (e),
the QENS spectra collected at 300 K and Q = 1.1 A~! for the annealed pristine and porous samples are shown, respectivelly. (f) Normalized
S(Q, E) for the annealed pristine and porous samples as also determined by fitting the data with Eq. (1). The intensities in (c), (f) are in linear

scale while the others are in log scale.

material is also visually observable. In this case, as shown in
Fig. 4(f), the dynamic motions detected in the porous sample
are notably slower than in the pristine MXene, as depicted by
the difference in the broadening of the curves. Interestingly,
while comparing the plots in Fig. 4(f) with those in Fig. 4(c),
the dynamics found in the annealed samples are faster than
those in the air-dried MXene. This observation sustains the
hypothesis that the annealed samples hold water molecules
that are subjected to stricter confinement geometries but are
not necessarily strongly bound to the MXene surfaces.
Turning to a quantitative analysis of the results obtained
by fitting the QENS spectra with Eq. (1), Fig. 5(a) shows the
values of x(Q) for the different samples whose values at high
Q indicate the fraction of scatters that are immobile or slower
than the instrument resolution. Due to divergence in the fitting
process caused by the very subtle differences between the
contributions from x(Q) and S(Q, E) in the annealed pristine
sample, the data were initially fitted solely with an elastic
contribution. Then, the elastic contribution was fixed, and the
dynamic scattering function was included in the model. In the
end, the elastic contribution was slowly adjusted until the best
agreement between the experimental data and the model was
achieved. Because of this procedure, no error bars are shown
for x(Q) in this sample. Here, these results complement the
observations made based on Fig. 2 and show that the porous
material, either before or after annealing, not only accommo-
dates higher contents of water but also allows for a higher
fraction of these molecules to engage in dynamic motions.
Sequentially, the Q dependence of I'(Q) was evaluated. For
the air-dried samples, given the higher density of scattering
centers under analysis and the consequently less continuous

media [38], microscopic mechanisms are relevant at large
Q values, that is, distances smaller than several molecular
diameters. Therefore, the values of I'(Q) follow a Q depen-
dence well described by an unrestricted diffusion law with an
exponential distribution of the diffusion jump lengths [39]:

hDQ?

R )

I'Q)

where 71 = 6.5821 x 107'° peV s, 1p is the residence time
between jumps between two sites, and D is the diffusion
coefficient. As depicted in Fig. 5(b), there are no consid-
erable dynamical differences between the air-dried samples
[as also suggested in Fig. 4(c)]. In other words, even though
etching allows for a larger content of weakly confined
populations of water, the chemical environment is likely
similar to the pristine material. Here, the determined dif-
fusivities, Dpristine = 2.51 £ 0.35 x 101 m?/s and De(chea =
2.28 £ 0.1 x 10719 m? /s for the pristine and porous samples,
are lower than the diffusivity determined by Osti et al. [26] for
interstack motions of water in MXene (~11 x 1071 m?/s). In
the present work, the reported diffusivities are more compara-
ble to the value estimated by Osti et al. for a single layer of
water between MXene layers (5.33 x 107'°m?/s) and much
higher than the values estimated for interlayer water diffusing
in ion-intercalated MXenes (0.28 x 1071 m?/s). Hence, from
these comparisons, the contributions from interstack water in
the motions detected in the air-dried samples are likely to be
present but are not dominant.

Turning to the analysis of the annealed samples, as also
shown in Fig. 5(b), the values of I'(Q) follow a Q dependence
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ple and no error bars are shown. (b) Q dependence of the broadening,
I'(Q), of the QENS signals from annealed samples of pristine and
porous MXenes. The lines represent the fits with either Eq. (3) (jump
diffusion), or the hDQ2 law, and the diffusivities and relaxation
times (if obtained) of each sample are also shown. (c) Relationship
between I'(Q) and x(Q) at Q = 1.1 A-'. The dotted line is a guide for
the eye.

that can be described by the iDQ? law of continuous diffu-
sion, which corresponds to the limiting case of Eq. (3) with
79 = 0. In these cases, the underlying microscopic mecha-
nisms that could lead to a plateau in the values of I'(Q) at
high Q, as predicted by Eq. (3), are no longer detected in the
experiments. Similar outcomes have been observed elsewhere
with QENS investigations on confined water [40—42] and, in
practice, do not influence the discussions of the self-diffusion
coefficients since these are determined based on the data at
low Q. Also, as strongly confined water molecules are under
analysis, one could expect a deviation from this behavior as
a plateau in the values of I'(Q) at the lower values of Q.
Namely, for an effective confinement radius “a,” I'(Q) would
assume a nearly constant value of 4.33D/a” for Q < 3.33/a

[35,39,43]. The absence of such an effect in the data (Fig. 4)
is due either to the influence of scattering from MXene itself
at low Q values or to confinement radii large enough to lead
to Qa > 3.33 even for Q = 0.3 A~'; hencea > 11 A (which is
the case here, considering the unconstrained geometry in the
MXene’s x — y plane [4,17]).

Still, regarding the annealed samples, Fig. 5(b), the mobile
fraction of the remaining water molecules experiences a re-
duction in the diffusivity after etching (Dpyigtine = 2.80 & 0.27
VS Deicned = 1.88 £ 0.06 x 1071 m?/s. Here, the lower dif-
fusivity of water in the etched material, despite the higher
content of mobile molecules, confirms that water permeates
the newly formed micropore network and performs slow, un-
localized motions not allowed in the pristine material. This
result is in line with a previous report on the presence and
mobility of molecular hydrogen in etched MXene [44]. Con-
trarily, in the pristine material, given the absence of the surface
modifications promoted by the chemical treatment, a portion
of the water molecules is more easily immobilized by the in-
terfaces of MXene and only contributes to the elastic fraction
of the QENS signal, x(Q).

The relationship between the water dynamics in the air-
dried and annealed samples and x(Q) is summarized by the
plot in Fig. 5(c) where the broadening of the QENS signal,
I'(Q), is presented as a function of x(Q) (the red line is a
guide for the eye). Overall, the etched material accommo-
dates a larger content of mobile water, either under strong
or weak confinement (that is, in the annealed or air-dried
sample, respectively). For the weakly confined, however, there
are little to no changes in the chemical environment of the
water molecules, which ultimately leads to very comparable
diffusivities and broadening of the QENS signals. This is not
the case for the strongly confined water populations as these
diffuse through very distinct paths in the etched material as
compared with the pristine one.

IV. CONCLUSIONS

The dynamics of water in pristine and acid-etched porous
Ti;C, T, MXenes was investigated with air-dried and annealed
samples using QENS experiments. In the air-dried samples,
weakly and strongly confined water molecules contribute to
the QENS signal while in the annealed materials the strongly
confined populations are the sole contributors to the collected
data. Then, the presence of interstack water is minimal in the
annealed MXene and we can assess the dynamics in the inter-
layer spaces and within the micropores introduced via etching.
Our results show that the etched MXene accommodates a
significantly higher content of strongly and weakly confined
water and holds a larger fraction of molecules that perform
motions beyond the instrumental resolution. Ultimately, our
results show that the strongly confined populations of water
permeate the micropores formed via etching and can still
perform unlocalized motions. Also, despite the richness of
weakly confined water in the etched MXene, no changes in
the dynamical behavior of this water population were detected
in comparison with the pristine material, indicating that the
diffusive paths are more abundant but preserve a similar chem-
ical environment.
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