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Two-dimensional carbides and nitrides of early transition metals (MXenes) combine high
conductivity with hydrophilic surfaces, which make them promising for energy storage,
electrocatalysis, and water desalination. Effects of intercalated metal ions on the vibrational
states of water confined in Ti;C,7, MXenes have been explored using inelastic neutron scattering
(INS) and molecular dynamics simulations to better understand the mechanisms that control
MXenes’ behavior in aqueous electrolytes, water purification and other important applications.

We observe INS signal from water in all samples, pristine and with lithium, sodium or potassium
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ions intercalated between the 2D Ti;C, T layers. However, only a small amount of water is found
to reside in Ti3C,T, intercalated with metal ions. Water in pristine Ti3C,7; is more disordered,
with bulk-like characteristics, in contrast to intercalated Ti;C,7,, where water is more ordered,
irrespective of the metal ions used for intercalation. The ordering of the confined water increases
with the ion size. This finding is further confirmed from molecular dynamics simulation which
showed an increase in interference of water molecules with increasing ion size resulting in a
concomitant decrease in water mobility, therefore, providing a guidance to tailor MXene
properties for energy and environmental applications.
I. INTRODUCTION

MXenes [1, 2] are two-dimensional (2D) transitional metal carbides and carbonitrides, usually
synthesized by selective etching of the “A” layers of MAX phases, where A is mostly aluminum
and gallium, M is an early transition metal, and X is carbon and /or nitrogen, and consist of
M, X, layers, where n = 1, 2 or 3. More than twenty different MXenes reported to date (Ti,C,
Ti3C,, Nb4Cs, and others) have attracted much attention due to their 2D layered morphology and
intriguing properties, such as conductivity and hydrophilicity, which make them promising
materials for electrochemical applications [3-8]. In addition, occurrence of oxygen, hydroxyl,
and fluorine groups on MXene surfaces (defined by adding 7 symbol to their chemical formula,
e.g., Ti3C,Ty) allows tuning their properties. Calculated low work function of OH-terminated
MXenes have shown the promise of these materials in power efficient electronics [9].
Furthermore, because of the layered structure combined with hydrophilic groups on the surface,
MXenes can hold water molecules between the layers, and can also be intercalated by ions and
molecules. It was found that the intercalation of guest molecules such as hydrazine [10, 11] and

K" ions [8] increases the c-lattice (c-L) parameter of Ti;C,7: MXene with a concomitant



decrease in the amount of intercalated water between the MXene layers, controlling the
electrochemical characteristics of these materials when used as batteries and supercapacitors. An
increase in the interlayer spacing and enhancement in electrochemical performance of MXenes
after intercalation has been reported [8, 11, 12]. However, how the structure and dynamics of
water confined between the MXene layers change after metal ions intercalation has not been well
understood.

Confinement of water in matrices such as clays [13], carbon nano-pores [14], and carbon nano-
tubes [15] results in its different structural and dynamical behavior compared to bulk water
phase. Since Ti3;C,7 surface is hydrophilic, it behaves similar to most of the clay materials [16].
Therefore, it is important to understand the vibrational dynamics of water molecules to shed light
on the behavior of confined water in pristine and metal ions intercalated form of these 2D
materials for their technical applications. Highly reduced translational diffusion of water after K*
intercalation was observed from quasi-elastic neutron scattering (QENS) and molecular
dynamics simulation study [17]. This reduction on mobility is associated with partial removal of
water and, the bonding of the remaining water molecules with the surface terminating groups and
intercalants. Inelastic neutron scattering (INS) is a powerful tool to resolve the bonding between
the surfaces and the hydrogen bearing molecules (hydrogen and water) in confinement [18-21].
Previous INS study [22] showed changes in the vibrational states of MXene due the
deintercalation of water molecules confined between MXene layers. Further, removal of
intercalated water molecules influences the covalency that exists in MXenes sheets and thereby
impacts the vibrational dynamics of MXenes [23]. Here, using inelastic neutron scattering and
molecular dynamics simulations, we investigate vibrational dynamics of water confined in

pristine and metal ions intercalated Ti;C,7, MXenes.



II. EXPERIMENT
A. Sample preparation

Ti3AlC, powder with particles size <45 um (more detail about the synthesis of TizAlC; can be
found in Ref [1] was mixed with 48% HF aqueous solution and stirred for 24 hours at ambient
condition. The solution was washed with deionized water till the pH of the solution reached
higher than 4. The resulting Ti3C,7 (7T, = surface groups) powder was mixed with aqueous
solutions of 2M LiOH, 2M NaOH and 2M KOH separately, in a ratio of 1 g of Ti3C,7; to 10 mL
to have metal ion intercalated MXenes. The resulted solutions were centrifuged after stirring for
an hour to separate powders from the solutions. The settled MXenes powder were again mixed
with freshly prepared 2M LiOH, 2M NaOH and 2M KOH solutions individually with a ratio of 1
g of Ti3C, T, to 10 mL. Final centrifuging and decantation followed by filtration were performed
to obtain pristine (Ti3C,7;) and metal ions intercalated MXenes (Ti3C,7-K, Ti;C,7\-Na and
T13C,T-Li) powders. The powders were kept at room temperature for 18 h for air drying. The
XRD of air dried MXenes were taken. The MXenes samples were then annealed at 110 °C in
vacuum for 4 hours to remove bulk water. XRD of all the samples were collected after annealing
to 110 °C. Ti;C,T, sample was annealed at vacuum to 150 °C for 4 hours to remove the trapped

molecular hydrogen.

B. Neutron Scattering
Fine Resolution Fermi Chopper Spectrometer (SEQUOIA) [24, 25] at the Spallation Neutron
Source at Oak Ridge National Laboratory was used to measure the INS spectra of the water
confined in pristine and metal ions intercalated MXenes. The spectra were collected using four

incident neutron energies (£; = 50, 160, 250 and 600 meV). INS spectra of pure water and 2M



metal hydroxide solutions (~ 5 g) of Li, Na and K were measured using the inverse geometry
time-of-flight spectrometer VISION [26] at the same facility. All samples were placed into

aluminum containers, and the INS spectra were collected at 7 K.

C. Molecular dynamics (MD) simulation

All the MD simulations were performed in ReaxFF [27, 28] within ADF (distributed by SCM,
see http://www.scm.com). In our simulations, we had 320 Ti-surface atoms and 320 -OH groups.
The model of the system, comprising of 1776 atoms: 72 cations, 88 water molecules and 2 layers
of MXene, was first subjected to 200 steps of energy minimization followed by NPT at 300 K
temperature for 20 ps. A temperature damping constant of 100 fs and a pressure damping of
1000 fs were used and the a and b lattice parameters were fixed for all the systems. The resulting
system was subjected to a NVT simulation under Berendsen thermostat with a temperature
damping constant of 100 fs for 12.5 ps, followed by a production NVT simulation with a weak
coupling of the thermostat (a temperature damping constant of 1000 fs) for 200 ps for data

collection.

III. RESULTS AND DISCUSSION

X-Ray diffraction (XRD) patterns of pristine and metal ions (Li", Na" and K") intercalated
Ti;C,T, in two forms, air dried at room temperature and vacuum annealed at 110 °C, are
presented in Figure 1. A prominent peak, corresponding to c lattice (c-L) parameter of 19.88 A,
was observed for air-dried pristine Ti3C,7,. Upon intercalation, the position of that peak shifts to
a lower angle, indicating an increase in the c-L parameter, and suggesting the presence of some
water molecules along with the metal ions between the MXene layers. There is a very small
change in the c-L parameter of pristine Ti;C,7 after vacuum annealing, whereas metal ions

intercalated samples show different behavior. Vacuum annealed K -intercalated Ti;C,T,



(Ti3C,T-K) shows very small reduction in the c-L parameter. Vacuum annealed Na-intercalated
Ti3C, T (Ti3C,T-Na) shows two peaks, one narrow and one broad, with the corresponding c-L

parameters of 23.98 A and

21.22 A, respectively. In vacuum annealed Li'-intercalated TizC, T, (Ti3C,Ty-Li1), the value of ¢c-L
parameter changes from 24.63 A to 19.88 A. The structural changes in Li" and Na -intercalated
MXenes after annealing are not quite understood and might warrant a dedicated in-situ time

resolved XRD study.
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FIG. 1. XRD pattern of pristine and metal ions (Li’, Na" and K") intercalated MXene before (solid lines)
and after (dotted lines) vacuum annealing at 110 °C as specified in the figure along with corresponding
peak positions and calculated c-L parameter values. Data for pristine and K'-intercalated MXenes have
been adapted from Ref. [17].

We studied the vibrational dynamics of water confined in vacuum annealed (110 °C) pristine
and metal ions (Li", Na" and K") intercalated Ti;C,7, by using INS technique. The INS spectra
from hydrogen-containing materials predominantly represent the scattering on hydrogen atoms
due to an anomalously large incoherent neutron scattering cross-section of hydrogen. Therefore,
in our experiment, we measured various vibration modes of water molecules and hydroxyl
groups (if present). Irrespective of the incident neutron energy, we observed (Fig. 2) that

intensity from pristine Ti3C, 7, is about 2.8 times higher compared to ions intercalated Ti;C,75,



which shows that intercalation removes a substantial amount of water that was present in pristine
Ti3C,Ty. Our recent QENS study of water dynamics in Ti;C,7, and Ti3;C,7,-K has shown that
water in the pristine Ti3C, 7Y is present in the gaps between stacks (a stack comprises a number of
MXene layers, a layer consists of a formula unit of MXene, i.e., two carbon atoms sandwiched
between three titanium atoms), and there is no intercalated water between the layers [17].

Diffusivity of the inter- stack water was found to exhibit a half of the bulk water

1x10™ ; - 4x10° ——————
—TiG,T, (b) ——TiCT,
- 5 ——Ti,C,T -Li . ——Ti,C,T-Li
‘g 8x10™1 — TiGCZTX.Ng ‘.@ 3x1 0-5 i ——Ti CZT -Na |
c —Ti,C,TK 3
= 6x10°
.e 4
§4x1 0°
m -
@ 2x10°
0 T “ T T 0 e ‘ T T T T T
0 10 20 30 40 50 0 20 40 60 80 100 120 140 160
Energy Transfer (meV) Energy Transfer (meV)
5X1 0-5 T T T T T 2X1 0-5 T T T T —
i (d) —Ti,C,T,
—_ ——Ti,C,T L
2 2x10° ——Ti,C,T,Na |

.,v' T T T T T 0 T " + . .
0 50 100 150 200 250 0 100 200 300 400 500 600
Energy Transfer (meV) Energy Transfer (meV)

FIG. 2. GVDS of pristine and metal ions (Li’, Na" and K") intercalated MXene measured at SEQUOIA
with (a) E; = 50 meV (b) E; = 160 meV (c¢) £; =250 meV and (d) E; = 600 meV at T=7 K. The intensity
from pristine MXene has been divided by 2.8 for the comparison purpose. The spectra shown in (a) for
pristine MXene and for MXene intercalated with K™ were adapted from Ref. [38], and the spectra for
pristine MXene in (c) and (d) were reported earlier in [11].

value. K -intercalation allows water to stay between the Ti3C, 7, layers, together with the metal

ions, where water mobility dramatically drops. In general, a larger amount of water in



confinement is associated with higher diffusivity [29]. Water molecules in MXenes are expected
to exhibit vibrational bands related to intermolecular translational (0-40 meV) and librational
(40-140 meV) modes, as well as intramolecular H-O-H bending (~205 meV) and O-H stretching
(400-450 meV) modes, similar to water in clays [30], graphene oxide [31], zeolites [32], silicate
sheets [33] and rutile nanoparticles [21]. The measured INS spectra were transformed to

generalized vibrational density of states, GVDS or G(E) as follows:

G(E) = S(Q.B) oy (1)

n(E,T)+1]

where S(Q,E) is a dynamical structure factor, £ and Q are energy and momentum transfer of
neutrons, and n(E, T)=[exp(E/ksT)-1]"" is a Bose population factor. Figure 2a shows the G(E)
spectra at low energy transfer (measured with E; = 50 meV), where translational vibrational
modes of water molecules are observed. There is an increase of intensity with a maximum
around 8-10 meV for Ti3C, 7, (indicated by an arrow in the figure). This peak maximum is close
to the peak in the INS spectra of bulk amorphous water, ice-lh, and other ice phases (around 6-10
meV), where it is related to the acoustic transverse modes in hydrogen-bonded network of water
molecules [34, 35]. A similar peak in the spectra of Na” and K" intercalated samples is present,
but strongly suppressed, while a broad peak around 20 meV is now observed. This peak
corresponds to in-plane vibrations of Ti and C atoms (~20 meV) in a simulated vibrational
spectrum for monolayer of TisC, 7, [36]. Therefore, we can assign this peak in our spectra to the
riding modes of water which is totally confined in Ti;C,7;. Hence, these spectra suggest the
presence of only a minute amount of bulk water and hydrogen bonding between the water
molecules and the Ti;C,T, surface [11]. In the GVDS spectrum of the Ti;C,7,-Li, there is a

strong reduction of intensity at an energy transfer ~20 meV, which is probably due to very large



neutron absorption cross-section by Li atoms [37]. Two peaks in pristine Ti3C,7 spectrum, at
14.7 and 29.4 meV is attributed to the presence of trapped molecular hydrogen (H») that shows

para < ortho transitions (/=0 toJ= 1, and J =1 to J = 2 transitions, respectively) [38, 39].

Effect of metal ions intercalation on the librational modes of water (energy range 50-140 meV)
is presented in Figure 2b. The librational modes of the water molecule are influenced by the
interaction with the confining surface, ions, and other nearby water molecules [32, 40]. For a
proton ordered ice (e.g ice-VIII), the librational band shows three peaks due to libration of the
water molecules around three orthogonal axes, but for proton disordered ice (e.g. ice-Ih) it
appears as one broad band due to disorder in hydrogen bonded network of water molecules [35].
The presence of —OH groups gives a more separated peak, often around 120 meV. Ti3C, T shows
a broad peak (from 50 to 130 meV), indicating the presence of bulk-like disordered confined
water. After Na” and K™ metal ions intercalation, there is a significant shift of the librational band
to the left, indicating softening of the hydrogen bonds of the water molecules. Furthermore, the
spectra become progressively narrower with an increase in the size of the intercalating metal
ions, thus revealing a stronger effect for the bigger ions, such as K'. However, the spectrum from
Ti3C,T-Li is similar to that of bulk-like water present in the Ti3;C,7,, with a negligible softening
of H-bond compared to Na" and K ions. In addition, it shows a prominent peak at ~ 120 meV,
indicating that the Li-intercalated Ti;C,T, contains more OH-groups and fewer water molecules

compared to Na" and K" ions intercalated samples.

The OH-groups in the Ti;C,7,-Li should not contribute to the energy range of water
intramolecular bending mode around 200 meV, which is prominently demonstrated by Figure 2c.
The GVDS spectra from all Ti3C, 7 samples (pristine and metal ions intercalated) show a peak at

~ 200 meV due to the intramolecular H-O-H bending mode, and this peak is the smallest for the
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Ti3C,Ty-Li. The peak from TizC, T} is broader compared to the peaks from metal ions intercalated
Ti3C,T. This observation indicates that water molecules are more organized (ordered) in metal
ions intercalated Ti3;C,7,. The width of the peak decreases with an increase in the size of the
metal ions; it means that water becomes highly ordered in K'-intercalated TizC,7T., which is
consistent with narrow peaks observed from the XRD measurement [17]. We also observed the
effect of size of the metal ions on the GVDS spectra of bulk water solutions (Figures S1 and S2)
[41], showing a similar impact on the librational band in the GVDS spectra. A hump in the
energy range of 140-160 meV is visible due to the two-phonon neutron scattering involving the

librational band.

Stretching intramolecular O-H modes of water are present in all Ti3C,7, samples (Figure 2d).
It is evident from the figure that water in Ti3C, 7 is of bulk type, giving a broad peak around ~
410 meV (similar to that in ice-Th) [35]. The peaks become sharper and shift noticeably to the
right after intercalation. This is attributed to the weakening of the hydrogen bond by metal ions,
consequently strengthening the intramolecular covalent O-H bond. There is also a clear
difference in the GVDS spectra of pristine and metal ions intercalated Ti;C,7, in this energy
range, but the difference in terms of the size of the intercalating metal ions is not significant. As
in the lower energy range, the peaks are sharper as a function of increasing ion sizes, suggesting
an ordering of water molecules similar to those observed in clay materials [30, 32, 42]. A second
hump appears at the energy range of 490-540 meV due to multi phonon neutron scattering from

the combination of libration and stretching modes[43].
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FIG. 3. Snapshots from the ReaxFF molecular dynamics simulations at 300 K of the Li", Na" and K"
intercalated Ti;C,7, layer. White, red, pink and cyan atoms in the MXene layer represent H, O, Ti and C,
respectively. Green, blue and purple atoms represent Li’, Na" and K ions, respectively.

Ordering of water molecules after metal ions intercalation as revealed in GVDS was further
investigated by molecular dynamics simulation using ReaxFF force field. This force field has
been successfully used to understand the interfacial behavior of confined water [44, 45]. The
snapshots taken with a single layer water and ions (Li’, Na" and K" respectively) intercalated in
Ti;C,T, layers from the ReaxFF constant volume/constant temperature molecular dynamics
(NVT-MD) simulations at 300 K are presented in Figure 3. The initial configuration of the setup
was adopted from the GCMC simulations performed in Ref. [17] to facilitate comparison. The
corresponding c¢-L parameters determined by performing the ReaxFF constant pressure/constant
temperature (NPT-ensemble) simulations are of 25.90 + 0.012, 25.51 = 0.035 and 25.56 = 0.017
A for Li", Na" and K ions respectively. This differences in c-L values can be explained from the
location of the ions within the water layer. Li" ions sit almost exactly in between the MXene
interlayer surface and the water layer, and are coordinated by two hydroxyl functional groups
and two water molecules, forming a tetrahedral structure. On the other hand, K* (and to some
extent, Na") ions position themselves along the center of the water layer, forming an almost

planar solvation structure.

Positions of the cations intercalated between the MXene layers can be correlated with the

mobility of water. Diffusion coefficient of water obtained from the calculated Mean Square
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Displacement (MSD), divided by 6 for 3D diffusion, presented in Figure 4a is the highest for Li"
(38.53 x 10" m’s™), followed by Na" (7.32 x 10" m’™) and K~ (0.032 x 10"* m’™)
intercalated Ti3C,7,. The diffusion coefficients obtained are about two orders of magnitude
lower than that of bulk water (D = 24.83 x 10" m’™) and MXene/Water with no cation
intercalation (D = 11.93 x 10"° m’s™). The MSD-t curves of bulk water and MXene/Water with
cation intercalation can be found in SI Figure S5 [41]. This trend suggests that the Li" ions have
the least interference to the water motion as they position themselves closer to the MXene

surface and away from the water layer, making the system relatively dynamic (more disordered),
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FIG. 4. Calculated (a) Mean square displacement of water molecules vs. time and (b) RDF of water
oxygen—oxygen (O,-O,,) distances in MXene layers at 300 K in Li", Na" and K ions intercalated
MXenes, respectively.

more involved with the water layer contribute to a higher resistance to the water motion (more
ordering). The K" ions, that are the most embedded in the water, interfere most with the water.
Note that water diffusion constant for K'-intercalated Ti;C,7, deviates from that reported

previously in Ref. [17], as we switched off the K-K bond in the ReaxFF description - thus
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removing a weak, physically incorrect K' attractive interaction. These were obtained with a
relatively high cation concentration. To evaluate potential biases related to the high cation
concentration, we repeated the simulations with a three times lower cation concentration (22
ions/88 water) and found that structural trends for the high-concentration results are reproduced.
However, the lower concentration does not provide distinct differences in the diffusion
coefficients, with the values increasing by over an order of magnitude as the ions move more
freely through the water layer. The diffusion coefficients obtained are 2.97 x 10"° m*s™ with Li",
3.10 x 10" m*s™ with Na* and 3.19 x 10" m’s™ with K", The values appear to be within the
error of each other, however, further investigation might be required. MSD-t curves for lower

concentration system can be found in Figure S6 [41].

The Radial Distribution Function (RDF) for water, Figure 4b, confirms the increase in the
order parameter of the water molecules from lithium to sodium to potassium, in agreement with
the INS data and calculated diffusivities. The absence of a shoulder feature close to the first
peak in the Ti;C,7,-K system indicates an absence of a dynamic secondary solvation shell
interchanging with the first solvation shell, which is unlike the case with Li" ions, where there
exists a shoulder peak indicating a dynamic secondary solvation shell. Interestingly, the ordering
trend for water molecules in ion-intercalated MXenes is opposite to the trend observed in bulk
aqueous solutions, where the structure-making Na' ions suppress water diffusivity, whereas the
structure-breaking K ions enhance it [46]. The ordering trend for water molecules in ion-
intercalated MXenes is driven essentially by the MXene morphology, which is rich of different

functionalities and defects [47, 48].
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Figure 5. RDF of MXene Oxygen (Op) and intercalated cation Li+, Na+ and K+ along with
Oxygen in water layer (Oy). (a) High concentration system with 72 cations/88 water (b) Low
concentration system with 22 cations/88 water. Inset background: sample positions of MXene
hydroxyl groups (left red/white spheres), Li cations (green spheres) and water layer (right
red/white spheres).

In particular, the presence of pockets of space between the Ti-OH and the water layer is of
significance, since these pockets can only be effectively occupied by the Li" ions, which, unlike
larger cations, can reside outside the water layer. Figure 5 shows the distance of the cations and
oxygen in the water layer from the oxygen in the Ti-OH group, highlighting the distinct
difference in overall position of the cations. It is found that this trend is observed also in the
lower concentration system (Figure 5 (b)) and Li" continues to be able to access the pockets of
space between Ti-OH and water. However, the lower concentration, permitting higher
diffusivity, allows Li" to disperse into the water layer although Na" and K" tend to retain their
distinctive positions. In all cases, the results for Ti3C,7,-Na are in between the corresponding
results of K™ and Li" intercalated TizC,T, systems, but closer to those of Ti;C,7,-Li. This
ordering trend, which manifests itself in the structure and diffusive and vibrational dynamics, can
be related to the ion size dependent electrochemical performance observed from K, Na" and Li"
intercalated Ti3C,7, in supercapacitor configurations [8]. Come et al. showed a contraction

associated with Li" and Na' intercalation upon electrochemical cycling, while almost no
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dimensional change happened, when K™ was electrochemically intercalated from aqueous
electrolyte [49]. It has also been reported that the immersion enthalpy of Ti3;C,7, increased from
Li" to Na" and K" [50]. All those data show a systematic and quite substantial change in

properties from lithium to potassium ion intercalation.

Influence of annealing temperature (110 and 150 °C) on the density of vibrational states of
water confined in Ti3C, 7, is presented in Figure S3 [41]. There is a significant decrease in the
intensity after 150 °C annealing because of the loss of the most of the confined water. All spectra
of the Ti;C, T, annealed at the higher temperature are very similar to that annealed at the lower
temperature, except for the H, transitions peaks at lower energies. However, the water librational
band in the Ti;C,7, after annealing at 150 °C has a larger peak at around 120 meV, most
probably due to a higher concentration of hydroxyl groups compared to H,O water molecules in
the sample (since hydroxyl groups are removed from the sample at higher temperatures than

water) [11].

With an aim of exploring the impact of anions and the properties of the source of the metal
ions (parent compounds) on the INS spectra of the intercalated MXenes, we explored the INS
spectra collected from Ti3;C,7, intercalated with sodium acetate (Ti3C,7,-NaAc) and compared
them with the Ti3C,7,-Na. Those spectra are presented in Figure S4 [41]. Ti3C,7,-NaAc contains
substantially less water in contrast to Ti3C,7,-Na. However, the spectra look almost similar in all
energy ranges suggesting that anions and the nature of source of the metal ions do not influence
the vibrational modes of the confined water. The subtle difference that could be seen might have

originated from the presence of acetate groups between the MXene layers.

IV. CONCLUSION

15



Using inelastic neutron scattering techniques and molecular dynamics simulations, we have
demonstrated that water in pristine Ti3C,7, is more bulk-like in character in comparison to water
confined in nanopores of minerals, e.g. beryl, cordierite, hemimorphite [51-53] or on surface of
nano-particles of TiO,, SnO,, Fe,O; [21,54,55], and shows disordered behavior. These
observations are in good agreement with conclusions of an earlier QENS study of MXenes [17].
Metal ions intercalation is associated with a lower amount of water in MXene. By comparing
Na" intercalated MXene using sodium hydroxide and sodium acetate, we found that the
dynamics of water molecules remains unaffected by the source of the metal ion used to
intercalate the MXene. In agreement with the MD simulations, water molecules become more
ordered after metal ions intercalation, and ions strongly decrease the strength of the hydrogen
bonds acting on intercalated water. Increasing the size of metal ions enhances the ordering of
water molecules. This observation provides microscopic-level rationalization of the prominent
results by Lukatskaya et al. [8] showing the trend in specific capacitance as a function of
intercalated metal ions, by demonstrating a direct correlation between the cation size, the
ordering of the water molecules, and the electrochemical performance. Our aim was to
understand trends in the microscopic water behavior, as a function of the metal cation size, to
provide guidance to tailoring MXene properties for energy and environmental applications.
Thus, the findings of this research can be used to guide optimization of MXenes properties by

metal intercalation.
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