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Abstract: Ion-selective membranes are crucial in various
chemical and physiological processes. Numerous studies
have demonstrated progress in separating monovalent/
multivalent ions, but efficient monovalent/monovalent
ion sieving remains a great challenge due to their same
valence and similar radii. Here, this work reports a two-
dimensional (2D) MXene membrane with super-aligned
slit-shaped nanochannels with ultrahigh monovalent ion
selectivity. The MXene membrane is prepared by
applying shear forces to a liquid-crystalline (LC) MXene
dispersion, which is conducive to the highly-ordered
stacking of the MXene nanosheets. The obtained LC
MXene membrane (LCMM) exhibits ultrahigh selectiv-
ities toward Li+/Na+, Li+/K+, and Li+/Rb+ separation (
�45, �49, and �59), combined with a fast Li+ transport
with a permeation rate of �0.35 molm� 2h� 1, outper-
forming the state-of-the-art membranes. Theoretical
calculations indicate that in MXene nanochannels, the
hydrated Li+ with a tetrahedral shape has the smallest
diameter among the monovalent ions, contributing to
the highest mobility. Besides, the weakest interaction is
found between hydrated Li+ and MXene channels which
also contributes to the ultrafast permeation of Li+

through the super-aligned MXene channels. This work
demonstrates the capability of MXene membranes in
monovalent ion separation, which also provides a facile
and general strategy to fabricate lamellar membranes in
a large scale.

Introduction

Lithium, is one of the most prominent elements in organic
synthesis, nuclear industry, and energy storage.[1] With
increasing industrialization and the soaring trend of global
electrification in the past decades, the consumption of
lithium resources increased dramatically. More than 60%
of the world’s lithium resources are stored in salt lakes.[2]

Efficient separation and purification techniques are
needed for lithium extraction.[3] Among the various
extraction methods, membrane technology features the

merits of high efficiency and low carbon emission,[4]

showing great promise in high-performance and sustain-
able lithium extraction. Typically, extracting lithium from
salt lakes mainly involves monovalent/divalent ions sepa-
ration (such as Li+ and Mg2+) and monovalent/monova-
lent ion separation (such as Li+ /Na+).[5] Due to the
distinct differences in size and charge between Li+ /Mg2+,
many kinds of membranes[6] have realized efficient Li+ /
Mg2+ separation. For example, a modified polyamide
(PA) membrane exhibits a Li+ /Mg2+ separation factor of
60.1 when increasing the surface charge density.[6d] Fur-
thermore, a covalent organic frameworks (COF) mem-
brane with abundant hydroxyl sites shows an ultrahigh Li+

/Mg2+ selectivity of �217.[6a] Despite the efficient separa-
tion of Li+ /Mg2+, these membranes failed to separate
monovalent ions due to the same valence and similar
diameters of Li+ (7.64 Å), Na+ (7.16 Å), K+ (6.62 Å), and
Rb+ (6.58 Å) in the hydrated states.[7] Recently, research-
ers provided a new perspective in achieving high-perform-
ance monovalent ion separation showing that in constraint
geometries such as nanopores, the alkali ions become
partially dehydrated.[8] Interestingly, the partially dehy-
drated Li+ ions have a higher mobility than the other
partially dehydrated alkali ions.[8–9] For example, a metal–
organic frameworks (MOF) membrane[9b] with a window
size of 3.4 Å could selectively sieve Li+ with a Li+ /K+

selectivity of 2.2. The hydrated Li+ tends to dehydrate
when passing through the MOF window, and the partially
dehydrated Li+ has the smallest diameter, contributing to
the faster permselective transport over Na+, K+, and Rb+.
Moreover, the same phenomenon was also observed in
charged two-dimensional (2D) vermiculite nanochannels
(4.3 Å),[9a] in which the partially dehydrated Li+ diffuses
faster than Na+ and K+ resulting in Li+ /Na+ and Li+ /K+

selectivities of 1.26 and 1.59. However, the monovalent
ion sieving performances of these membranes are still
unsatisfying with Li+ /M+ selectivities<5 (M represents
Na, K, and Rb). Therefore, developing an advanced
membrane material for high-performance monovalent ion
sieving is still challenging.
MXenes, an emerging family of 2D nanomaterials and

a rising star for the fabrication of lamellar membranes,
are derived from layered MAX-phase (e.g. Ti3AlC2)
materials.[10] MXenes have the general formula Mn+1XnTx,
where M represents an early transition metal,[10a] X
denotes carbon and/or nitrogen, T refers to the terminat-
ing surface functional groups (� OH,=O, and � F), and n
varies from 1 to 4. MXenes combine the advantages of
good flexibility, diversity, tunable functionalities, and
hydrophilicity.[11] Over the last decade, MXenes have been
widely processed into lamellar membranes which have
been successfully evaluated in gas separation,[12]

desalination,[13] and nanofluidic devices.[14] In fact, the
interlayer channel, i.e., the empty space between the
MXene nanosheets of the wet MXene membranes is
around 6 Å.[6b,13] This size signifies that hydrated Li+

needs partial dehydration to enter the MXene channels,
while the dehydrated Li+ has a smaller diameter than the
other dehydrated alkali metal ions, revealing great prom-
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ise for highly-efficient Li+ /M+ sieving.[9] However, to the
best of our knowledge, only a few studies report high-
performance monovalent ion separation using MXene
membranes. These observations are based on the presence
of defects or disordered stackings in those MXene
membranes, which obscured their intrinsic properties.[15]

Herein, we report defect-free MXene membranes with
super-aligned nanochannels by applying shear forces to a
liquid-crystalline (LC) MXene nanosheet dispersion (Fig-
ure 1a and Figure S1). The LC MXene nanosheet dis-
persion shows the fluidity of liquids and the long-range
order of crystals. The prepared supported membrane layer
shows excellent in-plane stacking order and precise
interlayer spacing of �6 Å. The obtained LC MXene
membrane (LCMM) exhibits ultrahigh selectivities toward
Li+ /Na+, Li+ /K+, and Li+ /Rb+ (�45, �49, and �59,

respectively) and a high permeation rate of Li+ (
�0.35 molm� 2 h� 1), outperforming the state-of-the-art
membranes. Molecular dynamics (MD) simulations and
density functional theory (DFT) results confirm the high
mobility of Li+ ions. This work demonstrates the impor-
tance of constructing uniform nanochannels of MXene
membranes and provides insights into the design of high-
performance ion sieving membranes.

Results and Discussion

According to the Onsager theory, 2D nanosheet disper-
sion can form liquid crystals at sufficiently large sizes of
the nanosheets and sufficiently high concentrations.[16] To
prepare large-size MXene nanosheets, a preselecting

Figure 1. Preparation of the LCMM. (a) Schematic illustration of the fabrication of LCMM by shearing LC MXene nanosheets and the corresponding
separation process. (b) Scanning electron microscopy (SEM) images of MXene nanosheets and (c) size distribution based on 200 nanosheets. (d)
Polarized optical microscopy (POM) images of MXene dispersions for the concentrations of 5, 10, 15, and 20 mgml� 1 with the illustrations of
MXene nanosheets changing from isotropic to nematic state. (e) Viscosity versus shear rate for MXene nanosheet dispersions at different
concentrations. Digital photos for (f) the viscous LC MXene dispersions at 15 mgml� 1 and (g) the as-prepared LCMM.
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method[17] was used (Supporting Information and Fig-
ure S2). Briefly, the small-sized MAX (Ti3AlC2) powder
particles stay in solution while the large-sized ones form a
sediment. After three cycles, the remaining large-sized
MAX particles were used in the etching process. The
Ti3C2Tx MXene nanosheets (Figure S3–S7) with a large
aspect ratio could be obtained by a modified etching
method.[18] As shown in Figure 1b–c, the MXene nano-
sheets have an average lateral size of 8 μm, with an aspect
ratio (l/d) over 103, which is also proved by the dynamic
light scattering (DLS) (Figure S8). The typical Tyndall
effect and the Zeta potential analysis (Figure S9–S10)
demonstrate the excellent dispersity and stability of the
MXene nanosheet dispersions. Figure 1d presents the
corresponding polarized optical microscopy (POM) im-
ages of MXene nanosheet dispersions at different concen-
trations. When the concentration was 5 mgml� 1, the
MXene dispersion formed as an isotropic phase. A clear
change in birefringence occurs at a concentration of
10 mgml� 1, indicating the formation of a nematic phase
dispersion. As depicted in Figure 1d, the MXene disper-
sion thoroughly transformed from an isotropic state to a
nematic state when the concentration is over 15 mgml� 1,
behaving as an LC dispersion. Furthermore, the rheolog-
ical properties[19] of MXene dispersions were also inves-
tigated. The viscosity of the MXene dispersion increases
drastically with rising concentrations and decreases with
increasing the shear rate (Figure 1e and Figure S11–S12),
which is consistent with previous reports.[20] The prepared
LC MXene dispersion (15 mgml� 1) is highly viscous and
shiny (Figure 1f). By using a blade-coating method apply-
ing shear force to the LC MXene dispersion, a defect-free
shiny metallic MXene membrane could be obtained on
the porous Nylon support (Figure 1g).
The shear thinning behavior allows us to apply shear

stress to align the MXene nanosheets in-plane and
fabricate lamellar membranes with a superior arrange-
ment of the nanosheets. A series of MXene membranes
were prepared from MXene nanosheet dispersion of
different concentrations, see Figure S13–S16. For compar-
ison, we also prepared MXene membranes from the non-
liquid-crystal MXene dispersion with a lower MXene
concentration of 10 μgmL� 1 (called NLCMM). The 3D
atomic force microscope (AFM) images in Figure 2a–b
intuitively present the topography difference between the
LCMM and NLCMM. The roughness of the LCMM is as
low as �60 nm over a large scale of 50 μm, much lower
than that of the NLCMM with �600 nm surface rough-
ness. The scanning electron microscopy (SEM) images
also show that the LCMM possesses a much smoother
surface without noticeable wrinkles compared to NLCMM
(Figure 2c–d). The cross-sectional SEM images demon-
strate the superior alignment of MXene nanosheets of
LCMM, while the twisted wrinkles indicate the disordered
stacking in NLCMM (Figure 2e–f), both membranes with
a thickness of �1 μm. In addition, X-ray diffraction
(XRD) was carried out to assess the crystalline order of
the LCMM and NLCMM (Figure S17). As expected, the
LCMM exhibits a much narrower and stronger (002) peak

and a more pronounced (004) peak compared to the
NLCMM. Besides, we studied the interlayer spacing of
wet and dry states of the membranes, as shown in
Figure 2g. The normalized XRD patterns indicate that the
interlayer spacing increased from �3 Å (dry state) to
�6 Å (wet state) due to the intercalation of water
molecules.[13] To further study the difference between the
LCMM and NLCMM, we carried out a series of character-
izations and found that they are almost identical in their
physicochemical properties (Figure S18–S21) except for
the nanosheet stacking order.
We have used two experimental methods to character-

ize the stacking order of nanosheets in the membranes
using (i) a polarization camera and (ii) 2D wide-angle X-
ray diffraction (WAXD). Polarized light imaging can be
used to study the local orientation by imaging the slow
axis of alignment of the MXene nanosheets in the plane of
the membrane. Equipped with the LPS Abrio imaging
system, the polarization camera can provide falsely
colored polarized light images, where different hues of
color represent the azimuth more visibly, which has been
widely used to investigate the order parameter character-
izations for liquids and films.[21] As displayed in Fig-
ure 2h–i, the LCMM shows a uniform hue over hundreds
of micrometers, while the colorful polarized image of the
NLCMM demonstrates a distributed hue. Since the color
legend is a guide relating hue to azimuth, we displayed the
polar histograms of the azimuth angles of the LCMM
(Figure 2j) and NLCMM (Figure 2k). The bottom of the
images shows the vector overlay of the azimuth at regular
grid points. Apparently, the LCMM demonstrates a better
orientation. A scalar parameter, S (for calculation details,
see the Supporting Information), representing the distri-
bution of the azimuthal angles in the x-y plane, was
adopted to describe the in-plane nanosheet alignment of
the MXene membranes. The LCMM exhibits an S value
of �0.99 (calculation based on 1000 pixels), indicating the
perfect in-plane stacking behavior. However, the
NLCMM exhibits an S value of �0.31, implying a poor
nanosheet alignment.
We also used 2D-WAXD measurements to elucidate

the different stacking of the nanosheets in LCMM and
NLCMM. Accordingly, a more concentrated and intensive
scattering for the (002) plane of the LCMM is observed in
the WAXD images (Figure 2l and Figure S22), demon-
strating a higher in-plane uniformity in LCMM. The
WAXD data of the (002) plane was converted into 1D
azimuthal plots (Figure 2l) to quantitatively compare the
MXene nanosheet alignment in LCMM and NLCMM.
The distribution of the azimuthal angle of the LCMM is
narrower and more concentrated, as LCMM has a smaller
full width at half maximum (FWHM). Moreover, we
calculated the distribution of the inclination angle of the
nanosheets deviated from the (002) plane based on the
azimuthal data, which intuitively verifies the super-aligned
structure of LCMM (Figure S23). Notably, these results
strongly confirm that using LC MXene nanosheet dis-
persion and applying shear stress is advantageous to
prepare membranes with ultrahigh alignment.
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We investigated permeation rates of the monovalent
ions (Li+, Na+, K+, and Rb+) through LCMM and
NLCMM by using a homemade U-shaped device (Fig-
ure S24) with 0.2 M salt solution as feed. At first, we
evaluated the LCMM and found that the number of
permeated ions increases linearly with time by recording
the conductivity on the permeation side (Figure 3a).
Accordingly, the permeation rate of Li+ is as high as
�0.35 molm� 2 h� 1, while for Na+, K+, and Rb+, the values
are much lower and amount �0.0079, 0.0070, and
0.0057 molm� 2 h� 1, respectively. However, for the
NLCMM, the permeation rate of Li+ is as low as
�0.025 molm� 2 h� 1 (Figure 3b). This interesting phenom-
enon is probably associated with the MXene nanosheet
stacking order of the membranes. The super-aligned
structure endows the LCMM with a precise channel size
of�6 Å, while disordered nanosheet stacking might lead
to a wider distribution of channel sizes for NLCMM

(Figure S25–S26 also provide the free-spacing changes of
LCMM and NLCMM in different solutions). The uniform
MXene channels of LCMM build up a fast and straightfor-
ward pathway for Li+, while the randomly distributed
channels of NLCMM provide a slow and tortuous path-
way. This brings an enormous difference in the ideal
selectivity of Li+ /M+ between LCMM and NLCMM. As
displayed in Figure 3c, for the LCMM, the ideal selectivity
of Li+ /Na+, Li+ /K+, and Li+ /Rb+ are �45, �49, and �59,
respectively. But for the NLCMM, the selectivities of Li+ /
Na+, Li+ /K+, and Li+ /Rb+ are as poor as �2.9, �3.9, and
�4.1, respectively. Certainly, the porous Nylon substrate
does not contribute to any selectivity (Figure S27). We
also used the binary system with the molar ratio of Li+ /
M+ =1 as feed to further explore the separation perform-
ance of the LCMM and NLCMM. The permeation rates of
binary ions were calculated from concentration analysis
by inductively coupled plasma mass spectrometry (ICP-

Figure 2. Characterizations. 3D AFM images of (a) LCMM and (b) NLCMM. Surface SEM images of (c) LCMM and (d) NLCMM. Cross-sectional
SEM images of (e) LCMM and (f) NLCMM. (g) XRD patterns of LCMM and NLCMM in dry and wet states. Polarized light images of (h) LCMM
and (i) NLCMM. The color legend is a guide relating hue to azimuth (expressed around the circumference of the semicircle) and brightness to
apparent retardance (expressed radially in nm). Polar histograms of the azimuth angles and the in-plane order parameter for (j) LCMM and (k)
NLCMM. The bottom of the images shows the vector overlay of the azimuth at regular grid points. (l) Azimuthal angle plot of the membranes.
Insets are the 2D WAXD patterns (left) of the LCMM and NLCMM and the corresponding schematic illustration of MXene nanosheets in the
membrane (right).
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MS) (Table S1). The selectivity of Li+ /Na+, Li+ /K+, and
Li+ /Rb+ is �27, �41, and �52. A slight decrement in
selectivity is observed in comparison with the ideal
selectivities due to the competitive effect of cations,[22] as
displayed in Figure 3c (inset). Further, the permeation
rate of Mg2+ and the selectivity of Li+ /Mg2+ are also given
in Figure S28. LCMM and NLCMM exhibit higher
selectivity for Li+ /Mg2+ compared with other monovalent
Li+ /M+ pairs. Interestingly, despite the huge difference in
the permeation rate, both LCMM and NLCMM demon-
strate a preferential transport of Li+, which agrees with
previous reports.[6b,23] These results demonstrate that
MXene membranes favor the permeation of Li+ over
other monovalent cations, which might be due to the weak
interaction between Li+ and MXene surface, while other
ions with larger diameters tend to become adsorbed on
MXenes and thus hindering their transport.
Moreover, a long-term test was carried out to examine

the stability of LCMM. As shown in Figure 3d, no
apparent decline is observed in the permeation rate of Li+

and the permeation selectivity of Li+ /K+ in the 48-hour
test. This experiment not only suggests that LCMM
provides ultrafast and selective nanochannels for Li+ but
also implies the superior stability of LCMM. As a step
further, to assess the uniformity of the prepared LCMM,
we chose a large-area LCMM and selected different areas
for the ion permeation test. As displayed in Table S2, the
results demonstrate a remarkable uniformity of a large-
area LCMM, further proving that the shear-aligned

method can be scaled up to fabricate lamellar membranes
without sacrificing separation performance.
Due to their same valence and similar ionic radii

(Table S3), the effective separation of monovalent ions is
very challenging. Various materials have been processed
recently into membranes aiming at high-performance
monovalent cation separation. However, only a few
membranes achieved a satisfying selectivity,[6b,8] mostly
lower than 5, as shown in Figure 3e. For example, the
selectivity of Li+ /K+ of the nacre-like GO-MXene compo-
site membrane is 4.8. Obviously, our LCMM outperforms
the state-of-art membranes in the Li+ /K+ selectivity. The
detailed comparisons are provided in Table S4.
To elucidate the ion sieving mechanism, we performed

density functional theory (DFT) and classical molecular
dynamics (MD) simulations of the ion hydration states
and ion transport through simulated LCMM and NLCMM
channels (detailed calculations are provided in Supporting
Information). First, the equilibrium states of hydrated
Li+, Na+, K+, and Rb+ in the MXene channels of 6 Å
width are presented in Figure 4a. These alkali ions show
different hydration states in the 2D confined channels,
which are related to their bare ionic diameter and
interaction with the MXene surface. For example, the
smallest Li+ ion is hydrated with 4 water molecules in the
shape of a tetrahedron, while the larger K+ is hydrated
with 6 water molecules in the shape of an octahedron.
Notably, the ions’ hydration states are closely associated
with their mobility in the slit channels. Therefore, to
comprehensively analyze the hydration states of ions in

Figure 3. Ion separation performance. (a) Permeated ions (Li+, Na+,/K+, and Rb+) through the LCMM as a function of testing time. (b)
Comparisons of the permeation rates through LCMM and NLCMM. (c) Permeation selectivity of Li+/Na+, Li+/K+, and Li+/Rb+ through LCMM
and NLCMM. Inset is the binary ion selectivity of LCMM and NLCMM. (d) Long-term stability of the LCMM. (e) Comparisons of Li+/K+ selectivity
of various membranes.[6b,e,7b,c,d,8,23–24]
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MXene channels, we performed the water’s radial distri-
bution functions (RDF) by quantifying the relative
positions between the ions and the oxygen atom of water,
as shown in Figure 4b. Apparently, the Li+ ion exhibits
the shortest cation-water distance and consequently the
most compact structure. Compared with the bulk solu-
tions, the first peaks in the RDF profile of hydrated ions
inside the slit-shaped pores look identical describing the
1st hydration shell (Figure S29). However, the second
peaks are much flatter, which means that the interaction
of cations with water in the 2nd hydration shell is getting
much weaker, especially for the Li+ ion. Therefore, we

can deduce that the hydrated Li+ (7.64 Å) gets partially
dehydrated to enter the MXene channels (d=6 Å). To
intuitively understand the dehydration process, the coor-
dination number (CDN) of these ions in both bulk
solutions and in MXene nanochannels are studied,[25] as
presented in Figure 4c. As for the 1st hydration shell, the
CDN of Li+, Na+, K+, and Rb+ change only a little.
Accordingly, the CDN of Li+ is �4, Na+ is �5, K+ is �6,
and Rb+ is �7 (Table S5). In the confined space of 2D
channels, the formation of a 2nd hydration shell in the
narrow pores is not possible for steric reasons. Surpris-
ingly, the cation-water distance of the 1st shell increases

Figure 4. Theoretical calculations. (a) Equilibrium states of Li+, Na+, K+, and Rb+ in MXene 2D channels at a width of 6 Å. (b) Radius distribution
function (RDF) of water molecules around Li+, Na+, K+, and Rb+ ions in MXene 2D channels at a width of 6 Å. (c) Comparison of coordination
number (CDN) of ions in bulk solution and in MXene channels (d=6 Å). (d) Distribution profile of Li+, Na+, K+, and Rb+ ions in MXene channels
(d=6 Å). (e) Binding energy of the hydrated ions in MXene channels, Li+ ·4H2O, Na+ ·5H2O, K+ ·6H2O, Rb+ ·7H2O, respectively. (f) Adsorption
energy of the hydrated ions with MXene channels (d=6 Å). (g) The calculated potential of the mean force (PMF) of Li+ ·4H2O through LCMM and
NLCMM.
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for all ions (Figure S30), and this might be attributed to
the confined space in the MXene interlayer leading to a
change in the geometry of the hydrated ions. Because of
the narrow channels, the hydrated ions are deformed in
the 2D direction. Converse to the situation in bulk
solution, Li+ ions exhibit the smallest diameter among
these alkali ions in MXene channels of 6 Å distance.
Furthermore, we track the ions moving in MXene
channels and analyze their distribution profile (Fig-
ure 4d). Interestingly, different from other monovalent
ions under study, Li+ ions show a concentrated distribu-
tion at the center of the 6 Å MXene channel, while Na+

shows a more even distribution and K+, Rb+ tends to
reside close to the MXene surface. This suggests that Li+

·4H2O with the smallest diameter is more likely to enter
and then become transported through the 6 Å MXene
channels compared with other monovalent ions such as
K+ or Na+, which explains the high selectivity of
LCMM.[26]

To figure out the difference in ions’ mobility, we first
computed the binding energy (Ew, Ew=EM+ ·nH2O-
nEH2O-EM

+, n represents the CDN of the hydrated M+)
of the hydrated ion cluster. We obtained the following
ranking: Li+ (� 2.379 eV)>Na+ (� 1.507 eV)>K+

(� 1.118 eV)�Rb+ (� 1.197 eV), as shown in Figure 4e
and Figure S31. This finding indicates that the Li+

hydrated with 4 water molecules exhibits the most stable
structure with less possibility of exchange with surround-
ing water molecules, which favors the migration of Li+

ion. Further, the adsorption energy (Eads) between hy-
drated cations and MXene was calculated to demonstrate
the capability of their diffusion in MXene channels. The
Eads values (Figure 4f) are ranked as below: Li+

(� 3.082 eV)>Na+ (� 3.756 eV)>K+ (� 3.932 eV)>Rb+

(� 4.550 eV), indicating that it is easiest for hydrated Li+

to migrate through MXene channels due to the weakest
interaction, which is also consistent with the fast perme-
ation of Li+ observed in experiments. However, the
relatively stronger interaction of Na+, K+, and Rb+ with
the MXene channels might lead to strong adsorption at
the MXene surface thus hindering their migration, which
explains their slow transport. This finding is also consis-
tent with their distribution profile in Figure 4d. It can be
concluded that the interactions of alkali ions with the
channel surface are quite different despite the same
valence and similar radii, and this interaction dominates
their transporting behavior in the confined nanochannels.
Further, we carried out a series of calculations to

understand distinctly the different permeation rates of
hydrated Li+ ions in the LCMM and NLCMM. In contrast
to the super-aligned channels in LCMM, the MXene
channels were set with varying widths and angles to
simulate the disordered MXene nanosheet stacking in
NLCMM (as illustrated in Figure S32). The potential of
the mean force (PMF) of hydrated Li+ ions traveling
through LCMM and NLCMM was computed, and the
results are shown in Figure 4g. The PMF of hydrated Li+

passing through the NLCMM shows a much higher energy
barrier (0.40 kcalmol� 1) due to repeated ion dehydrations

than through the LCMM (0.037 kcalmol� 1) with parallel
MXene nanosheets, indicating the huge transport barrier
in NLCMM channels. The narrow and random MXene
channels build up an enormous steric barrier for ions to
enter and become transported (detailed information is
presented in Figure S33–S34), which might lead to the
detour of hydrated ions from polyhedron (d=6 Å) to
planar (d=3 Å) geometry and prolong the transport
pathway. This model explains the experimentally ob-
served low permeability of ions through NLCMM. Over-
all, our theoretical calculations reveal that the ultrahigh
monovalent ion selectivity of the LCMM is attributed to
two parts, one is the uniformly distributed size of the slit-
shaped channels with d=6 Å width in LCMM, and the
other is the lowest adsorption energy of Li+ ·4H2O at
MXene channels.

Conclusion

We have developed a lamellar MXene membrane with
super-aligned nanochannels by applying shear stress on a
LC MXene dispersion. The as-prepared LC MXene
membranes show an ultrafast and selective transport of
Li+ over other monovalent ions M+, thus exhibiting an
excellent Li+ /M+ separation performance. Theoretical
calculations suggest that the interaction of ions with the
MXene channels is the key to the selective Li+ transport,
while the stacking order of the MXene nanosheets
determines the permeation rate of Li+. We believe that
the proposed strategy paves the way for the preparation
of lamellar membranes with controllable sieving perform-
ance. The tunable stacking order of the nanosheets in 2D
lamellar membranes confirms tremendous opportunity for
nanofluidic ion transport and high-efficient molecule
sieving from both experimental and theoretical views.
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