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Abstract: Osmotic energy from the ocean has been
thoroughly studied, but that from saline-alkali lakes is
constrained by the ion-exchange membranes due to the
trade-off between permeability and selectivity, stemming
from the unfavorable structure of nanoconfined chan-
nels, pH tolerance, and chemical stability of the
membranes. Inspired by the rapid water transport in
xylem conduit structures, we propose a horizontal trans-
port MXene (H-MXene) with ionic sequential transport
nanochannels, designed to endure extreme saline-alkali
conditions while enhancing ion selectivity and perme-
ability. The H-MXene demonstrates superior ion con-
ductivity of 20.67 Sm�1 in 1 M NaCl solution and a
diffusion current density of 308 Am�2 at a 10-fold
salinity gradient of NaCl solution, significantly out-
performing the conventional vertical transport MXene
(V-MXene). Both experimental and simulation studies
have confirmed that H-MXene represents a novel
approach to circumventing the permeability-selectivity
trade-off. Moreover, it exhibits efficient ion transport
capabilities, addressing the gap in saline-alkali osmotic
power generation.

Introduction

As fossil energy reserves dwindle, there is an imperative to
cultivate renewable energy sources like osmotic power, solar
energy, wind energy, and others to fulfill the sustainable
demands of societal advancement.[1] Osmotic energy, consid-
ered a crucial component of “blue energy,” harvests energy
from the salinity gradient without producing pollution or
emitting carbon dioxide.[2] Theoretically, it can extract
0.8 kilowatts of energy per cubic meter, equivalent to the
energy generated by water falling from a dam over
280 meters high.[3] Osmotic energy conversion relies on ion
exchange membranes, where the ion dynamics determine its
output performance.[4] Over the past decades, artificial
nanofluidic channels inspired by biological ion channels
have undergone extensive study to enhance ion dynamics in
osmotic power generation.[5] For instance, one-dimensional
(1D) monolayer molybdenum disulfide (MoS2) nanopore
was calculated to be able to reach the osmotic power density
of 106 Wm�2 in theory when ignoring the strong pore-pore
interactions.[6] Two-dimensional (2D) nanofluidic materials,
such as graphene oxide (GO),[2b,7] polymeric carbon nitride
(C3N4),

[8] MXene,[9] etc., could regulate ion dynamics signifi-
cantly due to their unique 2D nanofluidic channels.[10] When
the dimensions of nanofluidic channels closely approximate
the Debye length, ion transport within the channels becomes
governed by surface charge, resulting in atypical ion
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dynamics.[11] Augmenting ion dynamics in membrane science
may hold the key to optimizing osmotic power generation.[12]

Furthermore, efficient osmotic energy harvesting from
oceans has been achieved using diverse methods, including
the synthesis of specialized membrane materials, construct-
ing nanoconfined channels, and optimizing ionic-electronic
coupling interfacial processes.[6a,13] However, the potential
for osmotic energy harvesting in saline-alkali environments
was frequently neglected. Inland saline-alkali lakes (soda
lakes) with freshwater inflows serve as a representative of
saline-alkali environments, offering conditions suitable for
osmotic energy conversion.[14] In fact, the salinity levels in
specific lakes exceed those of the ocean by several orders of
magnitude.[15] Nevertheless, saline-alkali lakes frequently
contain high levels of sodium carbonate and sodium
bicarbonate, resulting in considerable alkalinity
(~50 meqL� 1) and a high pH (~10).[14] These characteristics
impose constraints on the chemical and structural stability of
channels, interfaces, or membranes during the energy
conversion process.[2a,16] On the other hand, the competitive
relationship between membrane selectivity and permeability
necessitates the effective balancing of these factors to
enhance ion selectivity, fluxes, and conductivity, ultimately
achieving a commercially viable osmotic power density that
is generally considered exceeding 5 Wm� 2.[6a,12a]

The continuous transpiration in vascular plants plays a
pivotal role in their water-salt balance and contributes to the
global water cycle. This phenomenon is attributed to the
low-resistance vessel structure in the xylem, facilitating rapid
water uptake.[17] This inspired investigations into ion trans-
port directions in 2D nanofluidic materials, where ion
dynamics differ significantly depending on whether ions
transport horizontally or vertically through the
nanosheets.[18] Horizontal ion transport may exhibit higher
ion fluxes due to its ability to exploit nanoconfined channels
with a high aspect ratio, similar to the transport of water and
salts in the xylem of vascular plants.[17b,18a,19] Therefore, by
redirecting ion transport from the vertical to the horizontal
direction, ion fluxes may be enhanced while maintaining
high ion selectivity, as the chemical composition of the
channels remains unchanged.[20] This approach could repre-
sent an effective strategy for reconciling the trade-off
between selectivity and permeability. Recently, Cao et al.
have compared the ion transport differences within verti-
cally transported graphene oxide (V-GO) and horizontally
transported graphene oxide (H-GO), respectively.[20] The
horizontal structure exhibited faster ionic permeability
compared to the vertical structure. However, harvesting
osmotic energy from saline-alkali environments requires
nanochannels with enduring chemical and structural charac-
teristics, encompassing stable layering and surface charge,
qualities absent in materials such as GO. Hence, it is
imperative to opt for a material proficient in effectively
accommodating a wide range of pH gradients for optimal
osmotic energy conversion in saline-alkali environments.

Herein, inspired by the rapid water transport observed
in xylem vessel elements, we designed a horizontal transport
MXene (H-MXene) prepared by simple vacuum filtration.
MXene includes numerous surface terminations (� OH, � F,

and =O), which offer excellent cation selectivity and help
reduce the activation energy for ionic dehydration. Com-
pared to conventional vertical transport MXene (V-
MXene), our H-MXene exhibits significantly higher ionic
fluxes for ultrafast ion transport through nanofluidic
channels. It demonstrates an enhancement in ion conductiv-
ity of nearly five orders of magnitude and an increase in
diffusion current density of about three orders of magnitude.
This effectively overcomes the permeability-selectivity
trade-off observed in conventional vertical transport mem-
branes. The results show that H-MXene could achieve an
osmotic power density of 9.47 Wm� 2 and an ultrahigh
energy conversion efficiency of 45.7% in NaCl solution at a
50-fold salinity gradient. Meanwhile, H-MXene maintains
high ion selectivity and osmotic power density in HCl and
NaOH solutions with varying salinity gradients, ensuring
stable osmotic energy conversion in acidic and alkaline
environments. The diffusion of various cations in both
horizontal and vertical ion transport channels was theoret-
ically simulated to corroborate the experimental findings.
These results offer a solution to the challenge of the
permeability-selectivity trade-off in ion-exchange mem-
branes and encourage further exploration of osmotic power
generation from saline-alkali environments.

Results and Discussion

Fabrication and Characterization of Ti3C2Tx MXene

Figure 1a shows the fabrication process of MXene, where
MXene nanosheets were obtained by selectively etching Al
atoms from the Ti3AlC2 (MAX phase) using Li/HCl etchant,
as previously reported.[9b,21] A clear Tyndall effect was
observed in the diluted colloidal suspension of MXene,
indicating good dispersibility. The particle size distribution
demonstrated that the average particle size of MXene
nanosheets was 91.33 μm, which was essential for the
construction of 2D nanofluidic channels with uniform and
orderly arrangements (Figure S1, Supporting Information).
Finally, a uniform and flexible MXene film was obtained
through simple vacuum filtration (Figures S2–S5, Supporting
Information). As shown in Figure S6 (Supporting Informa-
tion), ultrathin MXene nanosheets were observed on a
silicon substrate. From the scanning electron microscope
(SEM) image and transmission electron microscope (TEM)
image, it can be observed that the MXene membrane was
composed of stacked layers of nanosheets (Figures 1b,c, and
S7–S9, Supporting Information). Atomic force microscope
(AFM) observations indicated a lateral size distribution of
these MXene nanosheets ranging from 1 to 3 μm, with an
average height of 2 nm (Figure S10, Supporting Informa-
tion). X-ray diffraction (XRD) patterns indicated that the
(002) peak may represent the interlayer spacing of the
MXene, and the layer distance was calculated as ~13.47 Å.
While in a hydrated state, the XRD pattern shows that the
(002) peak of the MXene membrane shifted to a lower
angle, resulting from the fact that water molecules might be
inserted into layer spacing between the nanosheets. As a
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result, the interlayer spacing (d) in a hydrated state was
16.10 Å (Figure 1d). Considering the theoretical thickness
(a) of a single layer of MXene is approximately ~9.8 Å,[9a]

the estimated space for ion diffusion is δ= (d-a)�6.3 Å. In
addition, the terminal functional groups were examined by
X-ray photoelectron spectroscopy (XPS), Fourier-transform
infrared spectroscopy (FTIR), and Raman spectroscopy, as
shown in Figures 1e,f, and S11–12 (Supporting Information).
The XPS spectra showed that abundant surface terminal
groups, including � O, � OH, and � F, were bonded to the
surface of Ti3C2 nanosheets.

[22] These functional groups, as
evidenced by Raman spectra and FTIR as well,[23] ensured
the MXene membranes hydrophilic and negatively charged
(Figures 1g and S13, Supporting Information). Furthermore,
the prepared MXene membrane can remain stable in both
deionized water and saline-alkali environments for over one
month, which is highly significant for future practical
osmotic applications (Figures S14–S17, Supporting Informa-
tion).

Highly Efficient Osmotic Energy Conversion of H-MXene

Initially, the osmotic energy conversion capability of H-
MXene was evaluated in artificial seawater and river

environment of 0.5 M/0.01 M salinity gradient NaCl solu-
tions, as commonly used in previous reports.[20,24] The H-
MXene osmotic power source was made by placing the
prepared MXene membrane in an acrylic device with the
confined acrylic tape to prevent the solution from leaking
(Figure 2a). Ag/AgCl standard electrodes were used to
eliminate the contribution of redox reactions.[9c,25] The
negatively charged nanoconfined channels of the H-MXene
enabled the selective transport of cations (Na+), which can
generate a membrane potential of 96.6 mV and a diffusion
current of 11.42 μA at 50-fold salinity gradient (Figure 2b).
The osmotic power density (P) is determined by P= Isc

2×RM

(where the Isc is the diffusion current and RM is the
membrane resistance). When the load resistance RL equals
the membrane resistance RM, the power achieves its peak
value.[26] The power generation performance increases and
the diffusion current decreases with the increasing external
load resistance RL, indicating that the osmotic power source
exhibits typical Ohm-type performance. When the external
load resistance was 9.02 kΩ, the osmotic power density of
the H-MXene osmotic power source reached its maximum
value of 9.47 Wm� 2 (Figure 2c). It achieved ultra-low
membrane internal resistance at thicknesses of 3 mm by
transporting ions vertically. In comparison with the perform-
ance reported in other articles under the same salinity

Figure 1. Preparation and characterization of MXene. a) The fabrication process of MXene. b) Cross-sectional SEM image of MXene exhibiting
packed lamellar structures. c) TEM image of the exfoliated MXene nanosheets. d) XRD patterns of MAX phase Ti3AlC2 powder and Ti3C2Tx lamellar
membrane. The inset shows a clear difference between ambient and fully hydrated MXene membranes in low Bragg angle pattern, indicating its
swelling behavior in water. e) XPS spectrum of MXene membrane. f) FTIR spectrum indicates the terminal functional groups in synthetic MXene.
g) The MXene membrane is hydrophilic, with surface contact angles of 64.5°.
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gradient of 0.5 M/0.01 M NaCl solutions, H-MXene osmotic
power source exceeded the commercialization benchmark of
5.0 Wm� 2 and had a very high energy conversion efficiency
(Figure 2d).

High Permeability and Selectivity of H-MXene

To explore the reasons for the high performance of H-
MXene in osmotic energy conversion, we systematically
investigated and compared the permeability and ion selec-
tivity of V-MXene and H-MXene.[9a,c] To eliminate the
interference of other factors, we prepared V-MXene and H-
MXene with the same conditions for the next electro-
chemical tests. Although V-MXene and H-MXene have the
same interlayer spacing, surface properties, and chemical
composition, their transport pathways of ions are fundamen-
tally different, resulting in differences in ionic fluxes.[19]

When ions pass through V-MXene, they must traverse a
‘zigzag’ path through the gaps between adjacent layers. In
the case of H-MXene, most ions could directly traverse a
single nanochannel within the structure or traverse several
adjacent nanochannels without passing through all nano-
channels, resulting in shorter trajectory lengths compared to
the V-MXene structure (Figure 3a). The ionic conductivities

of V-MXene and H-MXene in NaCl solutions of different
salinity gradients were measured by using a pair of Ag/AgCl
standard electrodes (Figure 3b). When the salinity gradient
of NaCl was between 1 M and 10� 3 M, the ionic conductivity
exhibited electric field induced ion transport behavior as
same as the bulk solution. As the salinity gradient decreased
to below 10� 4 M, the ionic conductivity became independent
of the ionic concentrations and was governed by surface-
charge-controlled ion transport. In this regime, the thickness
of the electrical double layer increased and became com-
parable to the dimension of the nanochannel.[27] Conse-
quently, the negatively charged MXene nanochannels exhib-
it selective and rapid transport of cations controlled by
surface charge, while anions might be excluded from the
nanochannels. Furthermore, a comparison of the ionic
conductivities of V-MXene and H-MXene demonstrates
that the normalized ionic conductivity of H-MXene sur-
passes that of V-MXene by nearly five orders of magnitude
across a wide range of salinity gradient conditions. More-
over, the membrane potential (Uoc) of H-MXene increased
from 0.057 mV to 0.173 mV when the salinity gradient of
NaCl solution was varied from 10-fold to 1000-fold, corre-
sponding to cation transference numbers (t+) of 0.982 and
0.988, respectively. This indicated that H-MXene could
maintain a high degree of cation selectivity under high

Figure 2. The ion transport performance of H-MXene osmotic power source at 0.5 M/0.01 M salinity gradient NaCl solutions. a) Schematic of
energy harvesting from the seawater and river water (the black rectangle is the H-MXene). b) I–V curve of H-MXene osmotic power source at
0.5 M/0.01 M salinity gradient NaCl solutions. c) Osmotic power density and diffusion current density as a function of external resistance. The
obtained osmotic power density of the H-MXene osmotic power source is as high as 9.47 Wm� 2. d) Comparison of the H-MXene osmotic power
source with other reported osmotic power sources for the osmotic power density and energy conversion efficiency.
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salinity gradients (Figure 3c). However, a significant de-
crease in Uoc and t+ were observed in V-MXene, which may
be due to the ion concentration polarization effects in this
structure. (Figure S18, Supporting Information).[28] The cor-
responding energy dispersive X-ray spectroscopy (EDS)
mapping showed that the MXene nanochannels contained
much more potassium than bromine (Figure S19, Supporting
Information), further indicating cation selectivity. Further-
more, we illustrated the discrepancies between H-MXene
and V-MXene through SEM and corresponding elemental
mappings in the permeability test. H-MXene and V-MXene
samples were prepared with 10 μL of 0.1 M KBr solution
dropped on one side, followed by rapid removal and drying
through heating to study the ion dynamics. SEM images and
elemental mapping revealed the distribution of K and Br
elements on the side where the solution was dropped for
both H-MXene and V-MXene (Figures S20a and S20c,

Supporting Information). Additionally, the side of H-
MXene without dropping KBr solution exhibited a distribu-
tion of K and Br elements, with K being more abundant
than Br, attributed to the cation selectivity of MXene
(Figure S20b, Supporting Information). Due to differences
in ion transport performance between H-MXene and V-
MXene, only minimal amounts of K and Br elements were
distributed on the other side of V-MXene. This indicated
that even with a shorter distance required for ion diffusion
(length in H-MXene: 5 mm, length in V-MXene: 6 μm), V-
MXene still exhibited poorer permeability than H-MXene
(Figure S20d, Supporting Information). Thus, the diffusion
current density and osmotic power density in H-MXene
driven by the salinity gradient were enhanced significantly
by over three orders of magnitude surpass those in V-
MXene as shown in Figures 3d and S21 (Supporting
Information). To gain deeper insights into the distinctions

Figure 3. High permeability and selectivity of H-MXene osmotic power source. a) Schematic of ion transport in V-MXene and H-MXene osmotic
power sources. b) The ionic conductivity of H-MXene osmotic power source is five orders of magnitude higher than that of V-MXene osmotic
power source. c) The Uoc and t+ of H-MXene osmotic power source at different NaCl salinity gradients. d) The diffusion current density and Uoc of
V-MXene and H-MXene osmotic power sources at different NaCl salinity gradients. e) H-MXene osmotic power source can maintain stable
performance in 0.5 M/0.01 M salinity gradient NaCl solutions for 24 h. f) The osmotic power density and η of H-MXene osmotic power source at
different NaCl salinity gradients.
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between H-MXene and V-MXene, we have supplemented
electrochemical impedance spectroscopy (EIS) test. It
revealed that under identical conditions, the solution
resistance (Rs) of V-MXene was twice as high as that of H-
MXene, indicating that the H-MXene nanochannels offer
lower resistance to cation diffusion (Figure S22, Supporting
Information). We further analyzed the stability of the cation
selectivity of H-MXene under a 50-fold NaCl salinity
gradient. The initial Uoc was 94.76 mV, and the correspond-
ing t+ was 0.972, which was very close to the theoretical
value. After 24 h, Uoc and t+ could still maintain 88.38 mV
and 0.940, respectively, with a voltage drop within 10%,
demonstrating excellent stability (Figure 3e). Besides, from
the osmotic power density and energy conversion efficiency
plots of H-MXene at different salinity gradients, it can be
observed that as the salinity gradient increased, the osmotic
power density gradually increased from 4.19 Wm� 2 to
32.52 Wm� 2, and the energy conversion efficiencies re-
mained stable and exceeded 45% (Figure 3f). Meanwhile,
H-MXene also achieved high performance in other salinity
gradients, including LiCl, NaCl, KCl, and even some
divalent cations (Figures S23 and S24, Supporting Informa-
tion). Consistent with previous research, the results also
showed that higher mobility of cations can effectively
increase the diffusion current and membrane potential.[20]

Ion Transport Performance from Saline-Alkali Environment

To further validate the ion transport performance of H-
MXene from saline-alkali environments, solutions of HCl
and NaOH with the same salinity gradient as NaCl were
used to simulate saline-alkali conditions. As depicted in
Figures 4a,b, in extreme acidic environments, H-MXene
exhibited lower cation selectivity and ionic currents com-
pared to seawater-river water environments and became
more pronounced with increasing salinity gradient, but it
still had a diffusion current density over 1000 Am� 2 even at
1000-fold HCl salinity gradient. Conversely, in highly
alkaline environments, the ion selectivity and diffusion
current of H-MXene could remain stable (Figures 4c,d). H-
MXene consistently demonstrates certain osmotic output in
acidic and alkaline environments, which can be attributed to
the spontaneous ion transport dynamics on the surface of
the MXene channels. In detail, H-MXene could undergo a
spontaneous deprotonation process under neutral conditions
as follows:[28–29]

Ti3C2ð Þn OHð Þx O
�ð ÞyFz þ aH2O!

Ti3C2ð Þn OHð Þx� a O
�ð ÞyþaFz þ aH3O

þ (1)

This process could result in more negative charges on
the nanochannel surface, which could improve the cation
selectivity of H-MXene. In addition, under acidic conditions,
H-MXene could undergo a protonation process, as shown
by the following equation:[28,30]

Ti3C2ð Þn OHð Þx� a O
�ð ÞaFz þ aH3O

þ !

Ti3C2ð Þn OHð ÞxFz þ aH2O
(2)

In this situation, the electronegativity of the H-MXene
nanochannel will decrease, which will affect the cation
selectivity.[28] On the contrary, the deprotonation process of
H-MXene could be further enhanced under alkaline con-
ditions, potentially resulting in improved ion selectivity, as
shown by the following equation:[30]

Ti3C2ð Þn OHð ÞxFz þ aOH
� ! Ti3C2ð Þn

OHð Þx� a O
�ð ÞaFz þ aH2O

(3)

Additionally, we supplemented the surface charge den-
sity testing under different pH conditions using Kelvin probe
force microscope (KPFM) to further analyze the mechanism
and process. We directly observed the mechanism in surface
potential of MXene nanosheets after treatment in different
pH solutions (Figure S25, Supporting Information). The
calculated average potential values of MXene nanosheets
were shown in Table S3 as 0.792 V (pH=1), 0.554 V (pH=

7), and 0.359 V (pH=13), respectively. The results indicated
that there are relative differences in the average potential of
MXene nanosheets, with lower average potential values
observed at higher pH values. The consistent trend in the
change of microscopic surface potential with the change in
Zeta potential, deeply demonstrates the mechanism and
process of H-MXene’s ion selectivity from saline-alkali
environments.

Meanwhile, it could also be observed from Figures 4a,c
that the diffusion currents were enhanced regardless of
acidic or alkaline conditions, and the current enhancement
is more obvious under acidic conditions. The XRD measure-
ments presented in Figures S26 and S27 (Supporting In-
formation) also revealed the incremental interlayer spacing
of H-MXene membranes under neutral, alkaline, and acidic
conditions. The calculated interlayer spacings were
15.737 Å, 16.268 Å, and 16.089 Å, respectively, indicating
enhanced ion transport and flux under varying conditions.
Under acidic conditions, the faster migration of H+ ions
compared to Na+ ions, owing to their smaller size, more
compact structure, and lighter mass, results in enhanced
permeability within the confined space.[31] Under alkaline
conditions, although H-MXene nanochannels primarily
facilitate cation transport, a small number of anions will still
be present in the nanochannels, impeding the transport of
cations. This blocking effect becomes more pronounced as
the radius of the anion increases (OH� <Cl� ), resulting in
differences in permeability.[31a,32] Therefore, even under
alkaline conditions, H-MXene could still pump Na+, making
it particularly suitable for osmotic power generation in
saline-alkali environments. Finally, we measured the osmotic
power density and energy conversion efficiency of H-MXene
under the three conditions (Figures 4b,d). Under 10-fold
and 100-fold HCl salinity gradients, the osmotic power
densities were significantly improved compared to the same
salinity gradient NaCl solution, increasing from 4.19 Wm� 2

to 8.68 Wm� 2 and from 9.47 Wm� 2 to 28.02 Wm� 2, respec-
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tively. However, when the salinity gradient was increased to
1000-fold, the osmotic power density of H-MXene in HCl
solution decreased, even lower than that in 100-fold HCl
solutions, primarily due to the concentration polarization
effect caused by the ion buildup on the membrane side,
resulting in a decrease in ion selectivity.[9a,33] Thus, H-MXene
showed a less energy conversion efficiency of 12.0% under
the acidic condition. In contrast, H-MXene in NaOH
solution demonstrated consistent electrochemical perform-
ance across all three salinity gradients. Under the salinity

gradient of 1 M/10� 3 M, it achieved an osmotic power
density of 32.95 Wm� 2 and an energy conversion efficiency
of 48.67%. This performance can be attributed to the
combined effects of H-MXene’s selectivity and permeability.
Furthermore, by comparing the performance of H-MXene
and V-MXene under acidic and alkaline conditions, it can
be found that, similar to the neutral condition, the diffusion
current density in H-MXene driven by the salinity gradient
also exceeded that in V-MXene by three orders of
magnitude (Figures S28 and S29, Supporting Information).

Figure 4. The detailed data analysis of H-MXene osmotic power source for illustrating ion selectivity in saline-alkali environments. a) The diffusion
current density and t+ of H-MXene osmotic power source at different salinity gradients of NaCl and HCl solutions. b) The osmotic power density
and η of H-MXene osmotic power source at different salinity gradients of NaCl and HCl solutions. c) The diffusion current density and t+ of H-
MXene osmotic power source at different salinity gradients of NaCl and NaOH solutions. d) The osmotic power density and η of H-MXene
osmotic power source at different salinity gradients of NaCl and NaOH solutions. e) H-MXene osmotic power source can maintain stable
performance in 0.5 M/0.01 M salinity gradient HCl solutions for 24 h. f) H-MXene osmotic power source can maintain stable performance in
0.5 M/0.01 M salinity gradient NaOH solutions for 24 h.
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Both the osmotic power densities and energy conversion
efficiencies of V-MXene under acidic and alkaline condi-
tions showed similar trends to those of H-MXene (Figur-
es S30 and S31, Supporting Information). The stability of H-
MXene under 50-fold HCl and NaOH salinity gradients was
also explored. Under the HCl salinity gradient, H-MXene
exhibited a similar stability to that of the NaCl salinity
gradient, with a retention rate of t+ close to 93% (Fig-
ure 4e). In contrast, under the NaOH salinity gradient, the
initial Uoc of H-MXene was 95.74 mV, corresponding to a t+

of 0.977, which was higher than that of the NaCl system.
After 24 h, the Uoc and t+ could still maintain at 91.25 mV
and 0.954, respectively, with a voltage drop less than 5%,
demonstrating excellent stability (Figure 4f). Importantly,
the membrane potential of H-MXene did not show obvious
attenuation after 7 days, indicating excellent working stabil-
ity in saline-alkali environments (Figure S32, Supporting
Information).

Modeling of Cation Migration for V-MXene and H-MXene

To validate the aforementioned experimental results, theo-
retical simulations were conducted to elucidate the mecha-
nism of cation transport in both V-MXene and H-MXene.
Further detailed information can be found in the Supporting
Information, specifically Note 8 (Supporting Information).
Ion transport under a 50-fold salinity gradient was analyzed
in a confirmed continuum-based framework. This frame-
work consists of the Poisson-Nernst-Planck (PNP) equation.
The two models, V-MXene and H-MXene, consist of
vertically and horizontally assembled flakes with identical
geometrical dimensions, respectively (Figure S33, Support-
ing Information). Based on the XRD results, the approx-
imate interlayer spacing was set to 6.3 Å. Consequently, the
size of the simulated 2D nanofluidic channel model was

established as 1 nm. The surface charge density (σ) of the
2D nanosheets was � 0.02 mCm� 2, which is consistent with
literature report.[9b] As shown in Figures 5a,e, the ion
concentration distributions were calculated under the 0.5 M/
0.01 M salinity gradient NaCl solution, and most of the
models exhibited excellent ion selectivity. The thickness of
the electrical double layer (EDL) was calculated to be
~0.5 nm (0.5 M NaCl, 25 °C), indicating that the EDL
overlapped completely in the MXene nanochannels. Since
the net diffusion current stems only from the charge
separation and concentration distribution within the EDL,
the completely overlapped EDL can effectively promote the
ion selectivity of the nanochannel and improve the energy
conversion efficiency. In addition, we explored and com-
pared the ion transport behaviors at 1 nm, 3 nm, and 6 nm
nanochannel sizes. The results demonstrated that the small-
er 1 nm nanochannel exhibited superior ion selectivity
compared to larger sizes. This phenomenon might arise
from the decreased range of the overlapped EDLs in large
nanochannels, leading to a diminished local concentration
gradient. This suggested that nano-sized channels may
mitigate the effect of counter-ion input into the nano-
channel, thereby enhancing osmotic transport. Meanwhile,
upon comparing V-MXene and H-MXene with identical
nanochannel sizes, it was observed that the permeability of
H-MXene was superior. Additionally, when the nanochan-
nel size of V-MXene was too large (Figure 5f), the
distribution of cations at the same diffusion time indicated
poorer permeability relative to H-MXene (Figure 5c).

We further performed typical molecular dynamics (MD)
simulations to investigate the ion transport behaviors
through MXene membranes under different environments,
aiming to elucidate the underlying reasons for the ultrafast
ion permeation observed in H-MXene. We constructed
atomic models of MXene with an interlayer spacing of
~1 nm, and the surface charge density and elemental

Figure 5. Numerical simulation of the ionic concentration profiles of cations based on 2D nanofluidic channels at the 0.5 M/0.01 M salinity
gradient NaCl solutions. a–c) H-MXene osmotic power source with three different nanochannel sizes. d–f) V-MXene osmotic power source with
three different nanochannel sizes.
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composition were similar to those of experimental samples
(Figures 6a and S34, Supporting Information). Initially, we
compared the ion selectivity under different conditions, and
simulation snapshots indicated that all MXene nanochannels
exhibit excellent cation selectivity (Figures S35 and S36,
Supporting Information). Additionally, hydrated ions, par-
ticularly H+ with smaller diameters, demonstrated signifi-
cantly faster mobility than Na+ in NaCl solution or NaOH
solution. In the simulations, the diffusion coefficients of Na+

(NaOH) in H-MXene and V-MXene were 0.0408 nm2ps� 1

and 0.0088 nm2ps� 1, respectively, with the former being
considerably higher than the latter (Figure 6b). This trend is
consistent with the diffusion coefficients obtained from
experimental calculations (Figure 6c). Furthermore, the
transport rates of Na+ (NaOH), Na+ (NaCl), and H+ (HCl)
in H-MXene normalized by surface area were 2.57, 2.45, and
2.32 times higher, respectively, than those in V-MXene
(Figure 6d). This primarily stems from the different trans-
port pathways through H-MXene and V-MXene. The ions
must take a ‘zigzag’ trajectory through gaps between
adjacent layers in V-MXene, while most ions can directly
pass through a single nanochannel within H-MXene (Figur-
es 6a and S37, Supporting Information). As a consequence,
the effective ion average velocity along the permeation
direction of Na+ (NaOH) in V-MXene is significantly
reduced, which is more than 2.20 times lower than that in H-
MXene (Figure 6e). Another pivotal factor contributing to
the exceptionally high ion permeation is the rapid nano-
channel provided by the unique geometry of H-MXene. The
convoluted geometry in V-MXene generates formidable
barriers, making it easier for Na+ (NaOH) to enter the
interior of H-MXene. The MD simulations revealed that the
loading time (the time for ions to enter the nanochannel
from the external region) in V-MXene is 2.19 times longer
than that of H-MXene in NaOH system (Figure 6f). It is

noteworthy that due to the limitation of computational
capacity, the proportion of the entrance area of V-MXene in
the simulations is much larger than in experiments. Con-
sequently, the difference in ion transport performance
between H-MXene and V-MXene in the simulations is
underestimated compared to experimental observations.

Conclusion

In conclusion, the horizontal ion transport MXene featuring
cation-selective nanochannels holds promising potential for
osmotic power generation across various salinity gradients,
particularly in saline-alkali environments. Both H-MXene
and V-MXene were prepared under identical fabrication
conditions to ensure they possess identical interlayer spacing
and chemical composition. This consistency ultimately
accounts for the comparative assessment of ion selectivity
observed in both H-MXene and V-MXene. In the osmotic
energy conversion system using simulated seawater and
artificial river water, the H-MXene can obtain an enhanced
ion conductivity of 20.67 Sm� 1 in 1 M NaCl solution, which
is nearly five orders of magnitude higher than conventional
V-MXene under similar operating conditions. In addition,
MXene could achieve stable osmotic energy conversion in
simulated saline-alkali environments. In alkaline NaOH
solution, the enhancement in surface charge and interlayer
spacing further optimized the selectivity and permeability of
MXene, achieving a maximum osmotic power density of
32.95 Wm� 2 with an ultra-high energy conversion efficiency
of 48.67% at a 1000-fold salinity gradient. This work
establishes a paradigm for addressing the permeability-
selectivity trade-off in ion-exchange membranes and advan-
ces the field of osmotic power generation from saline-alkali
environments.

Figure 6. MD simulations of ionic transport through H-MXene and V-MXene. a) Schematic of ion transport in V-MXene (red line) and H-MXene
(green lines) nanochannels. b) Simulated ion diffusion coefficients through the MXene nanochannels. c) Calculated ion diffusion coefficients
through the MXene nanochannels. d) The transport rate of ions in H-MXene and V-MXene. e) The effective ion average velocity in H-MXene and V-
MXene. f) The average loading time of ions in H-MXene and V-MXene.
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