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Nanofluidic membranes hold great potential for osmotic energy conversion. Creating high-efficiency ion-
permselective membranes with well-fit channel structures continues to pose a persistent challenge. In this
work, we design a novel dual asymmetric nanofluidic membrane with MXene and Nafion separately on the
two sides of anodic aluminum oxide (AAO) for enhanced ion selective transport. Driven by osmosis, cations
are initially separated by the Nafion layer with abundant negative charges, then followed by accelerated
transport due to the interface potential abruptness between AAO channels and the MXene layer.
Following that, the MXene layer acts as the second cation selective layer to further achieve ion charge
separation. Benefiting from the dual ion selectivity and accelerated ion transfer, a high cation transfer
number of 0.95 can be realized using the present membrane. In addition, the photothermal property of
MXene could generate an additional thermal gradient under light irradiation, further promoting ion
transfer. Taking advantage of the present two-sided asymmetric nanofluidic membrane, the output
power could be up to 65.6 W m~2 at 500-fold NaCl salinity gradient, which is much higher than that of
the majority of previously reported reverse electrodialysis membranes (3.0-35.0 W m~2). The present
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Introduction

The growing global energy demand has sparked heightened
interest in the advancement of clean energy. Osmotic energy, an
environmentally benign form of blue energy harnessed from
differential salt concentration solutions, has attracted consider-
able attention due to its potential to mitigate the adverse envi-
ronmental impacts of traditional energy."” Reverse electrodialysis
(RED) technology has emerged as one of the most promising
methods to harness this energy, enabling the direct conversion of
salinity gradients into electricity through facilitating the direc-
tional movement of charges across permselective membranes.?
Currently, advanced nanomaterials such as covalent organic
frameworks,* metal organic frameworks,>® graphene oxide,”® and
black phosphorus have been employed as permselective
membranes for osmotic energy harvesting.” Although these
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transport and osmotic energy harvesting.

findings undoubtedly offer novel inspiration for osmotic energy
harvesting technologies, the achieved output power densities
generally remain below 12 W m >, primarily due to the inade-
quate permselectivity of membranes. Several improvements have
been performed to enhance ion selectivity through surface
coating,' introducing surface functional groups,™ or modifying
the phase structure of nanomaterials.'”” Despite these advance-
ments, effective constructing strategies to enhance the permse-
lectivity of nanofluidic membranes remain to be explored.
Asymmetric nanofluidic membranes are usually composed
of two or more different nanomaterials, integrating unique
properties of different materials.”**® From a structural
perspective, asymmetric nanofluidic membranes exhibit
diverse pore architectures achieved by integrating multi-
channels with distinct spatial arrangements, structures and
pore sizes."” ™ The structural characteristics enable more
functions for diverse ion transport and hold paramount
significance for further applications such as ion sieving, water
purification, and energy conversion.”*>* Recently, we developed
an asymmetric plasmonic electron sponge membrane for
enhanced ion selective transport.”® The inherent structural
asymmetry and higher charge density of the prepared nano-
fluidic membrane ensure enhanced interfacial transport
resulting in a corresponding cation transfer number of PESM
that can reach as high as 0.83. In another example, an
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asymmetric branched alumina membrane with large geometric
gradient and high charge density was developed. Ultrafast ion
transport and outstanding cation selectivity enabled it to ach-
ieve an output power of up to 8 W m™2.2* Although the afore-
mentioned asymmetric nanofluidic membranes demonstrate
satisfactory performance, the single-level asymmetric architec-
ture inevitably compromises both ion selectivity and energy
conversion efficiency. Recently, a unique multi-level asym-
metric heterogeneous membrane was designed for high-
efficiency water purification.”® The two functional materials on
both sides of the membrane can be used to construct a multi-
adsorption interface, capable of simultaneously removing
several types of organic micropollutants. Consequently, high
flux and efficient separation of contaminants have been
successfully achieved, with a separation efficiency of approxi-
mately 100%. It is highly expected that multi-level asymmetric
nanofluidic membranes would have great potential for efficient
osmotic energy harvesting through synergistic material opti-
mization coupled with multi-ion selective layer integration.

Inspired by the above outstanding work, herein, we developed
a two-sided asymmetric nanofluidic membrane composed of
MXene/anodic aluminum oxide/Nafion (MXene/AAO/Nafion) for
enhanced ion selective transport and efficient osmotic energy
harvesting (Scheme 1A). Two functional layers with abundant
negative surface charges on both sides of the asymmetric
membrane help to construct dual ion selective interfaces. When
separated by the MXene/AAO/Nafion membrane, ions are driven
by a salinity gradient from high to low concentration. Specific
charges in the functional layers attract ions into nanochannels,
forming an electrical double layer (EDL) and realizing rapid
directional migration.*® The cations are initially rapidly separated
in the Nafion layer during the transmembrane diffusion, then
followed by accelerated transport due to the interface potential
abruptness between AAO channels and the MXene layer. As
a result, the dual ion selective layers and accelerated ion transfer
resulted in both high ion selectivity and permeability. Addition-
ally, benefiting from the remarkable photothermal conversion
efficiency of MXene, a temperature gradient is generated simul-
taneously, resulting in light-driven directional ion migration. By
integrating solar energy with a salinity gradient, the driving force
for nanofluidic ion transportation is reinforced, leading to
significant enhancements in osmotic energy harvesting (Scheme
1B). Under a 0.01/5 M NaCl concentration gradient, the
maximum power density of the MXene/AAO/Nafion membrane
increased from the initial 47.8 W m~? to 65.6 W m™ > with light
irradiation, surpassing that of the majority of previously reported
RED membranes (3.0-35.0 W m™?). This study integrates the
structural ~ benefits of asymmetric membranes with
concentration-driven and light-driven processes, providing an
ideal strategy for high ion selectivity and permeability towards
high-efficiency osmotic energy harvesting.

Results and discussion
Fabrication and characterization of MXene/AAO/Nafion

The two-sided asymmetric nanofluidic membrane was fabri-
cated by integrating MXene and Nafion into the two sides of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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AAO. Firstly, AAO was fabricated using the anodization oxida-
tion technique.” The diameter of each of the fabricated AAO
array channels is about 50 nm (Fig. S1 and S27). The prepared
MXene nanosheet suspension was fixed on one side of AAO by
vacuum-assisted filtration. Subsequently, the other side of the
membrane was spin-coated with ionomer Nafion. The
morphology of the two-sided asymmetric MXene/AAO/Nafion
membrane was characterized by scanning electron microscopy
(SEM) (Fig. 1A). The MXene layer on the surface of the AAO
membrane appears to be uniform and dense, exhibiting
a typical lamellar structure, and the thickness is approximately
182 nm (Fig. 1B and C). Surface energy-dispersive X-ray spec-
troscopy (EDX) mapping presents the characteristic signals of C,
F and Ti elements in the MXene layer (Fig. 1D). The dense
Nafion layer was deposited on the other side of the AAO
membrane, and the thickness is approximately 97 nm (Fig. 1E
and F). Surface EDX mapping presents the characteristic signals
of C, F and S elements in the Nafion layer (Fig. 1G). The results
obtained confirm the presence of a two-sided asymmetric
structure on the AAO substrate.

The structures of the MXene and Nafion layers were further
characterized. A mild etching method was used to selectively
etch the bulk TizAIC, phase to obtain few-layered TizC,T,
nanosheets (Fig. S31). The disappearance of the (008) diffrac-
tion peak at 39° in the X-ray diffraction (XRD) pattern of
Ti;C,Ty, with the (002) peak undergoing a leftward shift, indi-
cates successful etching of the Al layer (Fig. 1H). The (002) peak
of MXene appears at 5.68°, corresponding to a d-spacing of
1.56 nm as calculated by Bragg's law. Given that the theoretical
thickness of an MXene nanosheet is 0.98 nm, the effective
interfacial height is approximately 0.58 nm.*”*® The trans-
mission electron microscopy results indicate that the lateral
size of the prepared single-layer MXene nanosheet is approxi-
mately 1 um. The high aspect ratio is in favor of the construc-
tion of a uniform and ordered layer nanochannel (Fig. S4 and
S5t). Subsequently, chemical characterization was conducted.
In the X-ray photoelectron spectroscopy (XPS) analysis, three C
1s peaks located at 286.10, 282.0 and 284.8 eV corresponded to
Ti;C,T, and can be assigned to the C-O, C-Ti, and C-C bonds
(Fig. S67T). The Fourier transform infrared (FTIR) spectrum of
Ti;C,T, exhibits characteristic peaks at 3461 cm ' and
1635 cm ', corresponding to the O-H bond and C=0 bond,
respectively (Fig. 1I). The abundant surface functional groups
facilitate hydrogen bonding with hydroxyl groups on AAO,
thereby enhancing the interfacial interaction between MXene
and AAO (Fig. S71). For Nafion, the obvious signals at 1135 cm ™"
and 1085 cm ™' are attributed to sulfonate groups (Fig. 1J).
Additionally, the pore size of the Nafion membrane is approxi-
mately 2.5 nm.* Furthermore, comparative zeta-potential
measurements reveal that Ti;C,T, demonstrates a more nega-
tive surface charge (—34.49 mvV) than Nafion (—25.04 mV),
indicating an asymmetrical charge of the two sides of the
MXene/AAO/Nafion membrane (Fig. 1K and S8, S9%). The
contact angles of the MXene and Nafion layers are determined
to be 65.5° and 88.2°, respectively (Fig. S10t). The high elec-
tronegativity and hydrophilicity of the MXene layer and Nafion
layer can improve ion entry and transportation.
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Scheme 1 Schematic illustration of the two-sided asymmetric MXene/AAO/Nafion membrane for osmotic energy harvesting. (A) Fabrication
process of the MXene/AAO/Nafion membrane. (B) High-efficiency osmotic energy harvesting using the two-sided asymmetric MXene/AAO/
Nafion membrane. Orange and blue arrows indicate the transport directions of anions and cations, respectively.

Enhanced ion permeation

In order to systematically investigate the transmembrane ion
transport behavior, the MXene/AAO/Nafion membrane was
assembled into a custom electrochemical cell (Ag/AgCl elec-
trodes) for real-time ion current monitoring (Fig. 2A and S11,
S127). The standard electrolyte chosen was potassium chloride
(KC1) due to the similar ion mobilities and diffusion coefficients
of K" and Cl™. Current-voltage (I-V) tests were conducted at
various KCl concentrations within the voltage range of —1 to
+1 V. As shown in Fig. 2B, the ion transport of the membrane
exhibits a slightly diode-like behavior. For the membrane with
only MXene or Nafion deposited on one side of AAO (defined as
MXene/AAO and Nafion/AAO), the diode-like ion transport is
more obvious (Fig. S13 and S14f). The reason for this
phenomenon is that both sides of the MXene/AAO/Nafion
membrane contain negatively charged materials, reducing the
charge asymmetry of the whole membrane.** Then, the ion
transport stability across the MXene/AAO/Nafion membrane
was evaluated by a current-time (I-7) test, involving alternating
application of an external bias voltage of +1 Vand —1 V (Fig. 2C).
Each test cycle was conducted in 0.1 M KCl solution for 10 min.
As shown, the ion transport maintains a very good stability, as
evidenced by the currents remaining basically constant under

1140 | Chem. Sci, 2025, 16, M38-11150

both positive and negative bias. The ion conductance of the
membrane in electrolyte with varying concentrations was
determined from the I-V curve in Fig. 2D. When the electrolyte
concentration is below 0.1 M, the transmembrane conductance
significantly deviates from the bulk value, demonstrating that
ion transport becomes predominantly governed by the surface
charge of the nanofluidic membrane.

To assess the surface charge-controlled ion transport, 0.01 M
KCl solution was selected to examine the ion current of diverse
membranes (ensuring sufficient overlap of EDL). In this
condition, the ion concentration within the nanochannels is
governed by the negatively charged material layers. As illus-
trated in Fig. 2E, the two-sided asymmetric MXene/AAO/Nafion
membrane displayed larger current responses compared to the
MXene/AAO membrane and Nafion/AAO membrane. More
hydrophilic nanochannels typically lead to a reduction in ion
transport resistance, thereby resulting in higher conductivity
for MXene/AAO compared to Nafion/AAO. After coupling MXene
and Nafion, the conductance of the two-sided asymmetric
MXene/AAO/Nafion membrane increases up to 36.98 uSat+1V,
surpassing that of the other two membranes (Fig. 2F). The
larger ion conductance is attributed to the high charge accu-
mulation of the MXene/AAO/Nafion membrane. The dual

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterizations of the two-sided asymmetric MXene/AAO/Nafion membrane. (A) Cross-sectional image of MXene/AAO/Nafion. (B)
Cross-sectionalimage of MXene layer. (C and D) Surface image of MXene layer and EDX elemental mappings. (E) Cross-sectional image of Nafion
layer. (F and G) Surface image of Nafion layer and EDX elemental mappings. (H) Powder XRD patterns of TizAlC, and TizC,T,. (I) FTIR spectrum of
TizC,T,. (J) FTIR spectrum of Nafion. (K) Zeta potential of MXene and Nafion.

functional

layer of MXene/AAO/Nafion enhances carrier

concentration through its negatively charged properties,
thereby improving electrical conductivity.****

Enhanced ion selectivity

The ion selectivity of the MXene/AAO/Nafion membrane was
evaluated using an electrochemical approach. 1 M KCl solution
was introduced on the Nafion side and 1 uM KCI solution was
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Fig.2 Enhanced ion permeation. (A) Schematic of the custom electrochemical cell for testing ion transport. (B) /-V curves of the MXene/AAO/
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introduced on the MXene side. Due to the substantial concen-
tration gradient between the two solutions, the ion current was
predominantly driven by transport from the high-concentration
(Cu, 1 M) side to the low-concentration (Cr, 1 uM) side. When
the anode was positioned on the Cy side, ion current was
predominantly contributed by K ions. Similarly, when the
anode was positioned on the Cy, side, the Cl™ ions predomi-
nantly contributed to the ion current. Obviously, the K* current
surpasses that of Cl7, indicating that the MXene/AAO/Nafion
membrane displays excellent cation selectivity (Fig. 3A and
S15%). Similarly, the MXene/AAO membrane and the Nafion/
AAO membrane also exhibit cation selectivity under concen-
tration gradients (Fig. S16 and S171). However, the K" currents
of both the MXene/AAO and the Nafion/AAO membranes are
lower than that of the MXene/AAO/Nafion membrane. This
phenomenon may arise from the limited selectivity of the
single-level asymmetric structure. Afterwards, the effect of the
two-sided asymmetric structure on selective cation transport
was further investigated.

By creating a concentration gradient across the membrane,
cations are able to selectively cross the membrane and generate
potential differences. The intercepts of the I-V curve on the
voltage and current axes are denoted as open-circuit voltage (Vo)
and short-circuit current (Isc), respectively (Fig. 3B). Notably, the
obtained Vo consists of two sections: the diffusion potential
(Eqigr) and the redox potential (Epeqox)- Eaifr is caused by the salinity
gradient across the membrane, while E,.qox is produced by the
voltage drop on the interface of the electrode and electrolyte
(Fig. S187). When the NaCl concentration on the MXene side was
0.5 M and on the Nafion side was 0.01 M, Voc and Isc were
measured as 104 mV and 4.736 pA respectively. V¢ increased to
154 mV and Igc increased to 10.64 pA when the concentration
gradient was reversed. This phenomenon may arise from the
transmembrane potential difference generated between Nafion
and MXene due to their charge asymmetry, which is directed
from the Nafion side to the MXene side.”® When 0.5 M NaCl is
placed on the Nafion side, the concentration gradient drives
cations to migrate from Nafion to MXene. This diffusion direction
aligns with the internal electric field, thereby enhancing ion
transport. Conversely, when the concentration gradient is
reversed, ion transport would be suppressed, resulting in lower
Voc and Isc values. Consequently, in order to achieve a high
diffusion potential, all subsequent experiments were conducted
by filling the MXene side with a low-concentration solution.
Fig. 3C clearly reveals that the establishment of the two-sided
asymmetric structure not only enhances the ion selectivity
(resulting in an increase in Vo) but also improves the ion
permeation (leading to an increase in Isc). The mechanism for
enhanced ion selectivity is schematically shown in Fig. 3D.
Compared to the MXene/AAO and Nafion/AAO membranes, the
two functional layers on both sides of the asymmetric membrane
realize a dual ion separation, thus further enhancing the cation
selectivity. Specifically, the ion transport in nanochannels is
mainly controlled by surface charge.”* Specific surface charges in
the selective layer will attract ions into nanochannels, forming an
EDL and realizing rapid directional migration.>***** Driven by the
concentration gradient, cations are initially separated in the

1M142 | Chem. Sci,, 2025, 16, M38-11150
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Nafion layer with abundant negative charges, then followed by
accelerated transport by the interface potential abruptness
between AAO channels and the MXene layer. Meanwhile, the
MXene layer acts as the second cation selective layer, further
achieving ion charge separation.

With a fixed KCI concentration of 1 mM on the MXene side
and varying KCI concentration from 1 mM to 1 M on the Nafion
side, both Eg4;¢ and Isc values increase with the salinity gradient
(Fig. 3E, S19 and Table S1t). The Eq4 and Isc values of MXene/
AAO and Nafion/AAO also increase with the concentration
gradient (Fig. S20t). Notably, the the cation transference
number (¢,) value of the MXene/AAO/Nafion membrane exhibits
the highest performance across various salinity gradients
compared to the single-level asymmetric membranes (Fig. 3F).
In previous studies, the selectivity of nanofluidic membranes in
high-salinity environments was generally diminished due to the
reduced thickness of the EDL and limited electrostatic effects
(Table S2).>*** However, the t, value of the MXene/AAO/Nafion
membrane remains steady at 0.9, even when the electrolyte
solution on the high-concentration side reached 1 M (Fig. 3F).
This remarkable performance stems from the integration of
MXene and Nafion, which creates synergistic effects between
dual ion selective layers, thereby preserving outstanding cation
selectivity under high-salinity conditions. Furthermore, the
MXene/AAO/Nafion membrane exhibits a ¢, value of 0.95 in an
artificial seawater/river water system, which is better than the
performance of most previously reported nanofluidic
membranes (Fig. 3G, H and Tables S3, S4+).

On this basis, the application potential of the present two-
sided asymmetric membrane was investigated for osmotic
energy harvesting. The osmotic energy harvested from the
MXene/AAO/Nafion membrane was quantified by connecting an
external resistor (Ry). The output power density (P) can be
calculated as P = I* x R;/S. As shown in Fig. $21,1 the current
density decreases with increasing load resistance, while the
maximum output power is achieved at an intermediate resis-
tance of 20 kQ. The MXene/AAO/Nafion membrane delivers an
output power density of 10.4 W m > at a 0.01/0.5 M NaCl
concentration gradient, surpassing that of both the MXene/AAO
and Nafion/AAO membranes. Meanwhile, the MXene/AAO/
Nafion membrane also demonstrates significantly higher
power density compared to both MXene/AAO/MXene and
Nafion/AAO/Nafion membranes (Fig. S221). The outstanding
performance can be attributed to the fact that the MXene/AAO/
Nafion membrane not only enables dual ion separation, but its
asymmetric charge distribution also effectively suppresses ion
concentration polarization (ICP), thereby further enhancing
osmotic energy harvesting.*>*° In addition, considering that
a greater thickness would lead to a weakened ion permeability,
the MXene/AAO/Nafion membrane with an MXene layer of
~182 nm and Nafion layer of ~97 nm was adopted in the
following experiments (Fig. S23-S267).

Light-stimulated ion transport

To investigate the ion transport behavior of the MXene/AAO/
Nafion membrane under light stimulation, we integrated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a 0.01/0.5 M NaCl concentration gradient. The green curve depicts a higher concentration on the MXene side, whereas the orange curve depicts
a higher concentration on the Nafion side. (C) /-V curves of the MXene/AAO, Nafion/AAO and MXene/AAO/Nafion membranes at a 0.01/0.5 M
NaCl concentration gradient. (D) Schematic diagram of enhanced cation selectivity of two-sided asymmetric structure. (E) Isc and E4i¢ at a range
of KCl salinity gradients. MXene side was in contact with 1 mM KCl, while the KCl concentration on Nafion side was progressively increased from
1 mM to 1 M. (F) The cation transference number of the MXene/AAO, Nafion/AAO and MXene/AAO/Nafion membranes at a range of KCl salinity
gradients and (G) at a 0.01/0.5 M NaCl concentration gradient. (H) Comparison of the cation transference number with that of previously re-

ported devices at a 0.01/0.5 M NaCl concentration gradient.

a xenon lamp into the nanofluidic system as an illuminating
source (Fig. 4A). When the electrochemical cells were filled with
the same concentration of KCI solutions, no distinct ion current
was observed without illumination. However, when one side
was exposed to light irradiation, we noticed a remarkable
increase in ion current, peaking at approximately —130 nA
within 80 s. When the light was off, the current quickly reverted
to its initial state, implying the observed current was induced by
light (Fig. 4B and S277). To explore the fundamental mecha-
nism of light-induced ion transport, we employed an infrared
thermographic camera to observe the temperature variations of
the MXene/AAO/Nafion membrane before and following illu-
mination (Fig. 4C). The result demonstrates the excellent pho-
tothermal conversion performance of the MXene/AAO/Nafion
membrane, as evidenced by a rapid temperature increase from
25 °C to approximately 65 °C within just 60 s of illumination
(Fig. S287). The temperature of the MXene/AAO membrane can
reach up to 60 °C under the same light intensity (Fig. S297).
However, the temperature of the Nafion/AAO membrane is

© 2025 The Author(s). Published by the Royal Society of Chemistry

maintained at around 33 °C (Fig. S307). In addition, MXene
dispersions show efficient light absorption in the ultraviolet-
visible spectrum (Fig. S31%). Upon light irradiation, the
MXene/AAO/Nafion membrane elevated the localized solution
temperature from 24.9 °C to 41.3 °C, further confirming its
efficient photothermal conversion capability (Fig. S327).
Meanwhile, when a 0.1 V external voltage was imposed on the
different membranes, the currents of the MXene/AAO and
MXene/AAO/Nafion membranes sharply increased with illumi-
nation (Fig. S331). Interestingly, the currents could also be
enhanced by increasing the light intensity (Fig. S34t). Based on
the analysis provided above, it can be argued that the MXene
layer has an excellent photothermal conversion performance.
From a thermodynamic perspective, the Gibbs free energy of
the solution near the illuminated region decreases as the
temperature rises. Consequently, the spontaneous diffusion of
ions tends to occur in the direction of decreasing Gibbs free
energy, leading to an opposite direction of ion transport
compared to the temperature gradient.**>* In order to verify
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simulation. (E) /-V curves of the MXene/AAO/Nafion membrane with a

that the light-induced ion current was driven by the tempera-
ture gradient, parallel experiments were also conducted.
Specifically, two cells were filled with a 65 °C KClI solution and
a room-temperature KCI solution, respectively, to simulate the
photothermal experimental conditions. As shown in Fig. 4D,
when the temperature on both sides of the MXene/AAO/Nafion
membrane was equal, there was no discernible ion current.
However, once the temperature difference was established
between the two-sided solutions, an evident current arose in the
opposite direction to the temperature gradient, suggesting that
the ions flowed from the lower to higher temperature region.
When the temperature difference between the two-sided solu-
tions gradually decreased, the corresponding ion current also
gradually decreased. The results show that the magnitude and
direction of the light-induced ion current are determined by the
temperature difference.

Afterwards, the influence of light direction on the perfor-
mance of ion transport was further investigated. We incorpo-
rated illumination into an artificial seawater/river water system.
The increase of the temperature near the membrane caused by
illumination on the low-concentration side was found to restrict
the expansion of the ICP zone,* which enabled the realization
of an effective concentration gradient (Fig. S351). Additionally,
when the low-concentration side was exposed to illumination,
the direction of concentration-driven ion transport coincided
with that of light-driven ion transport,'*** leading to a notice-
able increase in the osmotic current and the value of ¢, also
increased from 0.95 to 0.99 (Fig. 4E and S3671). However, when
the high-concentration side was exposed to illumination, the
direction of ion transport driven by light is opposite to that
driven by concentration gradients, and a decrease in the
osmotic current value was found (Fig. S371). The above results

1M44 | Chem. Sci, 2025, 16, 1M38-11150

nd without light irradiation at a 0.01/0.5 M NaCl concentration gradient.

demonstrate that the light-induced selective ion transport
behavior influenced by illumination is also related to light
direction. Therefore, in order to obtain the best driving force,
the light irradiation was placed on the low-concentration side in
the subsequent experiments. In addition, we also explored the
possibility of energy conversion solely under light irradiation,
without the presence of salinity gradients. By connecting an
external resistor, the maximum ion power density value ob-
tained is about 11.8 mW m ™2 (Fig. $387). This result shows that
the ion energy can be harnessed in a solution of the same
concentration, which greatly expanded the application range of
ion energy harvesting.

Light-enhanced osmotic energy harvesting

As expected, by integrating both light-driven and concentration-
driven mechanisms, an excellent osmotic energy harvesting
performance could be achieved using the present MXene/AAO/
Nafion membrane (Fig. 5A). Under light irradiation, the output
power in a 0.01/0.5 M NaCl concentration gradient increased
from the initial 10.4 W m™> to 15.2 W m >, representing a 46%
enhancement compared to dark conditions (Fig. 5B, S397).
Notably, the output power of MXene/AAO/Nafion is also obvi-
ously higher than that of AAO, MXene/AAO and Nafion/AAO
under illumination (Fig. S40-S43%), which can be ascribed to
the optimized structure design. To explore the ability of MXene/
AAO/Nafion in high-salinity environments, we evaluated its
power density by maintaining a low concentration of 0.01 M and
adjusting the high concentration within a range of 0.05 to 5 M.
Notably, the output power can reach a maximum of 65.6 W m >
at a 500-fold NaCl salinity gradient and 59.6 W m ™ at a 300-fold
KCl salinity gradient under illumination, indicating that
MXene/AAO/Nafion still has good stability and performance in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(E) Power density under different pH. (F) Power density under different

electrolytes at 50-fold salinity gradient. (G) Schematic illustration of different cation electrolyte effects. (H) Testing the stability of the MXene/

AAO/Nafion membrane in energy conversion.

the high-salinity environment (Fig. S44+). Moreover, under light
illumination, the power density consistently maintained over
40% enhancement across all tested concentration gradients.
Comparing performance, the MXene/AAO/Nafion membrane
exceeds that of most of previously reported RED membranes
(Fig. 5C and Table S5%).71*?%%

Many factors, such as light intensity, membrane area and pH
value of electrolyte, can influence the performance of osmotic
energy harvesting. First, the power density and current density
of the MXene/AAO/Nafion membrane increase with the
enhancement of light intensity (Fig. 5D and S45+). Furthermore,
it has been observed that a smaller membrane area can lead to
a higher output power density (Fig. S467). Similar results have
been achieved in previous works, which was mainly attributed
to interfacial ICP regional coupling of parallel nanochannels in
porous devices.*' Despite the notably reduced power density
compared to the small test area, the two-sided asymmetric
MXene/AAO/Nafion membrane still exhibits the best perfor-
mance after illumination compared to Nafion/AAO and Nafion/
AAO/Nafion (Fig. S47-S507). This can be attributed to the dual

© 2025 The Author(s). Published by the Royal Society of Chemistry

ion selective layer and improved permselectivity of the two-
sided asymmetric structure, as well as the additional driving
force for ion transport provided by the photothermal effect.
Meanwhile, pH value also plays an important role in ion
transport. As the pH value of the solution varies from 3.0 to 11.0,
the output power density increases from 15.5 to 21.8 W m ™2
under illumination (Fig. 5E and S51t), owing to the increased
surface charge densities of MXene layer and Nafion layer.

Ion type is also important in practical osmotic energy harvest
applications. We studied the output power of the MXene/AAO/
Nafion membrane in various electrolyte systems (Fig. 5F and
S52t). For different monovalent cation electrolyte solutions, KCI
solution shows the highest power density of 19.5 W m™~? under
illumination. However, in LiCl electrolyte under the same
conditions, the maximum output power is only 9.2 W m™ 2.
Previous studies have demonstrated that the disparity in ion
diffusion coefficients among various electrolytes accounts for
this phenomenon, with greater coefficients enabling more
effective charge separation.'” The output power for monovalent
cations (K" > Na" > Li") aligns precisely with their diffusion

Chem. Sci., 2025, 16, 11138-1M50 | 11145
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coefficient ranking (Fig. 5G). Divalent cation solutions (MgCl,,
CaCl,) produce lower power densities (~3.2 and 3.5 W m™?)
than monovalent electrolytes, primarily due to their decreased
diffusion coefficients resulting from larger hydrated ionic sizes.
In addition, the MXene/AAO/Nafion membrane retains 96% of
its initial short-circuit current after 3600 s of continuous oper-
ation without renewing electrolyte (Fig. S537). The output power
exhibits remarkable stability even after a duration of 8 days,
indicating the presented MXene/AAO/Nafion membrane has
excellent long-term working stability (Fig. 5H and S547).

Practical application prospects

To assess the practical applicability of the MXene/AAO/Nafion
membrane, we examined its power density using natural Qing-
dao coastal seawater and river water (Fig. 6A). The measured
output power density (10.3 W m™?) closely matched the value
obtained under a 0.01/0.5 M NaCl concentration gradient (10.4 W
m %) and significantly exceeded the 5 W m > benchmark for
commercial membranes. Moreover, the membrane maintained
stable energy conversion performance and structural integrity
even after 14 days of testing under real river water/seawater
condition (Fig. S55-S58t). To further boost the application of
osmotic energy conversion, we have developed a tandem MXene/
AAO/Nafion membrane-based generator. Fig. 6B displays the I-V
curves for 1 to 10 units of the generator subjected to a 50-fold
NacCl salinity gradient. The output voltages demonstrate a linear
relationship with the number of stacked units; 10 units of the
generator can produce a voltage of 1.47 V (Fig. 6C). Without
electrolyte replenishment, the output voltage obtained from
a series of 10 units exhibits only a 6.21% attenuation over 1 h,

11146 | Chem. Sci., 2025, 16, 11138-11150

accompanied by low attenuation in current, demonstrating that
the MXene/AAO/Nafion membrane-based generator can contin-
uously provide electric energy from osmotic energy (Fig. 6D, E).
Under identical conditions, the MXene/AAO/Nafion membrane-
based generator with 10 units achieves a higher output voltage
compared to other reported membrane-based generators (Fig. 6F
and Table S61). Moreover, the tandem stacks of the generator
have the capability of providing direct power for a wristwatch
(Fig. S59 and S607).

Conclusions

We have designed and prepared a kind of two-sided asymmetric
MXene/AAO/Nafion membrane for enhanced ion transport and
osmotic energy harvesting. Two functional layers with abundant
negative surface charges on both sides of AAO realize a dual
separation mechanism, where cations are initially rapidly sepa-
rated in the Nafion layer, then followed by accelerated transport
by the interface potential abruptness between AAO channels and
the MXene layer. Benefiting from dual ion selectivity, a high
cation selectivity and permeability can be achieved. Furthermore,
the light-to-heat conversion efficiency of MXene also leads to
a temperature gradient, achieving temperature-driven directional
ion migration. The combination of concentration-driven and
light-driven processes largely promotes the transmembrane ion
transfer behavior. As a result, the present MXene/AAO/Nafion
membrane displays exceptional performance for the salinity
gradient power harvesting. The maximum output power density
at 500-fold NaCl gradient concentration can reach up to approx-
imately 65.6 W m™ 2, which surpasses that of the majority of
previously reported membranes (3.0-35.0 W m™>). This work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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indicates the importance of structure design in ion transport and
its potential applications, providing a novel strategy for address-
ing global energy demands through high-performance blue
energy harvesting.

Experimental
Materials and reagents

The aluminum foil used in this study was 0.1 mm thick with
99.999% purity, obtained from the General Research Institute
for Non-ferrous Metals in Beijing, China. The chemicals used in
this work, including tin(u) chloride (SnCl,), potassium
hydroxide (KOH), phosphoric acid (H;PO,), hydrogen peroxide
(30% H,0,), chromium oxide (CrO;3) and acetic acid, were ob-
tained from Sinopharm Chemical Reagent Co. Ltd (Shanghai,
China). Magnesium chloride (MgCl,), lithium chloride (LiCl),
sodium chloride (NaCl), potassium chloride (KCl), calcium
chloride (CaCl,), acetone, and oxalic acid dihydrate were ob-
tained from Shanghai Ling Feng Chemical Reagent Co. Ltd.
Lithium fluoride (LiF) and N-methylpyrrolidone (NMP) were
purchased from Aladdin. 5% Nafion 117 solution was obtained
from Sigma-Aldrich. Ti;AlC, was purchased from Shandong
Research New Material Technology Co. Ltd. Ultrapure water was
used in all the experiments.

Instrumentation

The morphological characteristics of the MXene/AAO/Nafion
membrane were investigated using SEM (JSM-7600F, Japan).
XPS (EscalLab Xi+, Thermo Fisher Scientific, USA) and XRD
(Smart Lab) were used for the characterization of MXene
(TizC,Ty). Zeta potential was measured using a Zetasizer Ultra.
Water contact angle was determined with a fully automatic
contact angle measuring instrument (DSA30S, Germany). All
electrochemical tests were performed with a CHI660E electro-
chemical workstation (Shanghai Chenhua Instruments, China)
using various electrolyte solutions.

Fabrication of AAO

AAO was prepared by a two-step anodizing method.*® Initially,
an aluminum plate was cleaned sequentially with acetone and
1 M KOH. During the first anodization process, 0.3 M H,C,0,
was used as the electrolyte. A voltage of 50 V was applied, while
magnetic stirring was maintained at 500 rpm for 30 min. Then,
to obtain a well-ordered aluminum surface, the initially formed
anodized layer was chemically etched using a mixed acid solu-
tion (5 wt% H;PO, and 1.5 wt% H,CrO,) at 60 °C for 40 min. The
second anodization was conducted for a duration of 4 h,
following the same conditions as the initial anodization
process. Afterwards, the prepared AAO membrane was treated
with a SnCl, saturated solution to eliminate remaining
aluminum residues. To remove the barrier layer, the AAO
membrane was treated with a 5 wt% H;PO, solution. Subse-
quently, the membrane was exposed to 30% H,O, at boiling
temperature for 30 min, which introduced numerous hydroxyl
groups onto the channel surfaces.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fabrication of Ti;C,T, MXene nanosheets

The detailed synthesis method was slightly modified from
previous literature.” Ti;C,T, MXene was synthesized as follows.
LiF (0.75 g) was dissolved in 10 mL of 9 M HCI using a 50 mL
Teflon beaker. The solution was then supplemented with 0.5 g
of Ti;AlC, and stirred magnetically at 35 °C for 24 h. The ob-
tained product was repeatedly washed with DI water and
centrifuged at 3500 rpm until achieving a supernatant pH > 6,
resulting in the formation of a sediment with clay-like charac-
teristics. Subsequently, under conditions of 0 °C and an N,
atmosphere, ultrasound was used to disperse the precipitate in
deionized water for 60 min, facilitating the delamination of
stacked MXene flakes. After centrifuging at 3500 rpm for
30 min, most of the unexfoliated MXene was removed. The
prepared MXene solution was ~1 mg mL ™" in concentration. It
was stored at 5 °C away from light.

Fabrication of the MXene/AAO/Nafion membrane

A 1 mg mL~' MXene nanosheet dispersion was diluted with DI
water to 0.01 mg mL~". Then, a certain volume of the dispersion
was vacuum-filtered on one side of the AAO surface. Subse-
quently, it was heat-fixed in an oven at 80 °C for 6 h to obtain
MXene/AAO. Different thicknesses of MXene layers can be ob-
tained by varying the volume of dispersion used. Nafion
dispersion was obtained by mixing 5% Nafion and NMP at1:1.
The Nafion dispersion was then spin-coated on the AAO side of
MXene/AAO. The dispersion was spin-coated with 60 pL at
a time, then with 500 rpm for 60 s and then with 1000 rpm for
120 s. The dispersion was then fixed in an oven at 45 °C for 24 h
to afford the MXene/AAO/Nafion membrane.

Electrical measurement

The MXene/AAO/Nafion membrane was assembled between
custom-fabricated electrochemical cell compartments, each
filled with 2.5 mL electrolyte. Ion current signals were moni-
tored via high-stability Ag/AgCl electrodes using a CHI660E
electrochemical workstation.

The transmembrane voltage was adjusted within a certain
range. These experiments were carried out using silica gel
sheets measuring 0.2 mm in diameter. When the hybrid
membrane is used to measure salinity gradient power genera-
tion, the effective experimental area is about 0.03 mm?”. The
experiments were conducted at room temperature.

Data availability

The data supporting the findings can be found in the article and
ESI,f and are available from the authors upon reasonable
request.
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