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Nature’s various hierarchical structures exhibit exceptional performance in enhancing mass transport. However,
how to bionic nano-hierarchical structures to enhance ion dynamics and achieve charge regulation is a signifi-
cant challenge. Herein, a nano-hierarchical porous hybrid membrane inspired by nature was designed by inte-
grating 1D metal-organic frameworks (MOFs) on the 2D MXene substrate utilizing MOF nanoparticles with
tailorable positive and negative surface charges. The synergistic effects of the bioinspired nanohierarchical

porous structure and surface charge interactions significantly enhance the performance and stability of the
nanoconfined membrane, as corroborated by experimental characterizations and theoretical simulations. As a
result, the optimized nanohierarchical porous membrane exhibits high a cation selectivity of 0.95, an
outstanding power density of 35.04 W m ™2, and excellent stability over one month. Synergizing enhanced mass
transport and ion dynamics in nano-hierarchically structured materials with tailored charge improves osmotic
power generation efficiency and benefits logic circuits with controlled charge transport.

1. Introduction

In nature, hierarchically porous networks are evolved by natural se-
lection and are pervasive in organismal systems, offering the distinct
advantages of extremely high-efficiency mass transfer and exchange with
minimum energy consumption [1]. A noteworthy example is found in the
water transport system of plants, where a multi-scale pore structure
containing roots, stems, and leaves optimizes flow conductance and
enable an ideal photosynthesis rate [2]. The respiratory systems of in-
sects, characterized by cuticle-lined tubes with highly branched structures
throughout the body, also represent the natural porous networks. These
structures minimize transfer the resistance of carbon dioxide (CO5) and
oxygen (O2), enhancing their delivery within the body [3]. Additionally,

hierarchical porous structures play crucial roles in the transmission of
blood, odor, and nerve signals in the body, which also underscores their
pivotal function in mass transfer [4-7]. Recognizing the significance of
hierarchically porous structures, researchers have synthesized materials
with similar characteristics, particularly in the fields of gas sensing and
photocatalysis [8]. For instance, a macro-meso-microporous ZnO porous
network was used to realize highly sensitive gas sensors utilizing the
layer-by-layer evaporation method [1]. Meanwhile, biomimetic fiber
membranes featuring nano-hierarchical porous structures were synthe-
sized to enable ultrafast water transport and vapor diffusion [9]. Despite
the myriad advantages and applications highlighted for nano-hierarchical
porous structures, it has received little attention and has been overlooked
in the realm of osmotic power generation.
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Nanoconfined materials have attracted considerable attention
recently for their prospects in osmotic power device applications [10].
For instance, one-dimensional (1D) nanoporous materials, such as
metal-organic frameworks (MOFs), exhibit great potential in ion sieving
and osmotic power, due to their adjustable pore sizes and tunable sur-
face charges [11-13]. However, the scarcity of surface charge on MOFs
have posed challenges to their independent film formation. Thus, they
usually require a supporting film to achieve the necessary ion perme-
ability in practical applications [14]. For example, a photo-responsive
SP (spiropyrone)-MIL (Materials of Institut Lavoisier)-53 sub--
nanochannel was constructed by integrating SP molecules into the
MIL-53 framework on an anodic aluminum oxide (AAO) membrane,
achieving an output power density of 8.3W m™2 under UV light [15].
Peng et al. composited a polystyrene suifonate (PSS)@MOF hybrid
membrane using an electro-deposition method to incorporate PSS into
MOF on AAO supporting film, yielding an output power density of
2.87Wm~2 [16]. Xiao et al. proposed a heterogeneous membrane by
coating self-assembled MOF monolayer (SAMM) film on UiO-66-NH;
supporting film, realizing an output power density of 6.76 Wm ™2 [17].
Despite many advancements, the aforementioned MOF membranes of

Hierarchical structure
with fractal dimension
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the power densities remained low. On the other hand, two-dimensional
(2D) nanomaterials, such as graphene oxide (GO) and MXene, offer
avenues for improving the osmotic power [18-22]. They leverage ad-
vantages like reduced ion permeability distances due to thinner thick-
ness and effective ion selectivity through the surface charge of
functional groups [23,24]. Nevertheless, the power densities of most
membranes reported so far were around 10 Wm ™2 [25-27], but there
still has a considerable gap between the theoretical energy conversion
efficiency [28]. Therefore, it is crucial to develop a nano-confined
membrane capable of achieving high osmotic power performance.

In this work, inspired by natural systems, the nano-hierarchical
porous structure was constructed by 1D MOFs nanoparticles electro-
chemically modified onto 2D MXene nanosheets, realizing a high-
performance osmotic power source. The thickness of the synthesized
MIL —53-COOH/MXene hybrid membrane was a mere 4 um, reducing
the distance of ion permeability. Such a nano-hierarchical porous
structure, coupled with the MOFs featuring abundant negative surface
charges, synergistically elevated both ion permeability and cation
selectivity. The MIL-53-COOH/MXene hybrid membrane exhibited
impressive cation selectivity (t,) of 0.95 and outstanding output power

Hierarchically porous
structure

Fig. 1. Biological inspiration and ion transfer schematic of the nano-hierarchical porous membrane. (a) Hierarchical structures of leaf veins (top) and blood vessels
(bottom) in biological organisms; (b) Hierarchical structure with fractal dimension from nature; (c) Bionic hierarchical porous structure model; Schematic illustration
of ion transfer in (d) the MIL-53-COOH/MXene hybrid membrane, and (e) its enlarged image; (f) Cross-sectional SEM image of the MIL-53-COOH/MXene

hybrid membrane.
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density (35.04 Wm™2). More importantly, the MIL-53-COOH/MXene
hybrid membrane showed excellent stability of power generation per-
formance over one month, affirming its practicality. Distinctive attri-
butes of various ions were scrutinized within MOFs possessing identical
metal frame structures yet disparate surface charges. The results sug-
gested that the MIL-53-COOH/MXene hybrid membrane, characterized
by amounts of negative surface charges, exhibited superior osmotic
power generation performance, in accordance with the Poisson-Nernst-
Planck (PNP) simulation. In a word, by tailoring the surface charge of
the hybrid membrane, the nano-hierarchical porous structure emerges
as an effective strategy to provide a solution to the longstanding chal-
lenge of the osmotic power generation.

2. Results and discussion
2.1. Construction of nano-hierarchical porous structures

To facilitate ion transfer rates, biological organisms have developed
hierarchical structures. For instance, in plants, leaf veins display an
escalating number of branches that gradually narrow from macroscopic
to microscopic scales, forming porous channels to optimize the energy
conversion rate for photosynthesis [2]. Moreover, the structural
complexity of vascular systems in living organisms mirrors a similar
strategy to efficiently circulate substances like blood and nutrients
(Fig. 1a) [6]. It could be seen from Fig. 1b that the structural model was
inspired by those biological structures and featured hierarchically
porous arrangements. This model incorporated a primary branch con-
nected to numerous sub-branches (Fig. 1c), and such a biomimetic hi-
erarchical structure with fractal dimension could enhance the efficiency
of ion transfer. In this work, 1D MOF was integrated with 2D MXene
nanosheets to synthesize the MIL-53-COOH/MXene hybrid membrane
through electrodeposition process [29], which exhibited the hierarchi-
cal nanochannels. As shown in Fig. 1d, the nano-hierarchical porous
membrane was composed of MIL-53-COOH diamond-shaped crystals
and MXene membrane with nanoscale pores. The detailed preparation
process of the hybrid membrane was provided in the supplementary
information (Fig. S1). Due to an excessive MIL-53-COOH layer impeding
ion transport, thereby reducing permeability. Conversely, an excessively
thin MIL-53-COOH layer failed to achieve high ion selectivity. There-
fore, the optimized electrodeposition was carried out under a current
density of —0.89 A cm™2 for 5 min (Fig. S2). The design allowed ions to
permeate through the MIL-53-COOH layer (as the first layer with an
average size of 17.51 nm) and enter the MXene nanosheets (as the sec-
ond layer with an average size of 4.34 nm), facilitating efficient ion
transfer (ion selectivity and ion permeability). (Fig. le, Fig. S3). The
scanning electron microscopy (SEM) image in Fig. 1f indicated that the
thickness of the MIL-53-COOH/MXene hybrid membrane was approxi-
mately 4 um, consisting of a ca. 2 ym-thick MIL-53-COOH layer with
porous structures and a ca. 2 ym-thick MXene layer with a typical
layered microstructure. The energy dispersive X-ray spectroscopy (EDX)
mappings of the MIL-53-COOH/MZXene hybrid membrane confirmed the
presence of the elements Ti, C, O, and Al, indicating the successful
synthesis of the hybrid membrane (Fig. S4).

Fourier transform infrared spectroscopy (FTIR) and Raman spectra
were conducted to investigate the chemical properties of the MOF/
MXene hybrid membranes. As confirmed in Fig. S5a, typical character-
istic peaks of the —OH functional group in MXene, MIL-53-COOH/
MXene, MIL-53/MXene and MIL-53-NHy/MXene hybrid membranes
were observed at approximately 3423 cm ™! [30-33]. The peaks at about
1643 cm™ !, 1439 cm ™! and 566 cm ™! were recognized as the C=0, C-O
and Ti-O-Ti bonds, respectively. Additionally, the peaks at approxi-
mately 770 cm ™! and 673 cm ™! correspond to the Al-O bond, which
were attributed to the functional groups of the organic ligands and the
metal cluster in MIL-53-COOH, MIL-53 and MIL-53-NH, [30-33].
Raman spectroscopy results also confirmed the same findings (Fig. S5b).
The region of 205-475 cm™! represents in-plane vibrations of surface
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groups attached to Ti atoms, and the region between 580 cm™! and

760 cm ™ is assigned chiefly to carbon vibrations. In addition, the peaks
at approximately 570 cm™! correspond to the Al-O bond, which were
attributed to the functional groups of the organic ligands and the metal
cluster in MIL-53-COOH, MIL-53, and MIL-53-NH;, [30-32]. Through
FTIR and Raman spectra analysis, there were no new covalent bonds
formed between the MOF and MXene components of the hybrid mem-
brane in our cases [30-32]. The interaction within the hybrid membrane
via electrodeposition might primarily rely on electrostatic forces.
Additionally, XRD analysis was employed to examine the crystal struc-
tures of both the top (MOF layer) and bottom (MXene layer) surfaces of
the MIL-53-COOH/MXene hybrid membrane. As illustrated in Fig. S6,
the diffraction peaks of the MIL-53-COOH/MXene hybrid membrane
closely matched those of MIL-53-COOH nanocrystals across the 26 range
of 5°-25°. Notably, at 20~6°, the characteristic diffraction peak of
MXene was evident at the bottom layer of the MIL-53-COOH/MXene
hybrid membrane [34,35]. As shown in Fig. S7, the interlayer spacing
of the synthesized MIL-53-COOH/MXene hybrid membrane remained
unchanged in the MXene layer [35]. These findings unequivocally
confirmed the successful fabrication of the MIL-53-COOH/MXene
hybrid membrane with nano-hierarchical porous structures.

In this work, the MIL-53-COOH was synthesized by an improved
solvothermal method, and the detailed reaction processes were shown in
Fig. S8 [30]. It could be seen from Fig. 2a that the MIL-53-COOH was
composed of diamond-shaped morphology crystals. The X-ray diffrac-
tion (XRD) data demonstrated that MIL-53-COOH not only possessed the
monoclinic crystal system (Fig. 2b) [33]. The EDX mapping confirmed
the presence of C, O, and Al elements in the MIL-53-COOH (Fig. S9).
Furthermore, its chemical bond compositions were also characterized by
X-ray photoelectron spectroscopy (XPS). The Cls curve in Fig. 2c
showed three different peaks at 293.68 eV, 289.68 eV, and 289.61 eV,
corresponding to COOH, C-C, and benzene rings, respectively. Peaks for
the Ols curve, appearing at 537.3 eV, signified the presence of OH
groups (Fig. 2d). Peaks in the Al 2p curve at 79.79 eV was attributed to
Al-O bonds, demonstrating the existence of Al metal centers in
MIL-53-COOH crystals (Fig. 2e) [36]. The thermogravimetry analysis
(TGA) in Fig. 2f demonstrated that the pores of the MIL-53-COOH were
free of ligand molecules [37].

The detailed preparation process of MXene nanosheets was shown in
Fig. S10 and those nanosheets were obtained through vacuum filtration
on mixed cellulose esters (MCE) films (0.1 ym, 50 mm) [38]. The SEM
image of MXene nanosheets revealed a typical layered structure, with
the membrane thickness measuring only 2 um, thus minimizing the
permeability distance of ions (Fig. 2g). The XRD data in Fig. 2h high-
lighted the obvious characteristic peak (around 26=6.62°) of MXene
membrane [35]. Additionally, the presence of C, O, and Ti elements was
confirmed by the EDX mappings of MXene (Fig. S11). Furthermore,
C-Ti-C, C-Ti-O, C-Ti-F, and C-Ti-(O, F) bonds were revealed by fitting the
Ti 2p narrow scan in the XPS spectra (Fig. 2i). In the C 1 s spectrum,
three peaks at 283 eV, 280.79 eV, and 283.17 eV corresponded to C-Ti,
COO, and C-O, respectively (Fig. S12a). The peaks at 530.45 eV,
530.68 eV, and 528.2 eV in the high-resolution O 1s spectrum were
attributed to C=0, Ti-O, and C-O (Fig. S12b) [39], respectively, which
further confirmed the successful synthesis of the MXene membrane.

2.2. Influencing factors on the ion dynamics in the ion selective membrane

The ion dynamic process across membranes is a crucial determinant
in improving efficiency and performance in osmotic power. Utilizing the
similar bulk mobility and hydration radii of K and Cl ions, the ion-
selective membrane was interposed between two reservoirs containing
KCl solutions. As shown in Fig. 3a, both the MXene embrane and the
MIL-53-COOH/MXene hybrid membrane exhibited linear Ohmic char-
acteristics in the current-voltage (I-V) curves under the 0.01 M KClI so-
lution [40]. It was noteworthy that the current of the
MIL-53-COOH/MXene hybrid membrane was 3.48 times that of the
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Fig. 2. Shape and nanostructure characterization of MIL-53-COOH crystals and the MXene membrane. (a) SEM image and (b) XRD of MIL-53-COOH nanocrystals; (c)
Cl s, (d) O1 s, and (e) Al 2p XPS spectra of MIL-53-COOH nanocrystals; (f) TGA plot of MIL-53-COOH nanocrystals; (g) Cross-section SEM image of MXene membrane;

(h) XRD and (i) Ti 2p XPS high-resolution spectra of pure MXene membrane.

pure MXene membrane, which indicated its superior ion permeability
that might be due to the nano-hierarchical porous structure. Moreover,
the trans-membrane conductance for both the pure MXene membrane
and the MIL-53-COOH/MXene hybrid membrane evinced a pronounced
dependency on the salinity gradient. It could be seen from Fig. 3b that
their trans-membrane conductances both gradually diverged from the
bulk value (marked as the black dashed line) with the decreasing in KCl
solution concentration (from 10 M to 10~° M) on one side, indicating the
ion transfer behavior governed by the surface charge [41]. Similarly, the
MIL-53-COOH/MXene hybrid membrane exhibited significantly higher
conductance than the pure MXene membrane, with a maximum increase
of nearly 59.41 times, exhibiting its much higher ion permeability.
Under a 5-fold (0.01 M/0.05 M) NaCl salinity gradient, the t, of the
MIL-53-COOH/MXene hybrid membrane reached as high as 0.96, sur-
passing that of the pure MXene membrane. Even under 50-fold
(0.01 M/0.5 M) and 500-fold (0.01 M/5 M) high NaCl salinity gradi-
ents where ion blocking phenomena were prone to occur [42], the t, of
the MIL-53-COOH/MXene hybrid membrane remained higher than that
of the pure MXene membrane (Fig. 3c). Overall, the ion permeability
and t, of the MIL-53-COOH/MXene hybrid membrane showed superior
performance, which might be attributed to its nano-hierarchical porous

structure and the surface charge on the MIL-53-COOH nanocrystals.

Furthermore, the introduction of MIL-53-COOH endowed the hybrid
membrane with ion sieving properties, since different metal ions
possessed varying hydrated diameters. Fig. S13a showed the I-V curves
of the MIL-53-COOH/MXene hybrid membrane in different electrolyte
species (LiCl, NaCl, KCl, CaCl,, and MgCly). Among the tested metal
ions, K™ exhibited the highest ion conductance, which might be due to
its smallest hydrated radius (Table S1), enabling smooth transport across
the channels. Additionally, as shown in Fig. S13b, the ion conductance
order for the MIL-53-COOH/MXene hybrid membrane was
K">Na*>Lit>Ca?t>Mg?". We further investigated the t, order of the
MIL-53-COOH/MXene hybrid membrane under different salinity
gradient solutions. Under 5-fold (0.01 M/0.05 M), 50-fold (0.01 M/
0.5M), and 500-fold (0.01 M/5M, KCI, saturation concentration)
(Fig. S14) salinity gradients, the cation selectivity order of the MIL-53-
COOH/MXene hybrid membrane remained K'>Na'>Li">Ca
2+ Mg?*, this trend was consistent with their ion conductance change.
Therefore, the t;, of the MIL-53-COOH/MXene hybrid membrane in any
salt solution surpassed that of the pure MXene membrane, indicating the
great advantages of nano-hierarchical porous structures in osmotic
power applications.
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Fig. 3. Characteristics of different hybrid membranes with different surface charges (MIL-53/MXene, MIL-53-COOH/MXene, and MIL-53-NHy/MXene). (a) I-V
curvers of MXene membrane (gray line) and MIL-53-COOH/MXene hybrid membrane (red line) in 0.01 M KCl; (b) Ion conductance of MXene membrane (gray line)
and MIL-53-COOH/MXene hybrid membrane (red line) under different salinity gradients of KCI solutions; (c) Ion selectivity (t,) of MXene membrane (gray) and MIL-
53-COOH/MXene hybrid membrane (red) under 5-fold, 50-fold, and 500-fold NaCl salinity gradients; TGA plot of (d) MIL-53 nanocrystals (insert: SEM image), (e)
MIL-53-COOH nanocrystals (insert: SEM image), (f) MIL-53-NH; nanocrystals (insert: SEM image); Comparison of (g) XRD patterns, (h) Zeta potentials, (i) BET pore
width analysis among MIL-53 nanocrystals (black), MIL-53-COOH nanocrystals (red), MIL-53-NH; nanocrystals (blue); (j) Comparison of cation selectivity (t,) among
MIL-53/MXene membrane (black), MIL-53-COOH/MXene membrane (red), MIL-53-NH,; membrane (blue) under a 50-fold NaCl salinity gradient.

Surface charge and pore size are pivotal factors influencing ion dy-
namics in osmotic power. Here, three distinct MOFs (MIL-53, MIL-53-
NHj,, and MIL-53-COOH) with varying surface charges were aggregated
on MXene membranes to explore their impact on t,. Detailed synthesis
reaction processes of MIL-53 and MIL-53-NH; were provided in the
Fig. S15 and S16 [15,43]. SEM images revealed that all three MOFs
exhibited a diamond-shaped morphology (insert of Figs. 3d-3f). As
shown in Figs. 3d-3f, the first weight loss corresponded to the removal of
solvent molecules (e.g., water). The second weight loss represented the
decomposition of weakly bound water within the framework pores and
the partial decomposition of functional groups. Further decomposition
of the framework occurs during the third weight loss. Additionally, the
thermogravimetric analysis (TGA) confirmed the absence of ligand
molecules within their pores [37]. Additionally, the XRD patterns
showed that all three MOFs possessed nanocrystal structures, indicating
their structural consistency within the narrow-pore MIL-53 framework
[31,43]. It was noteworthy that the XRD peaks of the MIL-53-NH;
nanocrystals were weaker and wider than the other two (Fig. 3g).
Additionally, its binding energy as observed in the XPS spectra (Fig. S17
and S18) was the lowest [32]. These findings suggested the MIL-53-NHj
nanocrystals had smaller crystal particles, which potentially contributed
to their stronger electrostatic force and shorter bond length. Synthesized

MIL-53, MIL-53-COOH, MIL-53-NH; nanocrystals and MXene exhibited
Zeta potentials of 16.48 mV, —3.71 mV, 24.62 mV, and —47.15 mV,
respectively (Fig. 3h, Table S2). Surface charge density calculations
under neutral conditions yielded values of 3.7 mC m 2 -1mCm2 5.6
mC m~2 and —10.59 mC m ™2 for MIL-53, MIL-53-COOH, MIL-53-NHa,
and MXene (Table S2). This indicated MIL-53-COOH and MXene carried
negative surface charges, both the MIL-53/MXene and MIL-53-NHy/M-
Xene hybrid membranes carried positive surface charges, with the latter
exhibiting higher positive surface charges. The Brunauer-Emmett-Teller
(BET) average pore size distribution curves showed the mean aperture
sizes followed the order MIL-53 (19.28 nm) > MIL-53-COOH
(17.51 nm) > MIL-53-NH> (10.55 nm) (Fig. 3i). More importantly, the
pore sizes of MIL-53-COOH were more uniform. Under a 50-fold NaCl
salinity gradient, the observed order of t, for the three MOFs was
MIL-53-COOH/MXene > MIL-53/MXene > MIL-53-NHy/MXene
(Fig. 3j). This underscores the influence of surface charge on the t, of the
ion-selectivity membranes. The MIL-53-COOH/MXene hybrid mem-
brane, characterized by negative surface charges, exhibited superior
cation selectivity.
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2.3. Poisson-Nernst-Planck simulation on cation selectivity

The t, feature of the hybrid membrane was further investigated by
Poisson-Nernst-Planck (PNP) analysis [44]. In the simulation, the hybrid
membrane was modeled as a seven-pore system (Fig. S19), considering its
porous structure. The final negative surface charges on the
MIL-53-COOH/MXene hybrid membrane implied its significant cation
selectivity. The concentration distribution of Kt and Cl" surrounding the
pores resulted in the establishment of an electrostatic potential along the
salinity gradient direction. Due to the inherent negative charge on the
membrane surface, cations were allowed to pass through efficiently. As
illustrated in Fig. 4a, b, the transference rate of K* cations through the
MIL-53-COOH/MXene hybrid membrane reached 90 %, markedly higher
than that of Cl” anions (36 %). In contrast, the MIL-53/MXene and
MIL-53-NHy/MXene hybrid membranes possessed positive surface
charges, thus the transport of hydrated K* ions across MIL-53/MXene
membranes were only 23.5 %, and further reduced to 6.9 % after modi-
fying the positively charged amino group on the MIL-53/MXene mem-
branes (Fig. 4c, d). Consequently, the order of t, among the hybrid
membranes followed as MIL-53-COOH/MXene > MIL-53/MXene >
MIL-53-NH,/MXene, consistent with the experimental results (Fig. 3j).

Besides, time-dependent ion concentration was investigated by a
time-dependent PNP model to unveil more details about the t, of the
MIL-53-COOH/MXene hybrid membrane. Specifically, the top boundary
of K* ions infiltrated the membrane region considerably faster than CI,
because the latter suffered steric effects from the negative surface
charges of the MIL-53-COOH/MXene hybrid membrane. Thus, the
concentration of K* ions near the MIL-53-COOH/MXene hybrid mem-
brane region remained significantly higher than that of CI" throughout
the time simulation (Fig. S20), due to its negative surface charge and the
smaller hydrated diameter of K* ions.

Furthermore, the simulation extended to various cations with
distinct hydrated diameters, including Na™, Lit, Ca?*, and Mg?, to
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assess their transport rates within the MIL-53-COOH/MXene hybrid
membrane under a 50-fold salinity gradient. The stimulated results of
ion transport rate followed the order of K* > Na* > Li* > Ca%" > Mg?*
(Figs. 4e-4h), closely aligned with the comparison of hydrated di-
ameters, and exhibited good congruence with the experimental results
(Fig. S13a). This observation can be attributed to the formation of hy-
drated ions in salt solutions, wherein the hydrated diameter of metal
cations falls within the range of 6.5-9.0 A (Table S1). Larger hydrated
diameters pose a greater challenge for trans-membrane transport.
Consequently, divalent cations, characterized by a larger hydrated
diameter, faced increased shielding, while monovalent cations with a
smaller hydrated diameter could transport the channels more smoothly.
As aresult, the K™ exhibited the highest ion conductance within the MIL-
53-COOH/MXene, among those various electrolyte solutions
(Fig. S13b).

2.4. Osmotic power harvesting

The MIL-53-COOH and MXene components of the hybrid membrane
both possess negative charges in neutral solutions. Applying a salinity
gradient across the MIL-53-COOH/MXene hybrid membrane induces a
net flux of cations, thereby generating a diffusion potential (Vgjgf).
Fig. S21 depicted I-V and t, of MIL-53-COOH/MZXene under 50-fold NaCl
salinity gradients in opposing configurations. When the MXene side of
the hybrid membrane faced the high-concentration electrolyte, the
membrane’s selectivity notably decreased, with t, values of 0.66 at a 50-
fold salinity gradient. Conversely, when the MOF (MIL-53-COOH) side
was exposed to the high-concentration electrolyte, the membrane’s
selectivity significantly increased. As illustrated in Fig. S21b, the t,
values were 0.95 at 50-fold salinity gradients. Thus, these findings un-
derscore that the MIL-53-COOH side of the hybrid membrane serves as
the preferred direction for osmotic power, aligning with previous re-
ports on cation selectivity in heterogeneous membranes [45].
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Fig. 4. Ion selectivity simulation. Steady-state concentration distribution of (a) K* and (b) Cl' near MIL-53-COOH/MXene hybrid membrane with a surface charge
density of —1 mC m~2 (-3.7 mV); Steady-state concentration distribution of K* near (c) MIL-53/MXene hybrid membrane and (d) MIL-53-NH,/MXene hybrid
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The ion transport and osmotic power conversion properties of ho-
mogeneous membranes of MIL-53-COOH, MIL-53, and MIL-53-NH;,
were also examined. Due to the difficulty of MOF film formation alone
[29], MOF homogeneous membranes were prepared on the positively
charged anodic aluminum oxide (AAO) substrate. As depicted in
Fig. S22, at a 50-fold KClI salinity gradient, the absolute t, value of
MIL-53-COOH, MIL-53, and MIL-53-NH; homogeneous membranes was
approximately 0.52, a value notably lower than that of MOF/MXene
hybrid membranes. Similarly, the power densities of MOF homogeneous
membranes were found to be less than 1 W m™2, significantly lower
compared to MOF/MXene hybrid membranes. It was worth noting that,
since both MIL-53, MIL-53-NH;, and AAO were positively charged, the
MIL-53 and MIL-53-NH,; homogeneous membranes carry a positive
charge, demonstrating anion selectivity. The inferior results of both t,
value and power density from the MOF alone emphasize the crucial role
of the nano-hierarchical porous structure formed by MOF/MXene in
enhancing osmotic power conversion efficiency.

Benefiting from the remarkable permselectivity of the MIL-53-
COOH/MXene hybrid membrane, a comprehensive evaluation of its
osmotic power conversion capabilities was conducted using the exper-
imental device (Fig. 5a). Here, the solution concentration was fixed at
0.01 M NaCl on the MXene side, while it varies from 0.05 to 5 M NaCl on
the MIL-53-COOH side. The results showed that under three different
salinity gradients, the ion current was positively correlated with the
applied voltage, and both Vg and I increased with the increase in
salinity gradients (Fig. S23a, Table S3). The MIL-53-COOH/MXene
hybrid membrane exhibited energy conversion efficiencies (1) of
46 %, 45 %, and 30.12 %, respectively, under NaCl solutions with
different salinity gradients of 5-fold, 50-fold, and 500-fold (Fig. S23b).
The practical utilization of harvested osmotic power was assessed by
connecting it to an external circuit with an electric load (Ry). We
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investigated the output current density and power density of the MIL-53-
COOH/MXene hybrid membrane as a function of the external load
resistance under various 5-fold, 50-fold and 500-fold salinity gradients.
The current density decreases with increasing resistance (Fig. 5b),
leading to a local maximum in power density when the external resis-
tance matches the internal resistance of the membrane [46]. As depicted
in Fig. 5¢, the maximum output power densities were approximately
10.71 Wm™2, and 35.04 W m™2 under the 50-fold and 500-fold NaCl
salinity gradients, respectively, much higher than the MXene membrane
(Fig.  S24). The power generation efficiencies of the
MIL-53-COOH/MXene hybrid membrane were evaluated in addition to
NaCl salinity solution, across a 500-fold salinity gradient (0.01 M/5 M)
of LiCl, CaCly, MgCl,, and KCl (saturation concentration), yielding
power densities of 18.96Wm_2, 17.52Wm_2, 9.78Wm_2, and
48.22 W m 2, respectively (Fig. S25). The above results indicated the
great advantages of nano-hierarchical porous structures in osmotic
power applications.

For comparison, MIL-53/MXene and MIL-53-NHy/MXene hybrids
were also tested under a 50-fold salinity gradient, as illustrated in
Fig. S26. The MIL-53/MXene hybrid membrane exhibited # and power
density values of 40.6 % and 9.75 Wm™2 under a 50-KCl salinity
gradient, and 39.3 % and 2.21 W m~2 under a 50-fold NaCl salinity
gradient, respectively. The MIL-53-NHy/MXene hybrid membrane dis-
played 7 and power density values of 30.8 % and 1.9 W m 2 under a 50-
fold KCl salinity gradient, and 24.37 % and 0.89 W m~2 under a 50-fold
NaCl salinity gradient, respectively. More importantly, the output power
density of the MIL-53-COOH/MXene hybrid membrane displayed no
discernible attenuation at a 500-fold salinity gradient over a month
(Fig. 5d), which indicated its stable performance for practical applica-
tion. In summary, among the reported osmotic power harvesting sys-
tems to date, it is noteworthy that the MIL-53-COOH/MXene nano-
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hierarchical porous structure achieved an unprecedented output power
density (Fig. 5Se, Table S4).

3. Conclusion

In summary, we employed a straightforward electrodeposition
strategy to synthesize three hybrid membranes with nano-hierarchical
porous structures, each characterized by a distinct surface charge.
Among these, the MIL-53-COOH/MXene hybrid membrane, modified
with negative surface charges, demonstrated unparalleled cation selec-
tivity and was the most efficient in osmotic power harvesting. This su-
periority might be attributed to the robust synergistic effect between the
negative surface charges on MIL-53-COOH and the nano-hierarchical
porous structure of the hybrid membrane. PNP analysis indicated the
cation selectivity of the hybrid membrane could be regulated by its
surface charge. Specifically, the specific pore sizes of MIL-53-COOH,
coupled with the classically structured MXene, significantly contrib-
uted to enhanced cation selectivity within the nano-channels, facili-
tating cation permeation. The osmotic device with the MIL-53-COOH/
MXene hybrid membrane achieved an impressive cation selectivity of
0.95, and an output power density of 35.04 W m~2. Furthermore, the
output power of the MIL-53-COOH/MXene hybrid membrane showed
no significant decrease over one month, exhibiting remarkable stability
in practical application. Through the modulation of surface charge
within the nano-channels and the implementation of structural design,
we anticipate that various hybrid membrane channels featuring nano-
hierarchical porous structures will propel the application of osmotic
power conversion as well as in domains such as gas separation, ion
sieving, and seawater desalination.

4. Experimental section
4.1. Chemicals and materials

Aluminum chloride hexahydrate (AlCl3-6 H20, 97 %), 1,2,4-tereph-
thalic acid (H3BDC, 98 %), terephthalic acid (H,BDC, 99 %), 2-amino-
terephthalic acid (BDC-NH;, 98 %), tetrabutylammonium hexa-
fluorophosphate ((NBu4)PFg, 98 %), Sodium hydroxide (NaOH, 97 %),
Potassium chloride (KCI, 99.5 %), Sodium chloride (NaCl, 99.5 %),
Lithium chloride (LiCl, 99 %), Calcium chloride (CaCly, 94 %), Magne-
sium chloride (MgCly, 99 %), Lithium fluoride (LiF, 99 %), N, N-dime-
thylformamide (DMF, 99.5 %) and titanium aluminum carbide (Ti3AlC,,
98 %) were purchased from Macklin. Hydrochloric acid (HCl, 37 %) was
purchased from Beijing Chemical Plant Co., Ltd. Methyl alcohol
(CH30H, 99.5 %) and was purchased from Shanghai Titan Scientific Co.,
Ltd. Mixed cellulose esters (MCE) films (0.1 pm, 50 mm) were purchased
from Haiyan New Oriental Plastic Technology Co. Ltd. All water solu-
tions were prepared in Milli-Q water (18.2 MQ).

4.2. Preparation of the MIL-53-COOH nanocrystals

The MIL-53-COOH nanocrystals were synthesized using a ligand-salt
induced strategy based on a solvothermal method [31]. First, about
690 mg of NaOH was dissolved in 10 ml of deionized water and cooled
to room temperature. Thereafter, 1.4 g of H3BDC was added to the above
solution, ensuring it was completely dissolved through continuous
agitation. 2.42 g of AlCl3-6 H0 was dissolved in an additional 10 ml of
deionized water to achieve a homogeneous solution. The above two
solutions were mixed and stirred for 15 minutes, followed by trans-
ferring the mixture to a PTFE reactor and heating it at 100 °C for 48 h.
The resultant white precipitate was isolated via centrifugation, washed
with deionized water and methanol, and ultimately desiccated at 80 °C
for 12 h. The synthesized MIL-53-COOH was characterized by the
absence of excess organic ligands in its pores.

For comparison, MIL-53 nanocrystals were synthesized using the
same method, but H,BDC was added to the NaOH solution [41]. To
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investigate the surface charge and pore size of the nano-hierarchical
porous structures of MIL-53, MIL-53-COOH, and MIL-53-NH; nano-
crystals, MIL-53-NH, was synthesized by the traditional solvothermal
method [16]. In brief, 760 mg of AlCl3-6 Hy0 and 560 mg of BDC-NH,
were solubilized in 30 ml of DMF and transferred to a PTFE reactor at
150 °C for 24 h. Centrifuge the mixture to obtain the yellow precipitate,
which was then immersed in DMF for an additional 24 h, cleansed with
methanol, and dried at 80 °C for 12 h. The synthesized MIL-53-NH,
similarly had no excess organic ligands in its pores.

4.3. Preparation of the negatively charged MXene membrane

The MXene membrane was synthesized employing a vacuum
filtration-assisted method [35]. First, 1.6 g of LiF was dissolved in 20 ml
of HCI. Subsequently, 1 g of TizAlC, was added to the above solution and
stirred continuously for 24 h at 48 °C. Centrifuge the mixture and collect
the precipitation, then wash it twice with 1 M HCIl, followed by washing
with deionized water to pH=6 to obtain MXene precipitate. After that, a
certain amount of MXene precipitate was deposited on an MCE mem-
brane (with a pore size of 0.1 um and a diameter of 50 mm) for vacuum
filtration to obtain an MXene membrane, which was then dried at 40 °C.

4.4. Fabrication of the MIL-53-COOH/MXene hybrid membrane

The MIL-53-COOH/MXene hybrid membrane was synthesized by a
simple electrodeposition strategy [30]. Initially, a designated proportion
of MIL-53-COOH was dispersed in 20 ml of methanol, while 10 mg of
(NBu4)PFg was dissolved in 30 ml of methanol, with stirring continuing
until complete dissolution. The electrochemical system consisted of a
platinum wire counter electrode, an Ag/AgCl reference electrode, and a
specific size of MXene film as the working electrode in the aforemen-
tioned solution. An electrodeposition process was conducted at ambient
temperature, applying a current density of —0.89 mA cm 2 for
5 minutes to obtain MIL-53-COOH/MXene hybrid film. Finally, the
hybrid membrane was washed with methanol, followed by vacuum
drying at 40 °C for 12 h. MIL-53/MXene and MIL-53-NHz/MXene hybrid
membranes were synthesized by the same procedure.

4.5. Characterization and measurements

A field emission scanning electron microscope (FEI/Nova Nano-
SEM450) was used to observe the surface and sectional morphology of
the MIL-53, MIL-53-COOH, MIL-53-NHy nanocrystals, MXene mem-
brane, and MIL-53-COOH/MXene hybrid membrane. Energy dispersive
X-ray spectroscopy (EDX) was used to delineate the element distribution
of the MIL-53-COOH nanocrystals, MXene membrane, and MIL-53-
COOH/MXene hybrid membrane. X-ray diffraction (XRD, Xpert3 Pow-
der) with a Cu Ka radiation source (40 KV and 40 mA) was used to
elucidate the crystalline structures inherent to the MIL-53-COOH, MIL-
53, MIL-53-NHy nanocrystals, and MXene membrane. A near atmo-
spheric pressure X-ray photoelectron spectrometer (NAP-XPS, SPECS,
Germany) was employed to ascertain the elemental composition and the
chemical states of the elements present in the MIL-53-COOH, MIL-53,
and MIL-53-NH; nanocrystals and MXene membrane. To determine the
zeta potential values, the MIL-53-COOH, MIL-53, and MIL-53-NH,
nanocrystals were analyzed using a zeta potential analysis system
(BeNano Zeta) at 298k. The pore size distribution of the MIL-53 nano-
crystals, MIL-53-COOH nanocrystals, and MIL-53-NH» nanocrystals, and
the MXene membrane were characterized using a Micromeritics 3 Flex
gas sorption analyzer. The MIL-53, MIL-53-COOH, and MIL-53-NH,
nanocrystals were degassed at 180 °C for 48 h before each measurement.
The MXene membrane was degassed at 40 °C for 48 h before each
measurement. TGA (Mettler Toledo LLC., OH, Switzerland) was used to
record the TGA curves of MIL-53, MIL-53-COOH, and MIL-53-NH,
nanocrystals at 50 °C and 800 °C.
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4.6. Electrical measurements

A multichannel chemical workstation (Multi Autolab M204) was
used to record the ion current through the ion-selective membrane. A
standard Ag/AgCl reference electrode was used to accurately assess the
current-voltage (I-V) curves and calculate the output power density. The
reference electrode serves as a stable, known reference point for po-
tential measurements during the electrochemical process. The hybrid
membranes were sandwiched in two electrolytic cells containing an
electrolyte solution. This configuration ensures that the hybrid mem-
branes were exposed to the electrolyte, allowing for the ion transport
that was being measured. The effective test area is specified to have an
area of roughly 0.03 mm?. This dimension is critical for quantifying the
current in the area of the membrane. The voltage applied across the
membrane during these measurements spans a range of —1 Vto 1 V.

The energy conversion efficiency () was calculated by the equation
as follows:

n=(2t,—1) x 100%

t, was the cation transference number, which can be calculated as:

+1

1
tn:E

-

(%4
lnl)L

where €, R, T, F, ay, and oy, referred to the membrane potential, gas
constant, absolute temperature, Faraday constant, high concentration,
and low concentration, respectively.

The surface charge density (o) was calculated by the following
equation:

€08
o=
}\Deb

Where €, €y, & and Apep represent the permittivity of water, the
permittivity of vacuum, Zeta potential, and Debye length, respectively.
The Debye length was calculated using the following equation:

&€0RT
2cz%F

Apeb =

Where ¢, €o, R, T, ¢, z, and F represented the permittivity of water, the
permittivity of vacuum, the gas constant, the absolute temperature, the
concentration of the solution, the valence number, and the Faraday’s
constant.

4.7. Stability testing of the MIL-53-COOH/MXene hybrid membrane

The MIL-53-COOH/MXene hybrid membrane was sandwiched in
two electrolytic cells containing different salinity gradients (0.01 M/5 M
NaCl). Measurements of the output power density were conducted at
consistent intervals within a controlled experimental environment. The
MIL-53-COOH/MXene hybrid membrane remained perpetually sub-
merged in the assay solution, with periodic replacement of the electro-
lytes preceding each power density measurement.

4.8. The PNP model

Ion transport across the MIL-53-COOH hybrid membrane had been
computationally simulated via the coupled Poisson-Nernst-Planck (PNP)
equations. The total flux of each ion species, denoted as Jj, can be
expressed with a Fickian diffusion term, which accounts for
concentration-driven migration, and a drift term, which describes the
movement of ions under an electric field.

Ji = =DV — umiziFe;V
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Un; = KT
where index i corresponds to the ith ion species, Di, ci, and zi are the
diffusion coefficient, ion concentration, and valence of species i,
respectively, um,i is the mobility, F is the Faraday constant, ¢ is the
electrostatic potential, Kg is the Boltzmann constant, and T is the ab-
solute temperature.

The electrostatic potential is contingent upon localized charges
affixed to the interface of the membrane, while the emergent mobile
charges stem from spatially varying ion concentrations, as delineated by
the Poisson equation :

— Ve (eggV) = Zzieci

ne (ego V) = o

where ¢ is the vacuum dielectric constant, ¢ is the relative dielectric
constant of the aqueous solution, o is the surface charge density of the
membrane, and n is the unit normal vector, pointing outwards to the
membrane surface.

Detailed information could be found in Figure S23.
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