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Ultrafast rectifying counter-directional transport
of proton and metal ions in metal-organic

framework-based nanochannels

Jun Lu't, Hengyu Xu?t, Hao Yu?t, Xiaoyi Hu't, Jun Xia?, Yinlong Zhu', Fengchao Wangz,

Heng-An Wu?*, Lei Jiang', Huanting Wang'*

Bioinspired control of ion transport at the subnanoscale has become a major focus in the fields of nanofluidics and
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membrane separation. It is fundamentally important to achieve rectifying ion-specific transport in artificial ion
channels, but it remains a challenge. Here, we report a previously unidentified metal-organic framework nano-
channel (MOF NC) nanofluidic system to achieve unidirectional ultrafast counter-directional transport of alka-
line metal ions and proton. This highly effective ion-specific rectifying transport behavior is attributed to two
distinct mechanisms for metal ions and proton, elucidated by theoretical simulations. Notably, the MOF NC exhibits
ultrafast proton conduction stemming from ultrahigh proton mobility, i.e., 11.3x 1077 m? /V-s, and low energy
barrier of 0.075 eV in MIL-53-COOH subnanochannels. Furthermore, the MOF NC shows excellent osmotic power-
harvesting performance in reverse electrodialysis. This work expects to inspire further research into multifunc-
tional biomimetic ion channels for advanced nanofluidics, biomimetics, and separation applications.

INTRODUCTION

Directional ultrafast transport of ions with atomic-scale precision is
one of the core functions of biological ion channels in cell mem-
branes (I-5). For example, inwardly rectifying potassium channel
can unidirectionally transport K* from the extracellular to the in-
tracellular side of cells, while some biological proton channels can
exhibit preferential proton transport in the opposite direction
(Fig. 1A-i). These biological ion channels cooperatively maintain
the electrolyte and pH balance across cell membranes, which are
essential for the physiological activities of the cells. For example,
the electrolyte concentration disorder in cells, especially for the cat-
ions such as K*, Na*, and proton, is recognized to have direct link
with some diseases such as epilepsy (5, 6). Inspired by these func-
tions, artificial macroscopic nanochannel (NC) devices constructed
from porous materials have been widely studied for the experimen-
tal investigation of nanofluidic ion (i.e., nanoionic) transport at the
sub-1-nm scale dimension to achieve the ion-specific transport
properties observed in biological ion channels (7-9). For instance,
carbon nanotubes (CNTs), graphene, polymers, and metal-organic
frameworks (MOFs) have been used to construct nanometer-sized
pores to mimic atomic-scale ionic and molecular transport of bio-
logical ion channels (10-18). The promising ion transport proper-
ties analogous to biological ion channels such as ultrafast ion
transport, high ion-ion selectivity, and quasi-unipolar ion transport
have been demonstrated by tuning the effective channel size down
to below 1 nm of two-dimensional (2D) layered materials-based
(graphene, graphene oxide, MoS,, h-BN, etc.) membranes (15, 19-21).
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Unfortunately, only small ion rectification ratios have been achieved
because of the lack of geometry and chemistry diversity along ion
transport pathways of these nanoionic devices (22, 23).

The ion rectifying effect (also known as ionic diode behavior) of
NCs or membranes has shown important engineering applications.
Compared with the nonrectifying ones, the ion-conductive mem-
branes with better ion rectifying property enable higher ion con-
ductance because of the lower transport energy barrier in one
direction (24, 25). It is reported that the ion rectifying membranes
can suppress power dissipation by blocking the back current, and
then improve their energy-harvesting efficiency in reverse electro-
dialysis (26, 27). The ion rectifying property is normally attributed
to the asymmetry in charge density and channel size along the ion
transport direction, which has been observed in various heteroge-
neous NCs or membranes mainly focusing on metal ion rectifying
(17, 28). However, rectifying proton transport in NCs/membranes
has been rarely reported. Thanks to the tailorable NC diversity in
chemistry and geometry of porous framework materials (PFMs),
including MOFs and covalent organic frameworks, PFM-based
nanofluidic devices have sprung up in recent years, achieving prom-
ising ion rectifying properties for sole specie of electrolyte solutions
(29-33). However, the PEM-based NCs reported so far either exhib-
it low ion conductance or lack ion specificity in ion rectifying. To
the best of our knowledge, it remains a challenge to achieve unidi-
rectional transport of metal ions and proton with rectifying direc-
tion opposite each other in the same nanoionic channel while having
high ion conductance. Since the individual rectifying metal ion con-
duction or proton conduction is important for many applications
such as in energy harvesting and storage and membrane separation,
the realization of the dual ion rectifying property would represent a
substantial step forward toward the design of more efficient devices
in these areas. This kind of exotic ion transport property with inte-
grated multiple functions analogous to the outwardly and inwardly
rectifying biological ion channels will inspire more biomimetic de-
sign strategies to prepare smart artificial channels/membranes with
atomic-scale selective ion transport.
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Fig. 1. Bioinspired design of the MOF nanoionic device for rectifying ultrafast counter-directional transport of metal ions and proton. (A) Bioinspired design
of MOF nanoionic device to achieve multifunctional rectifying cation transport. (i) The inward-rectifying K* channel and outward-rectifying proton channel in cell
membrane; (i) asymmetric PET/MIL-53-COOH NC for counter-directional cation transport. Scanning electron microscopy (SEM) image of the cross section of the PET/
MIL-53-COOH NC shows the asymmetric assembly of MOF near the tip side. Scale bar, 1T um. (B) Asymmetrical /-V curves of 0.1 M LiCl, NaCl, KCl, and HCl in PET NC.
(€) Asymmetrical I-V curves of 0.1 M LiCl, NaCl, KCl, and HCl in PET/MIL-53-COOH NC. (D) The tip-to-base ion rectification ratios in PET/MIL-53-COOH NC compared to those
in PET NC and PET@EDA NC. The rectification ratio larger than 1.0 indicates that the preferential cation transport is from the tip to the base side, while the rectification
ratio below 1.0 indicates that the preferential cation transport is from the base to the tip side. The dashed columns for HCl are to illustrate the markedly reversed proton
rectifying effect of PET@EDA NC and PET/MIL-53-COOH NC compared to the pristine PET NC.

Here, we report a bioinspired artificial ion channel by assembly of
acidic MOF (MIL-53-COOH; MIL: Matériaux de 1'Institut Lavoisier)
into single polyethylene terephthalate NC (PET NC) to achieve
ultrafast rectifying counter-directional transport of metal ion and
proton. The MIL-53-COOH used in this work has 8.1 A-sized 1D
sub-NCs with high rigidity. This asymmetric PET/MIL-53-COOH
NC exhibits the unidirectional proton transport from the base to
the tip side, and the preferential metal ion transport from the tip to
the base side, both with high ion rectification ratios up to 100. Thus, the
proton/metal ion selectivity reaches over 100 with a voltage bias
of +2 V. This asymmetric MOF NC has higher metal ion conduc-
tance in the tip-to-base direction than the pristine PET NC. The
asymmetry of charge density and aperture size from the tip to the
base side of the MOF NC is responsible for the metal ion rectifying,
as verified by the metal ion concentration profile along the whole
channel of MOF NC by finite element method simulations. The
PET/MIL-53-COOH NC achieves ultrafast proton permeability,
ie., 43 m s, which is superior to other artificial proton channels.
Molecular dynamics (MD) simulations reveal an ultrahigh proton
mobility of 11.3 x 10~ m* /V-s, and further density functional theory
(DFT) calculations show that the energy barrier for proton conduc-
tion is as low as 0.075 eV in MIL-53-COOH, indicating the ultrafast
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proton conduction in MOF NC occurs via the Grotthuss mechanism.
The energy barrier difference between two transport directions,
i.e., 0.08 eV in base-to-tip and 0.18 eV in tip-to-base direction of
the MOF NC, explains the high proton rectifying property. As a
proof of concept, the PET/MOF nanoionic device is demonstrated
as an efficient nanopower generator via reverse electrodialysis, main-
taining a stable power density of 10° W/m?* even with the HCI
concentration gradient (defined here as the ratio of high to low con-
centration) decreased to 10. This study demonstrates the rational
design of asymmetric nanoionics devices to develop multifunc-
tional biomimetic ion channels and ion-selective membranes for
advanced nanofluidics and separation technologies.

RESULTS

Preparation of PET/MIL-53-COOH NC

Figure 1A illustrates the biomimetic design of MOF nanoionic device
by assembly of rigid MIL-53-COOH with 1D orthorhombic chan-
nels into PET NC to achieve ultrafast rectifying counter-directional
transport of metal ion and proton. First, we synthesized rigid
MIL-53-COOH nanocrystals. The ligand salt-induced MOF nucle-
ation strategy (34) was successfully explored for the aqueous phase
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synthesis of MIL-53-COOH nanocrystals at 100°C (Supplementary
Materials), which was tailored for the subsequent preparation of
PET/MOF NC. The deprotonated ligand (1, 2, 4-benzenetricarboxylic
acid) favors their coordination bonding with Al-oxide clusters at this
moderate temperature and then facilitates the nucleation of MIL-
53-COOH. The MIL-53-COOH nanocrystals synthesized were nano-
plates with lateral size of about 150 nm and had high crystallinity
with featured powder x-ray diffraction (PXRD) peaks of MIL-53-
COOH with large-pore (lp) structure (fig. S1, A and B), different
with the MIL-53-COOH with narrow-pore structure (35, 36). Notably,
the PXRD pattern of MIL-53-COOH in wetting state was the same
as that of MIL-53-COOH in dry state (fig. S1B), indicating the low
flexibility of the MOF crystal structure. By contrast, the obvious
differences were observed in flexible MIL-53-type MOFs between
hydrous and anhydrous states, as widely reported in the literature
(36-38). This demonstrates that the framework of the MIL-53-COOH
synthesized by this ligand salt-induced strategy exhibits good rigidity.
The channels of the as-prepared MIL-53-COOH are free of ligand
molecules as confirmed by thermogravimetric analysis (TGA) (fig.
S1C) in comparison with the literature data (34, 36). The rigid Ip-
MIL-53-COOH has ~8.1 A-sized 1D channels, as indicated by the
N, sorption measurement results (fig. S2).

On the basis of this synthesis method, we fabricated the PET/
MIL-53-COOH NC by asymmetric growth of MOF crystals in a
bullet-shaped PET NC via nanoconfined assembly strategy (fig. S3
and Materials and Methods). The PET@EDA NC was obtained by
modification of PET NC by ethylenediamine (EDA) solution. Note
that the bullet shape of the PET NC was key to achieving the asym-
metry in the resultant PET/MOF NC device (30). The introduction
of amino groups dangling in the inner channel wall of PET NC pro-
moted nanoconfined growth of MIL-53-COOH into PET@EDA
NC. Scanning electron microscopy (SEM) images and energy-
dispersive x-ray spectroscopy mapping images (Fig. 1A-ii insert and
fig. S4, A and B) of the cross section of the resulting PET/MOF NC
show that the PET channel was filled with well-intergrown MIL-53-
COOH crystals several micrometers in length at the tip-side region,
leaving the remaining portion unfilled, thus forming an asymmetri-
cal channel structure. Both the bottleneck effect of the tip side and
difference in diffusion rate between the ligand (H;BTeC) molecules
and AI’* ions favored this asymmetric growth of MOF near the tip
side of PET@EDA NC. The PXRD pattern and Fourier transform
infrared spectrum show the characteristic peaks and carboxylic-Al-
oxide node from MIL-53-COOH, respectively (fig. S4, C and D),
further confirming the successful growth of MIL-53-COOH in
PET@EDA NC. We recorded the current-voltage (I-V) curves for
0.1 M KCl and MgCl; (fig. S5). On the basis of the conductance at
+2V, the K*/Mg?* selectivity by PET/MIL-53-COOH NC was up to
49.2, which can be attributed to the size sieving effect of the MOF
intrinsic channels (8.1 A) as the cutoff for Mg** (8.56 A) and K"
(6.66 A). This good ion selectivity together with the SEM image
(Fig. 1A-ii) can qualitatively demonstrate the well intergrowth of
MOF crystals in the tip-side region of PET/MIL-53-COOH NC.

Rectifying counter-directional transport of metal ions

and proton

The I-V characteristic curves were measured in 0.1 M LiCl, NaCl,
KCl, and HCI for the PET/MOEF NC, PET NC, and PET@EDA NC
(Fig. 1, B and C, and fig. S6A). In contrast with PET NC, the PET/
MIL-53-COOH NC presented the “on” state for metal ions (Li",
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Na’, and K*) when a forward voltage was applied to the tip side
(set as a negative voltage), and the “off” state with a forward voltage
applied to the base side (set as a positive voltage); it exhibited the
reversed rectifying transport for the proton conduction. This
transport behavior for alkaline metal ions and proton mimics
counter-directional transport properties of cell membranes composed
of both inwardly rectifying potassium ion channels (6, 39) and out-
wardly rectifying proton channels (40-42). To further demonstrate
this distinct cation rectifying effect, we calculated ion rectification
ratios (Fig. 1D). Here, the ion rectification ratio in the tip-to-
base direction is defined as the absolute ratio of the currents at neg-
ative voltage over positive voltage, i.e., | Iov/Loy | . This tip-to-base
rectification ratio larger than 1.0 indicates that the preferential cation
transport is in the tip-to-base direction, whereas the lower rectifica-
tion ratio below 1.0 means the preferential cation transport is in the
base-to-tip direction. Conversely, the base-to-tip rectification ratio
is defined by | Lov/Ioy | to demonstrate the degree of ion rectify-
ing effect on the opposite direction of proton transport through the
NCs. Our measurements showed that the tip-to-base rectification
ratios for LiCl, NaCl, and KCI in PET/MIL-53-COOH NC were in
the range of 205 to 255, over 20 times higher than those for pristine
PET NC. However, the proton conduction was opposite. The PET
NC had a weak rectifying effect for HCl in the tip-to-base direction
with a low rectification ratio of 2.5. In contrast, the preferential pro-
ton transport was reversed to the base-to-tip direction after amino
group modification, and this reversed rectifying effect for HCI was
further enhanced in PET/MIL-53-COOH NC, with the rectification
ratio decreasing from 0.07 to 0.013. In other words, the proton rec-
tification ratio in the base-to-tip direction increased from 18 in
PET@EDA NC to 78.5 in PET/MIL-53-COOH NG, about 7.2 and
32 times higher than that in PET NC, respectively, as shown in
Fig. 1D. The ideal cation selectivity was calculated by taking the ra-
tio of the currents of different cations at a voltage of +2 V (fig. S6B).
The PET/MIL-53-COOH NC exhibited high proton/metal ion
selectivity, with the ideal H'/Li*, H"/Na®, and H"/K" selectivity of
100, over 50 times higher than those in PET NGC; it had binary proton/
metal ion selectivity of between 23 and 60 based on the ion permeation
experiments (Supplementary Materials). These values are listed in
table S1 in comparison with biological channels and previously re-
ported artificial proton channels.

The comparison of metal ion conductance is shown in Fig. 24,
and the PET/MIL-53-COOH NC exhibits improved metal ion con-
ductance, around two times higher than that in pristine PET NC at
-2 V, which shows a notable contrast with lower ion conductance
of previous MOF NCs than that of PET NC (30, 43, 44). The
improved metal ion conductance in PET/MIL-53-COOH NC is at-
tributed to the enriched ion concentration and the enhanced metal
ion mobility in MOF sub-NCs; for example, K" mobility is up to 8.4 x
107 m*V-s in MIL-53-COOH 1D sub-NCs by MD simulations
(fig. S7) versus 7.6 x 1078 m%/V-s in the bulk (45). To further demon-
strate this ultrafast and unidirectional metal ion transport in PET/
MIL-53-COOH NC, we obtained the I-V curves of LiCl, NaCl, and
KCI at different concentrations (fig. S8). The conductance in two
opposite directions (at =2 V and +2 V) both increased with increas-
ing the concentration (Fig. 2B). As demonstrated in Fig. 2C, the
PET/MIL-53-COOH NC showed robust rectifying effect for the
metal ions. Specifically, the metal ion-rectification ratio maintained
over 100 as the concentration increased from 1 mM to 0.1 M and
reduced to ~50 with the concentration increasing to 1.0 M. This
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Fig. 2. Ultrafast, unidirectional metal ion transport in PET/MIL-53-COOH NC.
(A) Comparison of 0.1 M KCl, NaCl, and LiCl conductance in PET NC before and after
EDA and MOF modification. (B) Conductance of KCl, NaCl, and LiCl in PET/MIL-53-
COOH NC as a function of electrolyte concentration. (C) lon rectification ratio (tip-
to-base) for LiCl, NaCl, and KCl with the variation of electrolyte concentration.
(D) Schematic of ion rectification mechanism for metal ions in PET/MIL-53-COOH
NC. (i) Enhanced ion conduction at negative voltage applied; (ii) low ion conduc-
tion at positive voltage applied.

metal ion rectifying property is attributed to the enhanced asymmetry
in channel size and charge density between the tip and base sides of
PET/MIL-53-COOH NC, compared to the pristine PET NC. These
asymmetries can be quantitatively described by the base/tip ratio
of channel size and tip/base ratio of negatively charged density,
respectively. Specifically, the channel size asymmetry increased
markedly from 6.1 for PET NC and PET@EDA NC to 432 for PET/
MIL-53-COOH NC (fig. S9). Furthermore, the PET/MIL-53-COOH
NC was negatively charged in these chloride salt solutions because
of the deprotonation of free -COOH groups, as confirmed by the
minus zeta potential of MIL-53-COOH (table S2). The charge den-
sity asymmetry increased to 8.6 for PET/MIL-53-COOH NC, while
there was no charge asymmetry for PET NC and PET@EDA NC
(figs. S10 and S11). The increased asymmetry in both channel size
and charge density (details seen in the Supplementary Materials)
greatly contributed to high rectification ratios of chloride salt solu-
tions in PET/MIL-53-COOH NC.

Our drift-diffusion experiments showed that the cation transfer
number for KCI was 0.943, corresponding to a K'/Cl™ selectivity of
16.4, indicating that PET/MIL-53-COOH NC has a good cation/
anion charge selectivity (table S3), and the metal ions play a major
role in charge transfer. In general, the metal ions of smaller hydrated
diameters than the MOF channel size (i.e., K" 6.62 A, Na* 7.16 A,
and Li* 7.64 A versus ~8.1 A) are favorably enriched in the nega-
tively charged PET/MIL-53-COOH NC, while the counter ion (Cl")
is depleted. Since MOF channels have higher negative charge densi-
ty than the non-MOF-filled NC zone at the base side (~1.8 e/nm”
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versus —0.23 e/nm?), the electrostatic attraction induced much
higher metal ion concentration in the tip zone and slightly increased
metal ion concentration than bulk in the non-MOE-filled NC zone,
thus resulting in a concentration gradient in the tip-to-base direc-
tion in PET/MIL-53-COOH NC. When a negative voltage bias was
applied, i.e., the forward voltage applied to the tip side, the electro-
kinetic metal ion transport follows the ion concentration gradient,
producing enhanced ion flux (Fig. 2D-i). Furthermore, the anions
can transfer from the bulk solution into the base side of PET/MIL-
53-COOH NG, but they cannot pass through the MOF sub-NCs at
the tip side because of the electrostatic repulsion of the overlapped
electric double layers in MOF sub-NCs. This results in the accumulated
anions at the base side of PET/MIL-53-COOH NC. To balance the
excessive anions at the base side, more metal ions need to transfer to
the base side from the MOF channels. As a result, the metal ions and
anions are enriched at the non-MOF-covered base side compared
to the condition without voltage applied. The metal ion transport
follows the concentration gradient and the ion enrichment effect.
These effects synergistically favor the enhanced ionic current gen-
erated with a negative voltage applied. However, there is a different
case with a positive voltage applied, i.e., the forward voltage applied
at the base side. In this case, the metal ions transfer from the base
side to the tip side against the ion concentration gradient in PET/
MIL-53-COOH NC, compromising the metal ion flux, and thus
producing low current (Fig. 2D-ii). Meanwhile, the anions trans-
port from the base side to the bulk solution but without anion offset
from the tip side because of the high electrostatic repulsion of MOF
channels. In the end, both the metal ions and anions are depleted in
the non-MOF-covered base, compared to the condition without
voltage applied. Both the metal ion transport against the concentra-
tion gradient and ion depletion finally lead to the low current with
positive voltage applied. The metal ion concentration profile in
PET/MIL-53-COOH NC was further evaluated by using the numerical
simulation based on the Poisson and Nernst-Planck equations (Sup-
plementary Materials). A 3D model with channel size and charge
density similar to the PET/MIL-53-COOH NC was established as
shown in fig. S12, which helps explain the metal ion rectifying trans-
port in the PET/MIL-53-COOH NC. The ion concentration profiles
calculated at voltage bias of -2, 0, and +2 V (figs. S13 and S14) illus-
trate the metal ion accumulation and depletion effect under nega-
tive and positive voltage bias, respectively. The simulation results
showed that the metal ion concentration in the tip side of the PET/
MIL-53-COOH NC was almost the same no matter what voltage
was applied (fig. S14A), because the highly negatively charged
MOF sub-NCs attracted metal ions via electrostatic interaction.
We further tested I-V curves of HCl at different concentrations
(fig. S15) and calculated the base-to-tip rectification ratio (Fig. 3A).
The proton rectification ratio maintained at over 80 as the HCI con-
centration increased from 0.01 to 0.1 M and dropped to ~10 at a
high concentration of 1.0 M. Notably, the HCI conductance at +2 V
in the PET/MIL-53-COOH NC was 100 times higher than that in the
pristine PET NC and even higher than that in the PET@EDA NC
(Fig. 3B). The ion permeation experiments were performed. The pH
value at the permeate side of PET/MIL-53-COOH NC decreased
markedly as opposed to a slight decrease in PET NC (Fig. 3C), with
a proton permeability of 4.3 m/s versus 1.5 x 10~2 m/s. Furthermore,
the proton transfer number (indicator of the proton/Cl selectivity)
of different NCs studied was determined by drift-diffusion experi-
ments (fig. S16 and table S3), with the transfer number of CNTs
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Fig. 3. Ultrafast, unidirectional proton transport in PET/MIL-53-COOH NC.
(A) Base-to-tip rectification ratio for HCl as a function of electrolyte concentration.
(B) The HCl conductance as a function of concentration in PET NC, PET@EDA NC,
and PET/MIL-53-COOH NC compared to bulk HCl values. (C) The variation of pH
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NC. The insert is the schematic diagram showing the ion permeation experiment
with a voltage bias of 1.0 V. (D) The proton permeability of different artificial proton
channels in comparison with biological proton channel (GramA) with their respec-
tive proton transference number. The PET/MIL-53-COOH NC exhibits high proton
permeability and charge selectivity compared to other artificial and biological
proton channels.

calculated by simulations (Supplementary Materials), all compared
in Fig. 3D. It shows that the PET/MIL-53-COOH NC functions as
an outstanding biomimetic proton channel comparable to proton
channels (GramA) (46) in terms of both proton permeability and
charge selectivity, exceeding previous artificial channels (21, 32).
This ultrahigh proton permeability is presumably related to the rigid
1D NCs with orthorhombic geometry of MIL-53-COOH, compared
to the monoclinic channels of MIL-121.

Ultrafast rectifying proton transport mechanisms

To reveal the ultrafast proton transport mechanism at the molecu-
lar level, comprehensive theoretical simulations were conducted
(Materials and Methods and Supplementary Materials). We firstly
established a simulation model (fig. S17) to investigate the water
configuration in the 8.1 A—sized 1D channel of MIL-53-COOH. The
results showed that the highly ordered arrangement of water mole-
cule clusters in MOF NC (Fig. 4, B and C) was formed under the
subnanoscale confinement effect, which was key to fast proton con-
duction. Moreover, the polarity sites, including bridging oxygen
(O1), carbonyl oxygen (02), and hydroxyl oxygen (O3) (Fig. 4A),
facilitated the formation of cooperative hydrogen bond networks
between water chains and MIL-53-COOH walls, and then the highly
ordered arrangement of water molecule clusters in the MOF chan-
nels (Fig. 4, B and C), which provided a more effective medium for
proton conduction. The water molecules near the polarity sites of
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MOF walls were substantially activated by the strong local electronic
field (Fig. 4, D-i and ii), in which the spatial structure (bond length)
and Bader charge distribution of water molecules changed notably
upon approaching the polarity sites of MOF walls (Fig. 4E and fig.
S$18). Meanwhile, the statistical analysis of the radial density profiles
(Fig. 4D-iii) indicates that most of the water molecules closely
approach polarity sites (< 3 A). As a result, these polarized water
molecules more easily engender the breaking and bonding behavior
in hydrogen bonds, consequently facilitating proton movement
between water molecules and promoting the Grotthuss conduction
in MIL-53-COOH channels. We further quantitatively investigated
the ultrafast proton conduction by calculating the proton mobility
with voltage applied in the longitudinal direction of the 1D
channels of the MOF (fig. S19). The proton mobility in other artifi-
cial NCs including 0.8-nm CNT, 1.5-nm CNT, and MIL-121 was also
compared (Fig. 4F). As shown in Fig. 4G, the MIL-53-COOH
displays the outstanding proton mobility of 11.3 x 107" m* /V-s,
superior to other previous artificial proton channels such as the 0.8-nm
CNT with ultrafast proton conduction (21).

The mechanism of the ultrafast rectifying proton conduction in
the asymmetric PET/MIL-53-COOH NC was investigated from the
perspective of the arrangement of water clusters in the MOF-filled
zone. Figure S20 shows that the water molecules in the MOF sub-
NCs have the preferential orientation when rushing from the bulk
solution to the MOF sub-NCs, and this specific water configuration
features an orientation angle (8) below 90° for water molecules that
are marked in red color (i.e., following the base-to-tip side direction).
They can maintain this specific orientation under a wide range of
electric fields including the applied voltage bias in the experiments
(fig. S20B). We have further established the bullet-shaped pore net-
work model to simulate the effect of the bulk water from both side
reservoirs on the water configuration in the MOF-filled zone in
PET/MIL-53-COOH NC, as shown in fig. S21. Since the pore
mouth area of the base side is more than 36 times larger than that of
the tip side, most of the water molecules in the MOF-filled zone of
the PET/MIL-53-COOH NC come from the bulk solution in the
base side reservoir and have the orientation angle of below 90° (i.e.,
base-to-tip direction), while only a small proportion of water in the
local tip size have the orientation angle of above 90° (i.e., tip-to-base
direction) as illustrated by the vast red area compared to the blue
area in fig. S21 (A and B). To maintain the stability of the system,
the water molecules in the MOF-filled zone at the tip side with the
opposite orientation will gradually reverse their orientations to
achieve orientation consistence for almost all water molecules in
MOF sub-NCs (fig. S21, C and D). Consequently, the DFT calcula-
tions prove that the MIL-53-COOH NC exhibits an ultralow energy
barrier (0.08 eV) for proton conduction in the base-to-tip direction,
but a higher energy barrier (0.18 eV) in the opposite tip-to-base di-
rection (Fig. 4H), which is close to that in bulk water (~0.21 eV; fig.
S22, A and B). Furthermore, in the base-to-tip direction, three
polarity sites (O1 to O3 in Fig. 4A) facilitate proton hopping trans-
port along the MIL-53-COOH 1D sub-NCs by reducing its energy
barrier. As shown in fig. S22, the energy barriers near polarity sites
(i.e,, 0.017 to 0.082 eV; fig. S22, C to H) are much lower than that at
the middle region of MOF channels (i.e., 0.155 eV; fig. S22, T and J).
However, in the opposite direction, the energy barrier increases
to 0.152 to 0.361 eV (fig. S22, D, F, H, and J). This indicates
that the polarization effect can substantially reduce the
energy barrier, resulting in ultrafast proton hopping transport in
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the water molecules upon approaching the polarity bridging oxygen sites in MOF walls. (F and G) Configurations of water chains confined in various artificial proton
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NC, and SNC stands for the MOF sub-NC.

MIL-53-COOH. Therefore, the overall energy barriers of proton
conduction signify ultrafast and unidirectional transport properties
of the PET/MIL-53-COOH NC because they determine the ion
transport rate in the NCs (47).

The zeta potential of the MIL-53-COOH particle was measured to be
from 25.4 to 37.5 mV in HCI solution with a concentration range of
0.01 to 1.0 M, indicating that the MOF sub-NCs are positively charged
in the HCI solution in our experiments. Like the case of metal ions,
the proton interaction with the positively charged NC and MOF sub-
NCs may cause the proton concentration gradient in the base-to-tip
side direction, which also favors the preferential proton transport in
the base-to-tip direction to some extent. In conclusion, ultrafast
rectifying proton conduction is attributed to greatly enhanced
Grotthuss mechanism by highly ordered water clusters, polarity sites
induced polarized water molecules in MOF sub-NCs and asym-
metric porous structure of PET/MIL-53-COOH NC.
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Application of MOF NC for osmotic power harvesting

Considering the ultrafast proton conduction and superior proton/
Cl” selectivity, we also explored the potential of the PET/MIL-53-
COOH NC as a nanopower generator to harvest the osmotic energy
from HCI concentration gradient in reverse electrodialysis. The
diffusion potential (V,,) and osmotic current (I,s) were obtained
from I-V curves with concentration gradient from 10 to 1000
(Fig. 5, A and B). As shown in Fig. 5C, the osmotic current density
increased markedly from 4.71 x 10° to 1.95 x 10° A/m’ and the
diffusion potential increased steadily from 57.3 to 65.1 mV, with
increasing HCI concentration bias across the PET/MIL-53-COOH
NC. As a result, the power density of PET/MIL-53-COOH NC was
67.4, 445.1, 1640.9, and 3174.3 W/m? with the concentration bias of
10, 100, 500, and 1000, respectively (Fig. 5D). This osmotic power level
is among of the highest values obtained previously in polymer solid-
state NCs and 2D laminar nanopower generators (tables S5 and S6).
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Fig. 5. Osmotic power generation by the PET/MIL-53-COOH NC. (A) Typical I-V curves under a 100-fold HCI gradient (base side 1.0 M/tip side 0.01 M). The insert diagram
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(B) I-V curves of HCl under different concentration gradient across the PET/MIL-53-COOH NC. (C) Generated osmotic current density and diffusion potential as a function
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The cycling osmotic power generation performance is shown in fig.
S24, demonstrating that PET/MIL-53-COOH NC has good perform-
ance stability. The osmotic current stayed at high level with the con-
centration gradient reduced to even 10 when the HCl concentration
on the high concentration side was fixed as 1.0 M (Fig. 5E). As a
result, the output power density reached up to 4509 W/m? with a
concentration gradient of 10 (Fig. 5F). These results demonstrate
that the PET/MIL-53-COOH NC can effectively function as the
nanopower generator via reverse electrodialysis.

DISCUSSION

In summary, we demonstrate that an MOF nanoionic device (PET/
MIL-53-COOH NC) exhibits rectifying metal ion and proton transport
with respective ultrahigh conduction in the opposite directions.
Comprehensive theoretical simulations reveal the ultrahigh proton
mobility and low energy barrier in the 1D MOF sub-NCs, which
explains the ultrahigh proton permeability of the PET/MIL-53-COOH
NC superior to previously reported artificial proton channels. Dif-
ferent from the metal ion rectifying effect that stems from the asym-
metry in charge and channel size between the tip and base sides, the
unidirectional proton transport is governed by the energy barrier
difference for entry into or exit out of the MIL-53-COOH sub-NCs
within the PET/MOF NC. In addition, as a nanopower generator, the
PET/MIL-53-COOH NC exhibits outstanding output power density
in the reverse electrodialysis process. In contrast with previously
reported nanopower generators that often suffer from obviously
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decreased power density with decreasing concentration gradient
(48, 49), this MOF nanoionic device maintains a stable output power
density with a concentration gradient as low as 10 at the constant
high concentration. These results indicate that the MOF nanoionic
device has advantage in achieving high energy efficiency in osmotic
power harvesting (26, 50). Considering the high proton/metal ion
selectivity, this MOF NC system shows great application potential
in an integrated process of osmotic power harvesting and acidic
recovery in many industries (51, 52).

Our work demonstrates that biomimetic ion regulation with
atomic-scale precision analogous to the core functions of biologi-
cal ion channels can be realized by rational design of heteroge-
neous MOF NCs. More bioinspired nanofluidic devices with
integrated functions are expected to emerge in the near future,
considering the increasing number and functional structures of
PFMs available.

MATERIALS AND METHODS

Chemicals and materials

Aluminum chloride hexahydrate (AICI3-6H,0), 1,2,4-benzenetri-
carboxylic acid (H3BTeC), potassium chloride (KCl), sodium
chloride (NaCl), lithium chloride (LiCl), hydrochloric acid (HCI),
2-(N-morpholino) ethanesulfonic acid (MES), N-(3-dimethylami-
nopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), and N-
hydroxysulfosuccinimide sodium salt (NHSS), were purchased from
Sigma- Aldrich, Australia. Methanol and NaOH were purchased
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from Merck. PET films were provided by GSI Helmholtz Centre
(Darmstadt, Germany).

Preparation of PET/MIL-53-COOH NC

A nanoconfined interfacial growth strategy was used to assemble
MIL-53-COOH nanocrystals into the single bullet-shaped PET@
EDA NC. The PET@EDA NC was prepared by modifying our pre-
vious method (44). The PET@EDA NC film was clamped within the
homemade interfacial synthesis device with two cells. A total of
0.70 g of 1, 2, 4-benzenetricarboxylic acid and 0.345 g of NaOH
were dissolved in 5 ml of Milli-Q H,O (as solution A), and 1.12 g of
AlCl;3-6H,0 was dissolved in 5 ml of Milli-Q H,O (as solution B).
Both solutions A and B were preheated to 90°C by a hotplate and
then quickly added to the cell facing the tip and base sides of the
PET@EDA NG, respectively. Afterward, the device was sealed into
a polytetrafluoroethylene (PTFE)-lined autoclave and then transferred
into an oven preheated to 100°C and maintained at this temperature
for 48 hours under static condition. After the oven cooled to room tem-
perature, the MOF modified PET@EDA NC film was taken out, washed
thoroughly with distilled water, and finally dried at room temperature.

Electrochemical measurements

The ionic transport properties of PET NC, PET@EDA NC, and
PET/MOF NC were studied by recording I-V curves with Keithley
6487 and 6517B picoammeters. These single NCs were clapped
between two chambers that were filled with individual chloride salt
solution (i.e., KCl, NaCl, or LiCl with pH 5.8) or HCl solutions at
the same concentration. The pH values of KCl, NaCl, and LiCl solu-
tions were adjusted by adding a tiny amount of hydroxide salt (i.e.,
KOH, NaOH, and LiOH, respectively) together with HCL. The Ag/
AgCl electrodes were used to apply a transmembrane potential. The
anode was placed in the chamber facing the base side of the NC
membranes. The main transmembrane potential used in this work
was a scanning voltage that varied from -2 to +2 V. In this work,
each I-V measurement was repeated at least three times to obtain
the average current at specific voltage bias applied.

lon rectification ratio

The ion rectification ratio was calculated as the absolute current ra-
tio of a given positive voltage bias over a negative voltage bias (that
is, Lipy versus I_py). For quantitative compar ison of the unidirec-
tional cation transport, the tip-to-base rectification ratio of chloride
electrolyte solutions is defined as | I v/l | , while the base-to-tip
rectification ratio is defined as | Lov/Lay | -

lon permeation experiments

Ion permeation experiments were conducted to determine the proton
permeability by NCs (including PET NC, PET@EDA NC, and PET/
MOEF NCQ). The PET film-embedded NCs were clipped between two
PTEE cells, one of which was filled with 1.0 M HCl as the feed side and
the other with Milli-Q water as the permeate side (Fig. 3C, inset). The
solutions at both sides were stirred to minimize the effect of ion con-
centration polarization. The pH meter was inserted into the permeate
side to detect the variation of pH value with time.

Finite element method simulations

To study the metal ion rectifying mechanism, a 3D model was con-
structed to simulate the electro-kinetic metal ion transport inside
the PET/MIL-53-COOH NC based on the Poisson-Nernst-Planck
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equation using COMSOL multiphysics solver (53, 54), as shown in
fig. S12. Compared to that with no voltage bias applied, the K" con-
centration in the left nanospace greatly increased with negative
voltage bias and depleted with positive voltage bias (figs. S13 and
S14), which is consistent with the proposed rectifying mechanism
for metal ions in the PET/MIL-53-COOH NC. The detailed simula-
tion process can be seen in the Supplementary Materials.

MD simulations

The MD simulations were performed to reveal water chain struc-
tures within MIL-53-COOH channels and its proton conduction
properties. The MIL-53-COOH unit cell used in this work is illus-
trated in fig. S17A. Then, the 6 x 6 x 30 periodic supercell of MOF
was constructed on the basis of its unit cell, and one representative
cell was selected to build the MOF channel with an axial length of
about 150 A. The detailed water chain configurations are shown in
fig. S17 (C and D). This series of simulations were performed in the
classic Dreiding force field (55). The proton conduction mobility
was subsequently estimated on the basis of the obtained water chain
structures, as shown in fig. S17 (E and F), where the force field is the
reactive force field that has been proven as an effective force field to
describe the bond breaking and forming (56). We also calculated
the proton mobility in MIL-121, 0.8-nm CNT and 1.5-nm CNT to
correlate their mobility with the proton permeability by the respec-
tive artificial proton channel (details seen in the Supplementary
Materials). The structure details of MIL-53-COOH and MIL-121 in
simulations are shown in table S4. All the MD simulations were
performed with a Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) program (57).

DFT calculations

DFT calculations were used to evaluate the differential charge density
and the energy barrier during the proton conduction process within
MOF channels, as shown in figs. S18 and S22. Initial models were
extracted from the above MD simulations, witha 1 x 1 X 2 represent-
ative periodic supercell of MIL-53-COOH. The charge transfer
between water molecules and polarity sites in MOF walls was quan-
titatively revealed by differential charge density calculations, indi-
cating the activation state of water molecules for higher proton
conduction capacity (Fig. 4, D and E). The energy barrier was quan-
tified by the climbing image nudged elastic band method (58) to re-
flect the difficulty of proton conduction from the energy perspective.
The results showed that the proton conduction within MOF chan-
nels was much easier than that in bulk water system and manifested
a typically unidirectional conduction feature. This proved the fast and
unidirectional proton conduction characteristic of PET/MIL-53-
COOH NC. All DFT calculations were performed in the Quantum
Espresso package (59) based on the generalized-gradient approxima-
tion with the functional of Perdew-Burke-Ernzerhof (60).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl5070
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