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ABSTRACT

2 Yanbing Yang'* and Quan Yuan @13

Atomically thin 2D membranes with minimum ion transport pathways and low ion transport
resistance are ideally suited for constructing ion-selective membranes for electric power generation,
and have attracted considerable recent interest. However, the practical applications of such 2D
membranes for electric power generation have been severely limited due to the lack of nanoporous 2D
membranes with narrow distributed nanopore arrays and sufficient charge density. Here, we report a
centimeter-scale ultrathin graphene nanomesh (GNM) membrane with narrow pore size distribution
(~1.5 nm) and rich in carboxylic groups (GNM-COO™) for efficient osmotic power generation. The
high-density nanometer pores anchored by negatively charged carboxylic groups allow efficient
transport of K+ while selectively blocking Cl~. We show that the GNM-COO™ membrane with
asymmetric charge structure exhibits a diode-like ionic rectification property and facilitates directional
ion transport. When employed as an ion-selective membrane for osmotic power generation, the
designed GNM-COO™ membrane delivers an exceptionally large output power density

(175.1 W m™2) at a 50-fold salinity gradient, and retains stable power generation performance for

2 months. This work provides a strategy to develop high-performance ion-selective membranes for the

sustainable harnessing of blue clean energy.

Keywords: graphene nanomesh membrane, ion-selective transport, ionic rectification, osmotic

power generation

INTRODUCTION

Extracting the Gibbs free energy generated at
the interface between salty water and fresh wa-
ter with reverse electrodialysis is considered a
promising technique for sustainable and clean
electricity [1,2]. As the most important com-
ponent in reverse electrodialysis, ion-selective
membranes that can allow selective transport of
cations/anions play a central role in determining
the electric power output [3,4]. Achieving effi-
cient power generation simultaneously requires
high ion selectivity and high ion conductivity.
Since the ion permeability scales inversely with
membrane thickness, nanoporous atomically
thin 2D materials with minimum ion transport
pathways and low ion transport resistance are
considered ideal candidates for constructing
ion-selective membranes with ultrahigh ion con-

ductivity [5-9]. An extrapolation from a single
transmembrane boron nitride nanotube measure-
ment has suggested that nanoporous atomically
thin 2D materials could deliver an extremely high
power density of ~10° W m~? [10]. Experi-
mental investigations have also demonstrated the
exciting potential of single-layer 2D materials
such as graphene, molybdenum disulfide and
boron nitride in power generation [11], although
studies to date have typically been limited to
single-layer 2D materials with a single nanopore
or micro-scale nanoporous materials, which is far
from practical for implementation.

Since the ion conductivity of atomically
thin 2D membrane scales with the number of
nanopores (G, = +/ (N x Gs)), the extension of
a single nanopore demonstration to optimized
nanopore arrays is essential for scalable power
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Figure 1. Fabrication and structural characterizations of GNM-COO~. (a) Schematic illustration of the fabrication processes of GNM and
GNM-C00~ membranes. (b) Scheme of ion transport through the GNM-COO0~ membranes under salt gradient. (c) SEM image of GNM~
COO~ covering an Si aperture. (d) TEM image of the GNM-COO~ membranes. (e) Aberration-corrected TEM image of GNM-COQ~ after 15s
of 0, plasma etching. The white dashed circles highlight the pores present in the GNM-C0OO~. (f) Raman spectra and (g) FTIR spectra of
graphene/SWNT membrane, GNM and GNM-CO0~ membranes. (h) Surface charge densities of GNM and GNM-CO0~ membranes calcu-
lated from the measured membrane zeta potentials based on Gouy—Chapman theory. The error bars represent the data acquired from three
individual membranes.

that the high cation selectivity is associated with
interactions between —-COO~ and K™ that lead

generation [12]. A typical demonstration is the
construction of an anion-selective nanoporous

covalent organic framework and a few layers of
nanoporous carbon membrane for osmotic power
generation [13,14]. However, a nanoporous
membrane would inevitably feature a finite pore
size distribution and increased concentration
polarization that could compromise the ion
selectivity [15,16]. A potential strategy to mit-
igate this challenge is to introduce asymmetric
charge around the nanopores to enhance the ion
selectivity.

Herein, we report a scalable atomically thin
graphene nanomesh (GNM) with a high-density
of nanometer pores anchored by abundant
carboxylic groups (-COO~). The GNM-COO"~
membrane can facilitate selective cation transport,
enabling a diode-like ionic rectification property
to facilitate directional ion transport. Our studies
showed the GNM-COO™ membrane allows effi-
cient K™ transport while selectively blocking Cl™.
Molecular dynamics (MD) simulations reveal
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to a low energy barrier for KT transportation.
As a cation-selective membrane for osmotic
power generation, the GNM-COO™ membrane
delivers a prominent high output power density
(175.1 W m~2), and retains sustainable power
generation for up to 2 months. Our design defines
an efficient ion-selective system for ion/molecule
separation, nanofluidic control, power generation
and energy extraction.

RESULTS AND DISCUSSION

Fabrication and structural
characterization of GNM-C00~

The GNM-COO~
pore size distribution were fabricated through
template-assisted etching followed by a sur-
face chemistry engineering process (Fig. 1a).
Briefly, chemical vapor deposition (CVD)-grown

membranes with narrow
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graphene was firstly transferred onto an inter-
connected network of single-walled carbon nan-
otubes (SWNTs) to form a mechanically robust
membrane. Subsequently, uniform nanopores
were introduced into the graphene using a meso-
SiO, template combined with O, plasma exposure
(Fig. S1) [7]. A modified Hummers method was
employed to convert hydroxyl and epoxy groups
at the pore edges of nanoporous graphene into
carboxylic groups to produce the GNM-COO™
membrane with a high negative charge den-
sity that can facilitate selective cation transport
(Fig. 1b) [17].

The microscopic structure of GNM-COO™
was comprehensively investigated with transmis-
sion electron microscopy (TEM) and scanning
electron microscopy (SEM). Low-magnification
TEM images show that the GNM-COO™ mem-
brane was well supported by the SWNT networks
with openings in the order of 10 nm (Fig. 1c and
d, Fig. S2). Such compartmentalized support is es-
sential for retaining the mechanical strength of
the single-atom-thin graphene over a macroscopic
scale (Fig. S3). Figure S4 shows that the freestand-
ing centimeter-scale GNM-COO™ membrane re-
tains structural integrity without obvious cracks.
The Young’s modulus of the membrane mea-
sured by atomic force microscopy (AFM) is ~5—
10 GPa (Fig. S5), which is sufficient for using
as an ion-selective membrane for osmotic power
generation.

The aberration-corrected TEM images reveal
the presence of narrow distributed nanopores in
the GNM-COO~ membranes (Fig. le, Fig. S6).
The average pore size and pore density were
measured to be 1.5 nm (statistically analyzed
from over 200 pores across multiple aberration-
corrected TEM images) and ~2.6 X 10" cm™
with 15 s of O, plasma etching. The pore size
matches well with the predicted optimal pore size
(1-2 nm) for K* transport while rejecting CI-,
making it suitable for osmotic power generation,
as pores of this size are small enough to en-
hance charge-based selectivity via electrostatic in-
teractions yet large enough to maintain high ion
permeability—a balance essential for efficient per-
formance [10,11,18]. More importantly, the pore
size and pore density can be readily tailored by the
O, plasma etching time (Figs S7-S9).

Raman spectroscopy of the membrane without
nanopores shows characteristic 2D (2684 cm™!),
G (1589 cm™!) peaks but no apparent D peak
(1330 cm™!) (Fig. 1f, Fig. S10), suggesting that
the pristine graphene membrane exhibits a defect-
free, single-layer characteristic [19]. After in-
troducing nanopores by O, plasma and chem-
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ical modification, a notable D peak emerged
with Ip/Is intensity ratios of 0.5 and 0.8, re-
spectively, indicating the formation of defects in
the GNM and GNM-COO™ membranes [20].
Fourier-transform infrared spectroscopy (FTIR)
studies reveal that GNM-COO™ exhibits strong
absorption peaks at 3500 and 1700 cm™! corre-
sponding to the ~-OH and C=O stretching vibra-
tions respectively (Fig. 1g) [21]. This is further
corroborated by the X-ray photoelectron spec-
troscopy (XPS) analysis (Fig. S11). Together, these
results demonstrate that the chemical modifica-
tion successfully introduced carboxylic functional
groups.

The zeta potential of the GNM-COO™ mem-
brane gradually decreases with increasing pH (Fig.
S12). According to a linearized Gouy-Chapman-—
Stern relationship that incorporates the Debye
length from the Debye-Hiickel theory [22], the
surface charge density (o) was calculated to be
—1.1 mC m™? for the GNM membrane and
—2.4 mC m~ for the GNM-COO™ membrane at
a pH of 7 (Equation S1, Fig. 1h). Thus, the GNM-
COO™ membrane with the negative charge char-
acteristic is favorable for selective transport of K™,
while blocking CI” through electrostatic interac-
tions. The GNM-COO™ membrane is hydrophilic
with a contact angle of 30° (Fig. S13). Such an im-
proved hydrophilicity would increase the interface
contact with water and accelerate the ion migra-
tion through the membrane [23,24].

Charge-governed ion transport through
GNM-CO00~ membranes

To probe the ion transport properties through the
GNM-COO™ membrane, a free-standing mem-
brane suspended on a polyethylene naphthalate
(PEN) substrate with a 0.78 mm? aperture and
negligible ion-sieving capability was sandwiched
between two reservoirs filled with electrolytes and
a pair of Ag/AgCl electrodes (Fig. 2a, Figs S14 and
S15). KCl was chosen as the electrolyte due to the
similar bulk mobility and hydration radii of K*
and Cl™. Figure 2b shows the measured current-
voltage (I-V) curves under a symmetric voltage
of £0.2 V when two reservoirs were filled with
0.1 M KCI solution. Before the introduction of
nanopores, the graphene membrane shows almost
negligible current, indicating that the membrane
exhibits excellent structural integrity and ions can-
not pass through the membrane. In contrast, the
GNM membrane showed a linear I-V curve with a
calculated conductance of 180 uS, suggesting that
the presence of nanopores in the membrane al-
lows efficient transport of ions. The GNM-COO™
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Figure 2. lonic transport properties of the GNM-CO0~ membrane. (a) Schematic of the ion transport measurement setup. Membrane was
suspended over a 0.78 mm? PEN aperture with the same concentration of KCl on both sides. lons permeated through the pores of the
membrane driven by an electrical potential. (b) -V curves of the graphene/SWNT, GNM and GNM-CO0~ membranes measured in 0.1 M KCI.
Inset: the transmembrane ionic conductance of the GNM-COO~ membrane as a function of KCI concentration. (c) I-V curves of the GNM and
GNM-C0O0~ membranes measured in 1 M KCI. (d) MD simulations on the hydrated K™ and CI” transport through the GNM-COO~ membrane.
A typical simulation box used in MD simulations, showing the GNM-CO0~ membrane (blue), hydrated K* (purple), hydrated CI~ (green) and
water molecules in solution. (€) Numbers of hydrated K* and CI~ ions transferred through the GNM-COO™ membrane in 0.5 M/0.01 M KCl
electrolyte plotted as functions of simulation time. (f) lon fluxes calculated for hydrated K* transferred through GNM-xCOO~ membrane under
different electric field intensities in 0.5 M/0.01 M KCl electrolyte (where x denotes the number of carboxyl groups per pore). Error bars represent
the SD with three parallel experiments. (g) PMF for hydrated K™ and CI~ transport through the GNM-CO0~ membrane in 0.5 M/0.01 M KCl
electrolyte. (h) Numerical simulation results for the ion concentration distribution in the GNM-COQO~ membrane, showing the accumulation
(at +0.2 V) and depletion (at —0.2 V) of ions along the direction perpendicular to the membrane.

membrane shows notably enhanced conductivity
of 462 x 107> S m™!, suggesting that the pres-
ence of carboxylic functional groups at the edge of
nanopores could facilitate KT transport across the
membranes. The GNM-COO ™ pore density cal-
culated from I-V curves is about 1.6 x 10'* cm™
(Equation S2), and this value is close to the pore
density obtained from the aberration-corrected
TEM characterizations (2.6 x 102 cm™). The
conductance decreases non-linearly with the de-
crease of KCI concentration [Fig. 2b (inset), Fig.
S16], indicating that the ion transport across the
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GNM-COO™ membrane is governed by a charge
effect [25,26].

A diode-like -V response was observed in the
GNM-COO™ membrane. The rectification ratio
(—0.2 V/40.2 V) increases first and gradually de-
creases with a maximum rectification ratio of 3.6
upon increasing the KCI concentration from 0.1 to
3 M, further suggesting surface charge-governed
ion transport (Fig. 2c, Fig. S16). In comparison, all
the I-V curves of nanoporous graphene, SWNT
and GNM membranes present a linear ohmic be-
havior with a rectification ratio (—0.2 V/40.2 V)
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of about 1 (Fig. S17). The rectification phe-
nomenon generally occurs in a nanochannel struc-
ture with heterogeneous pore size or charge dis-
tribution to improve ion conductivity [27]. Both
the nanoporous graphene and SWNT membranes
are symmetric in structure with relatively uniform
pore size and charge distribution, and therefore
these membranes show no rectification charac-
teristics. The GNM membrane exhibits an asym-
metric pore structure, while the pore size on the
nanoporous graphene side (~1.5 nm) is particu-
larly smaller than that on the SWNT membrane
side (~30 nm). Additionally, the surface charge
densities in the nanoporous graphene and SWNT
sides of the GNM membrane are all relatively low,
so the membranes exhibit no rectification char-
acteristic (Figs S18 and S19). In comparison, the
carboxylation modification processes introduced a
large number of carboxyl functional groups at the
pore edge of GNM-COO™ and induced the for-
mation of a heterogeneous charge structure in the
membrane, resulting in the ion rectification and
ion conductivity improvement.

MD simulations were performed to understand
the localized ion transport behavior across the
charged GNM-COOQO™ due to the ion transport
property of the membrane being mainly depen-
dent on the nanoporous graphene layer. The sim-
ulation box is composed of hydrated K, hydrated
CIl™, water molecules and a single-pore GNM-
COO™ with different charge densities achieved by
the inclusion of 2-6 charged carboxyl groups at
the pore edge (Fig. 2d). The time-dependent num-
ber of ions passing through GNM-COO™ under a
concentration gradient of 50 (0.5 M/0.01 M KClI)
shows that the number of hydrated K™ ions per-
meating through the nanopores increases from 10
to 17 ns™! with increasing charge density, whereas
the number of hydrated CI” ions is about 1 ns™
(Fig. 2e and f, Fig. S20). This MD-predicted en-
hancement in K flux under a 50-fold salinity gra-
dient is consistent with the experimentally ob-
served increase in ionic conductance (Fig. 2b),
thereby supporting the role of carboxyl groups
in facilitating selective cation transport. The XY-
plane average density distributions of K™ and O
atoms of water in the charged nanopores indi-
cate that as the charge density in the GNM-COO™
increases, the density distributions of K™ and O
atoms of water gradually increase (Figs S21-S23).
These results are consistent with the experimen-
tally observed ion conductivity increase in the
GNM-COO~ (Fig. 2b).

To gain a better insight into the K transport
mechanism in the GNM-COO™~, we calculated
the potential mean force (PMF) profiles for hy-
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drated K™ and Cl~ migration along the nanopore
(z-axis) in the membrane (Fig. 2g, Fig. S24). The
calculated energy barrier for hydrated K* pass-
ing through the negatively charged GNM-COO™
decreases from —0.014 to —0.042 eV with in-
creasing charge density, while the energy barrier
for hydrated Cl™ is relatively high and continu-
ously increases from 0.011 to 0.052 eV. The re-
verse trend of PMF profiles of K™ and CI" is due
to the different electrostatic interactions between
ions and charged nanopores. Negatively charged
GNM-COO™ could attract K* and reduce the en-
ergy barrier for K* transport, while CI™ is impeded
by the charged nanopores and the energy barrier
for CI” increases, thus an improved K+ selectivity
is achieved.

We further quantified the coordination num-
ber of water molecules surrounding the hydrated
K* when K' was passed through the GNM-
COO™. As indicated in Figs S25 and S26, and
Videos S1-S3, the coordination number of wa-
ter molecules remains relatively stable during the
whole transport process, suggesting that the ex-
ternal energy requirement originating from the
dehydration effect of hydrated K™ is negligible.
Overall, MD simulations indicate that the high
charge density in the GNM-COO™ endow the
membrane with high K conductivity and selec-
tivity.

The ion rectification behavior of the macro-
scale GNM-COO~ was investigated with a
numerical simulation based on the Poisson and
Nernst-Planck (PNP) equations. The GNM-
COO™ with heterogeneous charge density was
constructed by the inclusion of a different number
of carboxyl groups in the nanoporous graphene
and SWNTs. From the ion concentration profile
along the direction perpendicular to the GNM-
COO™ membrane, the presence of an ion enrich-
ment zone under positive bias and an ion depletion
zone under negative bias can be seen, and this
phenomenon is consistent with the experimental
results (Fig. 2h, Figs S27-S30). Under positive bias
that is consistent with the chemical potential gra-
dient direction, K™ and CI™ preferentially trans-
port from bulk solution into the nanopores of neg-
atively charged GNM-COO™, resulting in the for-
mation of an ion accumulation region and a higher
ion conductivity. Under negative bias, K* and
CI” transport in the opposite direction. The ion
migration from bulk solution into the nanopores
is blocked due to electrostatic repulsion, thus
forming an ion-depletion region. These results
suggest that the heterogeneous charge structure is
responsible for the rectification phenomenon in
the GNM-COO™ (Fig. 2c). The ion rectification
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near the GNM-COO~ with a surface charge density of

behavior could facilitate the ion transport and
improve ion conductivity [28,29].

lon selectivity investigations

The ion selectivity of the GNM-COO™ was inves-
tigated by introducing a chemical potential gradi-
ent in the electrochemical testing system [6,28].
Since the GNM-COO™ is an asymmetric struc-
ture that is composed of SWNT's and nanoporous
graphene, two concentration configurations were
adopted to seek the optimized ion transport di-
rection (Fig. 3a, Fig. S31). When the KCI concen-
trations in the nanoporous graphene and SWNT
sides were 1 M (high concentration, Cy) and 0.1 M
(low concentration, Cy), respectively, the calcu-
lated short-circuit current (Isc) from the measured
I-V curve is 32.9 A (red line). In comparison, Isc
is —11.6 ©A upon the concentration gradient di-
rection being reversed (blue line). The net current
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—2.4mC m™2 at a KCI concentration gradient of 50 (0.5 M/0.01 M).

direction under two KCl-concentration configu-
rations is consistent with the net flow of positive
ions from high concentration to low concentra-
tion when the external voltage is 0 V, suggesting
that the GNM-COO™ is selective for cations
(Fig. 3a). The distinct [-V responses under differ-
ent concentration configurations stem from the
membrane’s asymmetric structure. The SWNT
side has larger pores (~30 nm) but a low density of
negatively charged groups, introduced during acid
treatment. In contrast, the nanoporous graphene
side possesses much smaller pores (~1.5 nm)
but a high surface charge density. The asymme-
try in both nano-structure and surface charge
governs interfacial ion transport, leading to the
observed direction-dependent behavior [27,29].
Since the GNM-COO™ exhibits relatively higher
net current when the KCl concentration in the
nanoporous graphene side is higher, this concen-
tration configuration is selected for the following
tests.
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The energy dispersive X-ray spectroscopy
(EDX) mapping indicates that the K content is
particularly higher than Cl, indicating that GNM-
COO~ exhibits excellent K selectivity (Figs $32
and S33). To further explore the ion selectivity
of the GNM-COO™, a cyclic voltammetry (CV)
test was performed to explore the transmembrane
diffusion behavior of electroactive redox probes,
[Ru(NH3)¢]** and [Fe(CN;)¢]3~. Significantly,
the [Ru(NH;)¢]>" complex cations exhibit a con-
siderably higher electrochemical response, with a
peak current of 13.5 A, than the [Fe(CN3)q]3~
complex anions, with a peak current of 0.4 A
(Fig. S34).

The ion selectivity performance of the GNM-
COO™ was further evaluated by recording the [-V
curves of the membrane in a series of KCI concen-
tration gradients. As the KCl concentration gra-
dient increases, the I and open-circuit voltage
(Voc) of the membranes show an increase, with
maximum values of approximately 50.7 (A and
0.5 V, respectively (Fig. 3b, Table S1).

The measured Vo consists of the diffusion po-
tential (Eggr) of ions passing through the GNM-
COO~ and the redox potential (E.q) of the
Ag/AgCl electrode. To accurately evaluate the
potential contribution originating from selective
transport of ions, the E,q was subtracted via an
electrode calibration process. Table S1 shows the
Egifr and E,q of the GNM-COO™ at a series of KCI
concentration gradients, and the maximum Ey¢¢
reaches 0.28 V. The ion selectivity of the GNM-
COO™ can be calculated by Ey using Equation
(1):

RT | anigh
Egee = 2ty — 1) —In|: - :| , (1)
zF Aow

where F, R, T and z are the Faraday constant,
gas constant, temperature and ion valence, respec-
tively. The apign and a0 represent the ion activ-
ity at high and low KCI concentrations, respec-
tively. The transference number t; indicates the
selectivity for cations. According to Equation (1),
the calculated ¢, of the GNM-COOQO™ ranges from
0.69 to 0.79 depending on the KCl concentration
gradient (Fig. 3c), indicating the cation-selective
characteristic with t; higher than 0.5 [29,30]. The
non-linear increase of t; with the increase of con-
centration gradient could be attributed to the syn-
ergistic effect of transmembrane potential differ-
ence, the double electric layer and the ion rectifi-
cation effect [31,32].

PNP numerical simulations indicate that the
distribution of K around the nanopore is sig-
nificantly higher than that of ClI” in the GNM-
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COO™ membrane (Fig. 3d, Fig. S35). Additionally,
compared with the GNM membrane, the GNM-
COO™~ membrane exhibits higher K* concentra-
tion around the pores due to the heterogeneous
charge structure, which mitigates the concentra-
tion polarization and improves the ion selectiv-
ity. The Is¢ calculated from the PNP model agrees
with the experimental data for the GNM-COO™
membrane (Fig. $36), validating the model’s pre-
dictive capability. This result reinforces the con-
clusion that asymmetric charge distribution and
high surface charge density are key to the observed
ion selectivity and rectification behavior.

Osmotic energy conversion performance
evaluation

Since the GNM-COO™ exhibits excellent ion se-
lectivity and ion conductivity, the electrochemi-
cal test cell was loaded with an electrical resis-
tor to investigate the energy conversion efficiency
(Fig. S37). The output power density can be calcu-
lated by Py, = PRy, where Iis the current and Ry
represents the load resistance. Figure S38 shows
that the output power density of the GNM-COO™
with a testing area of 0.03 mm? reaches a max-
imum value of 65.1 W m~2 at a KCI concentra-
tion gradient of 10 and an Ry of 1 k2 (Fig. S39).
The output power density could be readily tuned
by the pore size of the GNM-COO™. Narrowing
the pore size to ~1.1 nm impedes the transport
of CI7, while the transport of K™ is also limited,
thus resulting in a decreased output power den-
sity (47.3 W m™2). The increase of pore size facili-
tates the transport of both K™ and CI~, decreasing
the ion selectivity and the output power density
(22.6 W m~2) (Fig. S40). The observed decrease
in power density for smaller pores (~1.1 nm),
which are still larger than the hydrated ions, indi-
cates that reduced pore openness increases trans-
port resistance and potentially disrupts the func-
tional group arrangement. This leads to a net loss
in ion flux without a commensurate selectivity in-
crease, confirming that an optimal pore size is es-
sential for balancing selectivity and permeance.
The osmotic power density of GNM-COO™ in-
creases from 51.1 to 93.6 W m ™2 when the tem-
perature increases from 288 to 338 K (Fig. S41),
following Arrhenius behavior as expected for the
thermally activated ion transport in nanoconfined
pores [33].

Since alkali metal ions exhibit similar sub-
nanometer-sized ionic radii, the ion transport
properties and osmotic energy conversion behav-
iors of the GNM-COO™ for different alkali metal
ions were investigated. As shown in Fig. 4a and
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Figure 4. Osmotic energy generation performance of the GNM-COO~ membrane. (a) Output power density of the GNM-COO~ membrane in
a variety of electrolytes, and diameter of hydrated ions of different ions. The error bars represent the data acquired from three individual
membranes. (b) Output power density and current density of the GNM-COO~ membrane versus load resistance at a salt concentration
gradient of 50 (artificial seawater/river water, 0.5 M/0.01 M NaCl). (c) Comparison of the output power density and the load resistance with
those reported in the literature. (d) Output power density and current density of the GNM-COO0~ with an effective test area of 3 mm? at
0.5 M/0.01 M NaCl gradient. Inset: optical image of a representative centimeter-sized GNM-COO~ membrane on a porous 1.3 x 1.3 cm?
Si support (10 x 10 pores with 175 um side length and T mm interpore distance) (e) Current-time curve of the GNM-COO~ membrane in
artificial seawater/river water without electrolyte replenishment. The R is fixed at 2 k2. (f) The output voltage of 15 GNM-COO~ unit cells
connected in series.

cation diffusion coefficient that enables more effi-
cient charge separation (Table S2) [13].

Fig. S42, the osmotic power density of the GNM-
COO™ follows the order of Lit < Nat < K* <

Rb* < Cs* at a salt concentration gradient of 10.
A maximized power density of 65.8 W m ™2 was
observed for Cs*, which can be ascribed to the
relatively smaller hydrated ionic radii and larger
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In the practical seawater system, there also ex-
ists an enormous quantity of Ca’* and Mg?** other
than alkali metal ions. The osmotic energy con-
version behaviors of the GNM-COO ™~ were tested
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in a variety of electrolytes. As shown in Fig. 4a,
GNM-COO™ shows lower osmotic power density
for divalent cations such as Ca’* (4.1 W m~?) and
Mg?* (3.6 W m~2), which can be attributed to the
large hydrated radius of divalent cations increas-
ing the energy barrier for ion transport and de-
creasing the ion selectivity [13].

The osmotic power generation performance
of the GNM-COO™ at a salt concentration
gradient of 50 (artificial seawater/river water,
0.5M/0.01 M NaCl) is determined to reach a max-
imum value of 175.1 W m~2 with an R, of 2 k2
(Fig. 4b). Figure 4c summarizes the osmotic power
generation performance of the GNM-COO™ and
previously reported ion-selective membranes, in
terms of load resistance and output power density
[13,14,29,33-43] (Table S3). The GNM-COO~
shows a higher output power density compared
with that of most reported ion-selective mem-
branes. The unprecedented output power density
of the GNM-COO™ is mainly ascribed to the en-
hanced ion selectivity and high ion conductivity of
the membrane with uniform pore size distribution
and high charge density. Additionally, the ions-
diode behavior of asymmetric membrane struc-
ture also effectively facilitates ion transport and
further promotes the energy conversion process.

To explore the scalability of GNM-COO™,
a macroscopic osmotic energy generator with a
centimeter-scale membrane [the effective test area
is 3 mm?, 100-fold larger than currently reported
test area (0.03 mm?)] was constructed (Fig. S43).
As shown in Fig. 4d, the GNM-COO™ achieves
an osmotic power density of 5.3 W m~2. To our
knowledge, this value is the highest power den-
sity reported in the literature for large-area ion-
selective membranes to date and satisfies the com-
mercialization benchmark of 5 W m ™2 (Table S4).
It is worth noting that the internal resistance of
the GNM-COO™ remains unchanged after en-
larging the test area. While the membrane’s ul-
trathin thickness, uniform pore size distribution
and diode-like ionic rectification behavior con-
tribute to its low inherent membrane resistance,
the observed area-independent resistance suggests
that the overall device resistance in the macro-
scopic configuration may be dominated by the ac-
cess resistance arising from electrode interfaces
and solution geometry, as noted in prior stud-
ies [44]. We further expanded the test area of
GNM-COO~ to 12 mm? (400 times the test area
reported in the literature) and 75 mm? (2500
times the test area reported in the literature). The
output power density of GNM-COO™ was 3.3
and 1.4 W m~2, respectively. More importantly,
the area of the GNM-COO™ membrane could
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reach up to 12 cm? or even larger (Figs S44 and
S45), demonstrating the macroscopic scalability
of our fabrication process. These results suggest
that GNM-COO™ is scalable both in area and
osmotic power generation. The decreased power
density upon enlarging the test area is probably
due to the increased concentration polarization
[45] and the misalignment between membrane
pores and the silicon window substrate. Under
the static operating conditions of our measure-
ments, an increase in membrane area amplifies the
diffusional limitation for ions traveling from the
bulk solution to the membrane surface, thereby
creating a thicker concentration boundary layer.
This reduces the effective salinity gradient across
the membrane and thus the osmotic power out-
put. Such scale-dependent concentration polariza-
tion is commonly observed in nanofluidic and re-
verse electrodialysis systems, where larger mem-
brane areas exacerbate jon transport resistance
and energy conversion efficiency [1,4,11,15,46].
The engineering issues of solution storage may
arise when GNM-COO~™ membranes are ap-
plied to practical systems. Therefore, in order
to scale up nanoporous membrane from micro
to macro, more efforts are needed to narrow
this gap, including introducing an asymmetric
charge characteristic in the GNM-COO™ mem-
brane to increase the jon rectification proper-
ties, as well as optimizing the structure and ion
transport interface to improve ion selectivity and
ion conductivity.

More importantly, the osmotic energy gen-
erator with GNM-COO™ maintains relatively
stable Isc and power density for 2 months without
continuous electrolyte replenishment and struc-
tural destruction (Fig. 4e, Fig. S46). Compared
with the commercial cellulose acetate (CA) mem-
brane, the GNM-COO™ membrane shows high
anti-biofouling performance to resist bacterial
attachment after a long period of operation, and
retains stable osmotic energy generation per-
formance (Figs S47and S48). The efficient ion
selectivity and conductivity combined with the
excellent anti-biofouling characteristics promise
potential of GNM-COO™ in the construction
of industrial-scale osmotic power generator for
sustainable power generation, as there is no
fundamental limitation in further scaling the
membrane with scalable membrane fabrication
and modification technologies. The GNM-COO™
can be connected in series to achieve higher volt-
age outputs (Fig. S49). The output voltages of the
GNM-COO™ power generator show a perfect
linear relationship of 214.1 mV per unit cell, and
reach up to about 3.2 V under a concentration
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gradient of 50 (0.5 M/0.01 M NaCl) (Fig. 4f).
Notably, the GNM-COO~ power generator
could recharge capacitors to achieve continuous
electric power supply for the Global Positioning
System (GPS) and obtain real-time GPS position
information (Fig. S50, Video S4). These results
suggest that the GNM-COO™ power generator
has great potential for practical application as a
power source and makes the osmotic power a
tangible and promising alternative.

CONCLUSION

In summary, we designed a GNM-COO™ mem-
brane with dense sub-nanometer pores and abun-
dant negative charge for efficient and selec-
tive cation transport and osmotic power gener-
ation. The GNM-COO™ membrane allows effi-
cient transport of K™ while selectively blocking
CI". The ultrathin characteristic and asymmet-
ric charge structure of the GNM-COO™ promote
fast and directional K™ transport, significantly im-
proving ion conductivity and ion selectivity. MD
simulations and PNP numerical analysis reveal
that the ultra-high ion conductivity and ion se-
lectivity of the GNM-COO™ membrane is mainly
attributed to the significantly lower energy bar-
rier for K* to pass through the negatively charged
nanopores. When used as an ion-selective mem-
brane in an osmotic energy generator, the GNM-
COO™ achieves high cation selectivity (0.79)
and an exceptionally large output power den-
sity (175.1 W m™2). Moreover, the GNM-COO™
shows a high output power density that matches
well with the requirements in practical applica-
tions after scaling the membrane to a large area.
Notably, the GNM-COO™ retains stable power
generation performance for up to 2 months. The
extension of 2D membranes from demonstration
of a single nanopore to investigation of nanopore
arrays enables the membrane to be highly attrac-
tive for sustainable clean energy extraction.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.

ACKNOWLEDGEMENTS

We appreciate the support of the Supercomputing Center of
Wuhan University for MD calculations. We thank the Core
Facility of Wuhan University for TEM, SEM and XPS analy-
sis. We are also thankful for the Thermo Scientific Themis Z
equipment in the Analytical Instrumentation Center of Hunan
University for aberration-corrected TEM analysis. We also ac-
knowledge Prof. Kaihui Liu and Prof. Muhong Wu for provid-
ing the CVD graphene, and their guidance on data analysis.

Page 10 of 11

FUNDING

This work was supported by the National Key R&D Pro-
gram of China (2021YFA1202400 and 2023YFF1205900), the
National Natural Science Foundation of China (22322408,
22474096, 223B2405 and 52221001), the New Cornerstone
Science Foundation through the XPLORER PRIZE, and the
‘Sharp Knife’ Technology Research Program of Hubei Province
(2023BAA002).

AUTHOR CONTRIBUTIONS

QY. Y.Y. and Z.G. conceived the idea and designed the
project. Z.G. and D.C. designed all the experiments and an-
alyzed the results. Y.G. and H.C. conducted the structural
and PNP numerical analysis of the membranes. Z.Y. and K.L.
performed the MD simulation analysis of the membranes.
C.M. conducted aberration-corrected TEM measurements of
the membranes. Y.Y. and Z.G. co-wrote and revised the
manuscript. All authors discussed the results and commented

on the manuscript.

Conflict of interest statement. None declared.

REFERENCES

1. Logan BE and Elimelech M. Membrane-based processes
for sustainable power generation using water. Microfluid
Nanofluid 2012; 488: 1215-24.

2. Turek M and Bandura B. Renewable energy by reverse elec-
trodialysis. Desalination 2007; 205: 67-74.

3. Ramon GZ, Feinberg BJ, Hoek EMV. Membrane-based pro-
duction of salinity-gradient power. Energy Environ Sci 2011;
4: 4423

4. Siria A, Bocquet ML, Bocquet L. New avenues for the large-
scale harvesting of blue energy. Nat Rev Chem 2017; 1:
0091.

5. Sint K, Wang B, Kral P. Selective ion passage through func-
tionalized graphene nanopores. J Am Chem Soc 2008; 130:
16448-9.

6. Feng J, Graf M, Liu K et al. Single-layer MoS, nanopores as
nanopower generators. Nature 2016; 536: 197-200.

7.Yang Y, Yang X, Liang L et al. Large-area graphene-
nanomesh/carbon-nanotube hybrid membranes for ionic
and molecular nanofiltration. Science 2019; 364: 1057-62.

8. MiB. Scaling up nanoporous graphene membranes. Science
2019;364: 1033-4.

9. Tunuguntla RH, Henley RY, Yao YC et al. Enhanced water
permeability and tunable ion selectivity in subnanometer
carbon nanotube porins. Science 2017; 357: 792-6.

10. Siria A, Poncharal P, Biance A et al. Giant osmotic energy
conversion measured in a single transmembrane boron ni-
tride nanotube. Nature 2013; 494: 455-8.

11. Macha M, Marion S, Nandigana VVR et al. 2D materials as an
emerging platform for nanopore-based power generation.
Nat Rev Mater 2019; 4: 588-605.

12. Rankin DJ, Bocquet L, Huang DM. Sub-additive ionic trans-
port across arrays of solid-state nanopores. Phys Fluids
2004; 26: 012005.

920z 1dy || uo Jasn Aieiqi [eo1uyoa] INNJ Ad LG LEY8/9Z0BEMU/G/E L /ajo1ue/ISU/Wod dno"olWwapede//:sdny wouj papeojumoq


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag026#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag026#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag026#supplementary-data
http://dx.doi.org/10.1038/nature11477
http://dx.doi.org/10.1016/j.desal.2006.04.041
http://dx.doi.org/10.1039/c1ee01913a
http://dx.doi.org/10.1038/s41570-017-0091
http://dx.doi.org/10.1021/ja804409f
http://dx.doi.org/10.1038/nature18593
http://dx.doi.org/10.1126/science.aau5321
http://dx.doi.org/10.1126/science.aax3103
http://dx.doi.org/10.1126/science.aan2438
http://dx.doi.org/10.1038/nature11876
http://dx.doi.org/10.1038/s41578-019-0126-z

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Natl Sci Rev, 2026, Vol. 13, nwag026

.Yang J, Tu B, Zhang G et al. Advancing osmotic power generation

by covalent organic framework monolayer. Nat Nanotechnol 2022; 17:
622-8.

. Liu X, He M, Calvani D et al. Power generation by reverse electrodialysis

in a single-layer nanoporous membrane made from core-rim polycyclic
aromatic hydrocarbons. Nat Nanotechnol 2020; 15: 307-12.

. Zhang Z, Wen L, Jiang L. Nanofluidics for osmotic energy conversion. Nat

Rev Mater 2021; 6: 622-39.

. Chu CW, Fauziah AR, Yeh LH. Optimizing membranes for osmotic power

generation. Angew Chem Int Ed 2023; 62: €202303582.

. Upan J, Youngvises N, Tuantranont A et al. A simple label-free elec-

trochemical sensor for sensitive detection of alpha-fetoprotein based
on specific aptamer immobilized platinum nanoparticles/carboxylated-
graphene oxide. Sci Rep 2021; 11: 13969.

. SuY, Hou J, Zhao C et al. Engineering sub-2 nm ion-selective membranes

for advancing energy generation technologies. Mater Today 2025; 89:
206-22.

. Malard LM, Pimenta MA, Dresselhaus G et al. Raman spectroscopy in

graphene. Phys Rep 2009; 473: 51-87.

Tarannum F, Muthaiah R, Danayat S et al. Chemically edge-carboxylated
graphene enhances the thermal conductivity of polyetherimide-
graphene nanocomposites. ACS Appl Mater Interfaces 2022; 14:
14753-63.

Zhang X, Liu H, Shi 'Y et al. Boosting CO, conversion with terminal alkynes
by molecular architecture of graphene oxide-supported Ag nanoparticles.
Matter 2020; 3: 558-70.

Ding L, Zheng M, Xiao D et al. Bioinspired Ti3C, Ty MXene-based ionic
diode membrane for high-efficient osmotic energy conversion. Angew
Chem Int Ed 2022; 61: €202206152.

Man Z, Safaei J, Zhang Z et al. Serosa-mimetic nanoarchitecture mem-
branes for highly efficient osmotic energy generation. J Am Chem Soc
2021;143:16206-16.

Yan PP, Chen XC, Liang ZX et al. Two-dimensional nanofluidic membranes
with intercalated in-plane shortcuts for high-performance blue energy har-
vesting. Small 2023; 19: 2205003.

Stein D, Kruithof M, Dekker C. Surface-charge-governed ion transport in
nanofluidic channels. Phys Rev Lett 2004; 93: 035901.

Huang Z, Fang M, Tu B et al. Essence of the enhanced osmotic energy
conversion in a covalent organic framework monolayer. ACS Nano 2022;
16: 17149-56.

Lu J, Xu J, Yu H et al. Ultrafast rectifying counter-directional transport of
proton and metal ions in metal-organic framework—based nanochannels.
Sci Adv 2022; 8: eabl5070.

Wang C, Tang J, Li L et al. Ultrathin self-standing covalent organic frame-
works toward highly-efficient nanofluidic osmotic energy generator. Adv
Funct Mater 2022; 32: 2204068.

Hao J, Bao B, Zhou J et al. A euryhaline-fish-inspired salinity self-adaptive
nanofluidic diode leads to high-performance blue energy harvesters. Adv
Mater 2022; 34: 2203109.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Zhang Z, Bhauriyal P, Sahabudeen H et al. Cation-selective two-
dimensional polyimine membranes for high-performance osmotic energy
conversion. Nat Commun 2022; 13: 3935.

Bian'Y,Dong Y, Liu J et al. Graphene oxide membrane/conical nanoporous
polyimide composites for regulating ion transport. ACS Appl Nano Mater
2021; 4: 6964-73.

Zhou Y and Jiang L. Bioinspired nanoporous membrane for salinity gradi-
ent energy harvesting. Joule 2020; 4: 2244-8.

Zhang L, Zhou S, Xie L et al. Interfacial super-assembly of Tmode Janus
porous heterochannels from layered graphene and aluminum oxide array
for smart oriented ion transportation. Small 2021; 17: €2100141.

Wang C, Liu FF, Tan Z et al. Fabrication of bio-inspired 2D MOFs/PAA hy-
brid membrane for asymmetric ion transport. Adv Funct Mater 2019; 30:
1908804.

Li R, Jiang J, Liu Q et al. Hybrid nanochannel membrane based on poly-
mer/MOF for high-performance salinity gradient power generation. Nano
Energy 2018; 53: 643-9.

Xiao T, Zhang Q, Jiang J et al. pH-resistant nanofluidic diode membrane
for high-performance conversion of salinity gradient into electric energy.
Energy Technol 2019; 7: 1800952.

Gao J, Guo W, Feng D et al. High-performance ionic diode membrane for
salinity gradient power generation. J Am Chem Soc 2014;136: 12265—72.
Cao L, Wu H, Fan C et al. Lamellar porous vermiculite membranes for
boosting nanofluidic osmotic energy conversion. J Mater Chem A 2021;
9:14576-81.

Yang G, Liu D, Chen C et al. Stable Ti3C, T, MXene—-horon nitride mem-
branes with low internal resistance for enhanced salinity gradient energy
harvesting. ACS Nano 2021; 15: 6594-603.

Zhang Z, Zhang P, Yang S et al. Oxidation promoted osmotic energy con-
version in black phosphorus membranes. Proc Natl Acad Sci USA 2020;
117: 13959-66.

Chen W, Dong T, Xiang Y et al. lonic crosslinking-induced nanochannels:
nanophase separation for ion transport promotion. Adv Mater 2022; 34:
€2108410.

Guo Y, Huang H, Li Z et al. Sulfonated sub-nanochannels in a robust MOF
membrane: harvesting salinity gradient power. ACS Appl Mater Interfaces
2019; 11: 35496-500.

Cao L, Chen IC, Chen C et al. Giant osmotic energy conversion through
vertical-aligned ion-permselective nanochannels in covalent organic
framework membranes. J Am Chem Soc 2022; 144: 12400-9.

Gao J, Liu X, Jiang Y et al. Understanding the giant gap between single-
pore- and membrane-based nanofluidic osmatic power generators. Small
2019; 15: 1804279.

Wang J, Zhou'Y, Jiang L. Bioinspired three-dimensional nanoporous mem-
branes for salinity-gradient energy harvesting. Acc Mater Res 2022; 4: 86—
100.

Kim D-K, Duan C, Chen Y-F et al. Power generation from concentration gra-
dient by reverse electrodialysis in ion-selective nanochannels. Microfluid
Nanofluid 2010; 9: 1215-24.

© The Author(s) 2026. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided
the original work is properly cited.

Page 11 of 11

920z I4dy || uo Josn Areiqr [eouyoa] INNJ Ad LOS LEYS/9Z0BEMU/G/E | /a[o1e/ISU/W0D" dNO"dlWSPESE//:SA)Y WOl) PapEojUMOQ


http://dx.doi.org/10.1038/s41565-022-01110-7
http://dx.doi.org/10.1038/s41565-020-0641-5
http://dx.doi.org/10.1038/s41578-021-00300-4
http://dx.doi.org/10.1002/anie.202303582
http://dx.doi.org/10.1038/s41598-021-93399-y
http://dx.doi.org/10.1016/j.mattod.2025.07.013
http://dx.doi.org/10.1016/j.physrep.2009.02.003
http://dx.doi.org/10.1021/acsami.1c25279
http://dx.doi.org/10.1016/j.matt.2020.07.022
http://dx.doi.org/10.1002/anie.202206152
http://dx.doi.org/10.1021/jacs.1c07392
http://dx.doi.org/10.1002/smll.202205003
http://dx.doi.org/10.1103/PhysRevLett.93.035901
http://dx.doi.org/10.1021/acsnano.2c07555
http://dx.doi.org/10.1126/sciadv.abl5070
http://dx.doi.org/10.1002/adfm.202204068
http://dx.doi.org/10.1002/adma.202203109
http://dx.doi.org/10.1038/s41467-022-31523-w
http://dx.doi.org/10.1021/acsanm.1c00997
http://dx.doi.org/10.1016/j.joule.2020.09.009
http://dx.doi.org/10.1002/smll.202100141
http://dx.doi.org/10.1002/adfm.201908804
http://dx.doi.org/10.1016/j.nanoen.2018.09.015
http://dx.doi.org/10.1002/ente.201800952
http://dx.doi.org/10.1021/ja503692z
http://dx.doi.org/10.1039/D1TA02400K
http://dx.doi.org/10.1021/acsnano.0c09845
http://dx.doi.org/10.1073/pnas.2003898117
http://dx.doi.org/10.1002/adma.202108410
http://dx.doi.org/10.1021/acsami.9b13617
http://dx.doi.org/10.1021/jacs.2c04223
http://dx.doi.org/10.1002/smll.201804279
http://dx.doi.org/10.1021/accountsmr.2c00210
http://dx.doi.org/10.1007/s10404-010-0641-0
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULTS AND DISCUSSION
	Fabrication and structural characterization of GNM-COO
	Charge-governed ion transport through GNM-COO− membranes
	Ion selectivity investigations
	Osmotic energy conversion performance evaluation

	CONCLUSION
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

