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ABSTRACT
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 
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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 ∼106 W m−2 [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 ( Gm 

= 

√ 

(N × Gs) ), the extension of 
a single nanopore demonstration to optimized 
nanopore arrays is essential for scalable power 
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NTRODUCTION 

xtracting the Gibbs free energy generated at
he interface between salty water and fresh wa-
er with reverse electrodialysis is considered a
romising technique for sustainable and clean
lectricity [1 ,2 ]. As the most important com-
onent in reverse electrodialysis, ion-selective
embranes that can allow selective transport of

ations/anions play a central role in determining
he electric power output [3 ,4 ]. Achieving effi-
ient power generation simultaneously requires
igh ion selectivity and high ion conductivity.
ince the ion permeability scales inversely with
embrane thickness, nanoporous atomically

hin 2D materials with minimum ion transport
athways and low ion transport resistance are
onsidered ideal candidates for constructing

on-selective membranes with ultrahigh ion con- 

d by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided 
ed. 

https://doi.org/10.1093/nsr/nwag026
https://orcid.org/0000-0001-6075-4208
https://orcid.org/0000-0002-3085-431X
mailto:yuanquan@whu.edu.cn
mailto:yangyanbing@whu.edu.cn
https://creativecommons.org/licenses/by/4.0/


Natl Sci Rev, 2026, Vol. 13, nwag026

–OH

-

Cl-

Cl-

K+

K+

K+
K+

K+

K+

K+K+

Cl-

Cl-

Cl-
K+

K+

K+

K+

Cl-

Raman shift (cm–1)

In
te

ns
ity

 (a
.u

.)

Growth of 
meso-SiO2

O2 plasma

Removal of
meso-SiO2

Modified Hummers
method

Figure 1. Fabrication and structural characterizations of GNM–COO−. (a) Schematic illustration of the fabrication processes of GNM and 
GNM–COO− membranes. (b) Scheme of ion transport through the GNM–COO− 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–COO− after 15 s 
of O2 plasma etching. The white dashed circles highlight the pores present in the GNM–COO−. (f) Raman spectra and (g) FTIR spectra of 
graphene/SWNT membrane, GNM and GNM–COO− membranes. (h) Surface charge densities of GNM and GNM–COO− 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. 
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eneration [12 ]. A typical demonstration is the
onstruction of an anion-selective nanoporous
ovalent organic framework and a few layers of
anoporous carbon membrane for osmotic power
eneration [13 ,14 ]. However, a nanoporous
embrane would inevitably feature a finite pore

ize distribution and increased concentration
olarization that could compromise the ion
electivity [15 ,16 ]. A potential strategy to mit-
gate this challenge is to introduce asymmetric
harge around the nanopores to enhance the ion
electivity. 

Herein, we report a scalable atomically thin
raphene nanomesh (GNM) with a high-density
f nanometer pores anchored by abundant
arboxylic groups (–COO−). The GNM–COO–

embrane can facilitate selective cation transport,
nabling a diode-like ionic rectification property
o facilitate directional ion transport. Our studies
howed the GNM–COO− membrane allows effi-
ient K+ transport while selectively blocking Cl−.
olecular dynamics (MD) simulations reveal
Page 2 of 11
that the high cation selectivity is associated with 

interactions between –COO− and K+ that lead 
to a low energy barrier for K+ 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–COO–

The GNM–COO− membranes with narrow 

pore size distribution were fabricated through 

template-assisted etching followed by a sur- 
face chemistry engineering process (Fig. 1 a). 
Briefly, chemical vapor deposition (CVD)-grown 
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raphene was firstly transferred onto an inter-
onnected network of single-walled carbon nan-
tubes (SWNTs) to form a mechanically robust
embrane. Subsequently, uniform nanopores
ere introduced into the graphene using a meso-
iO2 template combined with O2 plasma exposure
 Fig. S1) [7 ]. A modified Hummers method was
mployed to convert hydroxyl and epoxy groups
t the pore edges of nanoporous graphene into
arboxylic groups to produce the GNM–COO−

embrane with a high negative charge den-
ity that can facilitate selective cation transport
Fig. 1 b) [17 ]. 

The microscopic structure of GNM–COO−

as comprehensively investigated with transmis-
ion electron microscopy (TEM) and scanning
lectron microscopy (SEM). Low-magnification
EM images show that the GNM–COO− mem-
rane was well supported by the SWNT networks
ith openings in the order of 10 nm (Fig. 1 c and
, Fig. S2). Such compartmentalized support is es-
ential for retaining the mechanical strength of
he single-atom-thin graphene over a macroscopic
cale ( Fig. S3). Figure S4 shows that the freestand-
ng centimeter-scale GNM–COO− membrane re-
ains structural integrity without obvious cracks.
he Young’s modulus of the membrane mea-
ured by atomic force microscopy (AFM) is ∼5–
0 GPa ( Fig. S5), which is sufficient for using
s an ion-selective membrane for osmotic power
eneration. 

The aberration-corrected TEM images reveal
he presence of narrow distributed nanopores in
he GNM–COO− membranes (Fig. 1 e, Fig. S6).
he average pore size and pore density were
easured to be 1.5 nm (statistically analyzed

rom over 200 pores across multiple aberration-
orrected TEM images) and ∼2.6 × 1012 cm–2 

ith 15 s of O2 plasma etching. The pore size
atches well with the predicted optimal pore size

1–2 nm) for K+ transport while rejecting Cl–,
aking it suitable for osmotic power generation,

s pores of this size are small enough to en-
ance charge-based selectivity via electrostatic in-
eractions yet large enough to maintain high ion
ermeability—a balance essential for efficient per-
ormance [10 ,11 ,18 ]. More importantly, the pore
ize and pore density can be readily tailored by the
2 plasma etching time ( Figs S7–S9). 
Raman spectroscopy of the membrane without

anopores shows characteristic 2D (2684 cm−1 ),
 (1589 cm−1 ) peaks but no apparent D peak

1330 cm−1 ) (Fig. 1 f, Fig. S10), suggesting that
he pristine graphene membrane exhibits a defect-
ree, single-layer characteristic [19 ]. After in-
roducing nanopores by O2 plasma and chem-
Page 3 of 11
ical modification, a notable D peak emerged 
with ID 

/IG 

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–1 corre- 
sponding to the –OH and C = O stretching vibra-
tions respectively (Fig. 1 g) [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–Hückel theory [22 ], the 
surface charge density ( σ ) was calculated to be 
−1.1 mC m–2 for the GNM membrane and 
−2.4 mC m–2 for the GNM–COO− membrane at 
a pH of 7 ( Equation S1, Fig. 1 h). Thus, the GNM–
COO− membrane with the negative charge char- 
acteristic is favorable for selective transport of K+ , 
while blocking Cl– 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–COO− 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 mm2 aperture and 
negligible ion-sieving capability was sandwiched 
between two reservoirs filled with electrolytes and 
a pair of Ag/AgCl electrodes (Fig. 2 a, Figs S14 and 
S15). KCl was chosen as the electrolyte due to the
similar bulk mobility and hydration radii of K+ 

and Cl−. Figure 2 b 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 KCl 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 μS, suggesting that 
the presence of nanopores in the membrane al- 
lows efficient transport of ions. The GNM–COO−
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Figure 2. Ionic transport properties of the GNM–COO− membrane. (a) Schematic of the ion transport measurement setup. Membrane was 
suspended over a 0.78 mm2 PEN aperture with the same concentration of KCl on both sides. Ions permeated through the pores of the 
membrane driven by an electrical potential. (b) I–V curves of the graphene/SWNT, GNM and GNM–COO− membranes measured in 0.1 M KCl. 
Inset: the transmembrane ionic conductance of the GNM–COO− membrane as a function of KCl concentration. (c) I–V curves of the GNM and 
GNM–COO− membranes measured in 1 M KCl. (d) MD simulations on the hydrated K+ and Cl– transport through the GNM–COO− membrane. 
A typical simulation box used in MD simulations, showing the GNM–COO− membrane (blue), hydrated K+ (purple), hydrated Cl– (green) and 
water molecules in solution. (e) Numbers of hydrated K+ and Cl− ions transferred through the GNM–COO– membrane in 0.5 M/0.01 M KCl 
electrolyte plotted as functions of simulation time. (f) Ion 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 Cl− transport through the GNM–COO− membrane in 0.5 M/0.01 M KCl 
electrolyte. (h) Numerical simulation results for the ion concentration distribution in the GNM–COO− membrane, showing the accumulation 
(at + 0.2 V) and depletion (at −0.2 V) of ions along the direction perpendicular to the membrane. 
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embrane shows notably enhanced conductivity
f 4.62 × 10−5 S m−1 , suggesting that the pres-
nce of carboxylic functional groups at the edge of
anopores could facilitate K+ transport across the
embranes. The GNM–COO−pore density cal-

ulated from I–V curves is about 1.6 × 1012 cm–2 

 Equation S2), and this value is close to the pore
ensity obtained from the aberration-corrected
EM characterizations (2.6 × 1012 cm–2 ). The
onductance decreases non-linearly with the de-
rease of KCl concentration [Fig. 2 b (inset), Fig.
16], indicating that the ion transport across the
Page 4 of 11
GNM–COO− membrane is governed by a charge 
effect [25 ,26 ]. 

A diode-like I–V response was observed in the 
GNM–COO− membrane. The rectification ratio 
( −0.2 V/ + 0.2 V) increases first and gradually de-
creases with a maximum rectification ratio of 3.6 
upon increasing the KCl concentration from 0.1 to 
3 M, further suggesting surface charge-governed 
ion transport (Fig. 2 c, 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/ + 0.2 V)

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
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f about 1 ( Fig. S17). The rectification phe-
omenon generally occurs in a nanochannel struc-
ure with heterogeneous pore size or charge dis-
ribution to improve ion conductivity [27 ]. Both
he nanoporous graphene and SWNT membranes
re symmetric in structure with relatively uniform
ore size and charge distribution, and therefore
hese membranes show no rectification charac-
eristics. The GNM membrane exhibits an asym-
etric pore structure, while the pore size on the
anoporous graphene side ( ∼1.5 nm) is particu-
arly smaller than that on the SWNT membrane
ide ( ∼30 nm). Additionally, the surface charge
ensities in the nanoporous graphene and SWNT
ides of the GNM membrane are all relatively low,
o the membranes exhibit no rectification char-
cteristic ( Figs S18 and S19). In comparison, the
arboxylation modification processes introduced a
arge number of carboxyl functional groups at the
ore edge of GNM–COO− and induced the for-
ation of a heterogeneous charge structure in the
embrane, resulting in the ion rectification and

on conductivity improvement. 
MD simulations were performed to understand

he localized ion transport behavior across the
harged GNM–COO− due to the ion transport
roperty of the membrane being mainly depen-
ent on the nanoporous graphene layer. The sim-
lation box is composed of hydrated K+ , hydrated
l−, water molecules and a single-pore GNM–
OO− with different charge densities achieved by
he inclusion of 2–6 charged carboxyl groups at
he pore edge (Fig. 2 d). The time-dependent num-
er of ions passing through GNM–COO− under a
oncentration gradient of 50 (0.5 M/0.01 M KCl)
hows that the number of hydrated K+ ions per-
eating through the nanopores increases from 10

o 17 ns–1 with increasing charge density, whereas
he number of hydrated Cl– ions is about 1 ns–1 
Fig. 2 e and f, Fig. S20). This MD-predicted en-
ancement in K+ flux under a 50-fold salinity gra-
ient is consistent with the experimentally ob-
erved increase in ionic conductance (Fig. 2 b),
hereby supporting the role of carboxyl groups
n facilitating selective cation transport. The XY-
lane average density distributions of K+ and O
toms of water in the charged nanopores indi-
ate that as the charge density in the GNM–COO−

ncreases, the density distributions of K+ and O
toms of water gradually increase ( Figs S21–S23).
hese results are consistent with the experimen-
ally observed ion conductivity increase in the
NM–COO− (Fig. 2 b). 
To gain a better insight into the K+ transport

echanism in the GNM–COO−, we calculated
he potential mean force (PMF) profiles for hy-
Page 5 of 11
drated K+ and Cl− migration along the nanopore 
( z -axis) in the membrane (Fig. 2 g, 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 Cl– 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 Cl– is impeded 
by the charged nanopores and the energy barrier 
for Cl– 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. 2 h, Figs S27–S30). Under positive bias 
that is consistent with the chemical potential gra- 
dient direction, K+ and Cl– 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 
Cl– 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. 2 c). The ion rectification 
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ehavior could facilitate the ion transport and
mprove ion conductivity [28 ,29 ]. 

on selectivity investigations 
he ion selectivity of the GNM–COO− was inves-
igated by introducing a chemical potential gradi-
nt in the electrochemical testing system [6 ,28 ].
ince the GNM–COO− is an asymmetric struc-
ure that is composed of SWNTs and nanoporous
raphene, two concentration configurations were
dopted to seek the optimized ion transport di-
ection (Fig. 3 a, Fig. S31). When the KCl concen-
rations in the nanoporous graphene and SWNT
ides were 1 M (high concentration, CH ) and 0.1 M
low concentration, CL ), respectively, the calcu-
ated short-circuit current ( ISC ) from the measured
–V curve is 32.9 μA (red line). In comparison, ISC 
s −11.6 μA upon the concentration gradient di-
ection being reversed (blue line). The net current
Page 6 of 11
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. 3 a). The distinct I–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 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag026#supplementary-data
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The energy dispersive X-ray spectroscopy
EDX) mapping indicates that the K content is
articularly higher than Cl, indicating that GNM–
OO− exhibits excellent K+ selectivity ( Figs S32
nd S33). To further explore the ion selectivity
f the GNM–COO−, a cyclic voltammetry (CV)
est was performed to explore the transmembrane
iffusion behavior of electroactive redox probes,
Ru(NH3 )6 ]3 + and [Fe(CN3 )6 ]3 −. Significantly,
he [Ru(NH3 )6 ]3 + complex cations exhibit a con-
iderably higher electrochemical response, with a
eak current of 13.5 μA, than the [Fe(CN3 )6 ]3 −
omplex anions, with a peak current of 0.4 μA
 Fig. S34). 

The ion selectivity performance of the GNM–
OO− was further evaluated by recording the I–V
urves of the membrane in a series of KCl concen-
ration gradients. As the KCl concentration gra-
ient increases, the ISC and open-circuit voltage
 VOC ) of the membranes show an increase, with
aximum values of approximately 50.7 μA and
.5 V, respectively (Fig. 3 b, Table S1). 
The measured VOC consists of the diffusion po-

ential ( Ediff ) of ions passing through the GNM–
OO− and the redox potential ( Ered ) of the
g/AgCl electrode. To accurately evaluate the
otential contribution originating from selective
ransport of ions, the Ered was subtracted via an
lectrode calibration process. Table S1 shows the
diff and Ered of the GNM–COO− at a series of KCl
oncentration gradients, and the maximum Ediff 
eaches 0.28 V. The ion selectivity of the GNM–
OO− can be calculated by Ediff using Equation
 1 ): 

Ediff = ( 2 t+ 

− 1 ) 
RT 

zF 
ln 

[
ahigh 

alow 

]
, (1)

here F , R , T and z are the Faraday constant,
as constant, temperature and ion valence, respec-
ively. The ahigh and alow 

represent the ion activ-
ty at high and low KCl concentrations, respec-
ively. The transference number t+ 

indicates the
electivity for cations. According to Equation ( 1 ),
he calculated t+ 

of the GNM–COO− ranges from
.69 to 0.79 depending on the KCl concentration
radient (Fig. 3 c), indicating the cation-selective
haracteristic with t+ 

higher than 0.5 [29 ,30 ]. The
on-linear increase of t+ 

with the increase of con-
entration gradient could be attributed to the syn-
rgistic effect of transmembrane potential differ-
nce, the double electric layer and the ion rectifi-
ation effect [31 ,32 ]. 

PNP numerical simulations indicate that the
istribution of K+ around the nanopore is sig-
ificantly higher than that of Cl– in the GNM–
Page 7 of 11
COO− membrane (Fig. 3 d, 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 ISC calculated from the PNP model agrees 
with the experimental data for the GNM–COO−

membrane ( Fig. S36), 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 Pmax = I2 RL , where I is the current and RL 
represents the load resistance. Figure S38 shows 
that the output power density of the GNM–COO−

with a testing area of 0.03 mm2 reaches a max- 
imum value of 65.1 W m−2 at a KCl concentra- 
tion gradient of 10 and an RL of 1 k � ( 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 Cl–, 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 Cl–, 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. 4 a and

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag026#supplementary-data
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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–COO− with an effective test area of 3 mm2 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 × 1.3 cm2 

Si support (10 × 10 pores with 175 μm side length and 1 mm interpore distance) (e) Current–time curve of the GNM–COO− membrane in 
artificial seawater/river water without electrolyte replenishment. The RL is fixed at 2 k �. (f) The output voltage of 15 GNM–COO− unit cells 
connected in series. 
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ig. S42, the osmotic power density of the GNM–
OO− follows the order of Li+ < Na+ < K+ <

b+ < Cs+ at a salt concentration gradient of 10.
 maximized power density of 65.8 W m−2 was
bserved for Cs+ , which can be ascribed to the
elatively smaller hydrated ionic radii and larger
Page 8 of 11
cation diffusion coefficient that enables more effi- 
cient charge separation ( Table S2) [13 ]. 

In the practical seawater system, there also ex- 
ists an enormous quantity of Ca2 + and Mg2 + other 
than alkali metal ions. The osmotic energy con- 
version behaviors of the GNM–COO− were tested 
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n a variety of electrolytes. As shown in Fig. 4 a,
NM–COO− shows lower osmotic power density

or divalent cations such as Ca2 + (4.1 W m−2 ) and
g2 + (3.6 W m−2 ), which can be attributed to the

arge hydrated radius of divalent cations increas-
ng the energy barrier for ion transport and de-
reasing the ion selectivity [13 ]. 

The osmotic power generation performance
f the GNM–COO− at a salt concentration
radient of 50 (artificial seawater/river water,
.5 M/0.01 M NaCl) is determined to reach a max-
mum value of 175.1 W m−2 with an RL of 2 k �
Fig. 4 b). Figure 4 c summarizes the osmotic power
eneration performance of the GNM–COO− and
reviously reported ion-selective membranes, in
erms of load resistance and output power density
13 ,14 ,29 ,33 –43 ] ( Table S3). The GNM–COO−

hows a higher output power density compared
ith that of most reported ion-selective mem-
ranes. The unprecedented output power density
f the GNM–COO− is mainly ascribed to the en-
anced ion selectivity and high ion conductivity of
he membrane with uniform pore size distribution
nd high charge density. Additionally, the ions–
iode behavior of asymmetric membrane struc-
ure also effectively facilitates ion transport and
urther promotes the energy conversion process. 

To explore the scalability of GNM–COO−,
 macroscopic osmotic energy generator with a
entimeter-scale membrane [the effective test area
s 3 mm2 , 100-fold larger than currently reported
est area (0.03 mm2 )] was constructed ( Fig. S43).
s shown in Fig. 4 d, the GNM–COO− achieves
n osmotic power density of 5.3 W m−2 . To our
nowledge, this value is the highest power den-
ity reported in the literature for large-area ion-
elective membranes to date and satisfies the com-
ercialization benchmark of 5 W m−2 ( Table S4).

t is worth noting that the internal resistance of
he GNM–COO− remains unchanged after en-
arging the test area. While the membrane’s ul-
rathin thickness, uniform pore size distribution
nd diode-like ionic rectification behavior con-
ribute to its low inherent membrane resistance,
he observed area-independent resistance suggests
hat the overall device resistance in the macro-
copic configuration may be dominated by the ac-
ess resistance arising from electrode interfaces
nd solution geometry, as noted in prior stud-
es [44 ]. We further expanded the test area of
NM–COO− to 12 mm2 (400 times the test area
eported in the literature) and 75 mm2 (2500
imes the test area reported in the literature). The
utput power density of GNM–COO− was 3.3
nd 1.4 W m−2 , respectively. More importantly,

−
he area of the GNM–COO membrane could 
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reach up to 12 cm2 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 ion 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 ion 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. 4 e, 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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radient of 50 (0.5 M/0.01 M NaCl) (Fig. 4 f).
otably, the GNM–COO− power generator
ould recharge capacitors to achieve continuous
lectric power supply for the Global Positioning
ystem (GPS) and obtain real-time GPS position
nformation ( Fig. S50, Video S4). These results
uggest that the GNM–COO− power generator
as great potential for practical application as a
ower source and makes the osmotic power a
angible and promising alternative. 

ONCLUSION 

n summary, we designed a GNM–COO− mem-
rane with dense sub-nanometer pores and abun-
ant negative charge for efficient and selec-
ive cation transport and osmotic power gener-
tion. The GNM–COO− membrane allows effi-
ient transport of K+ while selectively blocking
l–. The ultrathin characteristic and asymmet-
ic charge structure of the GNM–COO− promote
ast and directional K+ transport, significantly im-
roving ion conductivity and ion selectivity. MD
imulations and PNP numerical analysis reveal
hat the ultra-high ion conductivity and ion se-
ectivity of the GNM–COO− membrane is mainly
ttributed to the significantly lower energy bar-
ier for K+ to pass through the negatively charged
anopores. When used as an ion-selective mem-
rane in an osmotic energy generator, the GNM–
OO− achieves high cation selectivity (0.79)
nd an exceptionally large output power den-
ity (175.1 W m–2 ). Moreover, the GNM–COO−

hows a high output power density that matches
ell with the requirements in practical applica-

ions after scaling the membrane to a large area.
otably, the GNM–COO− retains stable power
eneration performance for up to 2 months. The
xtension of 2D membranes from demonstration
f a single nanopore to investigation of nanopore
rrays enables the membrane to be highly attrac-
ive for sustainable clean energy extraction. 
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