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Ultrahigh-Performance Osmotic Power Generation in

Gate-Controlled Nanopores

Xin Lei, Jiayan Zhang, Hao Hong, Zewen Liu, Yu Huang,* Fan Xia, Liang Mao,

and Lei Jiang

The osmotic energy, as a representative of sustainable clean energy, has
provided promising strategies to the energy shortage and the environmental
pollution. Via selectively diffusing (cations or anions) through the porous
membrane, the osmotic energy can be converted into electricity directly.
Nevertheless, the energy-conversion efficiency is significantly limited in the
lower surface charge at the membrane surface. In response, here a novel
gate-controlled nanopore (field effect transistor-like) as an efficient osmotic
generator is exploited. With real-time application of negative gate voltages,
the surface charge density is accurately enhanced by an order of magnitude
from —0.01 to —0.1 C m~2 while maintaining an effective salinity difference.
Based on that, the single-pore osmotic power is amazingly boosted by four
orders of magnitude, reaching the summit of 2.90 nW, which outperforms the
state-of-the-art 2D system represented by single-layer MoS, of 1 nW. Further
expanding into porous membranes, the corresponding power density reaches
the pioneering of 1008 W m~2, far more exceeding the commercial standard
of 5 W m~2. Obviously, this work gives an underlying insight into ionic
transport in confined nanochannels, as well as providing an alternative

template for efficient osmotic energy generation.

1. Introduction

Climate change, driven by the excessive emission of greenhouse
gases, poses an alarming threat to human survival, exacerbated
by ongoing urban modernization and global industrialization.[!!

To address this vital crisis, the complete
transition from fossil fuels to clean en-
ergy is crucial for the effective reduction of
greenhouse gas emissions at their source.!?!
However, the reliability of certain clean en-
ergy, such as solar and wind,’! is overly
dependent on unpredictable weather con-
ditions, which places additional demands
on the stability of the energy supply. In re-
sponse, “osmotic energy” has emerged as
a stable platform for electricity generation,
utilizing natural salinity gradients, sup-
ported by its consistent production, signifi-
cant reserves, and widespread availability.[*]
According to statistics, the global reserve
of osmotic energy generated by the mix-
ing of river and seawater reaches up to
1.0 TW, surpassing the combined output
of solar and wind energy.5] Remarkably,
up to 0.8 kW m~ of osmotic power can
be extracted, which is comparable to the
energy produced by water falling from
dams over 280 m high.l] Harvesting os-
motic energy is dependent on effective
energy-conversion technologies, and the
reverse electrodialysis (RED)[”] system has attracted widespread
interest due to its direct conversion without intermediate
processes.

In this system, the primary task for efficient power genera-
tion is to develop porous membranes that exhibit both higher
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Scheme 1. The gate-controlled nanopore is an efficient osmotic energy generator. The application of gate voltage increased the surface charge density
of the nanopore by an order of magnitude, leading to highly selective ion diffusion from Cy,, to Cy,,,. This process enabled the efficient conversion of
osmotic energy into electrical energy, with osmotic power rising from 0.265 to 10050 pW. Additionally, the osmotic power density reached an impressive

1008 W m~2, exceeding the performance of previous works.

ion selectivity indicated by the osmotic voltage and higher ion
permeability indicated by the osmotic current. Initially, a power
density of only 0.17 mW m~2 was achieved using a conventional
assembly of exchange membranes (IEMs) for both anions and
cations.l®! To improve the performance, researchers have fur-
ther adjusted the surface composition and optimized the mem-
brane structure. Nijmeijer et al.l’l enhanced ion selectivity by
introducing tertiary diamines into the ion exchange groups at
the membrane surface, resulting in an increase of power den-
sity to 1.27 W m~2. In the improvement of ion permeability,
Wen et al.['% developed polyether sulfone/sulfonated polyether
sulfone membranes containing a large number of nanochan-
nels, achieving a power density of 2.48 W m~2. With the ad-
vancement of commercialization, more mature materials were
developed for osmotic energy generation, including Nafion mem-
branes (Quintech),'l AEM, and CEM membranes (Fujifilm),'?]
due to their sufficient mechanical strength and low cost. How-
ever, the micron-scale thickness of these membranes and dis-
ordered discontinuous pore structures severely affected the ion
permeability, which in turn limited the power density below the
commercial standard (5 W m=2)!%! for practical applications.
The emergence of solid-state nanopores has created oppor-
tunities to overcome the aforementioned limitations, by utiliz-
ing the Micro-electromechanical System (MEMS) process. This
technique allowed for the reliable preparation of Si;N, and SiO,
membranes with thicknesses down to 10 nm.1"¥] These mem-
branes were even capable of supporting single-layer 2D ma-
terials with sub-nanometer thicknesses, such as graphene,'*]
boron nitride (BN),[**! and molybdenum disulfide (MoS,)"®!
for higher ion permeability. Subsequently, porous membranes
with well-ordered and aligned nanostructures could be accu-
rately fabricated, through focused ion beam (FIB) etching with
single-nanometer resolution and direct visual feedback.!'”) How-
ever, there has been limited research utilizing this technol-
ogy to achieve consistently efficient osmotic energy generation
from a single pore to porous membranes, by regulating the
magnitude and distribution of surface charge density in real-
time (improving ion selectivity) while maintaining the maxi-

Adv. Funct. Mater. 2025, 2500989

2500989 (2 of 11)

mized porous density (improving ion permeability). Meanwhile,
a gate-controlled nanopore with field effect has been widely
developed.[®®! By adjusting the gate voltage, the surface poten-
tial at the nanopore/liquid interface could be effectively con-
trolled, leading to ion redistribution, which in turn affected
ion conductivity, fluid flow, and particle transport.['! Based on
that, gate-controlled nanopores were widely used in ion-selective
transport,[?°! ion rectification,?!) microfluidics,??! and particle
sensing.[?3] Particularly in sensing, gate-controlled nanopores
provided a high-sensitivity and integrable method for label-free
detection of biological species in solutions or complex biological
media.[?*] With the widespread participation of 2D materials, the
ultra-thin thickness (only 0.335 nm in graphene) and high elec-
tron mobility made DNA sequencing possible.[?]

Inspired by this, we developed a novel gate-controlled
nanopore (field effect transistor-like) as an efficient osmotic gen-
erator in Scheme 1, using MEMS processes combined with
single-nanoscale FIB sculpting. Taking advantage of the real-
time control of gate voltage, the surface charge density was ef-
fectively enhanced while maintaining an effective salinity differ-
ence, boosting the single-pore power by four orders of magnitude
to an outstanding performance of 2903 pW. Meanwhile, control-
ling the charging regions both on the inner pore wall and outer
membrane surface surrounding the nanopore, assisted with the
optimized single-pore size, resulted in a congenerous enhance-
ment of ion selectivity and ion permeability. Further promot-
ing from the single pore to porous membranes, the correspond-
ing power density reached the pioneering of 1008 W m~2 on
the global scale, via balancing the nanoporous density (affecting
ion permeability) and the inter-pore effect (affecting ion selec-
tivity). Last but not least, this paper gained an insight into the
key roles that significantly influence the generation performance
of membranes from experiments to simulations, while provid-
ing valuable guidance on efficient osmotic energy generation.
Notably, the gate-controlled nanopores not only presented excel-
lent energy-conversion performance and mechanical properties
but also offered available templates for traditionally low-efficiency
materials.

© 2025 Wiley-VCH GmbH
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Figure 1. The preparation of the gate-controlled nanopore based on multi-step MEMS processes. a) Via layer-by-layer deposition and multi-step etching
of different materials, suspended nanofilms were built up; Then nanopores were generated on that film using FIB etching and ALD deposition; finally,
they were encapsulated on PCB linking the external circuit to constitute a transistor-like nanopore (SizN, was insulating layer; Au was gate-electrode
layer; Al,O5 was gate-dielectric layer). b) By increasing the etch time of FIB (beam current of 5 pA, accelerating voltage of 30 kV), the nanopore size
gradually rose from a minimum of 7 nm to more than 40 nm, while the growing rate gradually slowed down. The scale bar was 50 nm. c) The nanopore
size was linearly reduced from 31 nm to less than 10 nm by adding the deposition cycle of ALD (reaction temperature of 200 °C). The scale bar was

50 nm.

2. Results and Discussion

2.1. Controllable Fabrication of Gate-Controlled Nanopores

Figure 1 clearly illustrates the preparation of the gate-controlled
nanopore based on multi-step MEMS processes. A 50 nm-thick
Si;N, and a 30 nm-thick layer of Au, serving as insulating
and gate electrodes respectively, were sequentially deposited on
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4-inch silicon wafers by low-pressure chemical vapor deposi-
tion (LP-CVD) and electron beam evaporation (EBE). Subse-
quently, the backside Si was exposed by photolithography and
reactive ion etching (RIE), followed by KOH anisotropic etching
along the (111) plane until the suspended Si,N,/Au nanofilms
(100 pm X 100 pm) were formed. Returning to the front, the insu-
lation Si;N, was further improved by plasma-enhanced chemical
vapor deposition (PE-CVD). Additionally, RIE was employed to

© 2025 Wiley-VCH GmbH
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expose the Au layer at the center (10 um diameter) for nanopore
fabrication. Meanwhile, the Au layer at the edge was patterned
for gate voltage connections to the external circuit. Finally, the
entire wafer was divided into ~#70 nanofilms (9 mm X 9 mm) us-
ing laser stealth dicing, as shown in Figure 1a. It was noteworthy
that the critical nanopores were precisely located and fabricated
at the center of the nanofilm using a focused ion beam (FIB)
with single-nanometer precision. Combined with self-limiting
atomic layer deposition (ALD) at sub-nanometer precision, a 20
nm-thick gate dielectric Al,O, was deposited to completely en-
capsulate the exposed Au layer, forming a mimic gate-around
field effect transistor (FET), as illustrated in the cross-sectional
view of Figure 1a. Then, the nanofilm was mounted on the PCB
and connected with the external circuit through wiring, directly
providing the gate voltage. This setup allowed for easy modula-
tion of the surface charge density of the nanopores. The detailed
processing steps and parameters are further shown in Figure S1
(Supporting Information). In this process, precise control of the
nanopore size played a crucial role in subsequent osmotic energy
generation. Benefiting from single-nanoscale etching precision
(less than 3 nm, Ga*) and extremely higher imaging resolution
(0.5 nm, He"), FIB facilitated accurate modulation of nanopore
size and 3D morphology in multilayer through programmable
ion dose distribution.['”] By increasing the etch time in incre-
ments of 10 ms, the initial size of the nanopore increased from
a minimum of just 7 nm to over 40 nm, as shown in Figure 1b.
Moreover, the highly efficient fabrication (only 10 ms for the sin-
gle pore) with programmable etching positions facilitated high-
throughput preparation and practical application of nanopore ar-
rays. Subsequently, the nanopore size was further reduced with
sub-nanometer precision through the ALD deposition of gate-
dielectric Al,O;. A linear reduction in nanopore size was ob-
served, from the initial 32 nm to less than 10 nm, by gradually
increasing the number of deposition cycles to 100, as shown in
Figure 1c. Taking advantage of the self-limiting growth of ALD,
the deposition rate was maintained at 0.11 nm per cycle, en-
hancing dimensional control accuracy. In summary, the gated-
controlled nanopore with a minimum diameter of 10 nm was
successfully prepared based on multi-step MEMS processes.

2.2. Osmotic Energy Generation Based on Gate-Controlled
Nanopores

Figure 2a comprehensively illustrates the osmotic energy gener-
ation platform based on the gate-controlled nanopore. KClI so-
lution with concentration difference was placed on both sides
of the nanopore (Cyg, in Cis and C,, in Trans). The nanopore
was served as the sole channel for ion diffusion, thus gener-
ating the ionic current. The Cis and Trans compartments were
equipped with Ag/AgCl electrodes as the source and drain, re-
spectively, forming a circuit for ion current (I,,,) measurement
under bias voltage (V,) at the source. Meanwhile, the Au layer in
the nanopore was directly connected to the gate voltage in an ex-
ternal circuit, which was designed to regulate the surface charge
density of the nanopore for efficient osmotic energy generation.
In this setup, the short-circuit current (I,.) and open-circuit volt-
age (V,.) were obtained by measuring the I, -V, response result-

ing from the selective diffusion of ions. After subtracting the con-
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tributions from the electrode/solution interface at different con-
centrations (calculated by the Nernst equation,!*®! See Figure S2
and Table S1, Supporting Information for details), the pure os-
motic potential (V) and osmotic current (I ) were determined.
Additionally, the osmotic power (P,) was strictly calculated by
subtracting the proportion of the input power, as shown in
Figure S3 (Supporting Information).

In detail, without the gate voltage, there was only a slight pos-
itive current (I, = 10 nA) due to the weakly negative charged
nanopore surface (—0.01 C m~2), as shown in Figure 2b. Upon
applying a gate voltage of —300 mV, the surface charge den-
sity of the nanopore surface increased by an order of magni-
tude (—0.1 C m~2), as later confirmed, resulting in significant en-
hancement of K* selectivity, with K* diffusion dominating in the
nanopores. Both the V,_ (from 2.5 to 83 mV) and the I, (from
0.122 to 42 nA), particularly the osmotic power (P,), which in-
creased by four orders of magnitude from 0.265 to 2903 pW,
showed significant improvements, as shown in Figure 2c. This
enhancement was not only due to the higher surface charge den-
sity induced by the gate voltage but also to the presence of a
specific charging region on the inner pore wall, particularly on
the outer membrane surface surrounding the nanopore. This re-
gion was crucial for maintaining high ion selectivity and a con-
centration difference, as proved in Figure S4 (Supporting In-
formation) and supported by the Poisson-Nernst-Planck (PNP)
model?’] detailed in Methods S1 (Supporting Information). We
also evaluated the charging range necessary for different surface
charge densities (e.g., —0.1 C m™ corresponds to 1578 nm in
Figure S6, Supporting Information). This evaluation was crucial
for optimizing the density of nanopore arrays in practical appli-
cations to minimize mutual interference and achieve the high-
est power density. By effectively controlling the porous array gap
(with a porosity of 5.7%) and maintaining a gate voltage of —300
mYV, the osmotic power P, was further increased from 497 to
10050 pW, representing the maximum power density, as shown
in Figure 2d. This enhancement was primarily due to the paral-
lel arrangement of nanopores, which increased ion flux and re-
sulted in a rise in I ; from 42 to 228 nA. Additionally, the cur-
rent direction (ion selection polarity) could be easily reversed in
the gate-controlled nanopore. As shown in Figure 2e, reversing
the polarity of the gate voltage simultaneously shifted the cation
selectivity to anion selectivity. The reversal also led to an imme-
diate change in the direction of the IV response, with both I,
and V,, being inverted, resulting in a generation power of 497
pW. In summary, the gate-controlled nanopore platform provided
a more convenient and real-time tuning mechanism, enabling
highly efficient osmotic energy generation. Compared with con-
ventional approaches, it simplified the process by eliminating the
need for repeated modifications and de-modifications.

2.3. lon-Transport Characteristics of Gate-Controlled Nanopores

To gain a deeper understanding of the gate-controlled nanopore,
ion-transport characteristics of nanopores were further inves-
tigated under varying ionic concentrations and gate voltages.
Figure 3a presents the I, -V, response of nanopores without gate
voltage. As the ion concentration increased from 107 to 1 m (with
conductivity rising from 3.41 X 107> to 1.10 S m™!), the linear

© 2025 Wiley-VCH GmbH
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Figure 2. a) The osmotic energy generation platform based on the gate-controlled nanopore. Via the application of gate voltage, the surface charge
density of the nanopore was first enhanced. Then through highly ionic-selective diffusion from Cp;y, to Cj,,, efficient conversion from osmotic energy to
electrical energy was achieved. b) Without the gate voltage, almost non-selectively synchronous diffusion of positive and negative ions produced limited
osmotic energy generation (0.265 pW). c) After applying the negative gate voltage, higher osmotic energy generation (2903 pW) was yielded owing to
more diffusion of the positive ions relative to the negative. d) Further increasing the nanopore density resulted in greater osmotic energy generation
(10050 pW). e) Following an inverted polarity of the gate voltage, the corresponding ion selectivity was flipped instantly, resulting in a reversal of direction
of the l;,,-V}, response. In summary, taking advantage of the real-time control of gate voltage, the surface charge density was effectively enhanced,
boosting the generation power to outstanding performances.
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Figure 3. lon-transport characteristics of the gate-controlled nanopore. a) Without gate voltage, the slope of the /;,,-V}, response ramped up with stronger
ion concentration. b) The experiment results of nanopore conductivity were consistent with theory values (dominated by bulk conductance at higher
concentrations whereas surface conductance at lower concentrations). c) The ion currents between the source and drain were tested by applying only
the bias voltage at the source instead of the gate. The salt concentration was 1 m. d) Under the application of gate voltage, a sudden change of leakage
current was detected between the gate and the drain. Ultimately, the gate range was determined from —300 to +300 mV. The salt concentration was
1 M. e) The accuracy of this gate range was further verified by the ratio of the leakage current to the ion current. f) Since the imposing of gate voltage,
experiment results of nanopore conductance kept pace with fresh theory values at the surface charge density of —=0.1 C m~2 rather than the previous
—0.01 C m~2, g—i) Furthermore, the confusion matrix certificated confirmedly that the surface charge density did enhance to —0.1 C m~2 under the gate
voltage (vertical axis was the experiment result; horizontal axis was the theory value at different surface charge density; the darker the color, the more
similar the corresponding values were; the dark color closer to the main diagonal meant that the experiment results matched the predicted values more
precisely). In summary, the application of gate voltage resulted in an effective enhancement of the surface charge density from —0.01to —0.1C m~2, as
verified by both experimental and theoretical equations.

relationship between [, and V; becomes more pronounced, in-  Here, k, denoted the bulk conductivity, while L and D repre-

on

dicated by a gradually steeper slope. Furthermore, we experimen-
tally determined the ionic conductivities of nanopores with vary-
ing diameters of 10, 30, and 100 nm at different concentrations,
and compared these with theoretical values:[??]

4L % 1 n 2
nD? l+4% aD‘l‘ﬂlDM

G=x, M
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sented the length and diameter of the nanopore, respectively. To
highlight the significance of surface conduction compared rel-
ative to bulk conduction, Dukhin length I, =~ (|Z|/e)/(2c,) was
introduced, where X denoted the surface charge density and ¢,
was the salt concentration. The geometrical factor & = 2 was
consistent with values reported in the literature.l?8! While the ad-
justable parameter f was ~4 with the best fit to the experimen-
tal results. There is room for adjustment and variable-free pa-
rameters. It is acceptable to make small adjustments to the free
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parameter # based on actual experimental results as a reference.
As shown in the matching results in Figure 3b, the experimental
pore conductance values were highly consistent with the theoret-
ical predictions for a surface charge density of —0.01 C m~2, in
the absence of gate voltage. This was in agreement with the pre-
viously reported surface charge density of natural Al,O;, which
is #—10 mC m~2 at pH = 7.6.*"] Additionally, the saturation
platform of nanopore conductance indicated the presence of a
charged nanopore surface, characterized by an electrical dou-
ble layer (EDL).3% At higher concentrations, nanopore conduc-
tance was dominated by bulk conductance, which varied linearly
with ionic concentration. At lower concentrations, surface con-
ductance gradually became dominant as the EDL thickness be-
came comparable to the pore size, leading to a saturated plat-
form. For small nanopores (10 nm diameter, 5 nm radius), the
ion concentration gradually saturated starting from 102 wm, cor-
responding to an EDL thickness of 3.1 nm.*”) In contrast, for
larger nanopores (100 nm diameter, 50 nm radius), the ion con-
centration must be lower than 10~ m to achieve a thicker layer
EDL, with a thickness of 30.5 nm.["]

Moreover, to thoroughly investigate the gate-controlled modu-
lation of surface charge density, it is necessary to determine the
appropriate range of the gate voltage in advance. Initially, linear
ion currents between the source and drain were measured by ap-
plying a bias voltage solely at the source, shown in Figure 3c.
Subsequently, the leakage current between the gate and drain
was monitored by varying the gate voltage while keeping the
source unbiased. As shown in Figure 3d, the leakage current
remained extremely low across a range of gate voltages from
—300 to +300 mV. However, the leakage current increased rapidly
once the threshold voltage (300 mV) was exceeded, contrasting
sharply with the linear ion current observed under bias voltage.
Figure 3e illustrates the proportion of the leakage current to the
ionic current at the same voltage, which remained below 10% of
the ionic current up to the threshold (300 mV) and then increased
progressively beyond it. This transistor-like behavior character-
istic, where current amplification occurred only beyond a cer-
tain threshold voltage, had also been reported in other nanopore
research.®l Consequently, the gate voltage was constrained be-
tween —300 and +300 mV to prevent dielectric breakdown and
excessive intervention of leakage current.

Furthermore, by applying the maximum gate voltage of —300
mV, the variation of ionic conductance in nanopores was investi-
gated, as shown in Figure 3f. It was observed that the nanopore
conductance at lower concentrations deviated significantly from
the original theoretical value (£ = —0.01 C m~2) and instead corre-
sponded to a new value (£ = —0.1 C m~2). This confirmed our hy-
pothesis that applying gate voltage increased the surface charge
density by an order of magnitude. Upon closer inspection, there
was a slight increase in the nanopore conductance from 1073 to
107> m, followed by a small decrease at 10~ m. This could be at-
tributed to the fact that at very low concentrations, particularly
below 1073 M, subtle changes in the solution could impact the
experimental results. Such appropriate fluctuations near the sat-
uration point were generally acceptable. For a more detailed anal-
ysis, the experimental conductance (true label) and theoretical
conductance (predicted label; £ = —0.01, —0.05, and —0.1 Cm~?;
concentration ranging from 107° to 1 m) were compared, and the
confusion matrix were presented in Figure 3g—i. The color depth
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in the confusion matrix represented the proximity between pre-
dicted and experimental data points. For the predicted values of
—0.01 and —0.05 C m~2, the deviation from experimental values
was evident, as shown by the deep color straying from the diago-
nal in Figure 3g, h. In contrast, when comparing the theoretical
value of —0.1 C m~2, the experimental values closely aligned with
it, as indicated by the deep color closely following the diagonal
and symmetrically distributed around it, as shown in Figure 3i.
In summary, the application of gate voltage effectively enhances
the surface charge density from —0.01 to —0.1 C m~2.

2.4. Effect of Gate Voltage on Osmotic Energy Generation

Figure 4 further illustrates how the enhancement in surface
charge density, induced directly by gate voltage (V,), affected os-
motic energy generation. The results showed that the I, -V, re-
sponse became more pronounced with increasing V, (from 0 to
—300 mV, step of —100 mV), as shown in Figure 4b. Both I,. and
V. increased synchronously, leading to a parallel rise in I ¢ (from
0.122 to 41.1 nA) and V,, (from 2.51 to 83.1 mV), as shown in

Figure 4c. The V,, could be expressed as:3!]

kT
~ B g 2)
ze ¢

v

0s

Here, S = (D, — D_) /(D, + D_) represented the ionic selectiv-
ity, which was closely related to the surface charge density (S =
1 for ideal cation selectivity, S = — 1 for ideal anion selectiv-
ity, and S = 0 for no selectivity). D, denoted the effective dif-
fusion constant. ky, T, and z represented the Boltzmann con-
stant, temperature, and ion charge, respectively. At room temper-
ature, (kT)/(ze) was ~25.7 mV.?! With the introduction of the
last terms (¢, = 1 M and ¢, = 1 mm), S was calculated to increase
from 0.0141 (indicating almost no selectivity) to 0.468 (indicat-
ing effective cation selectivity), as shown in Figure 4d. The cor-
responding energy conversion efficiency®!! (¢ = S? /2) also in-
creased to 10.9%. These results indicated that the increase in V,
was primarily due to the enhancement of ion selectivity, achieved
through the gate-control reinforcement of surface charge density.
This conclusion was further supported by simulation, as shown
in Figure 4e. The simulation revealed a significant increase in
cation concentration, coupled with a decrease in anion concen-
tration, particularly near the pore surface, as the surface charge
density increased from —0.01 to —0.03 C m~2. This resulted in an
amplification selectivity (S) between cations and anions. In addi-
tion, I, could be further expressed as:(3%!

? ~0s

2nre Cp,
I =~ log — 3
os & a—— log c; (3)

Here, a represented a diffusion-osmotic mobility parameter, and
r and L denoted the radius and length of the nanopore, re-
spectively. Equation 3 accurately illustrates the proportional re-
lationship between I and surface charge density (). This in-
dicated that the gate voltage exerted more direct and efficient
control over I . The concurrent enhancement of V, and I fur-
ther facilitated a significant increase in osmotic power, as shown
in Figure 4f. The single-pore power surged by four orders of
magnitude from 0.315 pW to 2.90 nW, surpassing the previous
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Figure 4. The effect of gate voltage (surface charge density) on osmotic energy generation. a) The diagram exhibited selective diffusion of positive
ions resulting from the negative gate voltage imposed on the nanopore surface. b) With an increase in gate voltage, the I, .-V}, response strengthened
significantly. ) Meanwhile, the enlarged gate voltage also provoked a synchronous enhancement of I, and V.. d) These findings were attributed to the
strengthening of ionic selectivity and ultimately contributed to higher energy conversion efficiency. e) The simulation results further argued that the Cy+
near the nanopore surface was remarkably greater than the C-, and this tendency was even reinforced with an elevation of the surface charge density
induced by the gate voltage. ) As a result, the generation power was boosted by 4 orders of magnitude from 0.315 pW (without gate voltage) to 2.90 nW
(gate voltage of =300 mV). g—i) In-depth profiling of the simulation, the elevation of the surface charge density (gate voltage induced) was also beneficial
in maintaining a higher concentration difference for osmotic energy generation. In summary, the increase in gate voltage resulted in the improvement
of osmotic energy generation, due to the enhancement of surface charge density.

international record of 1 nW set by ultra-thin MoS,.['®) Fi-  putsof I and V_ . Insummary, the application of gate voltage not
nally, the ion distribution simulations further demonstrated that  only directly improved surface charge density, thereby maintain-
a higher surface charge density contributed to maintaining a  ing an effective salinity difference, but also indirectly enhanced
greater concentration difference across the membrane, as shown  ion selectivity, which collectively facilitated the osmotic energy
in Figure 4g—i. The initial boundary concentrations of K* and CI~  generation in turn.

were 2000 and 2 mwm, respectively. However, with a lower surface

charge density of —0.03 C m~2, the actual concentration differ-

ence was reduced to 1428 mwm, as shown in Figure 4g. Thisreduc-  2.5. Ultrahigh-Performance Osmotic Energy Generation in

tion was attributed to ionic diffusion and the ionic concentration ~ Nanopore Arrays

polarization (ICP) effect,**! which led to a diminished salinity

difference (the real driving force) and decreased ion selectivity, ~ Figure5  furtherillustrates the capability of osmotic energy ge-
adversely affecting the osmotic energy generation. Nevertheless,  neration, extending from single pores to nanoporous mem-
when the surface charge density was elevated to —0.05 C m™,  branes. The nanopore diameter was standardized at 30
the concentration difference immediately doubled to 2868 mmM, nm, as it yielded the maximum power demonstrated in
as shown in Figure 4i. This enhancement ensured efficient out-  Figure S7 (Supporting Information). Additionally, an area of
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Figure 5. The ultrahigh-performance osmotic energy generation in nanopore arrays. a) A schematic representation of the nanopore arrays. b) Helium
ion microscopy (HIM) images of nanopore arrays from 1 X 1to 7 X 7 within the researching unit (1578 nm x 1578 nm). The scale bar was 400 nm. c)
The I;,,-V}, response gradually enhanced with denser porosity. d) The summit of the ultrahigh-performance power density (1008 W m~2) was achieved
at the porosity of 5.7%. e) Compared with the state-of-the-art performances, our power density exceeded all the previous works. In summary, the power
density of the porous membrane reached the pioneering of 1008 W m~2 on the global scale, via balancing the nanoporous density and the inter-pore

effect.

1578 nm x 1578 nm (single-pore charging range required for
—0.1 C m~2) was chosen as the research unit to optimize the
nanopore density while minimizing the inter-pore effect. The
charged area directly related to surface charge density was
regarded as the effective membrane area, as shown in Figure
S6 (Supporting Information). Through simulations and linear
fitting, the surface charged area required for ion selectivity
saturation under different surface charge densities in nanopores
was obtained. In other words, increasing the nanopore density
within this range will lead to pore-pore interactions, making it
meaningful to use this range as the research unit for nanopore
arrays. By further balancing nanopore density and pore-pore
interactions within this range, the maximum power density
could be achieved. This method offers great extensibility and
practicality. Each surface charge density can be associated
with its corresponding effective membrane area. Furthermore,
through additional simulations and calculations, the effective
membrane area can also be determined for nanopores with
different sizes, structures, and surface electrostatic properties.
In this research, the nanopore array was progressively denser,
ranging from 1 X 1 (porosity of 1.90%) to 7 x 7 (porosity of
13.3%), as shown in Figure 5b. As the number of nanopores
increased, more transmembrane space was made available for
ionic diffusion, resulting in a substantial increase in I from
150 nA (1 x 1) to 4100 nA (7 X 7), as shown in the I, -V,
response in Figure 5c. This enhancement was also reflected in
I, which increased from 25 to 250 nA, as shown in Figure S8b
(Supporting Information). That was derived from the growth
of the ion-passing area (radius, R) described by Equation 3.
Notable, the output power density peaked at 1008 W m~2 with a
porosity of 5.7%, as illustrated in Figure 5d. This issue is crucial
for achieving large-scale application of nanopore-based osmotic
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energy generation. For this reason, most research articles on
osmotic energy generation should address and discuss this topic
in detail, and our paper is no exception. The second reason
is that this issue has not yet been discussed in the context of
gate-controlled nanopore systems, so we should fill this gap. The
third reason is that we previously innovatively proposed using
the charged area as the effective membrane area. Therefore,
experimental validation is needed to confirm that this method
can be truly implemented. This performance exceeded the
state-of-the-art value of 317.5 W m~ from covalent organic
framework (COF) membranes by an order of magnitude,**] as
shown in Figure 5e and summarized in Table S3 (Supporting
Information). The membrane power also reached a notable
10.0 nW (with a porosity of 5.7%), as compared to Figure S8c
(Supporting Information). This ultrahigh performance could
be attributed to two key factors. On one hand, the appropriate
increase in nanopore density within the minimal research unit
(single-pore required charging range) enhanced the ion flux
across the membrane. On the other hand, the application of gate
voltage enhanced surface charge density, maintaining the ion
selectivity and concentration difference in each pore, thereby
minimizing interference between adjacent pores as much as
possible.

Nevertheless, further increasing the nanopore density led to
a significant reduction in the pore gaps, causing an inadequate
charging range to sustain the effective concentration difference
across each pore in the array. This also resulted in a linear de-
cline in ion selectivity, from 0.467 to 0.0310, as shown in Figure
S8d (Supporting Information). Consequently, the performance
deteriorated, with I decreasing from a peak of 250 to 150
nA, and V,, reducing linearly from 90 to 10 mV. This also re-
sulted in a discrepancy between the actual power density and the
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theoretical value predicted by single-pore linear extrapolation.
Last but not least, inter-pore interactions in the array were in-
vestigated in depth from the perspective of the array gap and the
array number, in Figures S10 and S11 (Supporting Information).
In summary, higher power densities are expected to be achieved,
by optimizing the nanopore density while maintaining ion se-
lectivity and concentration differences across all pores with an
adequate surface charge density.

3. Conclusion

In conclusion, reliable gate-controlled nanopores are developed
as an efficient osmotic energy generator via the application of
gate voltage and optimized array density. By leveraging multi-
step MEMS and FIB etching with single-nanometer precision
and direct visual feedback, a transistor-like multilayer of the
gate-controlled nanopore can be precisely fabricated. Without ad-
ditional complex modifications, the gate-controlled nanopores
function as a nanofluid transistor, through the application of
gate voltage alone, achieving bipolar response. Specifically, the
gate voltage can enhance surface charge density to achieve high-
selective ion diffusion, while maintaining an effective concentra-
tion difference across the nanopore. Power generation in a sin-
gle pore has significantly increased by four orders of magnitude
of 2.90 nW with gate involvement, surpassing the performance
of pioneering 2D materials with sub-nanometer thickness. Addi-
tionally, the porous membrane has also reached a leading power
density of 1008 nW m~2, demonstrating the substantial potential
for practical applications. Through comprehensive experiments
and simulations, it has been found that balancing nanopore den-
sity while maintaining a defined charging region around each
pore is crucial for the development of an optimal large-scale os-
motic generator platform, from theoretical prediction to practical
implementation.

This work not only advances the fundamental understand-
ing of ionic transport in confined nanochannels but also paves
new avenues for traditionally inefficient energy-conversion ma-
terials, such as silica, anodic aluminum oxide (AAO), polyethy-
lene terephthalate (PET), and so on. Notably, with advancements
in fabrication techniques, such as electron beam lithography,
focused electron beam, and dielectric breakdown, biomimetic
nanopores and nanochannels at sub-10 nm or even angstrom
scales can be readily produced in inorganic materials, transform-
ing them into ideal models for studying subcontinuum ion trans-
port behavior.

4. Experimental Section

Characterization:  An ellipsometry (TPY-1, wavelength 632.8 nm) was
used to quantify the thickness of the suspending Si;N, membrane. Uti-
lizing a scanning electron microscope (Zeiss, Gemini 300), forward and
backward imaging of the Si; N, layer was accomplished. With a Ga*t source
in a focused ion beam (Zeiss, Orion NanoFab), the nanopore and cor-
responding cross-section were carved on the membrane. The ion beam
current was 5 pA, while the accelerating voltage was 30 kV. During pro-
cessing, real-time variations in nanopore diameter and morphology could
be visualized with an He* source in a focused ion beam.

Electrochemical Measurement: Before testing, the nanopore film was
thoroughly cleaned in Plasma (O, in 200 sccm, 200 W, 10 min) while
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improving the hydrophilicity of the nanopore surface. The nanopore film
pasted in PCB was sandwiched between two Teflon cells to form fluid cells
of Cis and Trans, respectively, buffered by two silicone gaskets in the mid-
dle. Ag/AgCl electrodes were placed on the Cis side as the source and Trans
side as a drain to form a loop for accurate measurement of the ion current
through the nanopore by source measure unit (Keithley, 2450). Each data
point was recorded with ten significant figures, ensuring the full reliability
of the data. In advance, the switchable gate voltage was applied directly
to the Au layer of the nanopore through the wires in the PCB, utilizing
another source measure unit. Unless otherwise specified, the default test-
ing parameters were as follows: the ionic concentrations of Cis/Trans were
1M/1 mwm, the ionic type was KCl, and the nanopore diameter was 30 nm.

Simulation: The coupled Poisson—Nernst—Planck (PNP) and Navier—
Stokes (NS) equations!?’! were calculated in finite-element simulations to
obtain accurate distributions of anions, cations, and potentials. Dense tri-
angular grids (less than 0.1 nm) were applied to the nanopore surfaces
that needed to be analyzed in detail, and the remaining positions were
generated by the system. The ionic current was obtained using the fol-
lowing equation: | = Ny Xe [(Jx+ — Jcr-) dS. Here N, is the Avogadro
constant, e is the amount of charge per electron, Ji+ and J- are the fluxes
of potassium ions and chloride ions respectively, and S is the middle cross
section of the nanopore, and the independent currents of I+ and I~ are
obtained by integrating the respective fluxes separately. The ion selectivity
based on the simulation was expressed by S = (|/.| — |[I_]) /(Il.| + |I_]).
The ion concentrations on upper and lower nanopore surfaces were ex-
tracted from the center of the respective planes. The membrane potential
was obtained by extracting the potential at the center of the nanopore.

Statistical Analysis: The experimental data were preprocessed to en-
sure accuracy and consistency. The data was presented in the form of
mean + standard deviation in the figures. For significant differences, the
sample size was at least three, and one-way ANOVA was used to evalu-
ate that between the groups while setting the confidence level (p < 0.05).
Statistical analysis was performed using Origin software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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