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ABSTRACT: Nanopores embedded in two-dimensional (2D)
nanomaterials are a promising emerging technology for osmotic
power generation. Here, coupling our new AFM-based pore
fabrication approach, tip-controlled local breakdown (TCLB), with
a hybrid membrane formed by coating silicon nitride (SiN) with
hexagonal boron nitride (hBN), we show that high osmotic power
density can be obtained in systems that do not possess the thinness
of atomic monolayers. In our approach, the high osmotic
performance arises from charge separation induced by the highly
charged hBN surface rather than charge on the inner pore wall.
Moreover, exploiting TCLB’s capability of producing sub 10 nm
pore arrays, we investigate the effects of pore−pore interaction on the overall power density. We find that an optimum pore-to-pore
spacing of ∼500 nm is required to maintain an efficient selective transport mechanism.
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■ INTRODUCTION

There is growing need to provide local, inexpensive, and
environmentally friendly power sources for a wide range of
miniaturized electronic devices, for example implantable
devices for medical monitoring, nano/micro-electromechanical
systems and wireless sensor networks (WSN) for environ-
mental monitoring.1−3 These systems usually operate on a low
power level ranging from nanowatts to microwatts. If power
could be extracted directly from the local environment, rather
than through a battery, this would lead to considerable cost
savings and greater sustainability by eliminating the need for
battery replacement and/or recharging from a centralized
power source. To this end, considerable effort has been
devoted to the development of technologies for converting
renewable energy sources in the environment, such as
mechanical vibrations4−6 or waste heat,7 into electrical power.
Another notable renewable energy source that can be used

for nano/micro-power generators is osmotic energy or salinity
gradient energy.8,9 Osmotic energy is the energy obtained by
exploiting the free energy released when solutions of different
salinities are mixed.10 It is clean and sustainable and does not
discharge carbon dioxide or thermal pollutants during
operation. Osmotic energy can be exploited whenever sources
of fresh and salt water are in proximity, such as captured
rainwater over the ocean or near briny industrial effluents.
Osmotic energy can be harvested using a membrane-based
separation process via two main approaches: pressure retarded
osmosis (PRO) and reverse electrodialysis (RED).11−13 In

reverse electrodialysis, ions are driven through cation- and
anion-exchange membranes. Like dialytic batteries, a net
electrical current can then be captured directly at the
electrodes due to charge separation induced by the selective
ionic flow through ion-exchange membranes. When consider-
ing reverse electrodialysis, membranes with excellent cationic/
anionic selectivity, low resistivity, good mechanical stability,
and antifouling properties are required for their practical
usability and potential scalability. Most of the research in
osmotic energy has focused on the development of nanoporous
membranes from various advanced materials, including
polymers14−16 and ceramics,8,17−21 because of their mechanical
stability and rich chemistry that enables unique ionic selectivity
tuning. However, the thickness of these materials (≥500 nm)
lowers the osmotic conductance, and lack of precision over the
pore size distribution limits the obtainable power density.
A proof-of-concept of single nanochannel osmotic energy

conversion system was first reported by Guo et al.9 using a
single track-etched nanopore on polyimide, with a maximum
estimated power density up to 3−260 mW·cm−2 by exploiting
parallelization with a pore density of 108−1010 cm−2. Recently,
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nanomaterials such as nanotubes,22,23 layered flakes,24−26 and
atomically thin suspended membranes27−30 show exceptional
promise for nanofluidic osmotic power generation.31 Siria et
al.23 reported a record high value of 4 kWm−2 (per pore area)
using a boron nitride nanotube (BNNT) of 15−40 nm
diameter embedded in silicon nitride membrane. This high-
power density was attributed to a diffusio-osmotic fluid flow
transport originating from the high surface charge carried by
the nanotube’s internal surface. Later, Feng et al.28 reported a 3
orders of magnitude enhancement in power density (1
MWm−2 estimated considering 30% porosity) using single
nanopore embedded in ultrathin monolayer molybdenum
disulfide (MoS2) membranes. The extraordinary selectivity-
permeability combination found in thin nanomaterials makes
them promising candidates for osmotic energy conversion.
Yet, scaling thin membranes approaches is extremely

challenging because of the difficulty of producing mechanically
stable monolayer membranes.32 Another challenge is the
difficulty in scaling technology demonstrations performed with
sufficiently small single pores to multipore arrays. Dielectric
breakdown approaches create small pores but only at a random
location on a membrane.33,34 While arrays of sufficiently small
pores can be produced with approaches based on high-energy
beams, such as TEM and helium (He) ion microscopy, these
tools require very expensive specialized facilities, high vacuum
conditions, and are challenging to scale to large arrays because
of the need for custom focus adjustments and drift due to
charging effects.35 The lack of technologies for producing

arrays with pores ∼10 nm in turn limits quantitative experi-
ments that can explore the physics of osmotic power
generation in these devices, negatively impacting development
of practical device designs.
A crucial question is the degree to which high-power

densities extrapolated from measurements with single nano-
pores are truly valid for dense nanopore arrays. A previous
experimental and theoretical study36 performed using 200 nm
diameter pores in 50 nm thick membrane silicon nitride (SiN)
indicates a sublinear dependence of the pore conductance on
the number of the nanopores, N (G G NN pore= for 2D
nanopore arrays) because of the long-range interaction
between the pores. Yet these results were obtained in a
different regime where the pore diameter was on the order of
the pore spacing and the membrane was not highly charged.
Simulation work performed in a thin membrane regime
suggests that pore−pore coupling that may limit the achievable
power density.37−39 Yet, these theoretical models made crucial
limiting assumptions that prevent extrapolation of the
conclusions to real-world systems. For example, the
simulations were performed using a 2D planar model that
does not account for the complex 3D nature of the ionic
transport through the nanopores. Moreover, the simulations
may miss additional subtle effects such as diffusio-osmotic
flow.40 There is thus a crucial need for experimental model
systems that can quantitatively explore pore coupling
phenomena in multipore arrays to complement simulation
work and ensure optimum membrane design.

Figure 1. Hybrid hBN/SiN membrane setup for osmotic power generation: (a) The tip-controlled local breakdown technique (TCLB) is used to
fabricate nanoporous arrays in a silicon nitride membrane (SiNx) covered with a transferred boron nitride monolayer (hBN, boron atoms are blue
spheres, and nitrogen atoms are red spheres). In TCLB, a conductive AFM tip positioned over the hBN/SiN membrane applies a voltage pulse
leading to the formation of a nanopore at the tip position. Nanopore arrays with precise pore-to-pore spacing can be readily formed by controlling
the tip position. (b) Ionic transport occurs through a single hBN/SiN nanopore separating two fluid reservoirs with differing potassium chloride
(KCl) concentrations (CH is the KCl concentration of the high salt reservoir, and CL is the KCl concentration of the low salt reservoir). Selective
cation transport (potassium ion, K+) is observed because of the electrostatic screening by the hydroxide ions (HO−) adsorbed at the boron atoms
on the hBN side (O: green spheres, H: white spheres). (c) Current−voltage characteristics in a KCl concentration gradient and pH = 6 for a 6 nm
single hBN/SiN nanopore. The pure osmotic behavior of the nanopore is obtained from the I−V curve; the osmotic current (Iosm) and the osmotic
potential (Vosm) are the nonzero y-intercept and x-intercept, respectively. The maximal osmotic power density extracted from the membrane is
P I Vmax

1
4 osm osm= .
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Here we report an approach for scaling of thin membrane
nanopore-based osmotic power generation technology from
single pore to multipore arrays. We apply our approach to
explore how array geometry impacts power-generation
performance. In our approach, we coat a sturdy 12 nm thick
SiN membrane with a hexagonal boron nitride (hBN)
monolayer, remedying the inherent mechanical fragility of
the 2D membrane while exploiting hBN’s exceptional
selectivity arising from its high surface charge (Figure 1).
Variable diameter nanopores are then formed in the hBN/SiN
membranes using our recently developed nanopore fabrication
technique, tip-controlled local breakdown (TCLB).41,42 TCLB
can produce pores sufficiently small (d = 4−16 nm) to achieve
optimum selectivity. The nanoscale positioning capability of
TCLB then permits the fabrication of pore arrays with a
controlled spatial positioning allowing the investigation of
multipore systems and pore−pore interaction. We exploit this
capability to produce 3 × 3 nanopore arrays with pore-to-pore
spacing ranging from ∼100−1000 nm, enabling quantitative
testing of the effect of pore density on power output per unit
area, a key device performance indicator. Pore conductance
measured as a function of electrolyte concentration and pH
confirms for our system the dominance of surface conductance
over the bulk conductance. Although the thicker hBN/SiN
hybrid membranes yield a lower osmotic conductance than
suspended hBN, we observed a high osmotic power density
that arises from the increased surface charge density on the
hBN surface, leading to an enhanced selective ionic transport
through nanopores ∼10 nm in diameter. Our work shows that
the optimum membrane selectivity and overall power density is
obtained with a pore-to-pore spacing of ∼500 nm that balances
the need for high pore density while maintaining a large extent
of charged surface surrounding each pore.

■ RESULTS AND DISCUSSION

The hybrid stack membranes were prepared by transferring
hBN monolayers grown by chemical vapor deposition (CVD)
onto 12 nm thick SiNx using a polymeric transfer method.
Nanopores with 3−16 nm diameters were then drilled in the
hBN/SiN stack membranes using TCLB. TCLB allows for fast
pore fabrication (≈10 ms/pore) and avoids formation of
undesired additional pores on the membranes due to the
nanoscale curvature (r ≈ 10 nm) of the AFM tip that localizes
the dielectric breakdown to a nanoscale region. Successful hBN
transfer and pore fabrication was confirmed with subsequent

SEM, TEM, and AFM imaging (S1-Figures 1 and 2 in
Supporting Information).
To gain insight into the surface properties of the hBN/SiN

nanopores, we first measured the trans-pore ionic current as a
function of electrolyte concentration and pH in the absence of
a concentration difference between the reservoirs. Figure 2a
shows the linear current−voltage (I−V) characteristics of a
single hBN/SiN nanopore at various potassium chloride (KCl)
concentrations. The dependence of the ionic conductance (G)
resulting from these IV measurements (G = I/ΔV) on the
electrolyte concentration and pH is shown in Figure 2b,c.
The measured conductance saturates at low salt concen-

tration, a well-known phenomenon reflecting the dominance of
counterion driven surface conduction inside the Debye layer.
An analytical surface conduction model has been developed by
Lee et al.43 for the nanopore conductance taking in account the
additional surface conduction in charged nanopores. Here we
introduce a modified analytical model to take into account the
hBN coating:
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The quantity κb is the bulk electrolyte conductivity, l is the
pore length, d is the pore diameter, α is a geometric prefactor
(fixed to 2 as suggested by Hall et al.44), and β is a fitting
parameter (see Supporting Information S4 for details). The
parameter lDu = κs/κb, termed the Dukhin length, is the length
below which surface conductivity (κs) dominates the bulk
conductivity (κb) and is approximated by

eC2
σ (where σ is the

surface conductance, e is the elementary charge, and C is the
salt concentration).43 In this modified surface conduction
model, a distinct Dukhin length is introduced in the access
resistance corresponding to the upper membrane, l

eCDu,2 2
hBN= σ

,

to account for the enhanced surface charge density of the hBN
coated upper membrane surface (σhBN is the hBN surface
charge). This upper membrane Dukhin length is different from
the Dukhin length, l

eCDu,1 2
sin= σ
, corresponding to the uncoated

pore interior surfaces and bottom membrane surface (σSiN is
the surface charge of the bare silicon nitride). We have tested
the applicability of this model for our hybrid hBN/SiN
nanopore by comparing numerical simulations of ion transport
through a thin charged nanopore to the modified analytical

Figure 2. Ionic transport properties and chemical reactivity of a single hBN/SiN nanopore. (a) Current−voltage (I−V) measurements (pore
diameter: 6 nm, length: 12 nm) at various KCl concentrations (black: 1 M; navy: 10−1 M; green: 10−2 M, red: 10−3 M) at pH = 6. Dashed lines are
linear fits from which the conductance G = I/ΔV is extracted. (b) Conductance vs concentration (G−C) for a 6 nm nanopore at pH = 6. The
dashed violet line represents the fit using eq 1; the extracted surface charge density (σhBN) is −0.25 ± 0.04 C·m−2. (c) Conductance as a function of
pH at 10−3 M KCl concentration for a 5 nm nanopore.
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model (eq 1). In the simulations, σSiN was fixed while σhBN was
varied. When the modified conductance model (eq 1) is fit to
the simulations, we are able to correctly extract the variable
upper membrane surface charge that is used as an input
parameter in the simulations (see Supporting Information S4-
Figure 5).
Equation 1 was then used determine the hBN surface

charge. To do this, we first measured the bare silicon nitride
surface charge by obtaining a conductance versus concen-
tration curve for an uncoated pore (see Supporting
Information S4-Figure 6). Equation 1 was fit to these
measurements assuming an identical Dukhin length
l l l

eCDu Du,1 Du,2 2
sin= = = σ

for the lower, upper and interior

pore surfaces. The fit yielded a σSiN = −0.025 ± 0.001 C·m−2,
comparable to existing literature values.43 Next, using this
value of σSiN, we fit eq 1 to the conductance versus
concentration measurements in Figure 2b for an hBN coated
pore, obtaining a value σhBN = −0.25 ± 0.04 C·m−2. The
obtained σhBN is higher than those reported by Siria et al.45

(i.e., −0.1 C·m−2 for a BNNT 15 nm diameter and 800 nm
length, at pH = 5)23 and Weber et al.46 (i.e., −0.16 C·m−2 for a
BN nanopore 20 nm diameter and 200 nm long at pH = 7).
Note that the conductance increases with an increase in pH

as shown in Figure 2c, suggesting that this charge density can
be further enhanced by increasing the electrolyte pH. As
reported by Grosjean et al.,47 the hBN acquires a pH-
dependent surface charge density in aqueous medium by
hydroxide HO− adsorption at the boron atoms (pKa ≈ 6). The

surface charge density is determined by the number of
available boron sites on the hBN surface and the solution
pH. On the basis of their DFT calculations, Grosjean et al.
reported a maximum estimated charge density for hBN ≈ −
0.96 C·m−2.
Next, we measure the I−V response of a single nanopore in

the presence of a salinity gradient (CH/CL = 1000, Figure 3).
We chose to place the hBN coated side in contact with the low
salinity reservoir. This choice was motivated by the simulation
study of Cao et al.37 that suggests that when one membrane
surface has a higher surface charge, such as is the case here due
to the hBN coating, the osmotic transport is enhanced when
the low-concentration reservoir is placed adjacent to the
membrane surface with the higher charge.
The pure osmotic behavior (Iosm and Vosm) of the nanopore

is obtained from the I−V curve after subtracting the electrode
Nernst potential contribution (S2 in Supporting Information).
The osmotic current (Iosm) is the current obtained from the
concentration gradient solely at zero applied bias (nonzero y-
intercept), while the osmotic potential (Vosm) is the voltage
required to balance this current (nonzero x-intercept). The
maximal power density that can be extracted from the
membrane is then obtained from P I V( . )max

1
4 osm osm= . As

shown in Figure 3a, a large osmotic current and osmotic
potential are obtained using a single hBN/SiN nanopore (σhBN
= −0.25 C·m−2), whereas the bare silicon nitride nanopore
(σSiN = −0.025 C·m−2) with the same thickness and pore
diameter yields negligible osmotic contribution. The high

Figure 3. Osmotic power generation in single hBN/SiN nanopore. (a) Current−voltage (I−V) characteristic of hBN/SiN nanopore (blue) and
SiN nanopore (red) in a 1 M/1 mM KCl gradient where the hBN layer is on the low KCl concentration side. The insets are a schematic of the
hBN/SiN nanopore (left) and SiN nanopore (right); both nanopores are 10 nm in diameter (d) and 12 nm long. The presented data are the pure
osmotic contribution after subtracting the contribution of the redox reaction at the electrodes. Osmotic current (Iosm) and osmotic potential (Vosm)
are the y-intercept and x-intercept, respectively. (b) The generated osmotic potential and (c) osmotic current in single 7 nm hBN/SiN as a function
of the electrolyte pH. (e) The generated osmotic potential and (f) osmotic current at pH = 6.5 as a function of the nanopore diameter. The same 1
M/1 mM KCl concentration gradient is used for the results in b, c, e, and f. (d) Illustration of the ion transport mechanism through hBN/SiN
nanopores (top: pore diameter d ≤ 2LD; bottom: d > LD). The highlighted green area represents the Debye layer (LD) on both sides of the
membrane. If d ≤ 2LD, the Debye layers overlap at the pore entrance giving rise to selective counterion transport. The two ionic transport
pathways: the bulk (κb) and the surface (κs) conductivity are depicted by the black arrows. The surface-to-bulk conductivity ratio represents the
Dukhin length (lDu) over which surface conductance extends.
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osmotic performance of the hBN/SiN membranes is related to
the high ionic selectivity arising from surface charges on the
hBN layer. This point is further confirmed by the pH
dependence of the osmotic potential which saturates at pH
≤ pKa hBN (Figure 3b), revealing that the generation of a net
osmotic current and potential in the thin membranes is mainly
governed by the hBN surface charge rather than charges on the
inner pore surface.
To further probe the mechanism controlling ion selectivity

in the hybrid membranes, we explore the effect of membrane
charge density and nanopore diameter on the osmotic power
generation. The osmotic energy conversion is driven by the
chemical potential difference across an ion selective porous
membrane. As ions diffuse from the high concentration (CH)
reservoir to the low concentration (CL) reservoir, a net ionic
current (Iosm) is generated stemming from the uneven cationic
(I+) and anionic (I−) fluxes across the membrane; (Iosm = I+ −
I−). The origin of the uneven cationic/anionic fluxes can be
related to the asymmetric diffusion coefficients of cations (D+)
and anions (D−) and to the charge separation induced by the
charged porous membrane. The asymmetric ionic fluxes lead
to the accumulation of cations on one side of the membrane
and anions on the other side producing a potential difference
across the membrane, that is, Vosm, which depends on the
membrane ionic selectivity as follows:8

i
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C

lnosm
H H

L L

γ
γ

=
(2)

The quantity S is the membrane selectivity (varying from 0
to 1 for nonselective and ideal selective membranes,
respectively). The quantities R, T, z, and F are the ideal gas
constant, the temperature, the valence number, and the
Faraday constant. The quantities γH and γL are the activity
coefficient at high (CH) and low (CL) concentration. To
explore the contribution of the membrane properties on the
Iosm and Vosm, KCl electrolyte where D DK Cl≈+ − was used for
all the measurements.
Figure 3c shows a linear increase of osmotic current with pH

which can be explained by the increase of membrane charge
density (σ = f(pH)) and Dukhin length (l

eCDu 2
= σ ),

accordingly. The increase in Dukhin length leads to an
enhanced apparent electric size (dapp ≈ d + lDu) over which
surface conductance extends and thus an enhanced overall
conductance and ionic flux (I+ and I−). Whereas the osmotic
potential tends to saturate at pH ≥ pKa hBN (Figure 3b), related
to the selectivity mechanism within the hBN/SiN nanopores,
the selectivity arises from the electrostatic exclusion of the
anions induced by the Debye layer overlap at the pore orifice.
Once the hBN surface retains a charge density at pH = pKa, the

selectivity of the membrane (S I I
I I

( )
( )

= −
+

+ −

+ − ) increases from

≈0.16 and saturates at ≈0.53 as long as the diameter of the
pore remains in the range of the Debye layer overlap (d ≤ 2LD,
Debye length (LD) ≈ 10 nm for 1 mM KCl) independent of
the surface charge density.

Figure 4. Osmotic power generation in hBN/SiN nanopore arrays. (a) Schematic of the nanopore showing the pore-to-pore spacing dp−p; the
dashed square represents the effective area, which is the total area occupied by the array including dp p

2
− about each pore, used for estimating the

effective power density. (b) The generated osmotic potential Vosm, (c) osmotic current Iosm, (e) maximal osmotic power Pmax, and (f) effective
power density Peff for a 3 × 3 nanopore hBN/SiN nanopore array as a function of the pore-to-pore spacing (dp−p). The nanopores used in these
measurements have an average 4 nm diameter and are 12 nm long. The measurements were performed in 1 M/1 mM KCl concentration gradient at
pH = 6.5. (d) Illustration of a cross sectional view of a nanopore array. The gray shaded area on both sides of the pores represents the area where
charge concentration profiles of single nanopores overlap and a strong ion concentration polarization is observed. The dashed shaded semicircle
(diameter = d + lDu) represents the surface surrounding each pore over which surface conductance extends.
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A similar effect is observed for Iosm and Vosm as a function of
pore diameters (Figure 3e,f). For smaller pores (d ≤ 2LD), the
selectivity and thus Vosm are retained at ≈0.53 due to the LD
overlap while Iosm increases as the pore diameter is increased. A
sudden drop is then observed for both Vosm and Iosm at large
nanopore diameters (d > 10 nm) once the electrostatic
exclusion of anions and the uneven ionic diffusion is lost. In
a thin membrane, as the pore diameter increases, the lack of
Debye layer overlap at the high concentration side will degrade
the electrostatic selectivity of the nanopore even in the
presence of Debye layer overlap at low concentration side. This
can be explained by ions leaking into the pore from the high
concentration entrance preventing the Debye overlap through-
out the entire pore body. Cao L.et al.37 reported that the
membrane potential of a 2 nm long nanopore declines by 88%
when the pore diameter increases from 2 to 20 nm.
Accordingly, the pore selectivity is likely related to the aspect
ratio of the pore (L/D). As the aspect ratio of the pore drops
below 1, the selectivity will be worsened by the high
concentration gradient. Because of the thicker membranes
used in our study (12 nm thick), the selectivity is retained up
to a 10 nm diameter (L/D = 1.2).
The results obtained with single nanopore systems highlight

the importance of the surrounding charged surface and the
nanopore diameter on the unique performance of the hBN/
SiN nanopores. However, the viability of employing a hBN/
SiN power generator largely depends on the possibility of
producing large scale nanopore arrays with high power
densities per unit area. Employing the precise positioning of
the TCLB technique, 2D nanopore arrays with precisely
controlled pore-to-pore spacing (dp−p) varying from 100 nm to
1 μm are fabricated (Figure 4a), and their power generation
performance was tested using KCl electrolyte under a salinity
gradient (CH/CL = 1000). A nonlinear growth of the osmotic
current and potential with increasing interpore distance is
observed (Figure 4b,c), leading to growth in the osmotic
power generated (Figure 4e), suggesting that a critical charged
region surrounding the nanopore is required to sustain the
power generation efficiency of hBN/SiN nanopores. Figure 4e
suggest this region is ∼500 nm, which is smaller than the
values reported by Cao et al.37 (i.e., ∼1000 nm). With an
interpore distance shorter than 500 nm, the pore−pore
interactions become significant and the osmotic performance
of the membrane is compromised.
The critical pore-to-pore spacing required to sustain high

power generation is a crucial design parameter. Since the
surface conductance extends over Dukhin length (lDu) outside
the pore, a decrease in the overall conductance and thus
osmotic current (Iosm) will be observed when the pore-to-pore
spacing becomes comparable to lDu. The Dukhin length
corresponding to the hBN coated upper membrane is 1.3 ± 0.2
μm (Figure 4d, at 1 mM KCl electrolyte on hBN side
considering 0.25 C·m−2 nanopore surface charge density). In
addition, a strong ion concentration polarization will occur
originating from the increased pore density and the overlap of
charge concentration clouds associated with nanopores in the
array. This concentration polarization induces a depletion of
the local concentration gradient (CH/CL) across the nanopore
array resulting in a reduction of the osmotic transport (Iosm and
Vosm) through the nanopores. An interplay likely exists
between the Dukhin length and the concentration polarization
effect that leads to the critical pore-to-pore spacing at which
the power generation efficiency is reduced, but further work is

needed to clarify the physical origins of this critical length
scale. We note that our critical pore-to-pore spacing is lower
than the Dukhin length for the hBN coated surface by about a
factor of 2. In Cao et al., the critical pore-to-pore spacing they
observe is around 1 μm, which is higher than their Dukhin
length (0.3 μm at the low concentration side).
The key indicator of the power generation potential of our

array is the maximum effective power density Peff, defined as
Pmax divided by the effective array area (Figure 4f). The
maximum effective power density takes into account the
combined effects of pore-to-pore coupling and the effect of
simply varying the number of power generating pores per unit
area. Pore-to-pore coupling decreases the power generated for
low pore-to-pore spacing; decreasing the number of power
generating pores available per unit area decreases the power at
high pore-to-pore spacing. The result is a maximum effective
power density output at a pore-to-pore spacing that balances
these two effects; our measurements suggest this maximum
occurs at a pore−pore spacing of ≈500 nm. Thus, optimum
extrapolation of single nanopore power generators to multi-
pore arrays necessitate that a fixed charged area surround each
pore with a radius of ≈500 nm. The maximum obtained power
density ≈15W·m−2 in our study was obtained using a 3 × 3
array with nanopores of ≈6 nm in diameter and 500 nm pore-
to-pore spacing at pH = 6.5 (Figure 4c in Supporting
Information). This can be translated into 0.3 MWm−2 (per
pore unit surface) for a single hBN/SiN nanopore in the array,
just under the values obtained with suspended single layer
MoS2 membranes (1 MWm−2 per pore area, for a 10 nm pore
at pH = 11).
Lastly, while we have demonstrated production of 3 × 3

pore arrays, TCLB can be scaled to produce much larger
arrays. We have demonstrated a 20 × 20 pore array on a 40 ×
40 μm2 area (S1-Figure 3). This array, produced with a 25 min
writing time, gives a write time of around 16 pores/min
(dominated by tip translation time, pore fabrication time ∼
ms). Higher throughput could potentially be achieved with
AFM scanning cantilevers designed for parallel scanning that
can incorporate 4096 tips.48

■ CONCLUSION
Here we have developed a nanopore embedded hybrid hBN/
SiN based membrane for osmotic power generation. The high
osmotic transport obtained using these membranes appears to
originate from the charge separation in the Debye layer formed
on the outer charged membrane around the nanopore. Since
the surface charges on the outer membrane are the main
contributor to the transport mechanism, combining fragile
highly charged 2D materials with mechanically stable thin
membranes, SiN for instance, resolves the inherent mechanical
stability issues of using monolayer hBN while allowing
exploitation of hBN’s high surface charge. In addition, our
approach exploits TCLB to scale from single pores to
multipore arrays. TCLB can construct arrays of pores ∼10
nm in diameter with controlled spacings. Exploiting TCLB’s
ability to control array geometry, we quantitatively explore how
the array power output per unit area scales with pore spacing.
We find that the power output is extremely sensitive to pore-
to-pore spacing, as suggested by recent theory. We attribute
this sensitivity to the long-range nature of the transport
mechanism originating from the surface conductance extend-
ing over the Dukhin length and the overlap of the
concentration profiles of neighboring nanopores in densely
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packed nanoporous arrays that compromise the osmotic
transport across the membrane. In the future, given our ability
to control array geometry, our experimental model could be
extended to explore the effect of other features that might
compromise performance of real-world systems, for example,
inhomogeneous pore size and pore spacing.
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