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that silicon nitride multi-pore membranes can become a good osmotic power
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Sparse multi-nanopore osmotic power generators

Makusu Tsutsui,'** Kazumichi Yokota,”? lat Wai Leong," Yuhui He,® and Tomoji Kawai'*

SUMMARY

Ultrathin nanopore membrane is an emerging energy harvesting
system capable of generating electricity from salinity gradients.
Here, we report on the evaluation of its practical feasibility by
exploring the energy conversion efficiency of single to densely
packed multi-pores in a thin silicon nitride. The ionic current charac-
teristics of single pores reveal a quasi-perfect cation selectivity
when shrinking the diameter to 20 nm. The perm-selective nanopore
is shown to yield osmotic power of 160 pW under a 1,000-fold trans-
membrane salt concentration difference. Meanwhile, whereas
larger energy is gained by parallelly integrating multiple pores,
excessive porosity also led to degraded energy conversion effi-
ciency, thereby demonstrating an optimal power density of 100 W
per square meter for 100 nm-sized multi-nanopores with a grid
spacing of 1 um. The present findings offer a guide to design highly
efficient nanopore membrane osmotic power generators.

INTRODUCTION

Non-uniform salinity conditions at two ends of a conduit in a membrane induce
directional ion flow via diffusion. This phenomenon has been considered a prom-
ising route for renewable energy that allows us to convert Gibbs free energy into
electricity through leveraging perm selectivity of functional porous membranes.' ™
Its essential mechanism lies in the idea of prohibiting the flow of cations or anions
via the electrostatic repulsion at the channel wall so as to induce electric potential
difference upon ion migration.”~ The nanoscopic size of the fluid paths is thus of
central importance to have a substantial influence of the electric field for highly se-
lective transport, or otherwise little osmotic energy can be generated due to the
non-selective ion flow in the large space under the spatially restricted surface charge
effects by screening in the electrolyte media.®

Besides the ion selectivity, enhanced ionic conductance is required for gaining a
high energy conversion efficiency, which is often a key challenge when employing
extremely high length-to-diameter aspect ratio nanochannels in self-organized
porous membranes.®'? In this regard, it is noticeable that the high conductance
of a relatively large disk-like nanopore in two-dimensional (2D) materials such as gra-
phene'" and MoS,'? is reported to enable giant osmotic power densities amounting
to sub-MW/m?2.'%"? Despite the huge potential, however, little efforts have been
devoted to elucidate the physics underlying the exceptional ion selectivity of the
low aspect ratio pores and evaluate the practical usefulness when integrated in a
form of densely packed nanopore membranes,’* where ion concentration polariza-
tion'” as well as inter-pore electric field interference'® may affect the overall perfor-
mance as an osmotic power generator. To shed light on these issues, we herein
investigated the salinity-gradient-driven ion transport in a single nanopore to
multi-pores by leveraging the nanoscale fabrication precision of electron beam
lithography to form channels of well-defined size and positions."’
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Figure 1. lon selectivity in solid-state pores

(A) A schematic model showing the measurement of ionic current I, through nanopores of diameter dgre in @ 40 nm-thick SiN, membrane under the
applied voltage V. ceis and cyans denote the NaCl concentrations at cis and trans, respectively.

(B) lion — Vi, curves recorded in a 30 nm-sized single nanopore with (black) and without (pink) salinity gradients (denoted by the ratio rion = ccis/ Crrans)- Inset
is a scanning electron micrograph of the nanopore used.

(C) lion — Vi, characteristics of 10 pm- (left), 300 nm- (middle), and 20 nm-sized pores (right) under rig, = 0.001. Ven is the open-circuit voltage.

(D) Scatterplots of Ven as a function of rio, for pores of diameters 10 um (black), 1.5 um (orange), 300 nm (blue), 100 nm (green), and 20 nm (red).

2 Cell Reports Physical Science 3, 101065, October 19, 2022



Cell Reports

Physical Science ¢? CelPress
OPEN ACCESS

Figure 1. Continued

(E) The diffusion-induced voltage Vgt plotted against rio, for the 20 nm-sized nanopore. Dashed line is a logarithmic fit to the plots.

(F) Pore-size dependence of the ion selectivity factor S;,,,. Gray and black dashed lines point to Si,, = 0 and 1 that represent the null and perfect cation
selectivity in the fluidic channels. Insets are scanning electron microscopy images of the SiN, pores of various diameters.

RESULTS

lon selectivity in single nanopores

The fluidic system is comprised of two chambers connected via a hole of diameter
dpore in @ 40 nm-thick SiN, membrane on a Si wafer (Figures 1A and S1). Applying
various salinity gradients by systematically varying the NaCl concentrations of PBS
(pH 7.4) at the cis (cgs) and trans (Cyans) in a range from 1.37 M to 1.37 mM, we
measured the cross-membrane ionic current li,,, under voltage scans from —1 to 1
V. This electrolyte buffer was utilized since the osmotic power generation systems
mainly consider energy harvesting from seawater,'™* which is characterized as an
aqueous solution of high-concentration NaCl (at pH around 7 to 8). Linear lio, versus
Vi curves were obtained for the pores of djore from 10 um to 20 nm under high ionic
strength with no salt concentration difference, i.e., rion = Ceis/Crrans = 1, With cais =
Ctrans = 1.37 M (Figure 1B). The scaling of the conductance G = I,,,/V,, with the
pore size followed Maxwell's model'®?° with a constant resistivity of the solution
p of 0.1 Qm (Figure S2), which manifests the negligible influence of the membrane
surface charges due to the effective screening of the electrostatic field by ions
(Debye screening length Ap is about 0.3 nm in 1.37 M NaCl).”!

In contrast, the ionic current characteristics became non-linear under large salinity
gradients in small pores (Figure 1B). At the same time, we detected positive [, at
zero V},, suggesting a stronger flow of Na™ than CI~ from the high to low ion concen-
tration by diffusion (Figure 1C; see also Figures S3-511)."" This cation-selective
transport is in fact anticipated for the SiN, membrane pores having negative native

charges®® that serve to reject Cl~ from the channel via the electrostatic repulsion.”

To evaluate the dgore dependence of the ion selectivity, we extracted the open-cir-
cuit voltage Vopen from the points where /i, crossed zero current during the voltage
sweeps (Figure 1D).”* Here, Vypen includes the redox potential difference Vo4 at the
electrodes exposed to the solutions of distinct electrolyte concentrations.”® Since
the Ag/AgCl rods were placed more than 10 mm away from the pores, V,eq was
expected to remain the same irrespective of dyore. Indeed, the micropores larger
than 1.5 um gave quite similar Ve, within the entire rio, range measured, signifying
no potential difference induced by the ion transport and hence negligibly weak
selectivity for 1p < dpore.” More specifically, Vopen scaled linearly with logiofion in
accordance with the thermodynamic theory for the redox potential difference Ereq.’®

The above results in turn indicate a pronounced ion selectivity in low depth-to-diam-
eter aspect ratio SiN, nanopores smaller than 300 nm. Subtracting the electrode
potential, therefore, we deduced the ion diffusion-derived voltage Vi through
Vit = Vopen = Vred- Vai reflects the asymmetry in the cation and anion diffusion as
Vit = Sion(ks T/€)In(acis/ agrans),”> Where Sion is the selectivity factor denoting perfect
anion and cation selectivity when S, = +1 and —1, respectively, while non-selective
transport with S5, = O (the ion activities in cis [acis] and trans [aians] Were approxi-
mated to be rion = acis/atans). - Deducing the selectivity factors by linear fits to the
plots of Vg as a function of Inr,, (Figure 1E), we found a monotonic increase in
the cation selectivity with decreasing dgore from 1.5 um (Figure 1F). Noticeably,
Sion reached 0.99 for dyore = 20 nm, manifesting quasi-perfect selectivity in the
40 nm-long channel of the radius still larger than the Debye length of 8 nm for
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Ceis = 1.37 mM.?° The results as a whole confirmed that high aspect ratio channel
structures are not a prerequisite to achieve selective ion transport, thereby corrobo-

rating the usefulness of short nanopores for efficient osmotic power generation.*'*

The non-negligible perm selectivity of nanopores larger than the electrostatic
screening length is attributable to its low aspect ratio structure and the surface
charge conditions. In the case of high aspect ratio nanochannels in a micrometer-
thick membrane such as those in anodic aluminum oxides, surface charges on the
wall play predominant roles on the ion selectivity.'* In contrast, the mechanism un-
derlying the perm selectivity in ultrathin pores was reported to be quite different,
where the chemical and physical properties, such as the exterior surface charge of

the nanopores,'*?’

largely contribute to the perm-selective characteristics.
Although itis not straightforward to predict the ion selectivity in the low aspect ratio
nanopores, the perm-selective ion transport in the 300 nm-sized nanopore observed
in the present study would not be surprising considering that ion selectivity was re-
ported for graphene nanopores larger than the Debye length, which was explained
as being due in part to the diffusive transport of high concentration counterions in

the vicinity of the membrane surface."’

lonic current rectification in surface-engineered nanopores

Surface engineering is known as an effective way to modify the selective ion trans-
port properties via the tuned electrostatic potential at a nanochannel wall.?**° To
verify its feasibility in tailoring the ionic current characteristics in the low aspect ratio
nanopores, we created membranes of asymmetric charge configurations by coating
the SiN, at the cis side with 20 nm-thick SiO, and ZnO layers (Figure 2A; see also Fig-
ure S12). A pristine 100 nm-sized SiN, nanopore (surface zeta potential { = =11 mV
as measured using a zeta sizer Nano-ZS of Malvern with the Surface Zeta Potential
Cell kit ZEN1020) exhibited linear I, — Vi, characteristics in a dilute electrolyte buffer
Of Ceis = Cirans = 1.37 mM (Figure 2B). This is an obvious result reflecting that while the
ion transport is anticipated to be partially cation selective (Figure 1G), the net ion
flow is not affected by the voltage polarity due to the homogeneous negative charge
distribution at the SiN, nanopore membrane surface. In contrast, the incorporation
of 20nm ZnO led to a diode-like behavior even without a salinity gradient (Figure 2B).
Considering the isoelectric points of the dielectric materials,” the surface potential
at the cis side (ZnO) is considered charged positive, in contrast to that at the
trans side (SiN,) being electrically negative (here, we note that whereas we
obtained £ = —1 mV for ZnO, its value may not be accurate, as the zeta sizer used
was not designed for measuring positively charged surfaces). The ion transport
through such a Janus nanopore membrane is predicted to be highly asymmetric

3233 the electric

due to the electrostatic interactions of ions with the local dielectrics:
force between the current-carrying ions and membrane surface is attractive, serving
to draw more cations and anions into the nanopore under positive V,,; on contrary,
the repulsive interactions between ZnO (SiN,) and cations (anions) in cis (trans)
impede their translocation, serving to suppress the ionic current under negative
voltage through depleting the ions inside the nanopore.®*** Meanwhile, the nano-
fluidic channel demonstrated no notable rectification after the SiO, deposition ({ =
—54 mV) since the surface potential at the entire membrane surface remains nega-
tive, bringing less significant asymmetry in the cross-membrane surface potential
profile.

The dielectric coatings also affected the open-circuit voltage. While the SiN, nano-

pore of 100 nm diameter showed no voltage offset at zero ionic current, the ZnO-
and SiO,-coated pores revealed negative and positive Vopen, respectively, in a dilute
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Figure 2. Asymmetric ion transport in one-side coated nanopores

(A) A schematic model of metal oxide-covered SiN, nanopore membrane.

(B and C) lion — Vi characteristics (B) and a close-up view at around zero voltage (C) of a 100 nm nanopore with 20 nm-thick ZnO (red) and SiO, (blue)
coated on the membranes. A result of the SiN, pore is also shown (green). The salt concentrations at the cis and trans compartments are 1.37 mM.
(D) Conceptual modes of ion transport in the ZnO (top), SiN, (middle), and SiO, nanopores (bottom) under the applied positive (left), zero (center), and
negative transmembrane voltages (right).

electrolyte buffer with no salinity gradients (Figure 2C; no such offsets were present
under a high ionic strength condition [cgis, Cirans = 1.37 M] irrespective of the coating
materials). This can be interpreted as a consequence of the surface charge-mediated
cross-membrane electric field in the cis-to-trans (trans-to-cis) directions for the ZnO-
coated (SiO,-coated) nanopores driving spontaneous ion flows under zero Vi, when
the screening by the electrolytes is less effective (Figure 2D). These observations
consistently indicate the highly selective nature of the ion transport in the short

Cell Reports Physical Science 3, 101065, October 19, 2022 5



Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

A B C
y lion (PA) 10004
L[]
100 ZnO-coated
Vo (V) 51004
5
-100 4 °
Z °
dpore = 100 nm 200 & 104 SiOzcoaled 4 .
Cois = 1.37 mM °
Ctrans = 1.37 M 5
-300 Cis =1.37 mM
14 Ctrans = 1.37 M °
>~ ) T T T
-0.5 0.5 W(V) 10 100 1000 10000
dpore (nm)
D
1 — — S S
S
“1F \_  — S [ XXX YY) —
500 ZnO-coated, dpore = 100 NM, Ceis = 1.37 MM, Ctrans = 1.37 M
400 |
300}
g
= 200}
S
100 *
0 m; r_ il eecccece rf““""
- 1 /L 1 1
1000 50 7300 350

t(s)

Figure 3. Metal oxide-coated nanopore diodes

(A) Strong rectification of ionic current through a 100 nm-sized ZnO-coated nanopore with the rectification ratio r,e. of 833 under ri,, = 0.001.

(B) A magnified view of (A).

(C) Pore-size dependence of the rectifying behaviors of SiN, pores (blue). R,ec of the 100 nm-sized ZnO- (red) and SiO,-coated nanopores (green) is also
shown.

(D) Voltage-controlled switching of the ionic conductance of the ZnO nanopore diode under the 1,000-fold salinity difference at the cis and trans. The
temporal response of the [,,,, against the square wave transmembrane voltage (blue) is shown by the red line. The black arrow indicates the point of time
when the voltage is added to the membrane.

nanochannels with little overlap of the electric double layer along with its tunability
via the membrane surface functionalization.

The single ZnO/SiN, nanopores also exhibited strong rectifying behaviors under
salinity gradients.?**? In contrast to the steep rise in l,o, to over 200 nA under a pos-
itive voltage sweep to around +1V (Figure 3A), the current remained at an extremely
low level around 200 pA under negative Vi, (Figure 3B). The rectification ratio
reached above 800, which is about two orders of magnitude higher than that in
the SiN, nanopore (Figure 3C). Moreover, the bimodal states can be switched
repeatedly by a cross-membrane voltage control via the slow response of the
nanopore conductance (taking several seconds for each transition upon changing
Vp, between —1 and +1 V), reflecting the relatively stable nature of the ion-
depleted/enriched configurations (Figure 3D; see also Figures S13 and S14).

Osmotic energy conversion efficiencies of multi-nanopore membranes

Now, we evaluate the energy conversion efficiency in the short fluidic channels. We
extracted Vg and the short circuit current lghore from the Iio, — Vi characteristics
measured under a 1,000-fold difference in the salt concentrations at cis and trans
(Figure 4A)."? Both Vg and lyhor are small in the SiN, micropores of dgore >

6 Cell Reports Physical Science 3, 101065, October 19, 2022
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Figure 4. Osmotic power generation with single nanopores

(A) The short-circuit current lspor and the diffusion-induced voltage Vgis of single SiN, pores (blue).
The results of ZnO- (red) and SiO,-coated pores (green) are also displayed. Insets explain the
definitions of lgpore and V.

(B) The osmotic power per pore area Posm plotted as a function of dgore. Color code is the same as
that in (A).

(C) 1,000-fold salinity-gradient-mediated I, — Vi, characteristics of single nanopores of diameter
20 nm in SiN, membranes of various thickness Lyem: Lmem = 40 (red), 30 (green), 20 (blue), and 10 nm
(orange).

(D) Posm of the 20 nm nanopores plotted as a function of Lyem. Color coding is the same as that in
Q).

1.5 pm due to the weak ion selectivity in the large channels. Smaller pores, on the
other hand, revealed the pronounced cation selectivity as a monotonic increase in
|Vail with decreasing dore, together with the depressed ot due to the smaller
space for the ion transport. As a result, the osmotic power per channel area'® Pog,
(= lshortVai/ Apore, Where Agore = wdporez/4 is the nanopore area) demonstrated a
sharp rise as the channel size is reduced to below 300 nm and finally reaching
over 700 kW/m? with the 10 nm-sized nanopore (Figure 4B).

The aspect ratio structure of the 20 nm SiN, nanopore was further altered by
reducing the membrane thickness Lmem through dry etching.®® Thinner Lyem led
to larger s due to the associated decrease in the resistance inside the pore (Fig-
ure 4C)."*?° Meanwhile, Vg remained almost unchanged, suggesting the retained
quasi-perfect cation-selective transport in the shallow nanopores. Consequently,
Posm is enhanced by a factor of 1.5 to around 600 kW/m?, which is comparable to
the giant energy density reported forthe MoS, nanopore osmotic power generators
(Figure 4D)."?
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Figure 5. Multi-nanopore membrane osmotic power generators

(A) Scanning electron micrographs of 100 nm-sized multi-nanopores drilled in SiN, membranes. Scale bars denote 1 um. The number of pores Nyore
increases as 4, 16, 36, 64, 100, 400, and 1,600 from the left to right. White arrows are a guide to the eye for the positions of the nanopores.

(B) lion — Vi characteristics of the 100 nm-sized multi-nanopores. Color coding is the same as that in (C).

The ionic current density J in multi-pores. Inset is Vg plotted against the number of pores Npore.

(@]
(D) The osmotic power density per membrane area, Pmem, plotted with respect to Nyore in @ 10 pm-square area.
(E-G) Finite element calculations of the ion concentration profiles around the multi-nanopores of Nyoe = 16 (E), 100 (F), and 400 (G).

While demonstrating the efficient power generation capability of the single solid-
state nanopores, its practical feasibility needs further verifications by characterizing
the ion transport properties in a bulk form."*"® For this, we delineated various 2D pat-
terns of 100 nm nanopores in the 100 um-square area of a SiN, membrane by electron
beam lithography to assess the ion permeability of multi-pore membranes (Fig-
ure 5A). lion — Vi, curves tended to be steeper as we increased the number of pores
Noore from 4 to 1,600 due to the larger gross ion flow through the membrane of higher
porosity (Figure 5B). At the same time, the rectifying behavior became weaker, sug-
gestive of mitigated salt concentration gradients at the densely packed nanopores
(Figure S15)."> As a consequence, Vgirtended to become lower with Nore. Moreover,
the current density J, which is calculated as J = lshor/Amuri With the total area of the
multi-pores Apii, was found to decrease with increasing the porosity.

8 Cell Reports Physical Science 3, 101065, October 19, 2022
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Broadened salt concentration distributions via inter-pore interference

To shed light on these intriguing features, we performed finite element simulations
of the ion diffusion in the salinity gradient-biased multi-nanopores (Figure S16). In
the case of Npore less than 16, i.e., an inter-pore distance din; longer than 3 um,
the salinity gradients were observed only at the vicinities of the nanopores (Fig-
ure 5E). In contrast, shorter d,,; induced significant spatial broadening of the ion
concentration distributions due to the overlaps of the diffusion layers among the
multi-channels (Figures 5F and 5G).>>*° This significant inter-pore interference
explains the diminished diffusive ion flux across the closely spaced multi-pore
membrane.

The overall Nyore dependence of the ionic current characteristics led to a diminished
osmotic power density, Pmem, in the 10 um area than that expected from the perfor-
mance of the single nanopore (dashed curve in Figure 5C). Yet, it still demonstrates
an optimal osmotic power generation capability of 100 W/m? at 1% porosity with
1 um grid spacing (Figure 5C). This power density is to be compared with the perfor-
mances of the other nanofluidic power generators, where the state-of-the-art func-
tional membranes were demonstrated to gain energy density of several tens of
W/m?.3>738 The sparse multi-nanopores can thus be regarded as an efficient osmotic
energy convertor.

DISCUSSION

The present work experimentally proved the crucial importance of not only the ion
selectivity of individual channels but their density in a membrane to gain large os-
motic power outputs. Future efforts should thus be directed to find fabrication pro-
cedures that can control the number and positions of nanochannels in the functional
membranes already known as high-performance osmotic power generators.'?/~
For the synthetic ultrathin membranes, in particular, there are additional issues that

need to be addressed such as the anti-fouling characteristics*'**

and the long-term
chemical stability,”® where one would have to compromise the power and efficiency

to meet the requirements for their implementation in a natural environment.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Makusu Tsutsui (tsutsui@sanken.osaka-u.ac.jp).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request.

Fabrication of micro- and nanopores

A4 inchsilicon wafer, whose both sides were covered with 50 nm-thick SiN, layers by
low-pressure chemical vapor deposition, was cut into 30 X 30 mm chips. One side of
the SiN, was partially removed by reactive ion etching (RIE-1ONR, Samco) in the
CHF;3 atmosphere through a metal mask having a 1 X 1 mm window. The chip was
then immersed in KOH aqueous solution (Aldrich) and heated at 80°C. The silicon
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layer was dissolved by this wet-etching process, creating a deep trench with a 40 nm-
thick SiNx membrane at the bottom. Subsequently, micro- or nanometer-scale holes
were formed in the membrane. For this, a resist layer (ZEP520A) was spin coated on
the membrane. Prebaking at 180°C on a hot plate, circles of diameter dyoe Were
delineated by an electron beam lithography (Elionix). After development, a hole
of diameter dyore Was sculpted by dry etching the SiN, by the reactive ion etching
using the residual resist layer as a mask. Finally, the chip was cleaned by immersing
it in N,N-dimethylformamide overnight, followed by rinsing with ethanol and
acetone.

Dielectric coating

A nanopore of dgere = 120 nm was created in a 40 nm-thick SiN, membrane by the
procedure described above. We deposited a ZnO or SiO; layer of thickness 20 nm
on the nanopore membrane by a radio-frequency magnetron sputtering. After
this, the nanopore shrunk to approximately 100 nm in diameter, which suggests
coating of not only the membrane but also the nanopore wall surface by the dielec-
tric layer.

lonic current measurements

A nanopore chip was sealed with two blocks made of polydimethylsiloxane (PDMS).
The polymer blocks were prepared by curing of a PDMS precursor (Sylgard 184, Dow)
on an SU-8 mold. Each block had an I-shaped trench at one side of the surface, which
served as a fluidic channel to flow electrolyte solution into the pores. Before sealing
the chip, three holes were punched into each of the two blocks. A nanopore chip and
two PDMS blocks were then treated with oxygen plasma for surface activation. Sub-
sequently, the blocks were adhered to on both sides of the chip. After that, the pore
was filled with electrolyte buffer by flowing it through one of the three holes in each
PDMS block. Inserting two Ag/AgCl rods into another hole in the polymeric block,
the cross-membrane ionic current I,,, was measured under the applied voltage V,
using a picoammeter/voltage source unit (Keithley6487, Keithley). When scanning
voltage, Vi, was changed at 5 mV step taking about 100 s to complete one voltage
sweep from —1to 1V.

Finite element simulations

The distributions of ions around multi-pore membranes were numerically simulated
by simultaneously solving the Poisson-Boltzmann equation for electric potential and
the Nernst-Planck equation for ion concentration.®® The electrostatic potential (V)
was given by

1 .
V2V = — aFZZ@ exp( — zeV /ksT), (Equation 1)

where ¢, F, e, kg, and T were the permittivity of water (7.08 x 107 "°F/m), the
Faraday constant (96,500 C/mol), the elementary charge (1.60 x 10~'? C), the Boltz-
mann constant (1.38 x 10722 J/K), and the temperature (293 K), respectively. ¢;and z,
were the concentrations and valence of Na* and Cl~ foriion (z;=1fori=Na*and z =
—1fori=CI"). The ion concentration was calculated by

V- (- DV¢g — zuFcVV) = 0. (Equation 2)

Here, u;is the electrical mobility foriion (u; = 5.28 x 1078 m?/V-sfori=Na* and u,
8.04 x 1078 m?/V s fori = Cl"), and the diffusion coefficient was evaluated as D; =
uikg T/e. The multi-pore structures were modeled in a 3D Cartesian coordinates sys-
tem with mirror symmetry (Figure S16). The model size was 12 pm in width and 12 um
in depth in x and y directions (from 0 to 12 pm) and 24 um in height in the z direction
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(from —12 to 12 pm). The 40 nm-thickness membrane was positioned at z = 0 um
(=20 to 20 nm), in which the array of 50 nm-radius pores was formed at an interval
of ‘5’/(N|Dore0'5 — 1) pm. On the membrane and pore surfaces, a surface charge
of =10 mC/m? was set, and ground at z = 12 um and a bias voltage of 0 V at
z = —12 um were the boundary conditions for solving Equation 1. As the boundary
conditions for Equation 2, ¢; = 1.37 mM (z = =24 pm), 1.37 M (z = 24 um), and sym-
metry (x =0 pm andy = 0 um) were employed. All the calculations were performed by
COMSOL Multiphysics 6.0 (COMSOL, Stockholm, Sweden).
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