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Nonlinear electrohydrodynamic ion transport

in graphene nanopores

Xiaowei Jiang'+, Chunxiao Zhao't, Yechan Noh?t, Yang Xu', Yuang Chen’, Fanfan Chen’,
Laipeng Ma3, Wencai Ren?, Narayana R. Aluru®, Jiandong Feng'*

Mechanosensitivity is one of the essential functionalities of biological ion channels. Synthesizing an artificial
nanofluidic system to mimic such sensations will not only improve our understanding of these fluidic systems but
also inspire applications. In contrast to the electrohydrodynamic ion transport in long nanoslits and nanotubes,
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coupling hydrodynamical and ion transport at the single-atom thickness remains challenging. Here, we report
the pressure-modulated ion conduction in graphene nanopores featuring nonlinear electrohydrodynamic coupling.
Increase of ionic conductance, ranging from a few percent to 204.5% induced by the pressure—an effect that was not
predicted by the classical linear coupling of molecular streaming to voltage-driven ion transport—was observed
experimentally. Computational and theoretical studies reveal that the pressure sensitivity of graphene nanopores
arises from the transport of capacitively accumulated ions near the graphene surface. Our findings may help under-
stand the electrohydrodynamic ion transport in nanopores and offer a new ion transport controlling methodology.

INTRODUCTION

In nature, the diversity of biological ion channels arising from tiny
differences in atomic arrangements has led to abundant ionic
functionalities such as voltage activation, selective transport, and
mechanosensitive conduction (1). On one hand, ongoing structural
analysis of biological channels has provided the basis for biophysical
modeling and fundamental insights. On the other hand, the scaling
of artificial nanofluidic systems to the molecular scale has revealed
a wealth of interesting physics of electrohydrodynamic ion trans-
port (2-4). As a result, synthetic systems have started to mimic
the fundamental roles of their natural counterpart from various
aspects (5-7). However, achieving the performance of natural ion
channels such as high selectivity and environmental sensitivity
remains challenging.

Recent advances in nanofluidic devices exploiting nanopores,
nanotubes, and two-dimensional nanoslits have allowed strong con-
finement of the transport of ions and water in reduced dimensions
(3, 8-14), offering unique opportunities for exploring hydrodynamic
and correlated ion transport phenomena. Electrohydrodynamic ion
flow has been of late observed in confined two-dimensional nanoslits
(3) and nanotubes (2) with channel length in the micrometer scale.
In contrast, coupling hydrodynamical and ion transport at the ulti-
mate single-atom length scale remains experimentally unexplored.
Nanopores in two-dimensional materials are of particular interest
due to the ultrathin transport barrier, exhibiting excellent perform-
ance in ion transport (9, 15), energy harvesting (8), molecular sieving
(16, 17), water transport (18), and desalination (19, 20). Theoretical
research using computational simulations predicted giant mechano-
sensitive potassium conductance in graphene crown ethers nanopores
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(21, 22), highlighting the importance of in-plane strain control
over the ion transport in graphene nanopores. The experimental
demonstration of mechanosensitive graphene nanopores remains a
substantial challenge due to the difficulties of precision nanofabri-
cation and integration of mechanical force. Mechanosensitivity in
biological ion channels, MscS or MscL, arises from the response to
membrane tension or spring-like tether effect (23), while the mechano-
sensitive ion flow in artificial channels is usually subjected to trans-
membrane pressure-induced mechanical control (2-4). Nanopores
in two-dimensional materials provide a unique and well-controlled
platform to explore such effects, because they exhibit markedly high
water flux and pronounced surface effects, such as ion selectivity (8)
and the emergence of charge anisotropy (24). It is therefore essential
to know how the molecular level interactions in this atomically thin
nanopore system control ion transport, and such an understanding
is currently lacking.

RESULTS AND DISCUSSION

In this work, we report the first experimental observation of a
pressure-sensitive ion conduction in single graphene nanopores and
the mechanism leading to the observed phenomenon. The device
configuration is illustrated in Fig. 1 where an individual nanopore
in a suspended single-layer graphene membrane connects two fluidic
reservoirs filled with aqueous solution of salts (Fig. 1D). A regulated
air pressure drop is applied in the same direction of the electric field,
thus coupling hydrodynamic ion transport to voltage-driven ion
conduction. The graphene nanopore devices were fabricated ac-
cording to our previously established protocol for MoS, nanopores
and similar nanopores in two-dimensional materials (Materials and
Methods and figs. S1 to S4) (25, 26). We design nanopores in single-
layer graphene with a diameter in the range of 1.7 to 16.4 nm.
Mechanical stability of graphene membranes is maintained by sus-
pending them on a 20-nm-thick, nanometer-sized silicon nitride
hole (60 to 160 nm) that supports the membrane to bear imposed
pressures in the range of 0 to 2.5 bar without breaking (Fig. 1 and
figs. S5 to S8). To know whether the nanopores are permanently
damaged by the pressure or not, repetitive pressure applications are
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Fig. 1. Graphene nanopores under pressure regulation. (A) TEM image of graphene membrane on a 70-nm supporting silicon nitride (SiN,) hole. (B) Electron diffraction
pattern of the graphene membrane. (C) Aberration-corrected TEM image of a 4-nm graphene nanopore. (D) Schematic illustrating the pressure-integrated ion transport
in graphene nanopores. The positive direction of applied pressure is indicated in gray arrows. (E) lonic current time trace under a stepwise pressure at 100-mV bias in 1 M KCl
solution. The pressure is gradually applied in the range of 0 to 2.5 bar with a step of 0.25 bar for 5-s intervals. Colored regions indicate the current values at 0 and 2 bar.
The horizontal dotted lines reveal current levels during repetitive pressure applications. The diameter of the graphene nanopore device #1 is 2.2 nm.

used through all our measurements (figs. S5 and S6). By integrating

this regulated pressure drop across the nanopore membrane, we ionic current response to applied pressure—the

manage to directly couple mechanical force to ion transport, which

is then probed by ionic current measurements.
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A representative experiment shown in Fig. 1E reveals a strong

increase of ionic

current with the sequential buildup of pressures. Remeasuring

the same devices by repeating pressure and voltage applications
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suggests that the pores are not altered under the measurement con-
ditions, and the observed phenomenon is recoverable in the same
devices (Fig. 1E and figs. S5 to S9). Under a fixed bias of 100 mV, the
ion current increases from 1.68 to 4.51 nA upon the application of
Ap =2.5-bar pressure difference (Fig. 2A). Figure 2B shows the linear
current voltage (I-V) characteristics, and its slope (conductance)
increases with increasing applied pressure. For conductance analysis,
streaming current and conductance are defined as follows: I, = I —
Ipp=0and G = I/ A9, respectively, where A¢ is the voltage difference
across the membrane. Figure 2C shows a monotonic increase of
streaming conductance ratio with pressure, G/ Go < Ap (168.5%
increase at 2.5 bar), where Gy is the conductance without applied
pressure, indicating a nonlinear electrohydrodynamic coupling in
streaming current, Iy, o< A9Ap (for the same direction of pressure
gradient and electric field). The ion current is symmetric with the
direction of the pressure gradient (Fig. 2F) following the relation,
I o< A0 | Ap | . Note that this nonlinear streaming current is signifi-
cantly larger than the typical streaming current and is subject to
voltage control. For example, the streaming current in device #1 is
about 0.1 nA at 2.5 bar at zero voltage (Fig. 2A). However, under
100 mV, the same pressure generates 2.8 nA (Fig. 2A).

Overall, a similar trend of increase in conductance with pressure
has been found for all the devices successfully measured. However,
quantitatively, each nanopore device exhibited a markedly different
pressure-sensitive response (Fig. 3). For instance, in another device
with the same designed pore size (2.4 nm), the ion current and

conductance only increased by 2.2% at Ap = 2 bar (Fig. 3F). To gain
a better insight into this diverse performance, we investigated a
number of possibilities from sample preparation to ionic control to
identify its causes. We optimized the transfer process by using a
polyvinyl alcohol (PVA)-assisted graphene transfer approach (27)
to obtain relatively clean samples and then examined the final
membrane quality by transmission electron microscopy (TEM)
imaging (details and comparison in figs. S2 and S4). We reported a
total of 63 nanopore devices (see Figs. 1 to 3 and the Supplementary
Materials), which display a dynamic range of response (e.g., 3.7 to
177.9% at Ap = 2 bar in 1 M KCl solution for the 1.7-nm nanopores,
as shown in Fig. 3, Cand F).

Because of several orders of magnitude difference in pressure-
induced mechanical force and electric force governing ion transport
as well as the requirement of ion selectivity for the former case, typ-
ical values of streaming current in nanofluidic devices are relatively
small in comparison to the ion drift-diffusion current (28, 29). The
present pressure-sensitive current in graphene nanopore is funda-
mentally different from the conventional streaming current due to
the selective ion transport, which stems from Debye screening of ions
within the pressure-induced flow, generally exhibiting linear response
to pressure given by the Smoluchowski relation (30), Iy, o< Ap. The
current observation significantly departs from the classical picture
of electrokinetic transport theory (31), describing hydrodynamic
and ion drift-diffusion transport, as detailed in our numerical model
[finite element method (FEM) model in Materials and Methods].

A B 5 C
45" o 100 my Device #1 ®10.25 ® 25bar Device #1 160k Device #1 o
- e 0mv -® 4 o
< 401 B 020< <
£ | £ £ - I
-~ 357 ‘/’ -~ -~ 2 ®/,
e — o 1015 € € o
2 30f o g 2o L o
=} > > ’
[3) e 10.10 © © L7
O 2.5F -8 I.é‘i o o-2 o’
c Lz & c c L L’
o0k 7 ,f’I 10052 2 , £ 1 M KCl solution
] . . P
° ‘,—0“' &
15@~° . . . . 40 _g 1 . . | 0 - . . . L L
0 05 10 15 20 25 100  -50 0 50 100 0 05 10 15 20 25
Ap (bar) vV (mV) Ap (bar)
D E F
2.0 20 10.2
R Device #2 2bar | 100mV omVv Devite #2 = 100 mV Devite #2
< 15F _2par —-100 mV | 8. | [
£ —_ s - — N ;
“bar {020 g of ST 2 LU | B
E = [ P = LI ! »
- | Pid -— \ | 4
: B op-------- AR oat T | ;/5
505 3 £ 3 e
.E)_ Q2 s i,!j : Q . N : //.
E-1.0 S-10r8 8 - ! 5 90r ®
15 . ! *y®
o I .
20, 10 20 30 40 203 -1 0 1 2 86 -1 0 1 2
t(s) Ap (bar) Ap (bar)

Fig. 2. Mechanosensitive ion transport in graphene nanopores. (A) lonic current as a function of applied pressure at 0 (blue dots, right axis) and 100 mV (orange dots,
left axis). (B) |-V curves measured as a function of applied pressure. (C) lonic conductance increases as a function of applied pressure. (D) Streaming current time trace
under different pressures at —100 (blue curve) and 100 mV (orange curve). (E) Streaming current as a function of applied pressure at 0 mV. Negative pressure indicates the
inverse of pressure direction with respect to the positive direction marked in Fig. 1D. (F) lonic current as a function of applied pressure at 100 mV. The measurements
correspond to 1 M KCl solution. The pore sizes of device #1 and device #2 are 2.2 and 8.8 nm, respectively. Error bars are from the error analysis described in Materials and
Methods. The dashed lines represent the fit of the theory.
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Fig. 3. Mechanosensitive conductance for different ionic environments. (A) Mechanosensitive conductance change ratios Gg,/Go under pH control (pH=3.0, 5.5, and 8.9)
fora 7.1-nm graphene nanopore device #3. (B) Mechanosensitive conductance change ratios under different ion concentrations (0.01, 0.1, and 1 M KCl) versus pressure for
a 7.5-nm graphene nanopore device #4. (C) Mechanosensitive conductance change ratios as a function of pore sizes (1.7 to 9.8 nm; device #6, a to e). To make a comparison,
the size dependence is performed by enlarging nanopores using electrochemical reaction (ECR) protocol (see details in Materials and Methods). (D) Mechanosensitive
conductance change ratios under pH control (pH=3.0, 5.5, and 8.9) for a 7.2-nm graphene nanopore device #5. (E) Mechanosensitive conductance change ratios under
different ion concentrations (0.01, 0.1, and 1 M KCI) versus pressure for a 7.2-nm graphene nanopore device #5. (F) Mechanosensitive conductance change ratios as a

function of pore sizes (1.8 to 5.8 nm; device #7, a to ¢).

Classical streaming current predicts a pressure current depending
on the direction of the applied pressure and selective ion transport,
which does not explain the current data presented in Fig. 2B.
Several factors influence the pressure-driven ion transport in this
system, including the pore geometry, ionic environment, and driving
conditions. We systematically compared the influence of ion con-
centrations, ion types, solution pH, and pore sizes for devices dis-
playing different responses, as shown in Fig. 3, table S1, and figs. S10
to S17. Figure 3 (C and F) shows that the pressure sensitivity in-
creases with decreasing pore size (i.e., with increasing surface-to-
volume ratio), which implies relevance to a current through the
surface. From detailed conductance-concentration relations, we found
a wide distribution of surface charge (12.0 to 26.6 mC/m?) for
graphene nanopores in fig. S18, which may be attributed to the in-
homogeneous nature of edge atom arrangement and composition,
in agreement with reported range of surface charge (32). The obser-
vation of the enhanced sensitivity at different concentrations (1 and
0.1 M) and at low pH (3.0) (Fig. 3, A, B, D, and E, and figs. S14 to
§16) clearly indicates that the current phenomenon is not the effect
of surface charge-governed ion transport (33), because graphene
nanopore is known to carry weak charges at pH = 3 (32). Graphene
nanopore tends to have a hydrophobic surface because of the carbon
atom-terminated edges and possible polymer residuals. Wetting
issues or the presence of nanobubbles in hydrophobic nanopores
may lead to irreversible conductance switching between open and

Jiang et al., Sci. Adv. 8, eabj2510 (2022) 14 January 2022

close states (34, 35). Our graphene nanopore devices were wetted and
treated using various protocols such as solvent wetting (fig. S19) to
remove such issues, as evidenced using the criterion of noise spectral
analysis shown in fig. S20.

Marked pressure-driven ion transport reported in glass nano-
capillaries has been shown to be due to the deformation of spatially
charged zones (4). However, in that case, the capillaries are un-
symmetrical and exhibit rectifying ion transport, which does not
account for the current observations. Low friction model of water
on long carbon nanotubes developed for capturing quadratic pres-
sure dependence (2) may not apply to the ultrathin nanopore case
considered here. We discuss how this term can vanish at the ultra-
thin limit in the “Theory of pressure-sensitive ion transport” section.
We also investigated the possibility of the mechanical deformation
of graphene membranes by conducting atomic force microscopy
indentation experiments (36) (figs. S21 to $23) and by performing
molecular dynamics (MD) simulations (fig. S24). Nevertheless, all
these efforts cannot fully explain the key features of the present ex-
perimental findings, and we thus exclude these possibilities (details
in the Supplementary Materials).

To gain an insight into the physical mechanism of the pressure
sensitivity of the graphene nanopore, we performed MD simulations
and successfully reproduced the nonlinear coupling in the pressure-
sensitive current found through the experiments I o< A | Ap |
(fig. S25). This pressure-sensitive current amplifies with the voltage
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bias and almost vanishes at zero voltage bias, generating only
picoampere scale linear streaming current (fig. S25), similar to the
experimental results (Fig. 2E). Figure 4F shows the net charge
distribution and local current density vectors under a voltage bias
without pressure difference. It shows strong net ionic charge layers
at the graphene surface, which are created due to a capacitive mech-
anism and the amount of accumulated ionic charges that are
proportional to the dielectric permittivity of the membrane and the
bias voltage [see Poisson-Nernst-Planck-Navier-Stokes (PNP-NS)
calculation in figs. S26 and S27]. Figure 4G shows that these net
charge layers at the membrane surface are transported by mechanical
driving forces (i.e., water streaming drags the cation-enriched layer

to the cathode side when A¢ > 0 and Ap > 0), creating the nonlinear
pressure-voltage coupling. Note that this mechanism explains why
the pressure-sensitive current is symmetric about the direction of
the pressure gradient (e.g., water streaming drags anion-enriched
layer to the anode side when A¢ > 0 and Ap < 0). The hydrodynamic
slip is one of the crucial factors in the mechanosensitive current
(Fig. 4, H and I), because the pressure-driven flow through a nanopore
is closely related to the slip. Thus, the device-to-device variations of
pressure sensitivity in graphene nanopore may be understood by
the high variation of slip properties on water-carbon interface
(11, 12, 14). Note that our MD simulations (relatively high pressure/
voltage used in simulations) only qualitatively conform to the major
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Fig. 4. MD simulation of mechanosensitive ion transport. (A) Graphical representation of simulation domain for ion transport through a single-layer graphene
nanopore under an electric potential difference and a pressure gradient across the membrane. The accessible diameter of nanopore is 2.6 nm. (B) lon density profile
across the membrane under A¢ =3 V and Ap = 200 MPa. (C) Net charge density profile across the membrane under Ap =200 MPa. (D and E) Visualization of axisymmetric
water density and velocity vector near the nanopore for (D). Ap = 3 V with zero pressure bias; (E) Ao =3 V and Ap = 200 MPa. The large arrow represents the direction of
pressure decrease or voltage decrease. (F and G) Visualization of axisymmetric net charge distribution and current density vectors for (F). Ao = 3 V with zero pressure bias;
(G) Ap =3 Vand Ap = 200 MPa. (H) Conductance versus slip velocity. Slip velocity is obtained as the fluid velocity at the first fluidic layer of the pore wall. (I) Current over

time for different slip velocities.
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features of our experimental data due to the limitations of the clas-
sical MD approach, which can be potentially improved by optimizing
the simulation cell geometry (37, 38) and by implementing more
accurate multiscale computational approaches. Our present MD
understanding is, however, the foundation for building the later
numerical simulations and the theoretical model. In addition, the
pressure-sensitive response can be demonstrated by an extended
PNP-NS model considering the dielectric permittivity of membrane
and the hydrodynamic slip (figs. S26 and S28).

Here, we present a theoretical model for the pressure-sensitive
current based on the above physical image (details in Materials and
Methods). The streaming current accounting for the physics described
above is given by

Iy = GQmA(]) + HeoAp

;Aéhgre GE_is the mechanosensitive conductance given by G& =

= ° Pq | Ap| in units of A/V, ey, is the dielectric permittivity of
the membrane, gy is the vacuum permittivity, Bisa prefactor, L is
the membrane thickness, R is the pore radius, P, is the permeation
coefficient defined as Py = AQ , and |1, is the electroosmotic mobility in
units of A/Pa. The pressure- sensitive current, Iy, = GE_ A o< | Ap | AG,
involves the nonlinear coupling between pressure and electric
potential. The coupling between pressure and electric potential arises,
because the amount of ion accumulation at the membrane is
proportional to the voltage and its transport is proportional to the
pressure. A detailed derivation and discussion on the theory can be
found in Materials and Methods.

The theory fits our experiments, and we see a large range of slip
length from 0.4 to 100.8 nm (fig. S29). The divergence of slip length
across different devices may originate from the intrinsic graphene
surface properties governing the interaction with water and shapes
of graphene that are hard to access experimentally in the atomic
scale (12, 39-41), for example, the number of dangling bonds and
disordered graphene pore edge, which may require more accurate
theory such as ab initio MD and better experimental approaches to
probe. In addition to device-to-device heterogeneities, the slip length
of the same nanopore device can be still affected by the surface
charge, the solvent, and ion absorption at the interface. On the basis
of our theory, we could experimentally address the slippage contri-
bution under zero bias to avoid its coupling with electrokinetically
driven capacitive ion accumulation. Figure S30 supports that the
large variation of slip is the major contribution to the current ob-
servation, as the marked difference of streaming current is already
observed at zero bias for devices displaying different pressure sensi-
tivities. Precise bottom-up assembly of graphene pore chemistry
might be a promising way to yield uniform nanopore devices in
future, which may potentially address the issue of the performance
divergence (5). In addition to slip, our theory and simulation
(fig. S26) suggest the dielectric modulation of graphene membrane
as an alternative approach to control this pressure-sensitive effect.
To identify the possibility of tuning the response, we further designed
various types of substrates for suspending the graphene membranes,
graphene nanopores with different thickness, and single-layer MoS,
nanopores for the pressure-modulated experiments. As discussed in
figs. S31 to S33, the dielectric tuning, thickness, and pore material-
varying results suggest the feasibility of this strategy in regulating
the pressure-induced ion transport modulation.

Jiang et al., Sci. Adv. 8, eabj2510 (2022) 14 January 2022

To summarize, we have experimentally explored the first pressure-
sensitive ion transport phenomenon using ultimate thin barriers in
individual graphene nanopores. This pressure modulation of ion
conduction involves nonlinear electrohydrodynamic coupling, which
cannot be predicted by the classical picture of the linear electro-
kinetic theory. We performed extensive experiments under various
conditions and consistently observed the nonlinear modulation in
single-layer graphene nanopores. Our MD simulation revealed that
this phenomenon arises from the strong capacitive accumulation of
ions at each side of the graphene membrane under the voltage- and
pressure-driven transport. Our work thus opens a new dimension
for achieving efficient pressure sensitivity toward active control of
ion transport at the nanoscale and developing advanced biomimetic
ionic devices.

MATERIALS AND METHODS

Graphene membrane transfer

High-quality chemical vapor deposition-grown graphene membranes
were prepared using the method reported by Gao et al. (42). Before
graphene transfer, the 20-nm-thick silicon nitride (SiN,) membranes
were manufactured in a previously reported procedure (26) using
lithography and anisotropic KOH wet etching (membrane sizes
ranged from 10 x 10 to 25 x 25 um®) or supplied from NORCADA
Chips (membrane size: 12 x 12 um? 60- to 70-nm supporting hole).
Focused ion beam (FIB) was applied to make 60- to 300-nm sup-
porting holes on the membrane. Single-layer graphene was transferred
to the SiN, membrane using three transfer methods as illustrated in
fig. S1. The polymethylmethacrylate (PMMA) transfer method (43)
relies on the use of PMMA [weight-average molecular weight
(M) = 950 kg/mol] film to support the graphene membranes and
to prevent them from folding during the etching of the copper foil.
The millimeter-scale graphene membranes on a copper foil were
coated by PMMA and floated in 0.1 M ammonium persulfate
[(NH4)>5,0s] solution (44). After all the copper layers were etched
away, the graphene membrane with the PMMA film was transferred
to a FIB opening located on the SiN, membrane. The PMMA layers
were then removed by acetone. The devices were further annealed at
500°C for 3 hours under the flowing protecting gas argon (100 stan-
dard cubic centimeter per minute) to remove the PMMA residual
left on the surfaces. The difference of PV A-assisted transfer method
(27) is that a PVA film is inserted between the PMMA layer and the
graphene membrane. A total of 150 mg of PVA and 20 ml of deion-
ized water were put in a small beaker, and then the PVA solution is
heated and stirred on a 120°C heating plate for 2 hours. The cooled
solution was used for spin coating before using PMMA. The PMMA
residues were removed by dissolving the PVA films in acetone at
50°C and deionized water at 100°C. The tape method used a thermal
release tape (Graphene Market) instead of PMMA as graphene
support. The tapes were detached from the graphene membranes
at 100°C.

Nanopore fabrication

The graphene nanopores were fabricated using either the previously
reported atomic scale-controlled ECR technique (25) or TEM-based
electron irradiation (26). ECR was done by applying a step-like trans-
membrane voltage and monitoring the transmembrane current
using a low-noise current amplifier (FEMTO Messtechnik GmbH).
The critical voltage was shut down immediately by a custom-made
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feedback control program once the desirable pore conductance/size
was reached. We estimated the pore size based on the conductance
measurements in 1 M KCI solution using an analytical model
(25, 32), described by

-1
4L L1

G=o <2 td

1

where G, o, L, and d are the pore conductance, solution conductivity
(10.8 S m™), effective thickness of the graphene membrane [0.6 nm
(45)], and nanopore diameter, respectively.

For calibration, graphene nanopores were drilled by focusing the
electron beam using a JEOL 2100F high-resolution transmission
electron microscope operated at 200 kV. A customized sample holder
was used to place the squared SiN, chip that graphene was trans-
ferred on. Once an appropriate graphene nanopore was formed, the
focused electron beam was scattered quickly and followed by taking
TEM images. The operation must be conducted as fast as possible to
avoid the additional damage of the electron beam on the sample.
Aberration-corrected TEM imaging was acquired using a FEI Titan
G2 60-300 TEM operated at 80 kV.

Pressure-sensitive ion transport measurements

The chip with formed one graphene nanopore was mounted in the
custom-made PMMA chambers (see Fig. 1) as described before
(25). After mounting, the nanopore was wetted with degassed
water:ethanol (v/v, 1:1) solution for at least 45 min to remove bubbles
trapped in the chambers. After changing to the degassed salt solu-
tions (various ion types, ionic concentrations, and pH values;
Sigma-Aldrich), two PMMA chambers on both sides of the chip were
sealed by threaded tee joints containing a pair of chlorinated Ag/AgCl
electrode, and a gas pipe was connected to a voltage-controlled
pressure regulator (SMC Corp.). The regulator used to apply pres-
sure was connected to an air compressor via filters (SMC Corp.). A
pair of Ag/AgCl electrode was used to apply the voltage, and the
current between the two electrodes was detected using an Axopatch
200B patch-clamp amplifier (Molecular Devices). We used a NI
PXI-4461 card for data digitalization. The ionic current was recorded
by applying a step-like pressure sweep (varying typically from 0 to
2.5 bar in 0.25-bar steps for 5-s intervals) that was executed at least
3 cycles at a constant voltage bias (ranging typically from —100 to
100 mV with a step of 50 mV), and then we analyze the SD of
current time trace as the error bars of the data from three experi-
mental repetitions. The typical current time trace was shown in
figs. S5 and S6.

The ionic conductance under different applied pressures was ob-
tained by fitting the I-V data. We defined the streaming conductance
change ratio, G/Go, as the increased conductance with applied
pressure divided by the conductance without applied pressure to
determine the pressure-sensitive response.

MD simulations

All-atom MD simulations are conducted to elucidate the physical origin
of the pressure-sensitive ion transport observed in a single layer of
graphene nanopore. The system contains two electrolyte reservoirs
(12 nm x 12 nm x 7 nm each) separated by a single layer of graphene
nanopore with an accessible diameter of 2.6 nm. The reservoirs
contain 1 M KCI aqueous solution. The fluid-fluid and fluid-solid
interactions are modeled as Lennard-Jones (L]) potential with a
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cutoff distance of 12 A. The SPC/E model (46) is used for water
molecules. For carbon-carbon interactions, Tersoff potential opti-
mized for lattice dynamics of graphene (47) is used. Ion-water force
fields are adopted from Joung et al. (48), and graphene-water force
field is taken from Wu and Aluru (49). Lorentz-Berthelot mixing
rule is used for the rest of atomic pairs. In the case study for various
slips, we modified the depths of the L] potential well between the fluid
molecules (water and ions) and carbon atom from 0.1€guiq - carbon tO
10.0€qyid - carbon- Partial charges of graphene are uniformly distrib-
uted to correspond to its charge density (¢ = 0 or 18 mC/m?). The
dipole polarizability of carbon is not considered; thus, the dielectric
permittivity of graphene is equal to vacuum permittivity, £, = 1.
For pressure-sensitive ion transport, a constant electric field (50) is
applied. The system is equilibrated at room temperature in NVT en-
semble for 1 ns with a 1-fs time step. The thermostat only adjusts x
and y velocity components to minimize the disturbance on the ion
transport. A constant force corresponding to (50 to 300 MPa) is ap-
plied to the fluid molecules in the edge of the reservoir (1-nm-thick box).
The applied force is calculated using “AfF = P, where n is the number
of the fluid molecules (water and ions) in the force applied region,
F is the force applied, A is the cross-sectional area of the system
perpendicular to the applied force, and P is the corresponding pres-
sure. The ion current is directly measured by counting the number
of passing ions over time. The SHAKE algorithm is used to con-
strain bond angles and lengths of SPC/E water (51). The Particle-
particle-particle-mesh method is used to calculate electrostatic
potential. To expedite MD simulation, GPU-accelerated computa-
tion is used (52). The Large-scale Atomic/Molecular Massively
Parallel Simulator (53) is used for all MD simulations, and Open
Visualization Tool OVITO (47) is used for visualization.

PNP-NS model

For pressure-sensitive ion transport, the dielectric permittivity of
membrane and hydrodynamic slip at the membrane surface need to
be considered in PNP-NS calculation. COMSOL Multiphysics 5.5 is
used for the FEM calculation. The ion fluxes are described by the
Nernst-Planck equation

zie
Ji:_Dini_kB;TDiinq)"'piu

2)
where J; is the ion flux vector, D; is the diffusion coefficient, p; is the
density of ion in unit m >, z; is the charge number, i in the subscript
indicates charge species (i = K" or Cl"), e is the elementary charge,
kg is the Boltzmann constant, T is the temperature, ¢ is the electric
potential, and u is the fluid velocity. The Poisson equation gives the
relationship between the electric potential ¢ and ion concentration ¢;
2 F
Vi = —rgozz'zﬂfi (3)
where €, and g are the relative permittivity of the solution and the
vacuum permittivity, respectively. The hydrodynamic flow is de-
scribed by the Navier-Stokes equation (54) for an incompressible
fluid in a steady state
pw(Vu) = -Vp +nViu-eY,zic;Vo 4)
where py, M, and p are the water density, viscosity, and pressure,
respectively.
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The geometry of the model used a two-dimensional axisymmetric
system and is shown in fig. S24A. A single-layer graphene with a
thickness of 0.34 nm is considered with permittivity &, in region 3.
In this solid region, only the Poison equation is solved. In region 2,
one layer of water molecules (thickness of 0.34 nm) is considered.
In this water layer, the Poisson equation and the Navier-Stokes equa-
tion are solved with the slip boundary condition (55). For the electro-
lyte in region 3, all PNP-NS equations are solved. At each side of
reservoir, a constant electric potential difference, Ao, and pressure
difference, Ap, are set to be the boundary conditions. The reservoir
ion concentration is fixed to 1 M and the pore size is set to 1.5 nm.
The dielectric permittivity of water is set to be 80 and that of graphene
is 3. Diffusion coefficients of cations and anions are set to be
1.45 x 10~ and 1.51 x 10~ m?/s, respectively.

Figure S26B shows how the electric permittivity of membrane
affects the concentration profiles for various applied voltages.
Figure S26C shows the amount of net ionic charge accumulated on
one side of the membrane obtained from PNP-NS and predicted by
the parallel plate capacitor model. The pressure-sensitive behavior
observed in PNP-NS calculation is shown in fig. $28. The I-V char-
acteristics in the low voltage regime (A¢ < 100 mV) show linear
behavior (fig. S28A) and enhanced by the applied pressure. At high
voltage, nonlinear I-V curves are observed (fig. S28B), and this is
due to the electrically driven net charges accumulated on the mem-
brane surface (theoretical discussion of this current term is shown
in Section Theory of pressure-sensitive ion transport). The current
enhancement due to the applied pressure exhibits symmetric
V-shaped curves for noncharged membrane (fig. S28C) and slightly
tilted (counterclockwise) V-shaped curves for negatively charged
membrane (fig. S28D). Thus, the slightly tilted V-shaped curve
(counterclockwise) in experiment (Fig. 2F) implies that the graphene
used in the experiment has a negative surface charge.

Theory of pressure-sensitive ion transport

We present a simple ion transport theory that consider the effect of
dielectric permittivity of membrane involving a nonlinear electro-
hydrodynamic coupling in the streaming current, I ~ Ad|Ap].
Considering an electrolyte-membrane-electrolyte system under a
voltage and pressure difference between the two electrolyte reservoirs
(fig. S27), the accumulated net charge at the membrane surface can
be obtained by the parallel plate capacitor model

smeoA

Gen = = A0 ®)

where &, is the relative permittivity of the membrane, g is the
vacuum permittivity, Ay, is the membrane area, L is the membrane
thickness, and A¢ is the electric potential difference between the
reservoirs, ¢; — ¢, = A¢. Equation 5, which is typically used in
metal-membrane-metal system, is compared with the results of
PNP-NS calculation and shows good match especially in high con-
centration (fig. S26C). Note that the capacitance, C = s"‘iﬁ, is in-
versely proportional to the thickness of the membrane. Thus,
nanofluidic devices with a nanopore in a single layer of graphene
membrane (ultrathin membrane) have a high capacitance, although
its dielectric permittivity is not high (e, ~ 3) (56) under a static
electric field. The accumulated net charge is assumed to be in an
atomically thin ionic layer. This assumption is reasonable for high
concentration systems where the Debye length, Ap, is atomically
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small (e.g., Ap = 0.3 nm for 1 M KCI aqueous solution; see the
charge distribution from PNP-NS in fig. S26B). For 1:1 electrolyte,
the density of accumulated ions (in unit meter %) at the membrane
surface is given by

8m(':O

| A9 | (6)
where e is the elementary charge. Note that the net charge density at
the anode side of the membrane surface (ec:) and cathode side of
the membrane surface (—ec,) have an opposite charge with the same
amount, maintaining electroneutrality in the system. These accu-
mulated ions leak to the pore region and increase the overall ion density
in the pore generating an additional current. In this modeling, the addi-
tional charge carriers are treated as a perturbation of density, dpg, ().
Consider the classical description of current density, i, under pressure
and electric potential difference
i(r)=e{p™(r)+p (r) IWEx + e{p™(r) —p~(r) }u(r) ™)

where the plus and minus superscripts indicate the cation and anion,
respectively, p* is the charge density of ion in unit meter >,  is the
mobility of ion (assumed to be the same for cation and anion), E is
the axial electric field, and u is the convective velocity. Considering
the perturbation of density due to the membrane permittivity, the
total density in the pore is written as p*(r) = pgm_o(r) +8pe, (r), where

Pe, = o(r) is a classical charge density in the pore without con51der1ng
membrane Permlttlwty From the Boltzmann statistics, p;__o(r) =
Po exp{ , where py is the ion density in the reservoir and y is
the pore potential Then, the current density is written as

i(r) = e{2pocosh¥ + 8p¢, (1) + 8pe, (1) I Ex(r)

+e{=2posinh + 3p?, (r) - 3pz () Ju(r) ®)

We intro-
.[0 8pz, (r)rdr
L rdr T Redr

, where R is the radius of pore

where ¥ is the normalized pore potential given by ¥ =

duce the mean field appr0x1mat10n 3pe () =~ 8 Pe, =
Jo\u(r)rdr

frar
and o is a geometrical prefactor representing the electrical access
resistance [e.g., & = T in the case of Maxwell-Hall access resistance

2
(57) for an electrically insulated membrane €, = 0]. Ion current,

I= _[0 i(r)2nrdr, is obtained as

Y(r) =y = and E,(r) =

L+aR

i(r)=e{2pocoshy + 558m+ Spgm}p Aq)

3 Pe,tQ

L+ ozR 9)

+e{-2posinhy + 8 ps, —

where Q is the hydrodynamic volumetric flow rate. Equation 9 con-
sists of three components I = I° + I” + I, where I® = G®Ag is
the classical electricalzly driven current with electrical conductance
G®=2e upocoshy-—= I (58) (in unit A/V), P = pe,Ap is the classical
streaming current w1th electroosmotic mobility U, = 2epg sinh Pg
(in unit A/Pa), Pq = AQ is the permeation coefficient, and I, is the
additional current due to the dielectric permittivity given by

2
e, = e(3pL, + 8Pz, LR A + (3L, — 575, Podp  (10)

The charge leakage from membrane to the pore is proportional £0 Gern.
Oe,

The perturbation of density can be written as § pe_ + 8 Pe, = B¢ ,
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where B is a prefactor. Similarly, |5 p: —5pz, | =B’ 27;’”, where ¥
is a prefactor. Note that the sign of 8 ps, — 8 pe,, depends on the di-
rection of pressure and voltage gradient. For example, when the
direction of pressure and electric potential gradient are the same
(i.e., ApAd > 0), the net charge in the pore is positive. On the other
hand, net charge in the pore is negative if the direction of pressure
and electric potential gradient are opposite (i.e., ApAd < 0). The
additional current due to the membrane permittivity is obtained as

L, =(G? +GE)Ao (11)

K L(L + aR L. »
second term is the pressure-sensitive current where I, = GE_A¢ o

| Ap | A¢. In addition, Equation 11 predicts a nonlinear current com-
ponent, 12m = Gﬁm A¢ o< | Ad | Ad. At low voltage regime, this current
component is insignificant (G2~ 0) compared to the classical cur-
rent. However, this quadratic term becomes important in a high voltage
regime (fig. S28, A and B). Last, the total current can be obtained as

) P
where G2 = ZRRE('“L[“; |Ad| and G&_= %PQ | Ap|. Here, the

I={G®+ G, +GEJAG + peoAp (12)
One may include the Péclet number-dependent conductance
suggested by Marcotte et al. (2) where the interplay between the
electrical and hydrodynamical driving force leads to the Péclet number—
dependent conductance, G(Pe) = Gq’ﬁ. The Péclet number
is given by Pe = —&_ \where D is the diffusion coefficient. Then, Eq.6
can be rewritten'as ~
I={G*(Pe) + G, + G }A0 + teo Ap (13)
This is a general form of ion current through a nanopore/tube
under a simultaneously applied pressure and voltage difference. Note
that, if the membrane is electrically insulated (e.g., thick membrane:
L> S“’Zzﬂ or negligible dielectric permittivity: e, < ;T—Z’;“l), then
Eq. 13 reduces to the Marcotte ef al.’s (2) theory of pressug‘e—sensitive
current: I = G‘D(Pe)A(b + GPAp. On the other hand, in ultrathin mem-
brane (e.g., single-layer graphene nanopore), the Péclet number
dependency vanishes due to its negligible thickness, and Eq. 13 re-
duces to Eq. 12. In this thin limit, the streaming current, Iy =1~ Irp—o,
is obtained as
I = GgmA(]) + ueoAp (14)
The first term is the pressure-sensitive current due to the mem-
brane permittivity, and the second term is the classical streaming
current associated with selective ion transport.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj2510
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