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angstrom-scale channels
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Over the past decade, the ability to reduce the dimensions of
fluidic devices to the nanometre scale (by using nanotubes'~> or
nanopores®!1, for example) has led to the discovery of unexpected
water- and ion-transport phenomena'?14, More recently, van der
Waals assembly of two-dimensional materials!'® has allowed the
creation of artificial channels with dngstrom-scale precision'S. Such
channels push fluid confinement to the molecular scale, wherein
the limits of continuum transport equations!” are challenged.
Water films on this scale can rearrange into one or two layers with
strongly suppressed dielectric permittivity'®!° or form a room-
temperature ice phase?’. Ionic motion in such confined channels?!
is affected by direct interactions between the channel walls and the
hydration shells of the ions, and water transport becomes strongly
dependent on the channel wall material?2. We explore how water
and ionic transport are coupled in such confinement. Here we
report measurements of ionic fluid transport through molecular-
sized slit-like channels. The transport, driven by pressure and by an
applied electric field, reveals a transistor-like electrohydrodynamic
effect. An applied bias of a fraction of a volt increases the measured
pressure-driven ionic transport (characterized by streaming
mobilities) by up to 20 times. This gating effect is observed in
both graphite and hexagonal boron nitride channels but exhibits
marked material-dependent differences. We use a modified
continuum framework accounting for the material-dependent
frictional interaction of water molecules, ions and the confining
surfaces to explain the differences observed between channels made
of graphene and hexagonal boron nitride. This highly nonlinear
gating of fluid transport under molecular-scale confinement may
offer new routes to control molecular and ion transport, and to
explore electromechanical couplings that may have a role in recently
discovered mechanosensitive ionic channels?.

Our devices (Fig. 1) were angstrom-scale channels on a Si/SiN sub-
strate, fabricated as previously described!®?! through van der Waals
assembly of two (approximately 10 nm and 150 nm) thin crystals
of graphite separated by strips of bilayer graphene. Each device had
N = 200 channels of height hy ~ 6.8 A, width w = 130 nm and length
L of a few micrometres (see Methods section ‘Device fabrication’ and
Extended Data Fig. 1). The channels were assembled on top of a micro-
metre opening etched in the Si/SiN wafer that served as entry to the
fluidic channels, with the exit on the other side of the wafer (Fig. 1).
The channels connected two macroscopic reservoirs filled with KCl
solutions of concentration ¢ and containing chlorinated Ag/AgCl elec-
trodes for electrical current measurements. As previously reported?,
the net current I at high salt concentration is typically of the order of a
few picoamps per channel for applied voltages of a few tens of millivolts
and varies linearly with voltage and concentration as expected for this
ultra-confined system with small surface charge?!. In this study, we
focus on the ionic current driven by the pressure drop AP and the effect
of the additional potential difference AV applied along the channel. For
this, AV was controlled by a patch-clamp amplifier (ground electrode

is on the top side) with a current resolution of 0.1 pA; and pressure
by a pump connected to the reservoir (Methods section ‘Streaming
current measurements’). We applied the pressure in both directions
across the channel and found no influence on the reported results (see
Extended Data Fig. 2; pressure applied from the bottom side in Fig. 1
is denoted as positive). Control experiments used similar devices but
without channels and yielded no current upon application of AP or AV,
confirming that our devices were structurally stable and, for example,
did not delaminate under pressure (see Methods section ‘Streaming
current measurements’ and Extended Data Fig. 3).

This setup (Fig. 1) allows us to measure the pressure driven com-
ponent of the ionic current, referred to as the streaming current
Iy = I(AP, AV) — 1(0, AV), which provides an indirect measure of
water flow under confinement. Figure 2 illustrates the behaviour in
the absence of applied bias (AV = 0), with Fig. 2a showing the time
response of Iy, when stepping AP up to 125 mbar in 25 mbar incre-
ments. Each step lasts 20 s, and the delay between successive steps is 20 s.
After an initial overshoot, I, rapidly reaches a steady state and, once
the pressure is released, quickly returns to zero. The measured current
is positive for positive applied pressures, which corresponds to a flow
conveying a net positive charge that gradually increases with the pres-
sure gradient, AP/L. This is consistent with the reduction in chloride
mobility as compared to that of potassium under strong confinement?!
(right panel of Fig. 1).

We find that, for concentrations between 1 mM and 300 mM, the
steady-state current reached after each pressure increment (Fig. 2a)
increases linearly with the driving force, that is, the pressure gradient
(Fig. 2b). From the measured slopes, we calculate the streaming (electro-
osmotic) mobility p = I,/(NAAP/L), where A = why is the slit
cross-sectional area. The streaming mobility weakly depends on salt
concentration (Fig. 2¢), varying by less than 50% if ¢ is increased by
a factor of 300. However, the absolute value of 1 is surprisingly high:
it is of the order of 1077 m? V™! s™, which is in the range of the bulk
potassium electrophoretic mobility px; = 7.6 X 1078 m?>V~!s 1 and
an order of magnitude larger than streaming mobilities reported in
the literature (for example, the streaming mobility for SiO, channels is
about 0.1p4k ). As a comparison, we consider the measured streaming
mobility in terms of the corresponding zeta potential, which has the
dimension of an electrostatic potential. Using bulk water properties
(viscosity = 1 mPa s and dielectric permittivity € ~ 80) gives us an
apparent zeta potential, { = —pn/ce, of roughly - 0.4V, at least ten
times the typical values in the literature>**% which are of the order of
kT/e ~ 25 mV. Recent studies of confined water indicate that its out-
of-plane relative permittivity can be markedly suppressed'? to & educed
2 2 whereas 7 remains close to the bulk value'¢, which would translate
into an even larger apparent ¢ of —16 V. However, in our opinion, such
a large apparent zeta potential does not reflect an anomalously high
surface potential of the graphite but instead the high streaming mobility
arising from the unusually fast transport of water, and hence hydrated
ions, at molecular distances from the channel surfaces.
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Fig. 1 | Experimental setup for pressure- and voltage-driven current.
Schematic: dngstrom channels (fabricated on a Si/SiN wafer) separate two
reservoirs containing KCI solutions. The entry and exit of the channel are
on either side of the wafer. We set the voltage AV and the pressure AP
along the channels and monitored the resulting current I. Right panel,

Figure 3 shows pressure-driven streaming currents measured under
different applied voltage biases, allowing us to explore how the pres-
sure-induced current couples to electric forces at these molecular scales.
Figure 3a shows the time response of I, when applying pressure and
AV simultaneously, revealing a considerable coupling between them
in that Iy, increases by more than 100% for AV = 50 mV as compared
with its value at zero AV. As illustrated in Fig. 3b, the effects of APand
AV do not simply add: although the current always remains propor-
tional to the pressure gradient, independent of applied bias, the slope
of this linear dependence—the streaming mobility /1(A V)—varies with
AVaccording to Iy, = (AV) X A x N x AP/L. The linear dependence
of streaming current on pressure highlights that it originates from the
hydrodynamic transport of ions, while its voltage dependence indi-
cates an unexpected interplay between mechanical and electric driving
forces. To disentangle these effects further, we plot in Fig. 3d mobilities
measured in graphite channels and normalized by pix as a function
of AVandc.

We also compare the streaming effects in graphite channels with
those of similar channels made from hexagonal boron nitride (hBN).
In terms of crystal structure and atomic flatness, hBN is an analogue
of graphite?® but electrically insulating. Our hBN devices were fabri-
cated using the same procedures as before and had the same param-
eters including ho, and their behaviour was similar to that of graphite
devices in that Iy, varied linearly with AP (see Fig. 3¢, Extended Data
Figs. 2 and 4) and with a slope (streaming mobility 1) that was tune-
able by applied bias. But the dependence of ;1(AV) differs greatly
between the two materials: 1« shows a quadratic response to electric
bias for graphite (Fig. 3d), whereas it is essentially linear over the entire

Water flow

illustration of ions moving in water under strong confinement (only

one layer of top and bottom graphite walls is shown for clarity). Positive
streaming currents indicate that potassium ions move faster than chloride
ions inside the channel.

measurement range for hBN (Fig. 3e). The data can be described for
graphite by

AV-V,. )’

PAV) = p | 14+ (1)

ref

and for hBN by

1+62L

ref

HWAV)=p, @)

where Vies = kT/e =~ 25 mV is the thermal voltage, 1 is a mobility,
and « and (3 are dimensionless parameters accounting for the voltage
response. Typically, Vi, is found to be of the order of Vi.rand decreases
with ¢; the voltage susceptibility o increases linearly with concentration
(Extended Data Figs. 5a,b), reaching a value close to unity for high
¢ =300 mM. The characteristic mobility 1 is typically of the order of
x4+ for both systems. However, similar to « in graphite, the bias sus-
ceptibility 3 for hBN increases linearly with ¢ (Extended Data Fig. 5c¢).
Owing to the linear voltage coupling, the sign of the streaming current
for hBN can be inverted for negative biases (Extended Data Fig. 4). For
both materials, the sensitivity of I, to voltage bias is very large, in con-
trast to other known control or gating mechanisms*’~*!. For graphite
channels, a relatively small voltage (AV & 75 mV) yields streaming
mobilities which are up to about 20 times as large as the bulk potassium
mobility, taken as a reference. This corresponds to zeta potentials up to
2V assuming the bulk water properties, and about 100 V if using the
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Fig. 2 | Pressure-driven current without applying bias. a, Iy, as a
function of time for graphite channels; c =1 mM; L =5.7 £ 0.1 pm.
Current overshoots once the pressure is applied, and we consider only
the steady-state regime in this study. b, Streaming current per channel,
I/N, as a function of the pressure gradient AP/L for channels in a, and
with different KCI concentrations c. For each ¢, the line corresponds to
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the best linear fit. ¢, Electro-osmotic mobility 4 as a function of the KCI
concentration (linear-logarithmic coordinates; dashed line is a guide to
the eye). Error bars represent: a, error in the currents measured during
temporal evolution (£0.1 pA); b, standard error; ¢, uncertainty in the fit
value. Three devices were measured and showed the same behaviour.
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Fig. 3 | Streaming current for different biases and channel materials.

a, Pressure-driven I, for a graphite device at different AV. L =5.7 & 0.1 pmy;
KClI concentration, 100 mM. The pressure applied for 20 s intervals is
gradually increased to 125 mbar in 25 mbar steps. b, Streaming current
per channel for the same device as a function of AP/L (bias AV ranges
from —75 to 75 mV; colour coded). ¢, Streaming current for similar
devices but with hBN walls; same experiments and colour coding as in
aandb. d, Streaming mobility (normalized by the K™ electrophoretic
mobility) as a function of AV for different KCI concentration for the
graphite devices. Curves are the quadratic fits. e, Same as d but with hBN

confined-water relative permittivity € eqyced- Although the effect is still
large for hBN, it is substantially smaller than that in graphite channels.
This observation echoes the smaller slip length for water on hBN as
compared with graphite*?>32,

Taken together, our findings indicate that the applied bias voltage acts
as a gate for pressure-driven streaming currents. Although it is tempting
to rationalize this behaviour in terms of capacitive gating, as assumed,
for example, for flowFET-type devices (fluidic analogues of field-effect
transistors)?’, such an explanation fails to capture key experimental
observations such as the contrasting voltage dependence of the gating
for graphite and hBN. Any capacitive gating explanation also neglects
the electrohydrodynamic coupling between ion and water transport
under angstrém-scale confinement, which is usually described in terms
of the Poisson-Nernst-Planck-Stokes (PNPS) framework commonly
used to describe ionic transport in biological or artificial channels. But
this PNPS model is also unable to account for all our observations,
in particular the qualitatively different bias dependence of 1 seen for
graphite versus hBN as summarized in equations (1) and (2). We attrib-
ute this to the strong confinement encountered in our devices, which
renders the Stokes equation irrelevant when describing flow within the
water/ion layer, owing to strong and direct interactions of the moving
ions and water molecules with the confining walls.

We account for this effect by considering friction between water,
ions and the walls, which we capture by an effective water-wall fric-
tion that depends on ion concentrations. This may be described as
Awl(pp=) = Ao + ho(kLps + K_p_), where ) is the bare (ion-free)
friction coefficient for water, k.. are coefficients characterizing the ions’
contribution to the friction, and p+ are the ion concentrations. (The
full model for our channel geometry is detailed in the Methods sec-
tion ‘Extended Poisson-Nernst-Planck theory, and in Extended Data

channels. Linear fits; L = 16 = 0.1 pm. f, Extended PNP prediction for
the streaming mobility using different friction coefficients between the
water, ions and wall, with a factor of 100 between low and high friction.
Low friction reproduces the quadratic gating observed for graphite

(d), while high friction leads to the linear gating observed for hBN (e).
Detailed parameters and geometry used in the model are given in the
Methods section ‘Extended Poisson-Nernst-Planck theory’ and Extended
Data Figs. 6-10. Error bars represent: a-¢, measurement uncertainty;

d, e, uncertainty in the fit value.

Figs. 6 to 10.) The resultant extended Poisson-Nernst-Planck (PNP)
model qualitatively reproduces most of the experimental observations,
leading to streaming currents that are linear in AP (Extended Data
Fig. 7) and reproducing the large increase in streaming mobility under
applied bias (Fig. 3f) that is in contrast to the standard consequences
of concentration polarization. As illustrated in Fig. 3f, the model also
yields different functional dependences ;1(AV) according to the fric-
tion behaviour of both water and ions on the different materials: low
friction between water molecules and ions and the channel wall leads
to a quadratic gating of the streaming mobility as observed for graphite,
whereas large friction results in an essentially linear dependence as
observed for hBN. The model and underlying theory indicate that this
behaviour results from a subtle and intertwined effect of concentration
dependent flow and ion concentration profile across the channels in
the presence of voltage. Accordingly, the different material response
observed in Fig. 3 for channels made from hBN and graphite can be
traced back to the difference of molecular friction of water and ions
on these two materials. This is in agreement with expectations for the
friction of water on these two materials**>*2. A remarkable feature of
this framework is that the observed nonlinear bias response thus has
its roots in the fundamental nature of interactions between confining
walls, water molecules and ions. For instance, the minimum mobility
seen in Fig. 3d arises from the slight asymmetry in device geometry
which is at the origin of different frictions (induced by the confine-
ment) and modifies locally the transport rates of ions on each side.
Although the simple model reproduced our experimental results qual-
itatively (Extended Data Figs. 8 to 10), it cannot account for the large
amplitude of the bias voltage effect seen with graphite channels. Better
agreement will require more comprehensive evaluation of the effects
of strong confinement (including the suppressed dielectric constant),
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which are expected to modify not only water and ion dynamics but also
the adsorption of the ions**. Furthermore, the metallicity of graphite
can substantially modify ionic interactions and thereby ion concentra-
tions. We anticipate that extending ab initio molecular simulations of
water friction?, to include the effect of ions, will provide further insight
beyond the simple picture proposed here.

Our experimental system allows us to probe purely two-dimen-
sional flow of water and ions, a configuration very different from the
one-dimensional transport through nanotubes. Thanks to the lateral
extension of the dngstrom channels, streaming currents under molec-
ular confinement become measurable. Hence, such devices are an
interesting platform in which to mimic the behaviour of biological
channels in terms of stimuli responsive behaviour such as voltage gat-
ing, where ions are driven through &ngstrém-scale confinement by
coupled osmotic pressure and electric forcing. This is of relevance for
gaining new insights into the electromechanical coupling at the root
of the mechanosensitivity observed in recently discovered biological
ionic channels®® (TRAAK, TREK, PIEZO). Furthermore, the observed
friction-based electric gating opens a new route to achieve flow-con-
trol under extreme confinement where small voltages induce strong
responses, which would constitute an important step towards building
nanofluidic circuits responding to external stimuli.
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METHODS

Device fabrication. Our devices were fabricated following previously reported
procedures'®?!. In brief, a free-standing silicon nitride (SiN) membrane of around
500 nm in thickness provided mechanical support and served to separate the two
reservoirs connected by the channels. On the membrane, a rectangular hole of
approximately 3 pum X 26 pm was defined by lithography and plasma etching. The
channels were made by van der Waals assembly of three layers—bottom, spacer,
top—of 2D crystals such as graphite or hBN. First, a bottom layer of around 10- to
50-nm-thick graphite or hBN was transferred onto the hole in the SiN membrane
and etched from the back side, which projected the hole into the bottom layer.
Following this, pre-patterned bilayer graphene spacers (about 6.8 A thick) in the
form of parallel ribbons about 130 nm wide and separated also by about 130 nm
were transferred onto the bottom crystal and aligned perpendicular to the long
axis of the rectangular hole. Finally, a thick (about 100 nm to 150 nm) top crystal
of graphite or hBN was transferred onto the spacers covering the hole (Extended
Data Fig. 1). The top crystal defined the length of the channels that formed on
both sides of the hole.

Streaming current measurements. Extended Data Fig. 3a—c shows the streaming
current measurements as a function of the applied pressure for a sample containing
no channels (varying from 0 to 250 mbar). The pressure is applied via a pressure
pump (AFI, Elveflow) (we denote a positive AP for a pressure applied through
the hole on SiN) and AV is controlled via a patch-clamp amplifier (Axopatch
200B, Molecular Devices) with the ground electrode on the top side. For a sample
containing no channels, we did not detect any significant current. Extended Data
Fig. 3d-f compares the streaming current measured for the control sample and
a graphite device containing 200 channels. In the case of graphite channels, the
streaming current is four orders of magnitude larger than the noise measured in
the control sample.

To investigate the pressure dependence of the streaming current, we performed
the streaming current measurements applying the pressure successively on each
side of the membrane. The inversion of the pressure gradient fully reverts the
streaming current sign as presented in Extended Data Fig. 2; this confirms the
linear dependence of the streaming current on the mechanical forcing.

The molecular streaming current Iy, as a function of the pressure gradient AP/L

is shown in Extended Data Fig. 4 for both graphite and hBN devices and for differ-
ent KCI concentrations and applied voltages. The streaming current varies linearly
with the driving force AP/L.
Extended Poisson-Nernst-Planck theory. Governing equations. At scales greater
than about 1 nm, the influence of water motion on the ionic fluxes is accounted
for by (1) appending Stokes’ equation for the solvent velocity to the typical PNP
description of the ionic transport and (2) including an ionic drift velocity set by
the balance of forces between the electric force on the individual ion and the fric-
tional force between the ion and water in the Nernst-Planck parameterization of
the solute fluxes. Both assumptions are inapplicable here owing to the extreme
confinement scale of the channels considered, which approaches the diameter of
the water molecules and hydrated ions themselves. In particular, application of the
Stokes equation to predict the hydrodynamic velocity relies on the assumption of
a spatially homogeneous and isotropic scalar viscosity, an assumption that cannot
be valid when a single layer of water molecules is present. A priori, we would
expect strong interaction between the ions and walls, and the water molecules
and walls. The former supposition is supported by the results of ref. 2!, where the
chloride mobility in both graphite and hBN devices of the type examined here was
observed to be reduced by approximately 65% compared with bulk. The latter is
supported by the present results when combined with the simple, first-principles
model detailed below.

As noted above, the traditional ionic and hydrodynamic force balances,
leading to the typical parameterization of the drift velocity and the Stokes
equation, respectively, can no longer be sufficient to describe the coupled ion-
water transport in one-to-two layers confinement owing to the substantial inter-
action with the confining material. As a simple first-principles approach, we
consider the force balances on the individual ions and on a control volume of
infinitesimal length along the slit containing both ions and water molecules. We
include three phenomenological forces, the frictional interactions of (1) water
with walls, (2) ions with walls and (3) ions with water. We emphasize that this
is the simplest possible coherent approach to capture the modification in the
qualitative behaviour of the ion dynamics owing to the extreme confinement.
Quantifying the friction to achieve a more quantitatively accurate treatment
would probably necessitate more in-depth modelling (such as ab initio molec-
ular dynamics).

Including the ion-wall interaction, a force balance on an individual ion gives:

0=+e (70X¢) 7£i (Vifvw) 7/\ivi (3)
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where v, is the velocity of the positive or negative ion species, v, is the water
velocity and ¢ is the electrostatic potential. From left to right, the terms represent
(1) the electric body force on the positive or negative ion, (2) the frictional force
of the water on the ion, parameterized by friction coefficients £ | for the cation and
anion species and (3) the frictional force of the wall on the ions, parameterized by
friction coefficients A . Note that we have assumed that all of the ions interact
appreciably with the walls, a reasonable assumption here given the extreme con-
finement. We solve for the ion velocity v, to obtain:

Vi= + ,U’i (78;((75) + AV (4)

We have introduced the ionic mobilities y, = e/(£, + A,) and the normalized
water—ion friction coefficients o, = ¢ i/ (6, + X)) € (0,1). The former parame-
ters are constrained by the experimental results of ref. 2}; the latter parameters
characterize how effectively the drag of the water flow is able to overcome frictional
resistance on the ions from the wall and engender ionic transport. We note that
the definition of v, may be rearranged to give A, /¢, = (1—-a,) /o, This indi-
cates that a value o | < 1corresponds to stronger ion-wall than ion-water friction,
while values of o, approaching 1 indicate relatively weaker ion-wall than ion-
water interaction.

From the above definitions, we see that the sums of the ion-water and ion-wall
friction coefficients are constrained by the experimentally measured mobilities
reported in ref. 2, ¢ LHAL= eu;, while the relative importance of the ion-wall
and ion-water interactions, characterized by the ratios A /¢, = (1—a) /a, is
not.

We next consider the force balance on a control volume of width and
height equal to the channel width w and height A, respectively, and of infini-
tesimal length ox in the along-slit direction. The total volume of the
control volume is then 6V = whdx. The total electric body force is given by
e(p,—p) x (—0,¢) x 8V, and the net pressure force is given by
wh X (—0,P) x &x.In the preceding, p, are the ionic densities (per unit volume)
at the position x coincident with the centre of the control volume (so that in the
reservoirs p, = N, c with V, the Avogadro number), and P is the pressure. The
total frictional force due to ion-wall interactions is — (p+/\ Vet p A v )V
Finally, we introduce a coefficient )\ characterizing the frictional interaction of
water molecules with the walls such that —\yv,, is the force per unit wall area
acting on the water molecules, and —\,v,, x wox is the total frictional force on
the control volume due to water—wall interaction. The force balance on the con-
trol volume thus gives:

0= e(p+*P_) (—=0,0)8V+ (—0,P)6V— (,04_/\+1/Jr + p_/\fvf)BVf%vwéV (5)

Before solving the above for the water velocity vy, we use equation (4) and the
definitions of ,_and o, to rewrite the total ion-wall friction force per unit volume
OV, p A v+ p A v, as

€(P+*P_) (78,5(1)) *e(aJrP_,_*(LP_) (70x¢) + (K+p+ + K*p—) Yw (6)

where we have defined k| = ea, (1-a,)/p, and made use of the identities
Ay, =e(1—ay)and Ao, = k. We insert this result into equation (5) and solve
for v, to obtain:

vy =Kopp (0 p) [(=0.P) +e(a p,—cx_p)(=0,9)] )

where Kipp

(p.» p.) is a concentration-dependent apparent hydraulic permeance,
given by:

1

Kypp(pop) =
pp Vo I By (8)
WA Rt

To better interpret the significance of the parameter av; and the non-intuitive form
in which the electric field appears in equation (7), we use the above results to
calculate the difference of the electric force fei and the ion-wall friction force
+ en ion; e
Jionwan O @ given fonic species:
E
fe 7fion—wall =+ eaipi (78"(;5) 7Hipivw (9)

Let us discuss two extreme limits. When o, =0, & /A, = 0, indicating that only
ion-wall (rather than ion-water) friction is relevant. Further, from the above defi-
nition, £, o a (1—a;) =0, and the net (electric less ion-wall friction) force
vanishes. Thus, in this case, all of the electric force on the given ionic species in the
control volume is balanced by the strong ion-wall interaction such that the given
ionic species does not communicate any electric force to the water molecules. (See
equation (7) with | and/or a_ set to zero.)
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On the other hand, when v, = 1, A /¢, = 0, indicating that only ion-water fric-
tion is relevant, and all of the electric force on the ions is communicated to the water
molecules such that f flon . = Tep, (—0,0). (Again, i x ay (1—a) =0)

We emphasize that the behaviour described in equations (7) and (8) is in strong
contrast to what is observed for conduits with confinement scale (radius or height)
greater than about 1 nm, in which the Hagen—Poiseuille equation holds”. In this
case, we would have a concentration-independent permeance Kyp = / Ao and
anet electric driving force equal to the total electric driving force e (p, —p ) (—0,¢)-
Kup is recovered in the high water friction limit, \j/h>> r,p + K_p , and both
Kpp and the total electric driving force are recovered outside of conflnement where
o, = 1(equivalent to no ion-wall friction: A ; = 0).

It is necessary to use equation (7), instead of Hagen—Poiseuille, to capture the
full range of qualitative behaviour observed in the experimental ;t (AV) curves.
This emphasizes the importance of the two-dimensionality of the flow, resulting
in a strong frictional interaction between the channel walls, water and ions.

We insert equation (7) into the general Nernst-Planck parameterization for the
ionic fluxes, j= D, (— ) -+ vp,, to obtain:

xpi

i e( o) Ep (—0,d) | + sy, (10)

where we have made use of the Einstein relation, D, = kT, /e, Dy being the

diffusion coefficients.
At steady state, the conservation equations become:

d(hv,)  dhj)

\ (11)
dx dx

Finally, the electrostatic potential ¢ is related to the total charge density e (o, —p )
via the Poisson equation:
0, leegh(—0,9)]

=he(p—p) (12)

Model geometry and boundary conditions. As we are mainly interested in captur-
ing the qualitative features of the ionic current response, we adopt a simplified
one-dimensional geometry. The model geometry adopted here is sketched in
Extended Data Fig. 6. A slit of uniform height iy = 7 A and length L = 5 um
connects two reservoirs of divergent geometry. It is necessary to include the res-
ervoirs in some capacity in our calculations to capture the entrance/exit effects
associated with the discontinuous change in ionic mobility as the ions enter/
exit the channel. The rate of divergence of the reservoir heights is asymmetric,
qualitatively mimicking the asymmetry of the experimental geometry. The height
profile h(x) is given by:

2
I}[f]Jrl +1, x€|—00,— &
L) 2 2
h L L
ﬁ: 1, xe —f,+f] (13)
ho 22
2
1 L
Fr[f]—— +1, x€|+Z,+ 00
L) 2 2

I'is the rate of divergence of the confinement: the larger I'is, the more abrupt is
the transition to the open reservoir. We take I = 5 and I; = 20. Although the
magnitudes of I7and I} influence the quantitative predictions of the model, the
qualitative behaviour of the mobilities is similar so long as I7 < I’.

We impose the reservoir conditions at x = = 0. In the left reservoir, we apply
a voltage and pressure:

o(x=—00) =AV (14)

P(x=—00) = AP (15)

In the right reservoir, the voltage and pressures are held fixed at reference values
arbitrarily set to zero:

P(x=+00)=0, P(x=+00)=0 (16)
The total ionic density in both reservoirs is held fixed at p, = 2V, ¢, and both
reservoirs are assumed to be electroneutral, such that:

p,(x=to0) = e (17)

Variation of ion mobilities 1, and normalized water-ion friction coefficients o.. We
impose the following profiles for the ionic mobilities:
x+ L -L

tanh| =2 | — tanh| =2

Aadj adj

bulk f
p= (1 = | 1=

+ (18)

with an adjustment length \_4; = 0.3nm. To qualitatively account for the reduction
in chloride mobility, we take ,u“’m 0.51.°"™ Similarly, we impose for the normal-
ized water—ion friction coefficients:

h x+§
tan X

oy = (1 aconf) 1— +aiconf (19)

Results. Calculations were performed using the finite element method (COMSOL).
Extended Data Fig. 7a—c shows the results of the above model for low water-wall
(Mo/hy=10"" kg m~* s7!) and water-ion (a,=1<\ +H6,=0;
a_=0.7 \_/§ ~0.43) friction, and Extended Data Fig. 7d-f those for high
water-wall (\o/hy = 10"’ kg m~3s™!) and water-ion (o, = a_ = 0.01 equivalent
toX, /€ =A_/E_ =99 friction. We first note that in both cases we reproduce the
linear dependence of the streaming current on the pressure gradient for both zero
and non-zero applied voltages (Extended Data Fig. 7b, e), in agreement with exper-
iments (Fig. 3b, ¢, main text).

The low-friction results produce a quadratic dependence of the streaming
mobility on the applied voltage with a minimum mobility occurring for AV = Viyin
< 0 (Extended Data Fig. 7c). This qualitative behaviour is in agreement with the
experimental results obtained for graphite (Fig. 3d, main text). Likewise, the
high-friction results reproduce the linear dependence of the streaming mobility
on AV (Extended Data Fig. 7f) that is observed experimentally in hBN (Fig. 3e,
main text). The frictional characteristics of these results are consistent with the
typically much lower friction (larger slip lengths) observed on graphite than in
hBN>2232, We note that, in addition to taking low to moderate values of A + /€ 4
~ 0-1, it is necessary to take cr, > av_ to recover the qualitative behaviour of
graphite. On the other hand, it is necessary to take o, &~ v < ~ 0.1to recover the
qualitative behaviour of hBN. This suggests that frictional interaction of the wall
with the ions is weaker generally in graphite, and that it is stronger for chloride
than potassium. In hBN, on the other hand, our results suggest that the frictional
interaction of the wall with the ions is fairly strong for both species.

The numerical results presented here for the low-friction (graphite-like) con-
figuration indicate that ;4(AV = 0) is independent of concentration, roughly con-
sistent with the minimal variation observed in the experiments (Fig. 2c, main text).
However, the linear dependence of the mobility on concentration for non-zero
applied voltages (Fig. 3d, e, main text) is not observed in the model (Extended
Data Fig. 7c). Conversely, at higher friction (Extended Data Fig. 7d—f), i(AV = 0)
varies strongly with the concentration, as well as the gated mobility (Extended Data
Fig. 7f). This suggests the possibility that the concentration, applied voltage and
friction are coupled in ways not accounted for in our simple model.

The numerical results depend crucially on the difference in water flow charac-
teristics between the two materials through the concentration-dependent perme-
ance given in equation (8). However, the nature of this dependence is intricate.
Our numerical results indicate that, in addition to the advective current engen-
dered by the applied pressure, the streaming current characteristics depend cru-
cially on the modification of the electrophoretic current I,  pE (figure not
shown) via the modification of the concentration and electrostatic fields by cou-
pled voltage and pressure effects. An example of the influence of voltage on the
evolution of the concentration fields in the presence of a fixed applied pressure
gradient AP/L = 30 mbar um ' and a reservoir concentration ¢ = 300 mM is
shown in Extended Data Fig. 8¢, d. We see that both the applied pressure and
voltage induce modification of the concentration profile across the channel (as
well as inducing charge separation, not shown). The modification of the concen-
tration profile due to pressure is much stronger in hBN (Extended Data Fig. 8a, c),
and it is also much more sensitive to applied pressure and voltage in hBN than in
graphite. This latter characteristic is consistent with the smaller streaming mobil-
ities observed in the graphite-like configuration observed in our numerical results
(Extended Data Fig. 7c, f). Additionally, we see that the evolution of the concen-
trations under coupled AP-AYV forcing is different in the two materials; it is this
difference, and the corresponding difference in the response of the advective and



electrophoretic currents, that determines the difference between the two material
behaviours.

There are several aspects of the observations in graphite that we are not able to
reproduce: (1) the non-monotonicity of the dependence of j((AV = 0) on concen-
tration, (2) the linear dependence of the mobility on concentration when a voltage
is applied and (3) the magnitude of the mobilities measured at high concentration
under an applied voltage. Indeed, the model consistently predicts mobilities in the
quadratic (graphite-like) regime that are smaller than those observed in the linear
(hBN-like) regime (Extended Data Fig. 7c, f). This is not an issue of the voltage
range examined, as the mobilities are found to saturate or even reduce at much
higher voltages. Likewise, there is much that we have not included in our model:
in particular, steric effects and ionic correlations generally, as well as the ‘granu-
lar’ nature of water, which might be important at this length scale. Nonetheless,
the model does reproduce much of the key qualitative behaviour, and its success
depends on the strong differences in the frictional characteristics of hBN and
graphite, and further on the incorporation of the retarding influence of the ions
on the water transport, an effect that is exclusively two-dimensional. Thus, these
results illustrate the two-dimensional character of the flow and the limit of the
continuum description of matter.

Geometric sensitivity. The effect of the reservoir geometry on the numerical model
predictions is illustrated in Extended Data Fig. 9. In this plot we show the influence
of both the relative and absolute magnitudes of I3 and I’} on the predicted (A V)
responses for both the low-friction (graphite-like) and high-friction (hBN-like)
configurations. Between the blue and yellow curves, we vary the absolute magni-
tudes of Ijand I by an order of magnitude while keeping the ratio I3/} fixed. We
see that the magnitudes of 7 and I} have no influence on the qualitative (linear
or quadratic) behaviour of the mobility curves and have only a slight quantitative
influence on the graphite configuration. We also vary the ratio I3/ (red and
purple versus blue and yellow curves). In the graphite response, we see that the
minima in the red and purple (/}/ I} = 1/8) and the blue and yellow (/}/1}; = 1/4)
curves are coincident, even as we vary the absolute magnitudes of /i and I by an
order of magnitude. This indicates that in our model, for fixed values of the friction
coefficients, the asymmetry determines the location of the minimum mobility
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in graphite. Likewise, in the hBN curves, we see that the asymmetry is the only
geometric characteristic that determines the slope of the (AV) curve.

As a final note on the model geometry, a one-dimensional model of the type

that we have applied here is strictly valid only if the slope verifies |0.h| < 1.
Formally, this condition is not satisfied deep in the reservoirs. However, variations
of the various profiles in the reservoir occur over length scales that are found to be
at most of order the channel length L, so that |0, h| < I'h/L, which remains very
small. Note furthermore that reservoirs are included merely to qualitatively capture
the influence of (1) the device asymmetry and (2) the entrance/exit effects associ-
ated with the abrupt change in anion mobility at the entrance and exit of the slit.
Previous work using this approach to include the reservoirs within a one-dimen-
sional PNPS model was successful in capturing the nontrivial qualitative behaviour
of the ionic current under applied pressures and voltages®*.
Transition behaviour. In Extended Data Fig. 10a—c, we show the influence of the
friction parameters for high, low and intermediate friction on the gated mobilities,
and in Extended Data Fig. 10d-f we show the relative pressure dependence of the
normalized potential eA¢/kT along the channel axis. A¢ is defined as the potential
variation with an applied pressure A¢ = ¢(AV, AP = 30 mbar pm™~!) - $(AV,
AP = 0). The modification of the electrostatic potential, and hence the electric
field, under coupled pressure-voltage forcing contributes—along with the modi-
fication of the concentration field (Extended Data Fig. 8)—to the modification of
the electrophoretic current under an applied pressure. Extended Data Figs. 8 and
10 illustrate the complex interplay of competing interactions that contribute to the
surprisingly simple linear streaming response observed in the model.

Data availability

The data that support the plots within this paper and other findings of this study
are available in the main text and Extended Data Figures. Additional information
is available from the authors upon reasonable request.

34. Jubin, L., Poggioli, A, Siria, A. & Bocquet, L. Dramatic pressure-sensitive ion
conduction in conical nanopores. Proc. Natl Acad. Sci. USA 115, 4063-4068
(2018).
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membrane

Extended Data Fig. 1 | Angstrém-scale channel devices. a, Optical image
of a device with angstrom channels. The square in light pink colour is the
silicon nitride membrane which has a rectangular hole shown by the red
dotted line. Covering the hole, the bottom graphite layer, spacer and top
graphite layer are placed. Bottom and top graphite are visible in the image
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in light and bright yellow colours. b, Atomic force microscopy (AFM)
image of the bilayer graphene spacer lines on the device. The histogram
of the heights (below the AFM image) shows that the spacer is about
0.7 £ 0.1 nm thick.
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Extended Data Fig. 6 | Geometry and effect of the asymmetry of the
system. A slit of uniform height = 7 A and length L = 5pm connects
two asymmetric, divergent reservoirs of variable height k1 (x). The
asymmetry in the rate of divergence of the reservoir heights qualitatively
mimics the asymmetry of the experimental geometry. A voltage p = AV
and pressure P= AP are applied in the left reservoir (at x = —00); the
voltage and pressure are held fixed at ¢ = 0, P = 0 in the right reservoir
(x =+ 00). The density in both reservoirs is held fixed at p=p
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made to extract the mobility. ¢, Streaming mobility ;# normalized by the
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to the applied voltage from —50 mV (blue) to 50 mV (orange). a, The
high-friction (hBN-like) configuration with AP/L = 0. b, The low-friction
(graphite-like) behaviour with AP/L = 0. ¢, The high-friction (hBN-like)
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Extended Data Fig. 9 | Effect of the asymmetry of the system. a, b, Plots in the legend. b, High-friction (hBN-like) behaviour, ¢ = 100 mM,
show p(AV) versus AV as a function of asymmetry. a, Low-friction a,=0.0La =0.01,y = f“lk, p =0.5""%and No/hy=10"kgm™3s7,
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a =07, = fulk, 1 =0.5u""  and Ay/hy=10" kg m—? s, as in the indicated in a.

main text, while varying the geometric parameters /7 and I, as indicated
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Extended Data Fig. 10 | Influence of the friction parameters on the model
predictions. a-c, Plots show ;((AV) versus AV for different concentrations
(¢ =100 mM, 300 mM and 1,000 mM) and frictional parameters. a, Low-
friction (%raphite—like) behaviour. In this plot, we take a, = 1, . =0.7,
B= ,uf“l s = 0.5, and Xo/ho=10""kg m~3s71. b, Intermediate-
friction behaviour, a, =0.02, «_ = 0.01, = uf““‘, w =0.54""%and

No/ho = 5.10""kg m~* s~ ¢, High-friction (hBN-like) behaviour, ar, = 0.01,
a_=0.0Ly = Mfulk, i =0.5u""%and Ao /hy =10 kgm s,

d-f, Pressure-induced variation of the normalized electric potential

A¢ = ¢p(AV, AP = 30 mbar pm ') — ¢(AV, AP = 0) plotted as a function

of the normalized channel coordinate x/L axis for AV = —50 mV, 0 mV
and 50 mV. The dashed vertical lines segregate the channel interior,

x/L € (—0.5,0.5), from the left (x/L < —0.5) and right (x/L > 0.5)
reservoirs. The curves are coloured according to the applied voltage from
—50 mV (blue) to 50 mV (orange). Panels d-f correspond to the
parameters of a-c, respectively. g, Table of the friction parameters
corresponding to the data shown in a—c. The table also shows the

decomposition of Ay(c) into its three components for the concentrations
considered here.
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