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Resonant Nanopumps: ac Gate Voltages in Conical Nanopores
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Inducing transport in electrolyte-filled nanopores with dc fields has led to influential applications
ranging from nanosensors to DNA sequencing. Here we use the Poisson-Nernst-Planck and Navier-Stokes

equations to show that unbiased ac fields can induce comparable directional flows in gated conical
nanopores. This flow exclusively occurs at intermediate driving frequencies and hinges on the resonance of
two competing timescales, representing space charge development at the ends and in the interior of the

pore. We summarize the physics of resonant nanopumping in an analytical model that reproduces the
results of numerical simulations. Our findings provide a generic route toward real-time controllable
flow patterns, which might find applications in controlling the translocation of small molecules or

nanocolloids.

DOI: 10.1103/PhysRevLett.129.264501

Introduction.—In the past few years, nanochannels and
nanopores have been the subject of rapidly intensifying
research activities. They have found applications as nano-
sensors [1,2], in DNA sequencing [3,4], for liquid and gas-
phase separation processes [5], for water desalination by
reverse osmosis [6], or for power generation from salinity
gradients [7]. For many applications of electrolyte-filled
nanochannels and nanopores, it is desirable to control the
transport processes within. For such purposes, control
schemes based on a gate voltage, often applied via a gate
electrode, have been developed. By tuning the gate voltage,
the electrostatic potential at the channel or pore walls can be
modulated. In turn, the charge in the diffuse part of the
electric double layer (EDL) can be controlled, which is
especially interesting in the case of overlapping EDLs. In
experiments it was demonstrated that corresponding
schemes enable controlling the transport properties of
nanopores. Examples include the control of water perme-
ation [8] and DNA translocation [9-11], and more gen-
erally, the control of electromigration and diffusion fluxes
through nanopores [12—17] which can even be rectified
[18-21]. As for the latter, employing nanopores with
conical or converging geometries has proven particularly
useful [22-24]. For example, when filled with an electro-
lyte solution, their electric resistance can become direction
dependent, giving such pores current-rectifying properties
[25-27] with asymmetric current-voltage /(V) curves [28].
Notably, to date, most existing transport control and
rectification schemes in nanopores employ a dc (or slow
ac) driving, based on a constant applied voltage, such that
transport is essentially controlled by the equilibrium or
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steady-state properties of the system. In microfluidics,
however, it was shown that flow can be induced by
dynamic charging of thin EDLs over flat, periodic electrode
arrays with broken symmetry [29].

In the present Letter, we explore the transport properties
of conical nanopores under the influence of ac driving, i.e.,
for gate electrodes energized with frequencies high enough
to keep the ion cloud in the pore persistently away from its
equilibrium. By combining simulations of the Poisson-
Nernst-Planck and Navier-Stokes equations, whose funda-
mental validity in comparison to molecular simulations has
been demonstrated down to pore diameters of a few
nanometers [30,31], and analytical modeling, we show
that an ac driving induces a novel and subtle transport
mechanism in which the pore serves as a nanopump
creating a net fluid flow—even in the absence of a
direction-dependent flow resistance. Remarkably, the
pumping neither occurs for very slow nor very fast driving,
but the maximum flow rate is reached at a characteristic
resonance frequency which can be determined by the
system’s intrinsic response to a voltage step. We call this
mechanism resonant nanopumping. In contrast to previ-
ously reported pumping mechanisms that rely on the
coupling of translational and rotational molecular degrees
of freedom under ac driving [32,33], our mechanism is
completely based on continuum-mechanical concepts. We
explain it using an analytical model which predicts the
multidimensional parametric dependency of the flow rate,
in quantitative agreement with our detailed simulations.
Note in particular that such a transport mechanism at the
nanoscale must overcome challenges not present at larger
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Resonant nanopumping. (a) Schematic illustration of the conical nanopore connecting two reservoirs (indicated by gray disks),

the flow field (arrows), and the charge density [colors, ranging from low (yellow) to high (purple) charge density]. (b)—(d) Applying an
unbiased ac gate potential { with a frequency w (c) to the pore wall leads to a flow Q that oscillates with 2w and is biased toward the wide
end of the pore (b). The magnitude of the mean flow Q strongly depends on w, with a distinct resonant behavior (d).

scales. (i) There is no “bulk” region within a nanopore, so
that charges need to enter and leave the pore through the
openings at the pore ends. (ii) The screening layers at the
pore walls are not thin compared to the pore diameter and
may even significantly overlap. Thus, while pioneering
earlier work [29] hinges on the assumption of thin Debye
layers and the existence of a bulk region above the
electrode and, accordingly, has little predictive power for
gated nanopores, the mechanism which we propose creates
an efficient, controllable, and predictable transport at the
nanoscale. In addition, we note that the present Letter links
the physics of nanopores to Brownian ratchets [34-36], in
the sense that the creation of directed transport relies on the
same three generic ingredients, which are (i) time-reversal
symmetry breaking, (ii) parity symmetry breaking, and
(iii) a persistent driving creating a persistent nonequili-
brium situation [37].

Setup.—We consider a conical nanopore with length
L = 100 nm, a narrow end radius r, = 7.5 nm, and a half
opening angle @ = 10°, which connects two reservoirs filled
with an aqueous, monovalent, binary electrolyte solution
(Fig. 1). To avoid singularities, the corners at the two ends of
the pore are blunted with a radius of 1 nm. Both reservoirs
feature the same prescribed pressure and ion concentrations
co = 3.653 mM, and their boundaries far from the pore
[cropped in Fig. 1(a)] are grounded. The ion concentrations
are chosen such that the Debye length 4, is smaller than r,.
These parameters are used unless stated otherwise. The pore
wall is assumed to exhibit no native { potential and the gate
potential at the wall {(¢) can be varied. The pore and reservoir
walls [gray in Fig. 1(a)] are considered nonslipping and
impermeable for ions.

Flow field—Let us now explore the flow through the
pore when applying an ac gate potential {(¢) = ¢, sin(w?)
of angular frequency w. To do this, we numerically
solve the fully coupled set of Poisson-Nernst-Planck and
Navier-Stokes equations on this axisymmetric two-dimen-
sional geometry using the finite-element method [see
Supplemental Material (SM) for details [38] ]. We monitor

the flow rate Q = fr u,dA [Figs. 1(b) and 1(d)], with axial
velocity u, at any cross-sectional plane I'.

When o tends toward zero, we observe that the time-
averaged flow vanishes Q — 0 [Fig. 1(d) herein and
Movie 1 in SM [38] ]. This is plausible, as for slow driving
anions and cations alternately enter and leave the pore via
both openings and form fully developed EDLs along the
entire pore wall over the full driving cycle (Fig. 2, left-hand
panel). Consequently, the electric body force within the
equilibrium EDLs is counteracted by the electrohydrostatic
(osmotic) pressure gradient and the net force on the fluid
vanishes at all times [41]. Similarly, when @ tends toward
infinity, we observe a rapidly oscillating but very weak flow
Q, and Q again tends toward zero [Fig. 1(d) herein and
Movie 2 in SM [38]]. The reason is that for very fast
driving, ions are alternately driven toward and away from
the pore wall to screen the gate potential, but do not have
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FIG. 2. Net charge density p, and electric field vectors E within
the nanopore for slow, resonant, and fast driving with
¢ = ¢ysin(wt). The scales pi are 250, 80, and 20 kCm™,
respectively, E is scaled for optimized visualization. Splits show
instantaneous fields at different phase angles ¢ = wt.
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enough time to migrate into the pore. Accordingly, we
observe small (<« 1p) charged regions at the corners,
whereas the liquid around the pore center remains
uncharged (Fig. 2, right-hand panel). In this case, charged
regions are virtually absent and the flow is very weak.
Remarkably, however, for intermediate @, we observe a
significant flow. It oscillates with twice the driving fre-
quency and shows a strong bias, with net flow Q from the
narrow to the wide pore end [Fig. 1(b) herein and Movie 3
in SM [38]]. The emergence of such a flow might be a
surprise, since there are no apparent driving gradients,
especially pressure gradients, induced by the boundary
conditions. To understand how this flow comes about, note
that after each sign change of the gate potential, new EDLs
start to form at both pore ends and spread toward the pore
center. This process gets interrupted by the subsequent sign
change of the gate potential such that the EDLs follow the
gate potential with a delay, causing charge density gra-
dients along the pore that result in significant axial electric
fields at the pore ends. The middle panel of Fig. 2 even
shows the simultaneous presence of oppositely charged
regions. These axial electric fields exert a body force p,E
on the charged liquid at the corners that oscillates with
twice the driving frequency 2w, since both the charge
density p,, and the electric field E oscillate with w. Because
of the conical pore shape, these body forces asymmetrically
push fluid into the pore, leading to the observed bias which
we will further discuss and quantify below.

Step response and characteristic timescales.—To under-
stand the complex interplay of space charge and electric
field, we explore the response of the system (in equilibrium
at + = 0) to a steplike gate potential {(¢) = ©(1){,, where
O(7) = 1 for t > 0 and zero elsewise (step response method
[42]). Such a gate potential causes a fast increase of the
flow rate toward a distinct maximum, followed by a
comparatively slow relaxation toward the new equilibrium
state [see Fig. 4(a)]. That is, the system possesses two
competing inherent timescales: a short one corresponding
to the time needed for developing EDLs at the corners and a
long timescale corresponding to the time needed for ions to
migrate into the pore and develop an EDL throughout.
Within the latter timescale, the axial electric field vanishes,
ultimately leading to a wall-normal electric field in all
space-charge regions (Fig. 3, left-hand splits).

Viewing one pore end independently, the only length
scale that the electric field can depend on is the pore
diameter. Thus, after switching on the gate potential at
t =0, there is a significant axial electric field which
essentially persists over that length scale (Fig. 3, left-hand
and middle panels). Since the interaction of charges with
this field drives the flow, we identify the short timescale as
the time of diffusive transport of counterions (and co-ions)
into (and out of) the pore over a length of one pore diameter
to form EDLs at the corners of the pore (Fig. 3, middle
panel). Notably, although r; can be ~Ap in this Letter, we
find that the charging timescale for a pore end largely
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FIG. 3. Net charge density p, with electric field vectors E (left-

hand split) and pressure P (right-hand split) right after the gate
potential step and after the short and long timescales. An axial
pressure gradient quickly develops in response to electric body
forces acting at the corners. For long times, equilibrium EDLs
form, and the wall-normal electric body force and the pressure
gradient cancel.

follows the simple expression

ApTi
D
obtained for 1, < r; (see Refs. [43,44] and SM [38]). Here
D is the ion diffusivity (= 10~ m?s™') and the subscripts

n and w denote the narrow and wide ends, respectively.
The long timescale is associated with the filling of the
complete pore with counterions, leading to fully evolved
EDLs and to a cancellation of the axial electric field. It is the
timescale of diffusive transport of ions from both pore ends
over a distance of roughly L /2, which is derived from the
transmission line model as (see Refs. [43,45] and SM [38])

7, =4 i=n,w, (1)

1ApL?

T4 D @)
where 7 = 1/2(r, + r,,) is the mean radius of the conical
pore.

Delay effects drive the nanopump.—First, note that for
the step response the axial electric body force p,E, only
acts in the time window when p,, has already developed and
E. has not yet vanished, i.e., roughly for ¢ € [z;, 7;]. Within
this time window, the body force pushes liquid into the pore
from both ends, irrespective of the sign of {. The conical
shape breaks the reflection symmetry with respect to z,
making the force contributions from both ends unequal. As
a result of these localized forces, an axial pressure gradient
develops (Fig. 3, right-hand split) and liquid flows from the
narrow to the wide end.

Accordingly, when driving the pore with an ac voltage
with a frequency large enough to cause significant delay
effects, but small enough to allow EDLs to partially
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propagate into the pore, we observe unequal oscillating
axial body forces at both ends of the pore that drive liquid
through it. The mechanism hinges on the two competing
charging timescales whose existence has recently been
discussed for cylindrical pores [46,47] and is thus not
limited to conical shapes.

Analytical model.—To quantitatively predict the flow
through the nanopore, we translate the localized axial body
force contributions into effective pressures at both pore
ends, matching the pressure field emerging in reaction to
these forces (see Fig. 3, middle panel). We then solve the
Stokes equation to predict the resulting flow.

The effective local pressure at either pore end is
estimated by area averaging the axial electric body force,
assuming it is fully present only in an annular region of
width Ap——corresponding to the EDL—with an axial
extension comparable to the pore radius. For the step
potential, this yields a time-dependent pressure at a pore
end i of

|

T

V14t /14 o’

Pi(t.w) = K;&3

N[ =

F? rzz—(ri—ilﬁz
Ki=co okt 7

1

The first term in braces is a frequency-dependent
constant offset and the second term describes a harmonic
oscillation with twice the driving frequency and a fre-
quency-dependent phase shift. To translate the effective
pressures at the pore ends into a flow rate, we analytically
solve for the pressure-driven flow in a conical pore under
the long-wavelength approximation, yielding (see SM [38])

3”rw_rnr§1
0=-2- L 3(Pw_an (6
Su1-4 ) )

w

where 4 is the dynamic viscosity of the liquid. The resonance
frequency w,,, readily follows from this expression by
(numerically) solving 0Q/dw =0 for @ > 0. Overall,
Egs. (4)-(6) [Egs. (3) and (6)] represent a full analytical
model of the flow rate through the conical nanopore for a
harmonic [steplike] gate potential, which does not contain
any free parameters. The model is expected to make valid
predictions if {, < RT/F and 1p < r; < L.

Comparison between model and numerical simulations.—
Let us now systematically test the model by comparing it to
our numerical simulations. Therefore, we compare the
maximum flow rate Q.. and the time where this maximum
occurs f,,, for step response simulations [Fig. 4(a)] in
a five-dimensional parameter space with ¢, € {1, 10,

—n)’

2 (. B
_n iAol i), emiin, (3)

Pi(t) =

ri

where we use tildes to denote characteristic scales and
assume exponential decay on each timescale, due to the
capacitorlike charging of the EDL [48]. Clearly, this pressure
is higher at the narrow end of the pore. We estimate the
characteristic volume charge via the Debye-Hiickel approxi-
mation as p, ~ 2{ycoF?/(eRT), with temperature T and the
Faraday and gas constants F' and R, respectively. (See SM for
details [38]). Assuming, again, that the electric field at both
pore ends first emerges on a length scale comparable to the
pore diameter (Fig. 3) yields E_; ~ {,/(2r;). The pressures
in Eq. (3) are proportional to the multiplied step responses of
volume charge and axial electric field. We find the time-
dependent pressures in response to an ac gate potential
{(r) = {o sin(wr) from these step responses [49] and again
area average their product (see SM [38]):

{cos {atan(a)r,-) — atan <a)171)] — cos {2a)t + atan(wz;) + atan (a)lrlﬂ } (4)

100} mV, ¢, € {1.827,3.653,36.53,182.7} molm=, r, €
{7.5,15} nm, L € {50,100,200} nm, and « € {5, 10,
20}°, yielding 0.95 > Ap/r, > 0.048. We note that A, =
0.71 nm at the highest concentration likely exceeds the
scope of continuum theory. The result shows a good
agreement over the entire parameter space [Fig. 4(c)], even
for £, = 100 mV > 25 mV ~ RT/F, which is beyond the
regime where our assumptions are justified. Moreover, the
pumping is not limited to certain EDL thicknesses.

Note that due to the linearity of the underlying charging
processes, the comparison for the step response is largely
representative also for the harmonic gate potential. As
exemplarily shown in Fig. 4(b), the model correctly predicts
the mean flow rate up to the resonance frequency. Noticeable
deviations at larger frequencies can be attributed to the fact that
the model assumes that driving axial fields at the pore ends
are only governed by the delay of screening charge at the pore
center (timescale ;). However, at high frequencies, the pore
center remains uncharged at all times and otherwise negligible
variations due to the local dynamics of charge generation
at the corners (timescale z;) become dominant. This intro-
duces nonlinearities that are not included in the model.

Experimental feasibility.—Several studies have proven
manufacturability of gated nanopores [12,50] including
conical shapes of similar dimensions as previously dis-
cussed [18,51]. The proposed mode of resonant ac driving
is thus practically realizable. Moreover, it is not limited to
the pore dimensions considered above, since the funda-
mental physical mechanism applies more broadly.
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FIG. 4. (a) Step response of the system. (b) Mean flow rate Q

over ac driving frequency for the analytical model and simu-
lations; symbols denote time-domain simulations of governing
equations. (a),(b) £, =10 mV. (c) Scatter plots comparing
analytical and simulation results over a large domain of the
parameter space for step responses, using the maximum flow rate
Onax and time of maximum flow rate 7,,, (inset), with shaded
factor-two error areas and ¢, = ¢(/3.653 mM.

Conclusions and outlook.—To conclude, we have demo-
nstrated that electrolyte-filled conical nanopores with gate
electrodes create a net flow when an ac voltage is applied to
the gate. We have explained the emergence of a net flow as
a resonance phenomenon that is based on two competing
charging timescales. Achievable flow velocities range from
millimeters to centimeters per second, which is comparable
to electro-osmotic flow in nanochannels and other nano-
pumping principles [52—-58]. Resonant nanopumping could
allow real-time flow regulation in individually addressable
nanopores, where the voltage amplitude and driving fre-
quency serve as parameters to control the magnitude and
temporal structure of the flow field. Generally, gated
transport through nanopores under ac driving could open
up superior possibilities for selective mass transfer, like
in the case of macromolecules or nanoparticles. As an
example, the principle could prove beneficial for contro-
lling DNA translocation in sequencing applications. Last
but not least, the nanopumping induced by transient EDLs
uncovered in this Letter could find applications with a

number of different electrode structures beyond conical
shapes.
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