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ABSTRACT

The transport properties of nanofluidic channels are usually studied under constant (DC) voltage or pressure driving. However, the frequency
response under sinusoidal (AC) drivings offers rich insights into the time-dependent transport mechanisms. Inspired by recent electrochem-
ical approaches, we investigate the couplings between ionic and electronic transport under AC driving. We show that conduction electrons
of the channel walls participate in ionic current via capacitive electrochemical coupling, defining a critical frequency and length scale where
electron-dominated conductivity emerges. We further analyze how electron-ion coupling modifies electro-osmotic flows and demonstrate
that fluctuation-induced momentum transfer between the electrolyte and wall electrons produces distinct AC transport signatures, depending
on the charge carrier polarity. Altogether, we establish a frequency-dependent transport matrix that couples ionic, electronic, and hydrody-
namic flows. These findings establish AC nanofluidic transport as a powerful probe of interfacial phenomena under confinement and suggest
new directions for engineering nanofluidic functionalities through electron-electrolyte coupling.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0313352

I. INTRODUCTION effects.”® Concurrently, a systematic difference in ionic conductance
has been observed between metallic and semiconducting carbon
nanotubes.”” The screening of ionic interactions by conduction elec-
trons in confinement has also been predicted by several theoretical
frameworks.”" " Altogether, nanochannels with electrically con-
ducting (often carbon-based) walls exhibit EK and hydrodynamic

responses that are markedly different from those observed in chan-

Progress in nanofabrication has recently enabled the study
of electrolyte transport through individual fluidic channels with
dimensions on the scale of a few molecular sizes."” Beyond lin-
ear electrokinetic (EK) transport, such as electro-osmosis, streaming
or osmotic currents,” ° these nanofluidic devices have unveiled

Ot :0€:20 9202 AenN 8T

a number of advanced, non-linear EK transport phenomena,
such as diode effects, ionic Coulomb blockade, and memristive
behavior.””"” Understanding these phenomena is already central
to many applications, such as separation processes and energy
conversion.

Recently, a number of experiments pointed out the role of
the channel wall electronic properties in nanoscale ion and fluid
transport.'” *° For example, the screening by conduction electrons
has been predicted to accelerate filling dynamics in narrow pores,”
while it had no experimentally detectable influence on ion entrance

nels with insulating walls (e.g., boron nitride). However, there is
still no clear intuition of how wall electronic properties affect ion
transport in nanochannels and membranes.”’

Experiments have further highlighted the coupling between
ionic and electronic pathways for charge transport under AC voltage
in porous electrode materials or between graphene layers.”””’ The
conducting channel walls behave as capacitive electrodes, with the
(local) dissolved ion population forming an electrical double-layer
(EDL), facing its electronic counterpart in the wall. This interface is
characterized by the corresponding EDL capacitance Cepr,”* whose
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value ranges between 1 and 50 yF/cm”.”” "' EDL capacitance is the
foundation of supercapacitor technology, " which makes exten-
sive use of nanoconfinement to maximize energy density.” > When
an AC voltage is applied to the nanochannel [Fig. 1(a)], the EDL
capacitor couples the transport of ions in solution to electrons in the
channel wall, leading to a “mixed” current carried by both ions and
electrons.** While this phenomenon has been discussed in the con-
text of porous materials, a thorough framework for the entangled ion
and electron transport, including all possible couplings, as shown in
Fig. 1(c), is still missing.

In particular, recent studies have shown that in addition to
capacitive effects, there may be direct momentum transfer between
an electrolyte and a solid’s electrons due to fluctuation-induced drag
effects,””"” "’ namely, ionic and hydrodynamic Coulomb drag. Ionic
Coulomb drag originates from the image charges induced by ions
in the solid wall. If the wall preferentially adsorbs ions of a given
sign, then an ionic current in the electrolyte will result in a net
current of image charges.”””’ On the other hand, hydrodynamic
Coulomb drag, or hydro-electronic drag, is the solid-liquid analog
of the condensed-matter Coulomb drag effect.”! It originates from
the quantum or van der Waals liquid-solid friction*” and amounts
to momentum transfer between an electrically neutral liquid and
a solid’s electrons via interfacial charge fluctuations.”””” Recent
experiments have evidenced ionic Coulomb drag phenomena,””’
but theoretical predictions suggest that the hydro-electronic
drag could be a stronger effect, particularly with carbon-based
materials.”

In this article, we determine the AC transport coefficients of
a nanochannel with conducting walls, as sketched in Figs. 1(a) and
1(b). These can be regrouped into a transport matrix [Fig. 1(c)] that
connects the thermodynamic forces in the system—hydrostatic pres-
sure drop AP, ionic voltage drop AUj, and electronic voltage drop
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AU.—to the corresponding fluxes such as, electrolyte flow rate Q,
ionic current I;, and electronic current I,

Q Ly Ygo  pne \[ AP
L |=|pueo G pie || AU | (1)
I Une  Hie Ge J\AU.

The diagonal terms of the matrix are the hydrodynamic permeance
Ly, the ionic conductance G;j, and the electronic conductance Ge.
The cross terms are the ionic and hydrodynamic Coulomb drag
mobilities (4, and p, , respectively) and the electro-osmotic mobil-
ity (g ). We focus our investigation on how the above-mentioned
ion-electron coupling mechanisms modify the transport matrix, in
particular under AC driving. This requires first coming back to the
molecular origin of the various couplings, as is done in Sec. I1, where
we consider the force balance at the ionic—electronic interface. We
highlight two regimes of interest: the limit of bulk transport, where
the ionic and hydrodynamic transports are independent, and the
limit of interfacial transport, where they are fully intertwined. In
Sec. 111, we focus on the effect of a capacitive electrochemical inter-
face, sketched in Fig. 1(b), calculating the ionic impedance of the
channel in the limit of bulk transport. In particular, we determine
conditions for the enhancement of ionic conductivity due to elec-
trons acting as intermediate charge carriers for the ionic current. In
Sec. IV, we explore the regime of interfacial transport and inves-
tigate how the ionic conductivity and hydrodynamic permeance
are modified by the conducting walls. In particular, we study the
subtle coupling between electro-osmosis and Coulomb drag effects,
which depends on the sign of the solid-state charge carriers, and dis-
cuss how the capacitive coupling overall enhances the nanofluidic
transport.
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FIG. 1. Model (a) schematic of the system: an AC ionic current and an AC hydrodynamic flow are driven through a nanochannel with electrically conducting walls by an AC
ionic voltage drop and an AC pressure drop. (b) Schematic of the solid-liquid interface: Coulomb interactions couple ions in the electrolyte to electrons in the channel wall.
(c) Sketch of the transport matrix of the system. The nanofluidic sector corresponds to the properties investigated in nanofluidic experiments in which we want to integrate
the electronic degrees of freedom of the conducting wall. The electrochemical sector corresponds to the properties traditionally investigated in electrochemistry.

J. Chem. Phys. 164, 134704 (2026); doi: 10.1063/5.0313352
© Author(s) 2026

164, 134704-2

0% :0€ :L0 9202 Aen 8T


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

Il. INTERFACIAL TRANSPORT MATRIX

At a molecular level, the solid-liquid interface is the locus
of the direct interactions between ions and electrons, as sketched
in Fig. 1(b). The transport of charged species—be it ions, elec-
trons, or holes—will generate local forces and currents, determined
by local force balances between the solvent, the ions, and the
electrons at the mesoscale. The microscopic force balance at the
solid-liquid interface is what allows for the calculation of the trans-
port matrix and, in particular, of the cross terms coming from
solvent-ion-electron interactions. This description generalizes the
modified interfacial stress balance introduced in the presence of a
mobile surface charge.”

As a prototype nanochannel, we consider a nanoscale slit of
length L, width W, and confinement (thickness) #, connecting two
reservoirs filled with a salt solution [Fig. 1(a)]. We assume that
the wall bears a fixed surface charge density X, resulting from
the adsorption of ions or the dissociation of surface groups.”” We
now add into this well-known description the mobile charge car-
riers (electrons or holes, with density #.) contained in the wall.
We assume that their dynamics are described by a Drude model
with intrinsic friction coefficient Ae,”” accounting for the wall’s
electrical resistance. A voltage drop and pressure drop (possibly
time-dependent) are imposed between the two reservoirs.

We denote vi©, v, and vE©, the resulting interfacial velocities
of the liquid, the ions, and the electrons, which we assume to be uni-
form over the boundary layers where cross-effects originate; “BC”
stands for “boundary condition,” pointing to the interfacial origin
of these quantities. Here, we will consider only linear transport with
constant and uniform coefficients. In particular, we assume that the
counterion density at the interface is not affected by variations of
the surface potential due to the wall charge carriers, thus neglecting
the nonlinear induced charge electro-osmosis effects’® and potential
recirculations of flow.

Let us now write the three momentum balance equations and
the resulting fluxes: one for the hydrodynamic flow, one for the
(interfacial) ions within the EDL, and one for the electronic charge
carriers. Integrating the momentum balance of the liquid over the
whole channel height yields

h )
Db -+ %&(vﬁc V) (), ()

where Ay, is the usual hydrodynamic friction coefficient on the wall,
& = ksT/D; is the Stokes drag coefficient of the ions—responsible
for electro-osmotic coupling—and Ay is the van der Waals fric-
tion coefficient” coupling hydrodynamics to the electrons—giving
rise to hydrodynamic Coulomb drag.””** Inertial effects have been
neglected, which is valid for small pore sizes, h, and accordingly
frequencies below v/h?*, with v = 5/p being the kinematic viscos-
ity (v/h* ~ 10'* s™! for nanometric confinement). Equation (2) is a
generalization of the usual Navier partial slip boundary condition.
The total flow rate decomposes into a contribution from interfacial
slippage and a bulk Hagen-Poiseuille term,””

Pw
thWVEC‘*' WVP; (3)
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where the Poiseuille term accounts for the usual bulk hydrodynamic
resistance, acting in parallel with the interfacial contribution.

The momentum balance for the interfacial counterions of
charge density —X reads

~3IVUi = %&(v?c—vﬁc) - %&(v?c—v?c), )

where £, is the ion-electron drag coefficient.” " Although typically
much smaller than the ion-solvent Stokes friction &;, we retain this
term to explore its physical impact. The two terms, respectively,
account for electro-osmotic coupling and ionic Coulomb drag. The
resulting ionic current combines an interfacial streaming term and a
bulk Ohmic term,

I = -25WviC + (24°chWDi/ks T)V U, (5)

where the bulk Ohmic contribution can be estimated from the ionic
diffusivity D; and the salt concentration ¢, (g is the ionic charge).

Finally, the momentum balance for the wall charge carriers
reads

2
neVUe = /\eveBC + Ahe(vfc - VEC) + %fe(vfc - V?C). (6)

The first term represents the bare electronic resistance used so
far. The second and third terms account for Coulomb drag aris-
ing from electron-liquid and electron-ion interactions, respectively.
The associated electric current is given by

I = 2ne WvE€, (7)

recovering a Drude-like relation for the wall resistance.
These equations can then be rearranged to obtain the matrix of
resistances of the system,

vP ) Ry, Rpo Rpe\[Q
VU | = I Reo R Rell L | (8)
VUe Rhe Rie Re Ie

The transport matrix, in Eq. (1), is deduced as the inverse of the
resistance matrix. The transport matrix completely describes the
various hydrodynamic-ionic-electronic couplings and its general
form is quite cumbersome. However, it takes simple forms in two

limiting cases: bulk and interfacial transport. This distinction is
=2

quantified by a Dukhin number, Du o

A. Bulk transport

Bulk transport is dominating in the limit of a small Dukhin
number Du = |Z|/gc.h <« 1 corresponding to a small surface charge.
As a consequence, the ionic current is dominated by its bulk Ohmic
contribution and the ionic resistance simply writes

ksT L AL
B and Re=-——,
2Wng

R;

i = - 9
ZqZDicS hw ©)

while the electroosmotic and ionic Coulomb drag resistances are
negligible. In particular, the ionic and hydrodynamic transport are
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decoupled. While the effects of the coupling between the hydro-
dynamic and the electronic transport due to the hydrodynamic
Coulomb drag have been investigated in Ref. 52, we will investigate
the effects of the capacitive coupling between the ionic and electronic
transport in Sec. I11.

B. Interfacial transport

In the limit of a large Dukhin number Du = [Z|/gc h > 1, inter-
facial transport is dominating. This corresponds to the limit of a
large surface charge and/or to a small solid-liquid friction (lead-
ing to a large slip length b >> h), associated with a uniform velocity
profile across the channel. As a consequence, the ionic current is
dominated by its interfacial streaming contribution and the flow rate
by the interfacial slippage. Thus, we obtain the hydrodynamic, ionic,
and electronic resistances,

£ (R ) AR

Ry, = ) N =
" R Whier qWE T 2wa?

) (10

where bt = 7/(An + |Z|&;/g + Ane) is the total slip length and
AT = Ae + Ane + [Z|&/q is the total relaxation rate of the wall charge
carriers. We also obtain the cross term resistances of electro-
osmosis, ionic Coulomb drag, and hydrodynamic Coulomb drag,
respectively,

ARTICLE pubs.aip.org/aipl/jcp

Importantly, we find that the signs of the cross terms are not univer-
sal, as they depend on the relative signs of the various charge carriers.
The cross term resistances have the opposite sign of the correspond-
ing mobilities. As the flow drags the counterions, the electro-osmotic
mobility has the sign of the counterions, and thus, Rgo has the sign of
the surface charge. Similarly, the flow drags the wall charge carriers,
so that the hydrodynamic Coulomb drag mobility has the sign of
ne and Ry has the opposite sign. Finally, the ionic Coulomb drag
pushes the ions and wall charge carriers in the same direction, so
that the mobility is positive when they have the same sign and vice
versa for the resistance Ri.. For clarity, we assume in the following
that the wall charge carriers are mainly negative. The coupling of
this intertwined transport structure with the capacitive interface will
be investigated in Sec. I'V.

lll. IONIC IMPEDANCE OF A CHANNEL
WITH CONDUCTING WALLS

First, we investigate the consequences of the ion-electron
capacitive coupling in the absence of surface charge. Thus, we
focus on the electrochemical part of the transport matrix shown
in Fig. 1(c), where the ion-wall coupling is characterized by the
double-layer capacitance Cgpp—corresponding to a total impedance
Zepr = 1/(iwCepr WL)—and neglect all transport cross-effects. Our
goal is to determine the ionic current and flow rate under AC forc-
ing, accounting for the presence of conduction electrons in the

Ot :0€:20 9202 AenN 8T

Reo = GL T &L X Ry = — AneL 1) walls. Under the assumption that electrostatic equilibration across
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FIG. 2. Capacitive effects of the conducting wall on ionic transport. (a) Equivalent electronic circuit of the system: the ionic and electronic paths are connected by the
continuous interfacial capacitor. (b) Typical result for the current in the ionic [J(x)] and electronic [1 — J(x)] paths as a function of the normalized position x/L along
the channel. The current is exchanged between the two paths over a typical length scale ¢, which is indicated by the vertical lines. (c) Exchange length ¢ as a function of
the frequency w/2 for different confinements h. Here, Cep = 20 yF/cmz, s = 1M, and D; = 5 x 10~° m?/s and the electronic resistivity is ReW/L = 10 k. (d) Critical
frequency for opening the electronic path, as a function of the nanochannel confinement h and for different nanochannel lengths L. (e) Real and imaginary parts of the
equivalent impedance Z of the system as a function of frequency, assuming a nanochannel length L = 100 um, confinement h = 10 nm, interfacial capacity Cegp. = 20
uFlem?, salt concentration ¢s = 1M, ionic diffusivity D; = 5 x 10=° m?/s, and electronic resistivity ReW/L = 10 kQ. (f) Current amplification, defined as the ratio of the
electric current in the presence and in the absence of the electronic path, as a function of the frequency, for varying interfacial capacities Cep . (g) Current amplification as a
function of the confinement h, for varying frequencies and the high frequency limit.
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the channel’s impedance can be described by a modified transmis-
sion line model (TLM)—see Fig. 2(a). It is made of two resistive
paths—ionic and electronic (the latter representing the channel
wall), connected by the interfacial capacitor. Thus, the differ-
ence between the ionic and electronic potential is given by the
accumulation of charges in this capacitor,

Ui(x) — Ue(x) = ZepLLOxIi(x). (12)

In the absence of Coulomb drag or electroosmotic effects, the spatial
evolution of these potentials is given by Ohm’s laws,

Lo Ui(x) = Rili(x) and LOxUe(x) = Rele(x). (13)
Only the ionic path is connected to the external circuit, but the elec-
tronic path can contribute to the AC conductivity thanks to the
interfacial capacity. We note that the complete circuit comprises
a resistance and a capacitance due to the electrodes and the solu-
tion reservoirs in series with the nanochannel. In the following, we
focus only on the nanochannel impedance Z;(w) = AU;/I;, where
AUj is the total ionic potential drop along the nanochannel, keeping
in mind that the electrodes impose a cutoff for the frequencies w that
can be probed, typically ranging from 1 kHz to 1 MHz.

If the two paths were perfectly connected, the fraction of elec-
tric current going through the ionic path would be I?/I = Re/(R;
+R.), where I is the total current going through the transmission
line. However, with a non-trivial interfacial impedance, this fraction
becomes dependent on the position x along the channel. Gathering
Egs. (12) and (13) and using that the total current I = I; + I. is con-
served, we find that the excess ionic current J(x) = I (x) — I solves
a modified Telegrapher’s equation in the continuous limit of the
TLM,*

U(0)* 82 (x, w) = 2i] (x, @), (14)

where we have introduced an exchange length,

/ 2L
fw) = wCEDLW(Riﬁ»Re). (15)

Here, this length has been defined to be a real value, and the fac-
tor i of the capacitive impedance Zgpy, has been explicitly written in
Eq. (14). Physically, £ corresponds to the lengthscale over which cur-
rent is exchanged between the two paths, as shown in Fig. 2(b) where
a typical solution of Eq. (14) is plotted. At distances x 2 ¢(w) along
the channel, J(x) = 0 so that I; = I,. Since the electronic resistance is
typically much lower than the ionic resistance, this means that elec-
trons become the main charge carriers far enough from the channel
mouth. This transition is of course only possible if the channel length
L > ¢(w)—a condition easiest to satisfy at higher frequencies. At
a given frequency, ¢(w) is shorter for stronger confinement: the
larger the ionic resistance, the easier is the transition to electronic
conduction [Fig. 2(c)].

We confirm this qualitative intuition by solving for the
impedance Zij(w) of the channel using the boundary conditions
Ii(£L/2) = I. Indeed, the Telegrapher’s equation provides the ionic
current profile given the total current I,

cosh((1+i)x/0)

L) =B+ (1= 8) e a0y

(16)
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Then, integrating the Ohm’s law leads to the total ionic potential
drop,

AUi :Ri f %Ii(x) (17)
and ultimately to the impedance,

ReRi Ri ( w )]
Zi(w) = 1+ g 2], 18
i(@) Re+Ri[ "R\ (18)

which is consistent with the result of Ref. 44 for porous media. Here,
we have introduced a critical frequency w,, defined by ¢(w.) = L,
which reads explicitly [Fig. 2(d)]

2

e 1
CEDLWL(Ri + Re) ( 9)

We

and a complex low-pass filter function ®(x) = tanh(\/2ix)/v/2ix,
which goes from 1 for x <« 1 to 0 for x > 1.

e At w =0, Z = R;: the electronic path cannot contribute to
the DC conductivity because the electrons cannot exit the
channel wall and the EDL capacitance blocks DC currents.

e At w — 0o, Z~ Re: the electronic path effectively short-
circuits the ionic path as the EDL impedance vanishes.
w = w; marks the transition between these two regimes. At
this frequency, the imaginary part of the impedance is largest
and the channel exhibits capacitive behavior [see Figs. 2(e)
and 2(f)]. w;l also replaces the ionic diffusive time as the
time of electric transport through the channel.

These two limits were indeed highlighted in the experiments
of Refs. 32 and 33. In practice, the electronic path is relevant if w,
is within the frequency range accessible to the ionic electrodes, typ-
ically between DC and 10°-10° Hz. As shown in Fig. 2(d), this is
the case for channels with high aspect ratio, but not for microscopic
drops such as those in Ref. 33. For realistic values of the resistivities
and interfacial capacitance (see Fig. 1 legend), we find, for instance,
w; = 10 Hz for L = 100 ym at 1 nm confinement or L = 1 mm at 1 ym
confinement. Electron-mediated ionic conduction can thus occur
across a vast range of scales, from nanochannels to microchannels.
We note, however, that there is a significant effect on the overall
conductivity only if the electronic resistance is much lower than the
ionic resistance, which is not necessarily the case for larger channels
[Fig. 2(g)].

AC conductivity measurements thus appear as sensitive probes
of confined electrode-electrolyte interfaces. Such measurements can
also provide valuable insight into multi-channel systems. Indeed, at
frequencies higher than w,, ions are no longer crossing the chan-
nel, meaning that even a clogged channel should exhibit non-zero
conductivity. In this scenario, the ions connect the electrode to
the interfacial capacitance of the nanochannel, while the electrons
connect the two sides of the nanochannel. A clogged channel as
shown in Fig. 3(a) is modeled electrically by two modified TLMs
[Fig. 2(a)] in series, with alternating ionic and electronic outputs. In
particular, Eq. (14) remains valid with adapted boundary conditions.
The voltage drop applied on each side of the system now writes
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FIG. 3. AC conduction through a clogged channel. (a) Schematic of a clogged
channel, where direct ionic conduction between the two ionic electrodes is blocked.
The main path taken by the AC current is represented. (b) Impedance of the
system with the same parameters as shown in Fig. 2.

0
AU pi (%) :
=L Lf/z dx (%) - ZepL i (0), (20)

leading to an equivalent impedance [see Fig. 3(b)],

Ri +Re
+ .

o(it)
Here, at low frequencies, the last term diverges: no current can cross
the circuit since there is no exchange between the two paths. Such
a term is obtained in the modeling of supercapacitors in Ref. 32.
However, at larger frequencies, electrons carry the current through
the channel, so that the total resistance is again the one of the par-
allel circuit ReRi/(Re + Re). Impedance spectroscopy can thus be
used to probe the number of clogged channels—currently an exper-

imental challenge”*’—in nanoporous membranes or multichannel
nanofluidic systems with conducting walls.

7~ RR_ 1(R-R)’ (“’) @1)

= +
Ri + R 4 Ri+Re 4w,

IV. INTERFACIAL NANOFLUIDIC TRANSPORT
THROUGH A CONDUCTING NANOCHANNEL

We now turn to the case of interfacial transport where the cross
terms of the transport matrix [see Fig. 1(c)] can further couple the
electronic transport with the ionic and hydrodynamic transport. We
start again from Eq. (12) for the interfacial capacity,

Ui(x) — Ue(x) = ZepLLOxIi(x) (22)

that we differentiate and replace the Ohm’s laws Eq. (13) by the
generic matrix of resistances Eq. (8),

vP . Ry Rpo Rpe\[Q
VUi | = I Reo R Rell 5| (23)
VUe Rhe Rie Re Ie

Thus, using conservation of the total current, we obtain the general
equation for the ionic current as

ZepLL207Li(x) = (Re + Ry — 2Rie )i (x) — (Re = Rie)I . ...
+ (Reo — Rye) ©, (24)
whose uniform solution is now

Re — R4 Ry — R
Iio _ e e 4 he EO Q (25)
Re + Ri - 2Rie Re + Ri - 2Rie
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Note that the denominators are positive due to the positivity of the
matrix of resistances. Finally, the excess ionic current J(x) = I;(x)
— I solves the same Telegrapher’s equation as before,

U(w)*02) (x, w) = 2i] (x, w), (26)

with the modified exchange length,

2L
(w) = ,
(@) \/wCEDL W(R; + Re — 2Rie)

(27)

which can be either enhanced or reduced compared to the surface-
charge-free case, depending on the sign of Ri.. Let us still define the
critical frequency w,, such that £(w.) = L.

Overall, using the boundary conditions I;(+L/2) = I, we then
obtain the ionic current profile,

h (1+i)x
(Re *Rie) + (Ri 7Rie)% I

Re + Ry — 2Ry

I,(x) =

(28)

cosh(%)
B cosh(%)

N Rye — Reo
Re + Ri - ZRie

Q.

Finally, we make use of Eq. (8) to obtain the total ionic potential
drop,

AUi = (Ri - Rie) ‘/%L(X) + RieI + REO Q (29)

and the total pressure drop,

AP = (REO - Rhe) /%L(}C) + Rpel + Ry, Q (30)

Hence, we deduce an effective transport matrix for the nanochannel
that accounts for the presence of the conducting walls,

AP(w) Zn(w)  Zro(w) [ Q(w)
= . (31)

AUi(w) Zro(w)  Zi(w) J\ Li(w)
These effective ionic, hydraulic, and electro-osmotic impedances
determine the linear response of the system to a dynamical (AC)

voltage and pressure drop, which can be probed experimentally.
The effective ionic impedance reads

and is plotted in Figs. 4(a) and 4(b) with and without (Ric = Ry = 0)
Coulomb drag effects. We observe that the impedance suppression
at high frequencies is weaker with increasing surface charge: more
surface charge means more counterions to carry the electric cur-
rent (lower DC ionic resistance), hence less transport through the
electronic path. We further observe in Fig. 4(b) that including the
ionic Coulomb drag effect further affects the impedance in a way
that depends on the sign of the surface charge. If the surface charge
is positive, then the charge carriers in the solution and in the wall
are both negative and ionic Coulomb drag favors current exchange
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FIG. 4. Nanofluidic impedances with conducting walls. We consider a channel where transport is dominated by surface charge (Du >> 1) and slippage (b >> h), of height
h =10 nm, width W = 1 um, and length L = 100 gm, with interfacial capacity Cgpi. = 20 uF/cm?, ionic diffusivity D; = 5 x 10=° m?/s, electronic friction &, = 10~ kg/s,
bare hydrodynamic friction coefficient A, = 10* Pa s/m, van der Waals friction coefficient A, = 10* Pa s/m, and a solid with a charge density n, = —10'e/cm? and a bare
electronic resistivity Re W/L = 10 kQ.5 (a) and (b) lonic impedance Z; normalized by its DC value R; as a function of frequency for various surface charges. (c) and (d)
Hydrodynamic impedance Z, normalized by its DC value Ry, as a function of frequency for various surface charges. (e) and (f) Electro-osmotic impedance Zgo normalized
by its DC value |Reo| as a function of frequency for various surface charges. We have set Coulomb drag cross terms to zero (Rie = Rpe = 0) in the first row and restored

them in the second row of plots.

between the ionic and electronic paths (Rie < 0)—hence, a stronger
impedance reduction. If the surface charge is negative, then the
charge carriers are of opposite signs, Ric >0, and the drag effect
hinders ion transport, thus increasing the impedance.

The effective hydraulic impedance reads

and is plotted in Figs. 4(c) and 4(d). Similarly to the ionic impedance,
the hydraulic impedance is suppressed at high frequencies as a con-
sequence of the current exchange between the electronic and ionic
paths, which impacts the flow through electro-osmosis. Hydrody-
namic Coulomb drag further suppresses the impedance if the ionic
and electronic charge carriers are of different signs, that is, if the sur-
face charge is negative [Fig. 4(d)]. On the contrary, Coulomb drag
increases the impedance in the case of positive surface charge.
Finally, the electro-osmotic impedance reads

Zao(e) = o = (IS B 1o )] o0

and is plotted in Figs. 4(e) and 4(f). Atlow frequency, we recover the
electro-osmotic resistance Rgo whose sign depends on the sign of
the surface charge. At high frequency, electro-osmosis all but van-
ishes: indeed, the coupling between liquid flow and ionic current
stems from the physical motion of the ions that drag the lig-
uid. If the ionic current is carried through the electronic path,
then the coupling mechanism disappears. Hydrodynamic Coulomb
drag re-introduces a coupling mechanism that allows for non-zero
electro-osmosis at high frequencies [Fig. 4(f)]; the corresponding
contribution to the impedance is always positive since the electrons
are negative—regardless of the sign of the surface charge.

While the matrix of resistances discussed above illuminates the
intricate physics of fluid-ion-electron couplings, the experimental
observable is rather its inverse, the transport matrix. Indeed, we
usually have control over the forces (we may set the pressure or
the voltage drop to zero) but not over the fluxes (it is harder to
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impose zero current or flow rate). We obtain the transport matrix
by inverting Eq. (31),

(IQ ((:))) ) (;2];((2)) Mé?((:)))( AA ;((Z))). (35)

The transport coefficients contain the same physics as the
impedances, but their qualitative behavior is quite intricate and
deserves a separate discussion.

The ionic conductance reads

1/Zi(w)

Gi(w) = 1 - Zgo(0)*/(Zi(w)Zy(w))"

(36)

Figure 5(a) shows its low and high frequency limits. At low fre-
quency, the conductance is dominated by electrophoresis rather
than electro-osmosis with our choice of parameters, so that G;(0)
o< |Z|, as expected for a channel where the ion concentration is
imposed by the surface charge. Note that our model thus reaches its
limit of validity when |Z| $ ¢;h, where c; is the bulk salt concentra-
tion. At high frequency, the conductance is boosted by the electronic
path and further boosted by Coulomb drag effects, with the latter
being dependent on the sign of the surface charge. The conductance
boost is stronger when ionic and electronic charge carriers are of the
same sign, that is, when the surface charge is positive.
The hydraulic permeance reads

1/Zh(w)

Ly(w) = 1 - Zeo(0)*/(Zi(w) Zn(w))

(37)

Figure 5(b) shows its low and high frequency limits. While the
hydraulic impedance shows strong frequency dependence [Figs. 4(c)
and 4(d)], the permeance is independent of frequency in the absence
of Coulomb drag effects. Indeed, if we impose zero ionic (stream-
ing) potential, then the ions are prohibited from moving whatever

ARTICLE pubs.aip.org/aipl/jcp

the frequency of the pressure forcing, so that the permeance scales
with the total slip length £y, o< biot, which includes the friction of the
flow on the ions, bt = 11/ (An + |Z|€;/q + Ane)- Since we work with
large surface charges, we have approximately £p(w — 0) o< 1/|Z[;
note here as well that |Z| S ¢;h is beyond our model’s limit of valid-
ity. Now, if we allow for hydrodynamic Coulomb drag, then under
AC forcing, the electrons follow the liquid flow and thus enhance the
permeability; since it does not involve the ions, this effect does not
depend on the sign of the surface charge.
Finally, the electro-osmotic mobility reads

ZEo(w)

_Zi(w)Zh(a)) —ZEo(w)z' (38)

pro(w) =

Figure 5(c) shows its low and high frequency limits, which are very
different. At low frequency or in the absence of Coulomb drag
effects, the electro-osmotic flow saturates for large surface charges
since the liquid-ion friction imposes Z, (w) o< |Z|: the ions not only
drive the flow but also increase the hydrodynamic resistance. Never-
theless, thanks to the hydrodynamic Coulomb drag combined with
the interfacial capacitance, the conducting walls allow for bypass-
ing this saturation at high frequency as the ionic current is replaced
by an electronic current. Hence, at high frequency, we predict py,
o< |Z|, with details of the low |Z| behavior dependent on the rela-
tive signs of the charge carriers. Notably, at zero surface charge, we
find a non-vanishing AC electro-osmotic mobility [see the star in
Fig. 5(c)]. Indeed, even without net ionic charge in the channel, part
of the ionic current is being carried through the electronic path and
the electronic current induces a liquid flow through hydrodynamic
Coulomb drag.

Two general trends thus emerge from the intricacies of AC
the transport coefficients. First, electrolyte-electron coupling (com-
ing from either capacitive or drag effects) results in enhanced ion
and fluid transport at high frequencies. This enhancement is due to
electrons dissipating less energy than ions in transporting a given

a b c
() 1 | * ® . © *
: W g : g :
102 | Goud & < 100 A
— "Wwithout 5 44 a [
2 Coulomb drad o >
E ot =i P2 - = 50+
@ £ o)
2 « 3 g
T 0 ] WKW 1S (1 ey
S 10 ® hout
S with and without 2 2 C‘glz\\gl‘;bograg
g 101 ] Coulomb drag 8 g _50
£ 17}
O = o}
(o) o
o - £ -100 4
1072 5 ...or without 8
Coulomb di i
: oulomb drag i _y50 4
1078 T T } T T T T T T T T
-04 -02 0.0 0.2 0.4 -04 -02 0.0 0.2 0.4 -04 -02 00 02 04

Surface charge (C/m?)

Surface charge (C/m?)

Surface charge (C/m?)

FIG. 5. Nanofluidic transport with conducting walls with same system parameters as those shown in Fig. 4. (a) Low- and high-frequency ionic conductance G; of the
channel as a function of the surface charge. In the absence of Coulomb drag (Rie = Rne = 0), the conductance is identical at low frequency and corresponds to the dashed
green line at high frequency. (b) Low- and high-frequency permeance Ly, of the channel as a function of the surface charge. (c) Low- and high-frequency electro-osmotic
mobility ¢, of the channel as a function of the surface charge. For (b) and (c), the transport coefficient is independent of frequency in the absence of Coulomb drag and
corresponds to the low-frequency limit. The stars indicate the low surface charge limit obtained from the bulk transport resistances in Eq. (9), with ¢s = 1 mM, and including

the hydrodynamic Coulomb drag in panel (c).
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amount of charge. Second, Coulomb drag effects introduce a depen-
dence of the transport coefficients on the relative sign of ionic and
electronic charge carriers—a valuable feature for determining the
nature of the surface charge in a nanofluidic system.

V. CONCLUSION

We have introduced a general framework describing the inter-
twined ionic and electronic pathways for nanofluidic charge trans-
port under a sinusoidal (AC) driving. We predict that nanofluidic
channels with conducting walls exhibit enhanced AC conductiv-
ity, as electrons in the walls act as intermediate charge carriers for
the ionic current via the interfacial capacitance. Through interfacial
cross-coupling effects, this enhancement propagates to an increased
hydraulic permeability and electro-osmotic mobility. Beyond single-
channel systems of fundamental interest, this enhanced transport
may find applications in filtration or energy harvesting processes
that exploit AC forcing,”“l‘\"m which could, therefore, benefit from
the use of conducting membranes, such as conducting polymers®”"’
or MXenes.®* The effect would be particularly significant in long
channels, such as those encountered in tortuous porous media.”” %’
This is, therefore, a promising avenue for enhancing the efficiency
of osmotic energy conversion—for instance, the reverse electrodial-
ysis process—by shortening transient regimes®' or via enhanced
electro-osmotic transport.'

Fundamentally, our findings also highlight the rich phe-
nomenology unveiled by using an AC probe and points to the poten-
tial of impedance spectroscopy and noise spectroscopy’’ as sen-
sitive probes of confined interfacial phenomena.”” Our theoretical
framework enables a detailed interpretation of frequency-dependent
impedances in terms of electrostatic processes under nanoconfine-
ment and allows one to disentangle electro-osmosis from ionic and
hydrodynamic Coulomb drag effects. While ionic electrodes already
allow for current measurements up to the MHz range—especially in
their capacitive limit—experimental techniques for high-frequency
hydrodynamic impedance spectroscopy are still lacking. Bridging
nanofluidics with acoustics, by studying wave propagation through
nanochannels where the hydrodynamic impedance plays the role of
a damping coefficient, appears as a promising route to overcome
this limitation. Then, these probes may inform on ionic conduc-
tance, interactions, and screening under strong confinement, at the
heart of outstanding fundamental questions in the fields of energy
storage,”** molecular separation,””***” and electrochemical CO,
reduction.”””'

Future work will extend our modeling to nanochannels with
more general electrochemical (Faradaic) interfaces. We anticipate
that such systems may host rich and subtle functionalities. For
instance, applying an AC voltage to the electronic path instead of the
ionic one could induce ion transport against a concentration gradi-
ent, through a mechanism reminiscent of redox-powered biological
proton pumps.””
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