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Abstract

Recently discovered nanofluidic memristors, have raised promises for the development of
iontronics and neuromorphic computing with ions. Ionic memory effects are related to ion
dynamics inside nanochannels, with timescales associated with the manifold physicochemical
phenomena occurring at confined interfaces. Here, we explore experimentally the
frequency-dependent current—voltage response of model nanochannels—namely glass
nanopipettes—to investigate memory effects in ion transport. This characterisation, which we refer
to as mem-spectrometry, highlights two characteristic frequencies, associated with short and long
timescales of the order of 50 ms and 50 s in the present system. Whereas the former can be
associated with ionic diffusion, very long timescales are difficult to explain with conventional
transport phenomena. We develop a minimal model accounting for these mem-spectrometry
results, pointing to surface charge regulation and ionic adsorption-desorption as possible origins
for the long-term memory. Our work demonstrates the relevance of mem-spectrometry to
highlight subtle ion transport properties in nanochannels, giving hereby new insights on the
mechanisms governing ion transport and current rectification in charged conical nanopores.

1. Introduction

Ion transport through solid-state nanochannels exhibits rich properties [1-3], including anomalously high
conductivity [4-9], ionic selectivity [10—14], ionic current rectification [15-31], non-monotonous
current—voltage relations [32-37] and mechanosensitivity [38, 39]. These original transport properties of
confined electrolytes might be used to interface biological living systems [40, 41], or implement
neuromorphic computing [42, 43]. So far, ionic diodes, transistors [44—46] and triodes [47, 48] were
demonstrated, and nanofluidic components were used to implement various computational tasks [43, 49].
Among other components, the so-called nanofluidic memristors (short for memory resistors),
characterised by history-dependent conductances, have aroused a lot of attention [43, 50-57], since they are
promising elements for mimicking biological synapses, building circuits combining computation and
memory module in a single unit, for complex signal processing [58] or as non-linear components in
dynamical systems [56]. The conductance of a memristor depends on its internal microscopic state (for
example, ion concentration inside the device). The latter varies depending on the applied voltage drop AV,
leading the conductance to evolve over time, converging to the equilibrium value G (AV). In a wide class of
nanofluidic memristors functioning with voltage-driven ionic accumulation/depletion, the conductance
evolution was predicted to occur over a typical timescale 7, referred to as the memory time of the memristor,
and roughly equal to the diffusion time of ions through the device [52, 54, 56], which is of the order of 100
ms for a nanofluidic device of length L =~ 10 um. This estimate is consistent with some experimental results
[49, 54, 58, 59] but more subtle behaviour were reported as well. In particular, complex memory effects were
reported in nanofluidic devices, such as long-term potentiation in 2D nanochannels (after a bias pulse, the
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conductance quickly relaxes to a value close to the initial value, but remains higher than original value for a
long time) [54], or an analysis of conductivity evolution involving two characteristic times in functionalised
charged conical nanopore [55], for which a clear understanding is lacking.

In the present work, we explore more thoroughly how the channel’s memory depends on the excitation
frequency, a technique which may be coined mem-spectrometry. Anticipating on the result to be shown
below, this mem-spectrometry approach highlights two different characteristic frequencies, associated with a
short (T &~ 50 ms) and a long (7yow ~ 50s) time scales for the ionic dynamic in glass nanopipettes. We
characterise how these typical timescales depend on electrolyte concentration, and show that long-term
memory fades at high concentration, while the short-term memory is shifted towards higher frequencies.
Finally, we discuss several scenarios accounting for the emergence of two separate time-scales in
asymmetrical channels.

The present article is organised as follows: first we characterise our nanopipettes, and show that ion
transport exhibits memory effects, in the sense that the conductance of the pipette depends on the history of
applied voltage. Then, using mem-spectroscopy, we report the frequency and amplitude of the memory
effect as a function of salt concentration. Finally, we introduce a minimal model involving the dynamics of
surface charges which qualitatively accounts for our results.

2. Materials and methods

We carry out measurements on three nanopipettes, obtained from quartz capillaries, which display the same
tip radii of 50 £ 15 nm (see SEM image in figure 1(a)). Before filling a pipette with a solution, we expose it to
an oxygen plasma for ten minutes to ensure a clean and hydrophilic surface. We prepare KCl electrolytes with
MiliQ deionised water (resistivity of 18.2 M{2cm at 25°C) and KCl crystal (Sigma-Aldrich, purity > 99.5%)
with varying concentration c. pH is fixed at 5 by adding HCl salt in proportion [HCI] = 10> M < [KCI].

Our experimental setup for ionic current measurement is sketched in figure 1(b). The pipette is
immersed in the electrolyte, its tip separating the fluid into two reservoirs, corresponding to the inside and
the outside of the pipette. We insert one Ag/AgCl electrode in both reservoirs, and link them to a
patch-clamp amplifier (Axopatch-200B), which we used to impose time-dependent sinusoidal voltage with
varying frequencies f, and to record the induced ionic current. As many charged conical nanopores, glass
nanopipettes are well-known for rectifying ionic current [15, 20, 21, 30, 39], thus behaving like ionic diodes.
When the bias causes the counterions to move from the tip to the base of the pipette, the ion concentration
increases near the tip, resulting in a high conductance. Conversely, reversing the bias results in a depletion of
ions near the tip which lowers conductance.

We measure the IV characteristics under quasi-constant bias, as the one shown in figure 2(a), and report
a drop of rectification ratio (ratio of conductance at 1 V and —1 V) with ionic concentration, from around 50
at 0.2 mM to 10 at 10 mM (see appendix). This decrease of rectification is expected as ionic accumulation
and depletion stem from surface effects, which become relatively weaker at high concentration due to higher
bulk conductivity [30].

To conclude the pipette characterisation, we measure its conductivity under zero voltage, defined as
Gy = dI/dAV(AV =0), depending on the KCl concentration c (see figure 2(b)). Results show that at high
salinity, the conductance is linear with the salt concentration, while it flattens at low concentration due to the
surface charge of glass in water [2, 60].

3. Memory spectroscopy

We make a systematic use of the methods introduced in [50, 54] to quantify memory effects. When subjected
to time-varying voltage AV(#) = Vysin(27 ft), a memristor displays typical [-V characteristics that depend
on the driving frequency f. As shown before, the device is a diode at vanishing frequency (figure 2(a)), while
it behaves as a resistance at timescales faster than its internal memory time. In intermediate frequency
regimes, its -V curve displays a figure-of-eight, crossing at the origin, which is the hallmark of memristive
behaviour. Typical experimental I-V curves are shown in figure 3(a). Both the rectification and the opening
of the figure-of-eight depend on the voltage frequency.

For a given set of parameters (KCI concentration ¢, voltage amplitude AVj), we measure I-V
characteristics for various voltage frequencies f and use the area A(f) of the hysteretic loop to quantify the
memory effect. The area A(f) is defined as

A(f)=—§l§ 1) -dAV () 1)

2
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Figure 1. Presentation of the experimental setup. (a) SEM images of glass nanopipettes, with tip radii Ry, = 50 &= 15nm. The
conical pore can be considered as semi-infinite since its geometrical length L ~ 1 mm is far greater than any microscopic length.
(b) Schematics of the setup for ionic current measurement through the tip of the pipette. Time-varying sinusoidal bias

AV(t) = AVpsin(27 ft) is imposed between two Ag/AgCl electrodes located inside and outside the nanopipette respectively. The
resulting electrical current I(¢) is recorded.
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Figure 2. Characterisation of the nanopipettes in low frequency regime. (a) Current—voltage curve of a glass nanopipette in the
limit of low frequency (f = 1 mHz), where memory effects are negligible. An important current rectification can be observed due
to the conical geometry of the channel. The dashed black line represents the conductance at origin Gy = dI/dAV(AV = 0). (b)
Conductance Gy = dI/dAV(AV = 0) at zero bias depending on KCl concentration. Three colours represent three distinct
nanopipettes. We fit the concentration-dependent conductance with the expression for the conductance of a charged conical
nanopore, as derived in the appendix, Go = R ™! with R = 1/(2m apec)In(1 + o/(cNaeRyp)), with the parameters: (half)
opening angle o = 7°, surface charge o = 30mC - m~2, mobility x such as pe = 6.7 - 1078 m? - V=1 . s~1, tip radius

Ryip = 55nm.

where the integral runs over the voltage cycle. A(f) has the dimension of a power. To facilitate comparison
across frequency and concentration, we further define the normalised A(f) = A(f)/(2AV,AI(f)), with
AI(f) the difference between maximal and minimal intensities of .A for a given frequency. In what follows,
we display only normalised area A(f) rather than its dimensional counterpart. The resulting curve of
normalised loop area as function of voltage frequency forms the memory spectrum of the memristor.

4. Double memristive resonance

On figure 3, we plot the memory spectrum of a glass nanopipette at 100 M KCI concentration. As outlined
above, the loop area vanishes in the low and high frequency limits. At intermediate frequencies however, we
find that A(f) reaches not one but two maxima fg,¢ =~ 3 Hz and fgow ~ 3 mHz, yielding two timescales over
which conductance changes in the channel 7, ~ 1/27 fre ~ 50 ms and Tgow ~ 1/27 fiow ~ 50's. We
attribute such a large separation in timescales to two distinct transport mechanisms occurring through vastly
different kinetics. In particular, while a memory time around 50 ms is consistent with previous findings in
glass nanopipettes, a long-term memory has not been reported before in this context.

Then, we investigate how the mem-spectrometry results depend on salt concentration ¢, which we vary
between 10~ ! and 10> mM (see figure 4). On the one hand, we observe that the low frequency peak occurs at
fslow = 3 mHz irrespective of the electrolyte concentration, but that its amplitude sharply decreases with
increasing salt concentration. We plot in figure 5(a) the amplitude of the peak—i.e. the normalised loop area
at the frequency fow—as a function of the salt concentration c. We hypothesise that this long-term memory

3
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Figure 3. Experimental results of the memory spectrometry carried on a nanopipette at low KCl concentration ¢ = 0.1 mM. (a)
I-V characteristic of Pipette 1 for low KCI concentration ¢ = 10~* M, and various driving frequencies f fijow = 3 mHz,
f =100 mHz, and fg,sc = 3 Hz. (b) Results of the memory spectrometry: normalised loop area depending on the bias frequency.

Two peaks are highlighted, which shows that significant conductance variations occurs both over long timescales and over short
timescales.
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Figure 4. Experimental results: memory spectra for a range of concentrations ¢, ranging between 10! and 10! mM.

is associated with surface effects—consistent with the decrease of the relative magnitude of surface
conduction at high concentration. In contrast, the high frequency peak amplitude varies remarkably little
depending on ¢, whereas its position on frequency axis increases with concentration. On figure 5(b), we
report the scaling of fr,g with ¢ for three different pipettes. We see that the short-term memory time roughly
follows the scaling g o< ¢~X with & 0.5. We finally note that these results are robust when changing of
nanopipettes, as demonstrated in figure 5. Raw data for the mem-spectrometry curves for various
concentrations for various pipettes are further provided in the appendix.

5. Modelling for the dual memristive response

So far, the typical interpretation for the memory time in a nanopore is that the accumulation and depletion
of ions should occurs over a typical memory time 7 coinciding with the diffusion time of ions through the
channel, 7 ~ Lﬁff/ D, with D the diffusivity of ions and L a characteristic length of the channel. Taking

Legr ~ 10 pm as the effective nanopipette length—defined so that it accounts for 90% of the overall resistance,
(c.f. Appendix A) —and D = 1.75-10"?m? - s~!, one gets accordingly 7 ~ 50 ms in good agreement with
the short time scale evidenced in the mem-spectrometry. We note however that the scaling of this time-scale

4
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Figure 5. Memory spectrometry: experimental results. (a) Amplitude of the low frequency peak, depending on the electrolyte
concentration, for 3 glass nanopipettes, represented with three distinct colours. (b) Dependence of the fast resonant frequency
ffast with the ion concentration, for three glass nanopipettes, represented with three distinct colours.

with the salt concentration, as reported in figure 5(b), matches the dependence of the Debye length Ap. This
may suggest that the fast time is related to an RC time-scale, with 7r¢ ~ ApL/D for the charging dynamics
between 2 electrodes. Quantitatively however, this would yield a memory time of the order of a few
microseconds, far below the experimentally measured value for the fast time-scale. One would need to
introduce an arbitrarly large prefactor, which would therefore contain most of the physics. We therefore
argue that the fast time scale is diffusive, with the scaling 7 ~ L? /D, as was furthermore supported by
previous analytical and experimental work on conical nanopores by Kamsma et al [49]. Hence, we assume
that the short-term memory in our pipettes—associated with the memory peak at f,—stems from diffusive
dynamics.

Now, the source for the long-term memory, i.e. the peak at f o, is less clear. The surface charge carried
by the nanopipette wall is a natural candidate for slow internal relaxation. A first indication is that the slow
frequency peak drops as concentration increases, hence as the contribution of surface conduction becomes
negligible as compared to its bulk counterpart. Furthermore, it is known that the surface charge on a
nanochannel wall depends on salt concentration and pH [8, 61] and recent works showed that this may
induce some peculiar and very slow relaxation dynamics, due e.g. to flow recirculations in presence of
inhomogeneous surface charge relaxation processes [62, 63].

In the following, we propose a simple modelling accounting for both the non-linear (frequency-
dependent) I-V curves and the emergence of memory effects in charged conical nanopore. A specificity of
the conical geometry is that it behaves as an ionic diode, as evidenced here again in figure 2 and any
modelling has to account for this non-linear transport behaviour. The latter is a signature of the complex ion
dynamics inside the asymmetric channel, akin a P-N junction. In principle, describing the dynamics of ions
in our nanopipettes would require to solve the 3D Poisson—Nernst—Planck equations in a conical geometry.
This was done in the steady state in [30, 38, 39], while the kinetics were investigated only for infinitesimal
time-dependent voltage drops in [56].

Here our objective is to built a simplified modelling on the basis of the gross features of the mechanisms
at play. A key point is the asymmetric transport of anions (co-ions) and cations (counter-ions), due to the
presence of a (negative) surface charge. A voltage drops results, at the tip, from an increased transference of
cations and a suppressed transference of anions [30, 38]. This asymmetry in the partitioning of the ionic
transport between surface and bulk then leads to an accumulation/depletion of ions occurs near the tip [20,
21, 30]. This concentration polarisation at the tip is at the origin of the non-linear response. This will occur
as the Dukhin length, defined in terms of the local ion concentration ¢ and surface charge o as {pu = 77, is
larger than the tip radius Ry;p. Equivalently the Dukhin number (defined here at the tip) Du;, = m is
larger than unity. Accordingly, the modelling has to account for the kinetics of ionic accumulation and
depletion near the tip of the nanopipette. This is what we propose here.

We model the glass pipette as a a conical pore of length Leg =~ 10 pum, placed between two reservoirs at
concentration cey, as sketched on figure 6(a). The pore has a tip radius Ry, = 55 nm, opening half angle
o = 7°, base radius Ryase = Legr and volume of interest )V = WLeffRfmse /3, with a constant surface charge o
on its walls. We assume o ~ —30mC - m™2.
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Figure 6. Schemes for the various models introduced (see text for details). (a) Scheme of the geometry and the flux of the conical

nanopore. (b) Results for the I-V characteristics with Model 0, for voltage amplitude AV, = 400 mV, frequency f = 1 mHz, and
concentration cexy = 1 mM.

To describe the voltage-dependent memristive response of the pipettes, we use a two- or three-states
model, which separates the ion profiles into homogeneous populations in separate regions: in the channel, in
the reservoirs and on the surfaces [54, 64]. The concentration in the reservoirs (outside of the nanopipette) is
fixed to ¢y, while the concentration takes a different value ¢, near the tip of the nanopipette, as a result from
the time-dependent accumulation and depletion (Model 0). Ions can also be present at the surface in the
form of a time-dependent surface charge o(¢) (Model 1) or as an adsorbed specie with concentration ¢4,
(Model 2). The surface charge and surface conduction induce an asymmetry in the current response to AV
which, depending on its sign, either increases or lowers the inner concentration c;,.

We now describe the various models based on these assumptions.

5.1. Model 0: Ion transport in a charged conical pore

In the most simplified modelling, we describe the kinetics of the inner concentration ¢, in terms of the
competition between the ionic transport leading to concentration accumulation/depletion at the tip and the
various processes which would relax the concentration gradient in the tip. We assume for now that the
surface charge o is fixed.

As stated above, the accumulation/depletion of ions occurs near the tip occurs due to the asymmetric
ionic transport under the electric field. Note that deviations to electroneutrality can be neglected because it is
short-lived with respect to memory timescales. The corresponding electrophoretic transport is therefore at
the origin of the concentration contrast between the inner and outer concentration and this is modelled as a
generic flux YAV, with 7 a coefficient accounting for the voltage induced concentration gradients. An
estimate for y in terms of accumulation of ions is discussed in the appendix B, yielding v ~ (2e NAVR) L.

Such concentration gradients will then be relaxed by diffusion and electro-osmosis, which both tend to
relax ¢, back to cex. The diffusion flux from inside to outside the pore is of the order D ﬁRf)ase /Legrx
(¢in — Cext)> where L is the typical length over which the concentration varies and ﬂRﬁase is the area of the
exchange surface. On the other hand, the voltage drop AV induces an electro-osmotic flow of amplitude
|Q| = S¢tm|A V], with Sgp, the streaming conductance of the pore. This flow |Q] is responsible for a flux of the
order of |Q| (¢in — cext)- Altogether, the relaxation flux behaves as — (¢, — cext) /7(AV) with the typical time
associated with concentration relaxation accounting for the two previous relaxation mechanisms:

% 1 -
AV) = =(—+— 2
T(AV) 7T &2 DLegr + | AVSstm| (TDiff+ TEO(AV)) @

with Tpiff = V/m a®DLeft &~ L%;/3D the typical diffusion timescale, and 70 (AV) = V/|AVSym| the
timescale of concentration relaxation due to electro-osmosis.
Gathering the different contributions, one can thus write a simple dynamics for ¢, in the form
8Cin o 1

31‘ _’YAV_ m(cin_cexJ (3)

where 7(AV) the concentration relaxation time. Note that we do not include time-nonlocal effects in the
modelling of the dynamics, merely for simplicity. A time-local model where parameters can be physically
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estimated allows for simpler interpretations. Then, we solve the time-dependent equation (3) to obtain the
time-dependent concentration of the pore ¢;,(t). Once the pore concentration is known, the ionic current in
the system is then obtained as

x AV (t) (4)

according to Ohm’s law. Here R is the ionic resistance of the nanopipette, the expression of which is obtained
in the appendix A as

R(t)= —In <1+ (5)

 2mapec

£pu [cin (1)] )

Rtip

with the ion mobility y such as jie = 6.7-1078m? - s~ - V™!, and £py[cin] is the Dukhin length defined in
terms of the inner concentration cjy.

In the stationary state under a constant voltage drop AV, equation (3) accounts for the inner
concentration ¢, (AV) = cexe + 77 (AV) x AV which depends on the applied voltage. After inserting
¢in(AV) into equation (5) and computing equation (4), one obtains the I-V curve of a diode, asymmetric in
the voltage reversal, AV — —AV.

Let us now solve equation (3) under an AC sinusoidal bias, AV(t) = AVysin(27 ft) to obtain the
time-dependent concentration ¢, (#) and then the corresponding current I(t). In the following, we use
typically AVy = 400 mV (which is small enough to ensure that |¢iy — cext| < cext at any time #) and
Sem = 0.1nA -bar™'. We report the [-V characteristics for various frequencies and ¢y = 1 mM in
figure 6(b). As shown on this figure, the model predicts indeed a current rectification with the emergence of
a memory for intermediate frequencies (here f ~ 10 Hz). This behaviour is in agreement with the
experimental result, see figure 3(a). Now, calculating the memory using the same descriptor as in the
experiments, equation (1), one obtains the full memory spectrometry predicted by this model, see
figure 7(b). As highlighted on this figure, Model 0 exhibits indeed a frequency-dependent memory effect,
with a single, but broad, memory peak at relatively ‘high’ frequency f ~ 10 Hz. As expected, the value for the
peak frequency is close to f & (mpi) ' + (Teo(AVy)) ™! ~ 10 Hz.

Therefore, Model 0 accounts for the current rectification and the high frequency memory, but it does not
capture the slow memory effects.

5.2. Model 1: Surface charge regulation

In a refined model, we thus add the dynamics of surface charging as an supplementary dynamical process.
First, in contrast to Model 0 where the surface charge o was assumed to be constant, we introduce here its
dependence on the local concentration ¢, in the tip. This is expected, as the surface charge of glass in water is
known to depend on the local ionic strength and pH [8, 60]. Second, we assume that the surface charge o
relaxes exponentially over a slow time scale 7, :

do 1

— =—— 10— 0 (G 6

% py [ o0 (€in)] (6)
where 0, (cin) accounts for the (equilibrium) surface charge regulation as a function of the local salt
concentration. Then, we assume a scaling relationship between surface charge and concentration, as:

A\ B
0o (Cin) = (Cm) o] (7)

Co

where 09 = —30mC - m~? is the surface charge at low concentration ¢y = 0.1 mM. In the following, we will
consider >~ 0.33, as observed in carbon nanotubes and predicted using a Poisson—Boltzmann theory [8].

The coupled dynamics for the tip concentration and the surface charge are solved numerically under an
AC voltage driving, AV(t) = AVysin(27 f1), following the same procedure as above. Results for the
frequency dependent memory are reported in figure 7(c). Model 1 indeed reproduces the existence of two
well-separated memory peaks, at high and low frequency values. To account for the experimental value of the
slow memory frequency, one needs to assume a very long charge relaxation time 7,, here 7, = 50s.
Although this value seems extremely long as compared to any expected diffusive and adsorption time-scales
in the system, it is interesting to note that similarly long relaxations were evidenced in the charging dynamics
of electrified surfaces (there, CaF2) [62, 63, 65]. Interestingly, the model also qualitatively predicts the
vanishing of the long-term memory effects at high salt concentration. Overall, the regulation of surface
charge by salt concentration is a plausible origin of the reported long-term memory.
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Figure 7. Mem-spectrometry predicted by the various models. (a) Experimental memory spectrometry on a glass nanopipette at
several ions concentrations. (b) Memory spectrometry predicted by Model 0 with varying parameter cext and AVy = 400 mV.
Black dashed line labels fi,se = (7 a*DLegr + AVySsim) /(27 V)5 (c) Memory spectroscopy predicted by Model 1, with 7o = 50,
exponent 3 = 1/3, AV, = 400 mV and varying cey. Black dashed lines label fjjoy = 1/27 7o and fray = (&2 DLegr + AVoSstm) /
(27 V). (d) Memory spectroscopy predicted by Model 2 with AV, = 400 mV, varying k,4s and keeping the ratio kags/kdges = 1000.
Black dashed lines label fi,ss = (7 @>DLegs + AVSstm) /(27 V) and fow = frast * kdes /Kads-

5.3. Model 2: Surface-adsorption hindered transport
While Model 1, based on the (ultra-slow) surface charging dynamics is able to account for the general
features of the memory spectrum, one may propose alternative models, based on the ‘adsorption/desorption’
dynamics of the ions on the channel wall, e.g. in the Stern layer at the surface. Such an hypothesis was indeed
proposed in [54] to account for long memory timescales (of the order of ~ 100 s) in 2D nanochannels,
inconsistent with diffusion timescale. The authors postulated that ions could not diffuse freely in the
channel, but rather spent long period of time adsorbed at the channel wall. We explore this model here as an
alternative scenario.

In order to simplify the description, we assume a fixed surface charge as in Model 0 (with
o = —30mC - m~?2), but consider that ions can be adsorbed at and desorbed from the wall. The adsorbed
ions, at concentration c,g5, do not contribute to the pipette conductance. Denoting the adsorption rate k.4,
and desorption at rate k4., we thus describe the kinetics in terms of the two coupled equations for ¢;, and c g,

Ocin 1
= V — ——— (€in — Cext) — KadsCin esCads
5 = T(AV)(CI Cext) — KadsCin + KdesCad (8)
aCa s
67: = kadscin - kdescads- (9)

As proposed in [54], if kygs > kqes, most ions are adsorbed. The adsorption sites play the role of a reservoir,
and increase the time necessary to fill the pipette tip by a factor k,gs/kdes, thus slowing down the dynamics by
the same factor. This model is solved numerically under an AC voltage driving, AV(t) = AVpsin(27ft), and
we report in figure 7(d) the mem-spectrometry as a function of the imposed frequency f, for various values
of the parameter k,4s, while the ratio k,gs/kdes is fixed to kags/kdes = 10°. As shown on figure 7(d), this
adsorption/desorption model accounts for the emergence of two memory timescales. For kygs > fre =

1/270 T, ca45 1s always at equilibrium with ¢;,. On the other hand, for ks < faast> Cads Temains almost constant
over Tg,e When ¢, varies. In both these limiting cases, the diffusive origin to memory (Model 0) dominates,
yielding a single peak. In the intermediate range where k,4; compares with 1/7, two memory peaks are
observed.
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These results show that the long-term memory is cancelled at low k,qs. Accordingly the concentration
dependence of the low frequency peak observed in the experiments, see figure 7(a), could be accounted for
by assuming that the adsorption rate k,qs is a function of salt concentration.

This model is solved numerically under an AC voltage driving, AV(#) = AVysin(27 ft), and we report in
figure 7(d) the mem-spectrometry as a function of the imposed frequency f, for various values of the
parameter k,4s, while the ratio k,gs/kqes is fixed to kags/kdes = 10°. As shown on figure 7(d), this
adsorption/desorption model accounts for the emergence of two memory timescales. In the limiting case
kads > frast = 1/27 T, as proposed in [54], the adsorption sites play the role of a reservoir, and increase the
time necessary to fill the pipette tip by a factor k,gs/kdes, thus slowing down the dynamics by the same factor.
Accordingly, as shown in figure 6(d), for high values of k,4;, the memory spectrometry displays a resonance
at low frequency fyow = fast * Kdes/kads- On the other hand, for kg5 < frast> Cads remains almost constant over
Ttast When c¢;, varies. We thus recover the dynamics of Model 0, with a short-term memory. Finally, in the
intermediate range where k.4, compares with 1/27 7, two memory peaks are observed.

These results show that the long-term memory is cancelled at low k,gs. Accordingly the concentration
dependence of the low frequency peak observed in the experiments, see figure 7(a), could be accounted for
by assuming that the adsorption rate k,gs is a function of salt concentration.

6. Discussion and conclusion

The main results of this work is the experimental demonstration of two characteristic memory times and
their dependencies with the ionic concentration in glass nanopipettes. We have shown that a simple
modelling of the kinetics of concentration polarisation is able to capture not only the ionic rectification but
also the emergence of various memory effects. The key ingredient is a bias-induced concentration
polarisation near the tip of the asymmetric channel, caused by the interplay of the conical geometry with
surface transport. That such a simplistic description, with only very few ingredients, is able to account for the
complex non-linear kinetics is already a successful outcome of the approach. However, some features of the
experimental results are only partly reproduced, such as the concentration dependence of the fast resonance
frequency.

Furthermore, to explain the low frequency peak, one has to assume the existence of long relaxation times
for the surface processes, be it surface charging or ion adsorption (Model 1 and 2). For example, in Model 1,
the surface-charge regulation model assumes a notably long typical time 7, ~ 50s. Such timescale cannot
originate only from an activated chemical process, such as silanol deprotonation, the latter being a
exothermic, activationless process [66]. Now, as mentioned above, memory effects occurring over thousands
of seconds were evidenced in previous experiments, such as in reference [65], and attributed to surface
charge regulation of the CaF, substrate, with the diffusion of hydronium limiting the kinetics of the
regulation. Another mechanism giving rise to slow dynamics was proposed in [67], involving divalent and
trivalent anions, which we are not expected to play a role here.

On the other hand, Model 2, based on the adsorption/desorption model allows long timescales to arise
from the coupling of two (faster) dynamics, as long as their ratio is large enough k,4s/kges > 1. The
adsorption/desorption dynamics featured in this model was hypothesised to play a major role in ion
transport in 2D nanochannels under high confinement [54], and noise measurements supported the
existence of this phenomenon [64]. Since this dynamics gives rise to either short-term or long-term memory
depending on the comparison between k,gq; and 1/ 74, our work suggests that short- or long-term memory
can be tuned by modifying the nanochannel length L, or modifying the diffusion coefficient of ions for
example. Actually, the measured ‘fast’ memory time of 50 ms is indeed quite long for iontronic applications
(although it is of the same order of magnitude as the opening/closing times of many voltage-gated biological
channels, 10-100 ms). This time-scale could be shortened by reducing the length of the nanopores.
Alternatively, advection inside the pore could accelerate the relaxation dynamics.

In order to go beyond, one should develop a full PNP model of the nanopipette, in the spirit of [39, 56,
63], accounting not only for the various kinetic effects—diffusion, electro-osmosis and -phoresis, etc —, but
also for the concentration polarisation and its consequence on transport non-linearities. We leave such
exhaustive study for future work.

The charged conical nanopores presented here belong to the class of nanofluidic memristors relying on
concentration modulation induced by voltage drops. Hebbian learning [54], reservoir computing [49] were
already demonstrated in such memristors. Moreover, theoretical work predicted that such devices could be
used in spiking circuits [52, 56, 68]. We demonstrate here the existence of long timescales that only play
significant role at low ion concentration, and coexist with short timescales, is of broad practical interest for
iontronics applications to the neuromorphic computing. Indeed, such long memory memristors can keep
track in their internal state of data submitted in the past and take them into account them to process new
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submitted data. It can be interpreted in term of short-term plasticity and long-term potentiation/depression,
a pair of mechanisms which are crucial for the learning process in biological brains.

Besides iontronics, our work relates to any situation involving confined electrolytes and time-varying
voltage, e.g. semi-permeable membranes for water desalination or osmotic energy conversion.
Mem-spectroscopy is shown to be a powerful tool to understand the entangled ionic dynamics taking place
in nanofluidic devices.
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Appendix A. Conductance of a semi-infinite charged conical nanopore
We consider the semi-infinite charged conical nanopore with tip radius Ryjp, ion concentration ¢ and opening

half angle o, parametrised with the radial distance r to the cone tip, as shown in figure 7. The distance r( is
accordingly defined in terms of the pipette opening Ry, as ro = Ryjp/ tancv.

-------------- !
e :: H } r
--------------- Al
Figure 8. Schematics of a conical pipette tip. The distance r is taken from the cone tip.

In the absence of surface conduction, the ‘bulk’ resistance writes

Rbulk = / LA (10)
bulk = w29 uNyee  2QrouNyec’

with Q = 27 (1 — cos(«)) the solid angle, i the mobility of ions, Ny the Avogadro number, and e the
elementary charge. In the limit of small o, one gets

1

P — 11
2maRg Ny c (1)

Rbulk =

Note that this corresponds to the resistance of a cylindrical channel with radius Ry, and effective length
~ Rtip/a'

Now in the presence of a surface charge o on the walls of the nanopipette, the resistance of a infinitesimal
layer of radial distance r is

dr

dR = . 12
2mtan («) rpeo + 2Qr pNyerc (12)

The resistance of the portion between ry and a maximal distance r; is

» /rl dr 1 y 1 /rl 4 1 1 (13)
= = —_ r —_——— ——
o 2mtan (o) rpeo +2Qr2 pNyerc  2QuiNyerc L, roor+/
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with £ = Wst;;l\/(’i)ca One gets

B 1 ! - "o
72727Ttan(a),uea {111(?1-1-5) ln<fo+£)]. )

Considering r; — oo and o — 0, one gets the total resistance as

Re— 1 <1+£D“> (15)

T 2maueo tip
where {p, = ol = 57~ is a Dukhin length (assuming a small opening angle o).
As a final note, one can estimate an effective length L.g of the nanopipette in terms of the length
Legr = 11 — 1o such that the corresponding resistance R (r1) in equation (14) is a coefficient 90% of the
total resistance in equation (15) for r; — oco. Using equation (14), this leads to the expression for

L= W — 19, with £ = fpy /o, 10 = Ryip/cv and v = 0.9 (90%). Typically, for c =1 mM,

o=30mCm™2, one gets a value Legr ~ 10 um.

Appendix B. Concentration polarisation under voltage drop and estimate of the ~y
parameter

The parameter v defines the rate at which average inside concentration ¢;, deviates away from c.y; under a
voltage drop AV. It is defined as the (electrophoretic) flux of ions towards the tip under the voltage drop

% =~AV. (16)
E lgp

To estimate its numerical value, we assume that the electrical current I(¢) = AV(t)/R(¢) entering the
pore is equal to the current leaving the pore, so the pore remains quasi electro-neutral at all time ¢. We then
proceed to count the number of co- and counter-ions entering and leaving the pore, in a way similar to [56].
Defining Duyj, and Dy, the Dukhin number at the tip and the base of the conical pore respectively, the
current at the base of the cone is carried by a fraction 1/[2(1 + Duyp,e )] of co-ions and a fraction
(14 2Dupase)/[2(1 + Dupgse )| of counter-ions, while the current at the tip of the cone is carried by a fraction
1/[2(1 + Duyp)] of co-ions and a fraction (1 4 2Duyp ) /[2(1 + Duyp )] of counter-ions (see figure 6(b)).
Hence a number

de-I(t) - — ! !
ZNAe 1 4+ Dupgee 1+ Dutip

of co-ions accumulate inside the pore during d¢ (and an equal number of counter-ions). Altogether,

B 1 L aviy
~ |14+ Dupse 1+ Dugp| 2RVNje ’

8cm
ot

EP

This rough estimation allow us to get a numerical estimate for the parameter v in our model:
v = [1/(1 4+ Dupase) — 1/(1 4+ Dugp)] /(2RV). For the estimation of the Dukhin numbers and resistance R
we consider ¢in ~ Cexr> thus v does not depend on cj,,. Again, this approximation is valid for small enough AV.
For low Dukhin number Dug, < 1, on e gets v ~ 7 poveo v & 7 o / NpV, coinciding with the
expression from [56], while at high Dukhin number Dupage >> 1, v & 7 j1ce> NacRpase ¥ = T precRpase / Vs
with no dependence with o. This can be understood in term of minority charge carrier transport limitation:
at low Dukhin number, the excess surface conductance giving rise to the concentration variation is limiting
compared to the bulk conductance, while at high Dukhin number, the ion concentration variation is limited
by the bulk current to preserve electroneutrality.
In the nanopipette and the concentration under scrutiny, Dupsse << 1 < Duyp, so that

1

T ZNACRV. (17)

11



10P Publishing

New J. Phys. 27 (2025) 065001

S Jouveshomme et al

Pipette 1

10

Normalized loop area (%)

10

10 Pipette 2

Normalized loop area (%)

Normalized loop area (%)

10

107 10" 10° 10* 10
Frequency (Hz)

Rectification decreases with frequency while the loop area is non monotonous.

Rectification

Rectification

2 == 50mM

5 _
bl L
& Rectification

Normalized
loop area

Figure 9. Memory spectrometry carried on three pipettes, and variations of the rectification ration with the frequency.

Appendix C. Detailed memory spectrometry and rectification depending on salt

concentration for three pipettes

We provide in figure S3 the memory spectrometries at several salt concentration for the three glass
nanopipettes we used, with same tip radius R, = 50 & 15 nm. The three pipettes exhibit qualitatively the
same behaviour: the short-term memory peak shifts toward the higher frequencies at higher salt
concentration, while and the low frequency peak vanishes. We also display the rectification of the pipettes
depending on the AC voltage frequency, defining the rectification as the ratio I[[AV =1V)/I(AV = —1V).
As expected, the rectification ratio decreases with the frequency, and the normalised area peaks coincide with

sharp rectification variations.
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