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ABSTRACT

Nanofluidic diodes and ionic solutions find application in electrochemical circuits for
information processing, controlled release, and signal conversion in hybrid devices. Here, we
describe a physical model that accounts for the memory effects observed in conical nanopores
in terms of the driving signal and ionic solution characteristics. The concepts invoked describe
the device operation on the basis of the electrical interaction between the pore surface charges
and the nanoconfined ionic solution. The physical insights provided can explain the
experimental dependence of the nanofluidic tunability on the amplitude and frequency of the
driving signal, the ionic concentration, and the solution pH. The model should also be useful

for the design of electrochemical circuits based on ionic conduction in asymmetric memristors.
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L. INTRODUCTION

Memory effects and memristors based on ionic conduction are of broad interest in the
fundamental and applied physics of fluids because they constitute the core of neuromorphic
information processing.'® As devices and experimental data accumulate, there is a clear need
to develop physical models that describe the basic phenomenology observed in terms of
fundamental concepts.>”® We have experimentally demonstrated a membrane memristor based
on an array of nanofluidic conical pores functionalized on a polymeric substrate.® The operation
of this electrochemical memory resistor is based on the electrical interaction between the pore
surface charges and the nanoconfined ionic solution.”!!

We explore here a theoretical model that allows a description of the experimental data
on the basis of physics concepts that should be of broad interest to nanofluidic memristors. The
model can explain the nanofluidic tunability in terms of the amplitude and frequency of the
driving signal, the ionic concentration, and the solution pH.® The theoretical description of

24,11

biomimetic ionic conductors is also relevant to ion channel biophysics'? and can be useful

for the understanding of sensors and actuators in hybrid bioengineering circuits'->!!

and plant
physiology.'?

Previous models that make use of general concepts relevant to our problem concerned
finite-element calculations and analytical approximations for memory effects in conical
microfluidic pores.” In Ref. 7, a proposal consisting of an iontronic circuit with micrometer
cones simulating sodium and potassium channels was also given. Also, new experiments and
models have demonstrated memory effects in aqueous electrolytes and sub-nanoscale channels,
where theoretical emphasis was made on the coupling of ion transport with interfacial processes

and biomimetic neuromorphic computations.’Action potentials upon a pulse stimulus and a

spike train upon a sustained stimulus were also reported. In addition, analytical models for



memristive relaxation equations relevant to plant electrophysiology were experimentally
checked in Ref. 13.

Here, the specific problems addressed are:

i) the description of the ionic conduction characteristics of negatively-charged conical
nanofluidic diodes, with emphasis on the memory and current rectification effects, in terms of
a simple analytical model that incorporates directly accessible physico-chemical magnitudes.
The modeling equations can be extended further to other ionic transport phenomena and should
also attract interest for the design of electrochemical logic functions and memory circuits; and

ii) the validation of the model assumptions using a comprehensive set of experimental
data that include not only the physical characteristics of the electrical driving signal but also the

chemical properties of the electrolyte solution.

II. RESULTS AND DISCUSSION

Figures 1(a)—1(d) show the observed current (/)—voltage (V) curves for different values
of the frequency f and amplitude ¥ of the applied voltage V' (¢) =V, sin(2nft), where ¢ is the

time, the ionic concentrations, and the cation type. The multipore membrane is a 12.5-pum thick
polyimide (PI) foil irradiated by swift heavy ions whose ion tracks are converted into conical
nanopores by asymmetric track-etching.® The PI samples are irradiated, leading to the formation
of latent ion tracks. SEM images and electrical conductance measurements suggest pore radii
of the order of 10 nm (cone tip) and 100 nm (cone base). The ionization of the carboxylate
residues on the pore surface gives the pH-dependent pore charges. For a neutral pH, surface
charge densities in the range between —0.1 and —1.0 e/nm?, where e is the elementary charge,

are obtained.® The membrane area exposed to the salt solutions is 1 cm? approximately.



Ag|AgCl electrodes with 2M KCI solution salt bridges are used to control the input voltages
(V) and output currents (/) with a BioLogic SP-200 potentiostat.

At low enough frequency (0.01 Hz in Fig. 1(a)), a steady-state /-V curve with no
hysteresis is obtained because the time that characterizes the relaxation process of the mobile
ions within the pore is much lower than the period of the driving signal. The conical pores show
rectifying currents due to the nanostructure asymmetry: a low resistance is observed when the

current enters the tip while a high resistance is obtained when it enters the cone base.’
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FIG. 1. (a) Experimental /-V curves obtained for different frequencies f of the applied
sinusoidal signal. The amplitude is Vo =2 V and the solution concentration is ¢ = 100 mM KCL
The arrows show the time evolution of the output current. (b) /—V curves for distinct Vo, with f
=10 Hz and ¢ = 100 mM KClI. (c) I-V curves for different concentrations ¢, with Vo =2 V and

f=10Hz. (d) I~V curves for ¢ =100 mM LiCl, NaCl, and KCI solutions, with o=2 V and f=



10 Hz. Reproduced with permission from J. Phys. Chem. Lett. 14, 10930 (2023). Copyright

2023 American Chemical Society.

For signal frequencies f in the range 10-50 Hz, memory effects are clearly observed
(Fig. 1(a)). The conical pore hysteresis is more significant for /"> 0 than for /< 0 because the
mobile ions accumulate at the pore tip in the first case while they are depleted in the second
case.” At too high frequencies, however, the ions cannot follow the rapid changes of the external
driving signal and both the rectification and memory characteristics are gradually lost (Fig.
1(a)). The current can also be modulated by the voltage amplitude (Fig. 1(b)), the ionic
concentration (Fig. 1(c)), and the cation type (Fig. 1(d)).® Note that the solution concentration
dictates the availability of electrical carriers and modulates also the Debye screening of the pore
surface charges in Fig. 1(c).’ The cation mobility series Li" < Na"< K" is in agreement with the
currents observed in Fig. 1(d).° The above experimental facts show clear memristive

1415 and are reminiscent of biomimetic pores and biological ion channels.!?

characteristics

We explore now a simple theoretical model that can provide a qualitative description of
the experimental curves of Fig. 1. While the approximately conical pore geometry does not
change with time, the ionic pore solution concentrations do change following the external
driving signals. The electric current is mostly transported by counterions and, in the pore

solution, conduction dominates over diffusion for these ions. Hence, the flux density of the

counterions can be approximated by J; =z,c;D(F'/RT)E , where zi and c¢: are the charge

number and concentration of the counterions, D is the diffusion coefficient, F' is the Faraday
constant, R is the gas constant, 7 is the temperature, and £ is the axial electric field.
The time relaxation of the pore conductance should follow that of the counterion

concentration, which could be regarded as the state variable here. The time relaxation of the



counterion concentration in the pore solution when a constant electric field (V0 / L) is applied

across the membrane thickness L must satisfy the continuity equation at axial position x:

V,/L
X /roziDc( /1)
%—_% - "t ORT L (1)
Ot 0 V,/L
g X_/r_oziDc( 0 )
RT L

where the relaxation times t ,and t , characterize the changes in the pore ionic concentrations.

Note that the counterion, which is the cation for a negatively-charged pore, has concentrations
that are of the order of magnitude of the fixed charge concentrations X, (tip) and X (base),
respectively. The conical pore asymmetry responsible for the current rectification is explicitly
introduced by considering the cases where the counterions enter the nanopore from the tip and
from the base.” We refer to the case when the applied voltage is positive and the cations enter
the pore tip from the left solution of ionic concentration ¢ with the subscript j = +. We refer to
the case when the applied voltage is negative and the cations enter the pore base from the right

solution of ionic concentration ¢ with the subscript subscript j =— .

In Eq. (1), the different relaxation times t ,and t , arise from the distinct physical

characteristics of the cone tip and base solutions. In these solutions, the counterion
concentrations are of the order of magnitude of X, (#ip) and X (base), respectively. This
approximation has clear experimental grounds because of the local electroneutrality condition
and the fact that the cation is the majority carrier; see Figs. 2 and 3 of Ref. 9. Note also that the

ratio X, / X_ follows the pore radii ratio a_(base)/ a, (tip) ~10—100 because X;= 2|c|/(F'a;) and

the surface charge density  is approximately constant.’

The approximation of Eq. (1) should be qualitatively valid and explicitly introduces the

conical pore asymmetry responsible for the current rectification.’ The conical pore relaxation is



thus characterized by two different times for the tip and base ionic solutions whose orders of

magnitude are:

X, (/D)
"~ eV, (RT)
X (I'/D)
"% eV, (RT)

)

These different relaxation processes for the ionic concentrations should give distinct relaxation
times for the pore conductances G,(¢) (j = +,-) following the externally applied driving

signal:’-!13

dG,(n  [G,0-G]]
dt T

s J=H- 3)

j
where Gf are the limiting final values of the conductances of Fig. 1 and the frequencies
J; =1/1, characterize now the pore response when driven by sinusoidal voltage signals V(z) >
0 (j=+)and V() < 0 (j =-), respectively. Thus, the frequencies f; of Eq. (3) are not equal to
the frequencies f,, =1/1,, of Eq. (2), because a time-dependent signal V' (¢) =V sin(2nfi) of
frequency f rather than a constant voltage ¥, of Eq. (1) is applied. In this case, the external
voltage oscillates between ¥ and — ¥, and the system response ( f, and f ) should depend on
both f ,and f, and the driving frequency f.

Because no memory effects are observed in the zero frequency limit of the external
driving signal (Fig. 1(a)),*'* we can change ¥, for V(¢) in Eq. (2) to obtain the finite frequencies

S, of Eq. (3), and integrate over time the resulting equation to obtain:



G (1)~ G +(G —Gf)exp{—zf—*}[l—cos(Znﬁ)]}, 0<t<l/2f
m

“4)
G (t)~G +(G —Gf)exp{—;—}[l+cos(2nﬁ)]}, 1/2f <t<1/f
m

where G} are the initial values of the conductances in Fig. 1 for sinusoidal signals V(¢) > 0 (j

=+)and V(¢) < 0 (j = —), respectively. Note the qualitative nature of Eq. (4), which is obtained

from the Egs. (1)~(3), and allows only order of magnitude estimations for the frequencies f;

(j =t,—). Equation (4) implicitly assumes that when the electric potential V(f) changes, the

conductances G () can follow these changes only after a delay time."?

From Eq. (4), the currents /(1) =G ,(t))V' (¢) (j = +,-) are:

I.()1,= {l—k(r—l) exp{—zf;}[l —cos(2nﬁ)]}}sin(2nﬁ), 0<t<1/2f, V(t)>0
s

(5)
L)/1,= {r —(r—1)exp {— 2f} [1+ cos(2nﬁ)]}}sin(2nﬁ), 1/2f <t<1/f, V(t)<0

onf
where I, =GV, is a reference current obtained for the generic pore conductance G, at the
voltage amplitude ¥, . In Eq. (5), we have introduced the experimental ratio
r=G /G'=G'/G" corresponding to the initial (i) and final (f) limiting conductances

observed in Fig. 1 at voltages V>0 (j=+)and V< 0 (j =-).
Note also that a capacitive current

I.(t)= C(il_lt/ = CV,2nf cos(2nft) (6)

should be added to the conductive currents of Eq. (5) to give the total current. The capacitance

C of Eq. (6) can be estimated from the experimental membrane impedance Z, , in the limits

V—0

of zero voltage and high angular frequency f,., as C2nf,, =1/Z ' For a multipore

V=0 *



membrane with conical nanopores,'® we have measured Z, , =200 kQ at Jign = 2 kHz.
Using the resulting estimation of C in Eq. (6), together with the typical values f =20 s~ and
V, =2 V, the capacitive current is of the order of 0.1 pA in Eq. (6). Thus, this current is much

lower than the conductive current,® which is of the order of 10 pA in Fig. 1 and Eq. (6).
However, the current of Eq. (7) could still be noted experimentally because of the shift observed

in the non-zero crossing point of the /-V curves (Fig. 1).57

Equations (1)—(6) include the model parameter r together with the frequency ratios
f.o/ f and £/ f, which are characteristic of the pore system and the external driving, thus
being experimentally accessible. This physical model can provide a qualitative description of
the observed /-V curves (Fig. 2) for an experimental reference conductance Go = 22 uS (Fig.

1). Note here that the reference current /o of Fig. 2(a) is corrected by: (7) the factor (Vo/2 V) in

Fig. 2(b); (ii) the factor /X7 +4c> / \/ X?+4c,” , where we have used the Donnan equilibrium

equation”!® with the reference concentrations X = co =100 mM, in Fig. 2(c); and (iii) the factor

(Di/Dx"), where i = K*, Na*, and Li", in Fig. 2(d).
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FIG. 2. (a) Theoretical (I/1o)—(V/Vo) curves for signal frequencies /= 10, 20, and 30 Hz. (b)
Theoretical (I/1o)—(V/2 V) curves for signal amplitudes Vo= 1.0, 1.5, and 2.0 V. (c) Theoretical
(I/I0)—(V1Vy) curves for ionic concentrations ¢ = 50, 100, and 200 mM. (d) Theoretical
(I/lo)—(V/Vo) curves for different cation diffusion coefficients D. The reference current is /o =
GoVo, with Vo =2 V and Go = 22 pS, and the theoretical parameters are » = 0.03, [,/ f =
3.4m,and 1,/ f = 80m. Also, we consider the conductance ratio C2ntf'/Go = 0.005 with /= 10

Hz to estimate the capacitive current of Eq. (6).

The initial overshooting and subsequent drop of the current / < 0 at " < 0 can be

associated with the following model limitations’ of Eq. (1): (i) when the external concentration
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c is of the same order as the reference fixed charge concentration, the coions, which are the
electrolyte anions for the negatively-charged pore, may also participate in the pore solution
relaxation process of Eq. (1) and (i7) both diffusion and conduction may contribute to the total
current in this case. Despite the above limitations, the analytical equations do not rely on any
numerical procedure and offer a simple and useful description of the applied physics that
characterize the nanofluidic pore response. This theoretical description, which can be extended
further, is made in terms of experimentally accessible magnitudes such as the driving signal

frequency and amplitude, the ionic concentration, and the cation type.

In particular, Figs. 2(c) and 2(d) show that the model captures the effects of the ionic
solution characteristics (concentration and cation diffusion coefficient) on the conductances and
current rectifications. In particular, the ion accumulation and depletion effects at the pore tip
are very significant at low concentration (Fig. 2(c)) because of the decreased Debye screening
of the pore surface charges. Also, the observed currents follow the ionic diffusion coefficient

series Li" <Na" <K' (Fig. 2(d)).

To validate further the above theoretical model, we consider now the experimental /-V
curves obtained for different pH values of the external solutions (Figs. 3(a) and 3(b)) that
modulate the ionization of the pore surface charges.®’ The on/off current states and the
inward/outward rectifications of Figs. 3(a) and 3(b) can also be observed in the voltage-gated
ion channels'? that regulate polarized/depolarized cell membrane potentials along the cell cycle
and other biological rhythms.'>!? Figures 3¢ and 3d show again that the model results can give

a qualitatively description of the experimental data of Figs. 3a and 3b.
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(a) pH 7: negative pore

25 T T l/ T \J 5 T T T T T
° :
3 :
20 Io 0 rommmmm e e -
» | Q
' : o2
15 l%‘ 5 | I/ .
I/uA 10 ; I/[nA-10 l% i
5 E 15 F W -
0 ; o ) = : .
: 08
5 L 1 ] | ] 5 L |’\09| ] I
-2 -1 0 1 2 -2 -1 0 1 2
VIV VIV
(c) Model: negative pore ) !
T T T T T T T T T T
0.6 ! !
0.0 — ------------------- -
02 F : -
I 1y :
04 H .
1 1 i 1 1 06 L 1 i 1 1
-1.0 -05 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Vivo Vivy

FIG. 3 (a) Experimental /-V curve obtained for ¢ = 50 mM KCIl, Vo=2 V, and f=20 Hz for a
negatively-charged pore (inset) corresponding to a neutral pH solution (b) Experimental /-V
curve for the positively-charged pore corresponding to pH = 2.0. The experimental data were
obtained for ¢ = 50 mM KCl, Vo =2V, and /= 20 Hz. Reproduced with permission from J.
Phys. Chem. Lett. 14, 10930 (2023). Copyright 2023 American Chemical Society. (c)
Theoretical (I/1o)—(V/Vo) curve obtained with the same reference current Io = GoVo of Fig. 2 for

a negatively-charged pore (neutral pH) and the parameters »=0.03, 7.,/ f =1.6m,and [,/ f

= 80m. (d) Theoretical (//Io)—(V/Vo) curve for a positively-charged pore (pH = 2.0) and the

parameters » = 0.05, f, /f= 80m, and ',/ f = m. In both cases, C2nf/Go = 0.003 for a

reference frequency /= 20 Hz. Note that the capacitive current is positive for the negatively-

charged pore while it is negative for the positively-charged pore.°
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Figure 4 gives the theoretical dimensionless conductance (G/G,) and current (/1)) vs.
dimensionless voltage (V/¥,) plots, obtained for the cases of asymmetric (Figs. 4(a) and 4(b))

and quasi-symmetric (Figs. 4(c) and 4(d)) membranes. As in the cases of Figs. 2 and 3, these
theoretical results provide useful physical insights on the applied physics of the nanofluidic
pores. Also, Figs. 4(a) and 4(b), which are obtained with the same parameters of Fig. 2, are in

qualitative agreement with the experimental results of Fig. 1.

T T T T T 15 T T T T
1 :
171 Gl
-1
10 ’]0 — —
10~2
103 05 i
10~
00 | | |
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
VIiVy VIiVe
(¢) Symmetric case (d) Symmetric case
T T T T T 1.5 T T T
' GIGy
1.0 =
| 05 .
1 1 i I I 00 L I i I I
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
VIVy VIV
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FIG. 4. (a) Theoretical (1/1,) vs. (V/V,) semi-logarithmic plot for an asymmetric membrane
withr=0.03, f,,/f=3.4n,and 1,/ f=80n, with C2nf/Go = 0.003. (b) Theoretical (G/G,)

vs. (V1V,) for the this membrane. (c) Theoretical (7/1,) vs. (V/V,) semi-logarithmic plot for a
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quasi-symmetric membrane with» = 0.03, £, / f = f,/ f =3.4n, and C2nf/Go = 0.003. (d)

Theoretical (G/G,) vs. (V/V,) for the this membrane.

III. CONCLUSSION

In conclusion, we have proposed a physical model that accounts for the basic
phenomenology observed in memristive asymmetric pores with fixed charges. The model
should be a useful addition to the increasing number of devices and experimental data of
nanofluidic memory devices. The fundamental concepts invoked describe the nanopore
operation on the basis of the electrical interaction between the pore surface charges and the
nanoconfined ionic solution. The model is validated by studying the nanofluidic tunability as a
function of the amplitude and frequency of the driving signal, the ionic concentration, and the
solution pH. The modeling equations can be extended further to other ionic transport
phenomena in nanofluidic slits, hybrid soft nanochannels, and finite ion size effects.?%2? It
should also attract interest for the design of electrochemical logic functions and memory
circuits.*~** In addition, new functionalities could also be explored for the case of divalent and
trivalent cations because of the pore charge inversion that occurs when these cations are

adsorbed on the negatively charged pore surface.’!*2
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