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ABSTRACT We describe experimentally and theoretically the fluoride-induced negative 

differential resistance (NDR) phenomena observed in conical nanopores operating in aqueous 

electrolyte solutions. The threshold voltage switching occurs around 1 V and leads to sharp current 

drops in the nA range with a peak-to-valley ratio close to 10. The experimental characterization of 

the NDR effect with single pore and multipore samples concern different pore radii, charge 

concentrations, scan rates, salt concentrations, solvents, and cations. The experimental fact that the 

effective radius of the pore tip zone is of the same order of magnitude than the Debye length for 

the low salt concentrations used here is suggestive of a mixed pore surface and bulk conduction 

regime. Thus, we propose a two-region conductance model where the mobile cations in the vicinity 

of the negative pore charges are responsible for the surface conductance while the bulk solution 

conductance is assumed for the pore center region 

 

  



 3 

INTRODUCTION 

Counterintuitive negative differential resistance (NDR) phenomena occur when a sharp 

electrical current decrease follows an increase of the applied voltage beyond a threshold value. 

While this effect is well-known in solid state electronic switches and memories, it remains mostly 

under-explored in liquid state ionic nanodevices. Recently, we have presented a preliminary 

account of the fluoride ion-induced NDR and threshold switching phenomena observed when the 

conical nanopores are bathed in KF solutions at low concentration.1 Note here that other nanopore 

NDR effects previously reported are based on different experimental systems and physico-

chemical phenomena, including calcium-induced gating,2 mechanically forced electroosmotic 

flows,3 electrical field-modulated ionic transport,4,5 ionic-liquid/water mixtures,6 and pH-regulated 

mesopores.7 

As a significant extension of our previous brief letter,1 we provide here a comprehensive 

experimental and theoretical description of the fluoride-induced NDR phenomena. To this end, we 

use both single pore and multipore membrane samples. Also, the experimental data concern 

different pore radii, charge concentrations, scan rates, salt concentrations, solvents, and cations. 

Under the NDR conditions, the threshold voltage switching occurs around 1 V and leads to sharp 

current drops in the nA range, with a peak-to-valley ratio close to 10. These facts suggest that 

small voltage changes around 1 V can amplify weak electrical perturbations, an effect potentially 

useful for nanofluidic applications in sensing and actuating.8-10 

The effective radius of the pore tip zone is of the order of 10 nm, which is close to the Debye 

length of aqueous electrolyte solutions for concentrations in the range 1–10 mM, which is 

suggestive of a mixed conductance regime. Thus, we propose a two-region surface and pore center 

model where the mobile cations in the vicinity of the negative pore charges are responsible for the 



 4 

surface conductance while the pore central region is characterized by a bulk-like solution 

conductance.  

Taking together, the experimental data and the model calculations show that ion-specific 

memory and memristor-like characteristics are significant here. Indeed, the dependence of the 

observed NDR effect on the anion and cation type, mobile ions concentration, scan rate, and pore 

effective radius suggests that the kinetically-limited redistribution of ions and water molecules at 

the pore tip zone can be modulated by time-dependent perturbations. We believe that the external 

regulation of the nanopore NDR phenomena described here is of fundamental interest and may 

have sensing and actuating applications. 

 

EXPERIMENTAL 

Single-pore and multipore polyimide (PI) and polyethylene terephthalate (PET) membranes 

were fabricated by foil irradiation with heavy ions. Subsequently, the ion tracks were converted 

into nanopores by exposing the polymer membrane to chemical etching with a strong inorganic 

etchant under asymmetric conditions.11,12 Different membrane samples were used to check the 

reproducibility and significance of the NDR phenomena. The membrane was placed in an 

electrochemical cell separating two salt solutions and no buffer solution was added. The solution 

pH was in the range 6.5 – 7.0 during the measurements. Because these pH values are higher than 

the pKa characteristic of the –COOH moieties functionalized on the pore surface, the carboxylic 

acid groups were ionized to –COO– and thus the pore was negatively charged.13,14  

For the case of the positively charged pore, the membrane sample was immersed in an aqueous 

solution of polyethyleneimine (PEI, 5mg/ml and pH ~11) for overnight.15 Under these conditions, 

the primary amine moieties of PEI chains were covalently linked with the carboxylate groups on 
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the pore surface. The modified membrane was then exposed to an acidic aqueous solution (pH 3) 

to protonate the amine groups for 1 h. For this purpose, branched PEI having an average Mn ~1200 

with concentration of 50 wt. % in H2O (Sigma-Aldrich) was used. The ion transport characteristics 

of the modified pores showed that the immobilized polymer chains could not affect the nanopore 

tip opening because of the relatively low molecular weight of PEI polymer. 

 The radii of the approximately conical pores were obtained by the imaging of the pore base and 

the measurement of the nanopore electrical conductance, for the case of the pore tip.13,14,16,17 The 

resulting pore radii were in the range 100 – 400 nm (base) and 10 – 40 nm (tip).18,19 We used also 

single pore samples with positive charges obtained after functionalization of the as-prepared pore 

with polyethyleneimine (PEI) chains. 

Ag|AgCl electrodes incorporating 2 M KCl solution salt bridges were connected to a voltage-

source picoammeter (Keithley Instruments, Cleveland, Ohio) for the electrical measurements. To 

check further that the NDR phenomena observed were due to the nanopore and independent of the 

electrode type used, Ag|AgCl electrodes without salt bridges and Pt electrodes were also used in 

separate control experiments. In order to isolate the electrochemical cell from environmental 

electrical perturbations, the experiments were conducted in a double-layered magnetic shield 

(Amuneal Manufacturing, Philadelphia, PA) placed on an anti-vibration table (Technical 

Manufacturing Corporation, Peabody, Massachusetts). The membrane was allowed to equilibrate 

with the appropriate 1 – 100 mM salt (KF, KCl, KBr, and KI; LiF, NaF, and KF) solution before 

each electrical measurement to assure data reproducibility. 
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RESULTS 

Figures 1a–d show the NDR effect observed when a membrane containing a single asymmetric 

PI nanopore (sample # 1) separates two KF concentrations in the mM range. Because of the small 

currents measured, reproducible results were obtained after isolating the electrochemical cell in a 

double-shielded Faraday cage placed on an anti-vibration table (Figure 1 d). The NDR region in 

the current – voltage (I – V) curve (Figure 1a) can be clearly seen as a sharp current drop (Figure 

1b) when the input voltage (Figure 1c) exceeds a certain threshold value VTH > 0. Triangular 

voltage vs. time (V – t) input signals of amplitude 2 V are used to obtain the electrical readout of 

the pore. Between two subsequent measurements, the voltage was increased in V = 67 mV, 

resulting in a scan rate of ca. 95 mV/s. 
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Figure 1. (a) I – V curve for a PI nanopore (sample # 1) in a 2 mM KF solution. The current 

rectification is due to the asymmetric charge distribution along the conical pore axis. (b) The I – t 

curve is obtained by applying a triangular V – t signal (c). The NDR effect is characterized by a 

sudden drop of the electric current at a threshold voltage VTH ≈ 0.9 V for this pore. (d) Scheme of 

the experimental setup.  

The primary peaks observed in the I – t curves for I > 0 correspond to those times tTH where VTH 

is attained. Under these conditions, VTH is around 1 V for 1 – 10 mM fluoride solution 
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concentrations, while the measured currents are in the nA range. After VTH is exceeded, the current 

increases again with the input voltage, showing a noisy quasi-ohmic behavior. At V = 2 V, a 

secondary peak is attained and, when the voltage begins to decrease, the current decreases 

accordingly with a significant noise reduction. No NDR effect is observed for V < 0. 

The I – V curves of Figures 2a and 2b obtained for different potassium halides at 100 mM (Figure 

2a) and 2 mM (Figure 2b) suggest that the NDR effect is a distinctive feature of F– ions at 

concentrations in the mM range. The currents measured with KCl, KBr and KI in Figure 2a are 

similar while those obtained with KF show significantly lower values, in good agreement with the 

dilute solution diffusion coefficient series DCl
– = 2.03 ≈ DI

– = 2.05 ≈ DBr
– = 2.08 > DF

– = 1.48 in 

10-9 m2/s units. In the low concentration range, however, only KF displays NDR (Figure 2b) while 

the other halides show again almost indistinguishable I – V curves.  

The curves of Figure 2c and 2d were measured with NaF and KF at 100 mM (Figure 2c) and 

LiF, NaF, and KF at 2 mM (Figure 2d). In the curves of Figure 2c, no NDR is observed while in 

those of Figure 2d the three alkaline fluorides show NDR at low salt concentrations. These facts 

suggest that specific effects due to the counterion-dominated pore swelling are not responsible for 

the NDR effect clearly observed and characterized here. Note also that the measured currents are 

in agreement with the dilute solution diffusion coefficient series DLi
+ = 1.03 < DNa

+ = 1.33 < DK
+ 

= 1.96 in 10-9 m2/s units. The threshold voltage increases slightly following the sequence VTH(LiF) 

< VTH(NaF) < VTH(KF), probably reflecting the different hydration energies of the cations 



 9 

 

Figure 2. (a) I – V curves for KI, KBr, KCl, and KF at high (100 mM) and (b) low (2 mM) 

concentrations obtained with a PI nanopore (sample # 2). (c) I – V curves for NaF and KF at 100 

mM and (d) LiF, NaF, and KF at 2 mM (d) obtained with a PI nanopore (sample # 3). Note that 

LiF is not soluble in water at 100 mM. Clearly, the NDR phenomena observed are robust and 

appear to be a distinctive feature of the presence of F– ions in the low concentration (mM) range.  

To characterize further the observed phenomena, Figure 3 shows the I – t traces corresponding 

to the experiments of Figure 2. The curves of Figure 3a (high concentration, 100 mM) for KCl, 

KBr, and KI show high rectification ratios, defined as re = │I(V)/I(–V)│, with re ≈ 45 for V = 2 V. 

This value decreases to re ≈ 30 in the case of the 100 mM KF solution due to the relatively low 
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pore conductance observed at V > 0 (Figure 2a). Note also that there is no time shift between the 

maximum values attained by the current for the different salts. 

 

Figure 3. (a – d) I – t traces corresponding to the I – V curves of Figure 2. 
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V = 2 V for the three fluoride salts. The time at which the NDR effect occurs follows also the 

sequence tTH(LiF) < tTH(NaF) < tTH(KF). 

Figures 1 – 3 suggest that the NDR phenomena depend on the particular low concentration of 

the F– ion and the time change of the input signal. Figure 4 a shows the I – V curves of LiF at 

concentrations in the mM range. The threshold voltage VTH increases with the salt concentration 

and vanishes at values higher than 20 mM LiF for this membrane sample (not shown). Previous 

experiments1 showed NDR effects up to 100 mM in the case of the KF salt and PI pores. 

 

Figure 4. (a) I – V curves obtained with a PI nanopore (sample # 3) at the LiF concentrations 

shown in the inset. (b) I – V curves obtained with sample # 4 at the scan rates shown in the inset. 
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Figure 4b shows that the NDR depends on the scan rate of the signal. At low scanning rates, the 

nanopore has well-defined VTH values and relatively low noise levels. Increasing the scan rate 

above 280 mV/s leads to a blurring of the NDR effect, driving the pore to the high conductance 

level for V > 0 and enhancing the current noise for V > VTH.  

Figure 5 shows the pore response to rectangular input V – t signals ranging from 0 V to 0.2 V 

(Figure 5a), 0.5 V (Figure 5b), and 1 V (Figure 5c). The salt concentration was 2 mM KF. The I – 

t traces of Figure 5a suggest that when the maximum voltage is lower than VTH, the NDR 

phenomenon has not been yet developed and the pore responds with a single current level. When 

the voltage bias is increased to values close to VTH (Figure 5b), the pore responds first with a 

relatively high current as a result of the sharp increase of the voltage applied that drives the pore 

to the high conductance level. After a transient time, however, the pore relaxes to the low 

conductance level with a noisy steady current. For voltage bias above VTH (Figure 5c), the NDR 

effect is fully developed, with small transition times between the two conductance regimes and 

high noise levels in the current. The time responses shown in Figure 5a – 5c demonstrate again the 

reproducibility and robustness of the phenomena characterized here. 
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Figure 5. I – t traces obtained with a PI nanopore (sample # 1) and a rectangular V – t signal 

ranging from 0 V to 0.2 V (a), 0 V to 0.5 V (b), and 0 V to 1 V (c). 
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pores with bullet-like tips and the PNP model described in References 20 and 21. Here, e is the 

elementary charge and the parameter d/h describes the sharpness of the pore tip.20 According to 

our experience with the PI pores, much better agreements between the experimental and theoretical 

I V curves are obtained by assuming a bullet-like rather than a perfectly conical pore geometry. 

In particular, this fact allows to explain the relatively high conductances and rectification rates 

observed in the PI pores compared with those of the PET pores where conical geometries are 

usually used.21 Note that VTH increases with the pore radii so that the NDR phenomena are absent 

for the case of wide pore openings, which correspond to low charge concentrations at the region 

of the pore tip that controls the ionic transport characteristics.14 The NDR phenomena are also 

absent in the case of the PI multipore samples (Figure 6b) because a multitude of relatively wide 

pores dictate the ionic transport characteristics of the membrane in this case. 
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Figure 6. (a) I – V curves for three PI single pore membranes with different radii and a KF 2 mM 

solution. (b) I – V curves for a PI multipore membrane (5 103/cm2 pores, sample # 7) at low and 

high KF concentrations. (c) I – V curves for a PEI modified PI single pore membrane (sample # 

2). Note the opposite current rectification due to the positive rather than negative pore charge.  (d) 

I – V curves for a PET single pore membrane (sample # 8). 

 

Table 1. Pore parameters estimated assuming bullet-like tips and a PNP model20 for the samples 

used in the experiments of Figure 6a.  

Sample Pore tip 

radius (nm) 

Pore base 

radius (nm) 

Surface 

charge 

concentration 

(e/nm2) 

d/h 

1 7 180 -0.8 18 

5 100 450 -0.5 6 

6 9 280 -0.6 14 

 

The as-prepared PI samples containing negative surface charges can be converted into positively 

charged membranes after functionalization with polyethyleneimine (PEI) chains, as evidenced by 

the inverse rectification of Figure 6c obtained in 2 mM and 100 mM KF solutions. Note that before 

the PEI modification, the as-prepared sample showed NDR at 2 mM KF (Figure 2b). However, 

the modified pore (Figure 6c) does not show NDR in the concentration range examined. This fact 

gives further support to the assumption that it is F– acting as a coion in the as-prepared pores that 

gives the NDR phenomena.  

We have studied also a single pore PET membrane because these pores tend to show lower 

effective radii than those of the PI membranes, as evidenced by the lower conductances observed 
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(Figure 6d). However, the PET membrane used do not show the NDR in the voltage and 

concentration ranges investigated. This fact suggests that additional factors such as the chemical 

nature of the different polymers of these two membranes, together with the smoothness of the 

etched surface,16 should impact on the membrane water content and the polymeric chains 

conformation, affecting thus the interaction between the F– ions and the pore negative charges. 

The presence of anions other than F– in the external bathing solutions can also influence the 

NDR effect. Figure 7 shows the I – V curves of PI single pore membranes separating two different 

solutions at the same concentration, with KCl in one chamber and KF in the other chamber. Two 

different membranes and concentrations (2 mM in Figure 7a and 5 mM in Figure 7b) were 

considered under the experimental conditions indicated in the insets. 
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Figure 7. (a) I – V curves of a PI nanopore (sample # 4) separating 2 mM KF and KCl solutions 

at different orientations. (b) I – V curves of a PI single pore membrane (sample # 1) separating 5 

mM KF and KCl solutions at different orientations. The insets indicate the relative position of the 

solutions with respect to the pore. 

These results provide a new physical insight: NDR phenomena are only observed at V > 0 when 

the KF solution faces the pore wide opening and thus the F– ions are driven by the imposed electric 

field from the base to the pore tip where they encounter the electrostatic barrier due to the negative 

pore tip charges.14 Indeed, no NDR effect is noted when the KCl solution faces the pore base so 

that the F– ions are now driven from the tip to the pore base by this field. This fact confirms further 

the anionic-specific characteristic of the NDR effect, which is not observed with the Cl– ions. 

We have also observed NDR phenomena in solutions containing other salts and solvents. Figure 

8 shows the I – V curves of single nanopores separating two potassium hexafluorophosphate 

(KPF6) solutions. In the case of Figure 8a, the NDR effect appears at VTH ≈ 0.6 V. In the curves of 

Figure 8b, NDR phenomena are observed for 3% and 5% water content, giving VTH(3%) ≈ 0.6 V 

and VTH(5%) ≈ 1.3 V. The NDR effect vanishes for water contents > 7%. Interestingly, although 

the total concentration of KPF6 (100 mM) used in the curves of Figure 8 b is higher than that of 

the aqueous solution of Figure 8a, the fact is that the NDR behavior is observed in the PC – water 

mixtures only when the water dissolved PF6
– anion concentration is in the mM range. 
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Figure 8. (a) I – V curve of a PI nanopore (sample # 9) separating 2 mM KPF6 solutions in water. 

(b) I – V curve of a PI single pore (sample # 10) separating 100 mM KPF6 solutions prepared in a 

mixture of propylene carbonate (PC) and water with the water contents indicated in the inset. 
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the 2 mM KF solution faces the pore tip (Figure 9a), a sharp current drop is obtained at VTH ≈ 0.7 

V, as observed in Figures 1, 2, 4 and 6 under analogue experimental conditions. However, when 

the 20 mM solution is in contact with the pore tip (Figure 9b), the current drop becomes smoothed 

and VTH increases to ca. 2 V, as observed when the KF concentration is increased.1 Note here that 

the F– diffusion and conduction act in the same direction in Figure 9a, which results in a relatively 

low VTH for the NDR effect to appear. On the contrary, F– diffusion opposes to conduction in 

Figure 9b, which results now in a relatively high VTH for the NDR effect to show up.  

 

Figure 9. (a d) I – V curve of PI nanopore (sample # 4) separating two KF solutions at the 

different concentrations and orientations indicated in the respective insets. Note the opposite 

current rectification due to the high concentration gradient across the pore combined with the low 

concentration value at the pore tip (c). 
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In Figures 9c and 9d (the case of the 100-fold KF concentration gradient), however, the pore 

behavior changes drastically. In Figure 9c, the concentration of the solution close to the pore tip is 

much lower than that close to the pore base. Thus, the pore shows higher resistance for V > 0 than 

for V < 0.14 Note also that, in this case, the 100-fold concentration gradient gives a K+ diffusion 

flux that acts against the electric field driven flux (ionic conduction), contrary to the case of Figure 

9d where both potassium fluxes follow the same direction. As a result, the rectification 

characteristics of the pore are reversed with respect to those observed when there is no 

concentration gradient (Figure 2a) or when this gradient acts in the same direction as the electric 

potential gradient (Figure 9d).4,22 

 

THEORETICAL MODEL 

We have presented previously a theoretical model1 based on a phenomenological memresistive 

approach.23 The model assumed two hypothetical pore resistances for the high and low 

conductances regimes attained following the V cycle. These presumed two pore states were 

connected by the NDR region observed when the voltage time cycle passes through the threshold 

voltage. While this model was useful, it is merely descriptive and does not provide clear physico-

chemical insights into the phenomena observed.1 We have proposed here a new theoretical scheme. 

Note the complexity of the problem, that involves different factors such as the non-cylindrical pore 

geometry and the tip nanoscale, the chemical nature of the membrane polymer, and the interaction 

between the F– ions, the alkali cations, the water molecules, and the negatively charged pore 

surface. Thus, we have resorted to a simple, tentative conceptual approach that could be elaborated 

further in future studies. 
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Experimentally, the fluoride ion has a relatively small ionic radius compared with the Cl–, Br–, 

and I– anions. This ionic characteristic suggests a high surface charge density and hydration 

energy, with a strong immobilization of the surrounding water molecules, especially in confined 

nanoscale environments. In addition, the effective radius of the pore tip should be of the same 

order of magnitude than the Debye length (about 10 nm) for salt concentrations in the range 1–10 

mM,24 which weakens the effective Debye screening of the surface pore charges. Under these 

conditions, bulk ionic conduction can be compromised at the narrow pore tip.14 

Taking together, the above experimental facts are suggestive of a mixed pore surface and bulk 

conduction regime25 at V > 0, when the co-ions (F– ions here) that accumulate at the pore tip 

barrier14 interact with the pore surface and compete for the water molecules needed for ionic 

conduction. Thus, as a complementary view to the experimental characterization of the NDR 

phenomena, we have developed a simple two-region conductance model that may allow a 

qualitative description of the problem. In the pore surface region, the conductance is due to the 

mobile cations in the vicinity of the negative pore charges. In the pore center region, the 

conductance resembles that of the external electrolyte solution because a significant number of 

these pore charges are effectively neutralized by the cations in the surface region. Note that for the 

NDR effects to be significant, the contribution of the surface conductance to the total pore 

conductance should be of the same order of magnitude as the contribution of the pore center 

conductance.25 

In the above theoretical approach, the fraction f = X/X0 (0 < f < 1) of the pore charges that gives 

the free cations available for surface conduction is assumed to be: 

0 D 0

1
, exp( / )exp( / )

1
f K K r L V V

Kc
   


      (1) 
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only when the fluoride salts are used. In Equation (1), X0 is the maximum volume concentration 

of pore charges,25 K0 (mM-1) is the association constant between these charges and the cations, and 

c is the cation concentration in the external solution. Note that the pseudo-association constant K 

includes the Debye screening of the pore charges by the mobile ions at the pore center region, 

which is accounted for by the phenomenological factor exp(–r/LD) where r(nm) is the effective 

pore radius of the tip zone and D (nm) 10 nm/ (mM)L c  is the Debye length for a 1:1 salt in 

aqueous solution.24 In Equation (1), the thermal potential V0 = RgT/F = 26 mV is written in terms 

of the gas constant Rg, the temperature T, and the Faraday constant F.24 

The voltage-dependent factor exp(V/V0) of Equation (1) accounts for a phenomenological 

voltage-assisted transference of the ions to the highly-charged pore tip from the adjacent zones. 

We assume here that, when the fluoride ions enter the pore and perturb the pore tip hydration 

characteristics (voltage V > 0), it is the subsequent cation association with the negatively charged 

pore surface that is involved in the observed conductance changes. Because we ignore the 

microscopic details of this process, we assume that it is activated by the voltage drop V at the tip, 

where  (0 <  < 1) is the dimensionless “electrical distance“ that parametrizes this drop. This 

simplified approach is usually introduced in ion channel models.26 The effective voltage drop V 

can be much higher than typical equilibrium Donnan potentials, which are of the order of 10 – 50 

mV only.14,24 Note also that the electric field associated with this voltage drop drives the cation 

and fluoride ion to the pore tip following opposite directions (Figure 1).  

For V > 0, which is the range where the NDR effect is observed, the total ionic conductance G 

of the pore scaled to the maximum surface conductance G0 is: 

  0 00 0

( )1

1 exp (nm) /10 (mM) exp( / )

D D cG

G D XK c r c V V

 



  
  

   
   (2) 
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where D D   is the cation surface diffusion coefficient25 and D+ and D– are the cation and anion 

diffusion coefficients of the pore center bulk solution, respectively. The first term of Equation (2) 

gives the surface conduction of the free cations in the vicinity of the pore charges of concentration 

X (Equation (1)).25 The second term corresponds to the bulk conduction of the cations and anions 

at the pore center region. In this rather artificial two-region model, we assume that the above 

dimensionless contributions to the total conductance occur over pore regions of similar cross-

section area.25 This assumption should be reasonable here because it is a necessary condition for 

the NDR phenomena to be observed, as suggested by the effect of increasing the pore radius in 

Figure 6a. In fact, the uncertainties concerning the surface and pore center areas available for 

conduction,25 together with the non-cylindrical pore geometry,14,20 make it difficult to estimate 

absolute values of total conductances and currents. Instead, we will consider a dimensionless I – 

V curve written in terms of reference values for the current I0, potential V0, and resistance R0 as 

0

0 0

RI V

I R V

   
   

   
          (3) 

For I0 = 1 nA and V0 = 26 mV, R0 = V0/I0 = 26 M. The nanopore resistance R can be separated 

into the different conductance regimes of the I – V curve of Figure 1 as a function of the applied 

time (t)-dependent voltage V: 

   ,on ,off

0 0 0 0

  regime at  > 0 regime at  < 0regime at  > 0

low conductive low conductivehigh conductive

d d

d d

   
V VV

R R RR V V
H H H V H V

R R t R t R

  

 
 
    
        

    
 
  

    (4) 

where H(x) are the Heaviside functions of argument x, defined as H(x) = 1 for x > 0 and H(x) = 0 

otherwise, and R– is the experimental resistance for the rectified current obtained at V < 0. From 

Equation (2) for V > 0, the on and off resistances of Equation (4) can be defined as 
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where Vmax is the experimental maximum value (signal amplitude) of the applied potential. 

It is in order now to estimate plausible values for the system parameters. From the association 

constant K0, we can define the reference concentration c0 = 1/K0 that should be in the range 10 – 

100 mM for the NDR effects observed here. As to the effective radius of the pore tip zone, it should 

be of the order of 10 nm (Figure 6a). The dimensionless electrical distance, however, is rather 

uncertain and can tentatively be assumed in the range26  = 0.1 – 0.2 for reasonable voltage drops 

V at the pore tip zone.14 For the volume pore charge concentration, a maximum value X0 = 1000 

mM should be introduced.14 As to the surface diffusion coefficient, it can be decreased by a factor 

10 compared with the bulk solution values.24,25 Thus, if we assume D+ = D– to estimate the bulk 

conductance term of Equation (2), we obtain 0 02 /( ) (2 / ) 0.02rD c D X D c X     for c = 1 mM, 

where we have used ( / ) 10rD D D    for this salt-dependent parameter. 

Figures 10a–d suggest that Equations (3) – (6) could allow a qualitative description of the 

current–time (Figure 10a) and current–voltage curves for the cases of: (i) different cations 

characterized by the salt-dependent association constant K0 (reference concentration c0 = 1/K0) and 

Dr (Figure 10b), (ii) different salt concentrations c (Figure 10c), and (iii) different pore radii r 

(Figure 10d). Compare, in particular, the observed trends of Figures 1, 2d, 4a, and 6a with the 

theoretical curves of Figures 10b – 10d, respectively, which have been obtained for plausible 

values of the system parameters. 
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Note also that Figures 10c and 10d predict that no threshold voltage should be observed for the 

cases of high concentration, because of the high Debye screening of the pore surface charges, and 

wide pore tips, because of the low surface charge concentration, as observed experimentally. These 

facts may justify the result of having a threshold voltage that increases with the availability of ionic 

carriers. Note that, in the model, the increase in the Debye screening of the pore charges that occurs 

at high salt concentrations leads to a decrease of the effective electrostatic barrier at the pore tip 

seen by the F ions. Thus, the fluoride ions can proceed through the pore with no accumulation at 

the tip zone in this case, which could justify the absence of the NDR effect.  

In summary, this qualitative model interprets the resistance switching in terms of the progressive 

accumulation (V > 0) and depletion (V < 0) of the F– ions at the pore tip14 and their subsequent 

effect on the interaction of the cations with the negative pore surface. At V > 0, the fluoride ions 

interacting strongly with the water molecules are progressively accumulated at the effective barrier 

created by the negative pore tip charges. At high enough voltages, the F accumulation and 

decrease of free water molecules enhances the cation interaction with the pore surface charges at 

the tip modulating the current,14 thus decreasing the surface conductance. At V < 0 on the contrary, 

the F– ions are progressively depleted from the tip.14 Thus, the pore recovers the high conductance 

state at the beginning of next cycle, from V = 0 up to positive voltages close to the threshold where 

F– accumulation becomes significant again. The experimental fact that the positively charged PEI-

modified pore does not show any NDR phenomena (Figure 6c) supports our interpretation of the 

negatively charged pore tip as a kinetic barrier for F–. Because the PEI-modified pore is positively 

rather than negatively charged, no kinetic barrier should exist at the tip in this case. 



 26 

 

Figure 10. (a) Applied voltage V(t) and dimensionless current I(t)/I0 vs. time t obtained for c0 = 

1/K0 = 20 mM and Dr = 10 at the salt concentration c = 10 mM. (b) I(t)/I0 – V curves for different 

cations characterized by distinct values of c0 = 1/K0 and Dr in Equation (2) at c = 2 mM. (c) I(t)/I0 

– V curves obtained at different concentrations c for c0 = 20 mM and Dr = 10. (d) I(t)/I0 – V curves 

obtained with different pore radii r at c = 1 mM for c0 = 20 mM and Dr = 10. In the figures,  = 

0.2 in Equation (2), R– = 2 G in Equation (4), and r = 20 nm (except for case (d)). 

The limited understanding of the observed phenomena, together with the limitations of the 

continuum mean field description at the pore tip,27,28 have resulted in the above phenomenological 

approach. Future models could consider also the effect of the interactions between the imide rings, 

the fluoride ion, and the cation as well as the resulting microscopic charge correlation phenomena. 
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CONCLUSION 

We have given a complete experimental and theoretical characterization of the NDR phenomena 

observed in conical nanopores at low fluoride salt concentrations under a wide range of operating 

conditions. The experimental data obtained with single pore and multipore samples concern 

different pore radii, charge concentrations, scan rates, salt concentrations, solvents, and cations. 

Under the NDR conditions, small voltage changes around 1 V can amplify weak electrical 

perturbations, an effect potentially useful for nanofluidic sensing and actuating. The theoretical 

approach is based on a two-region conductance model where the mobile cations in the vicinity of 

the negative pore charges are responsible for the surface conductance while bulk solution 

conductances are assumed in the pore center region. The model explains the conductance 

switching in terms of the progressive accumulation/depletion of the fluoride ions at the pore tip 

zone and the resulting effects on the interaction of the cation with the surface charges. The NDR 

phenomena reported should have both fundamental and practical interest. 

Author Contributions 

All authors contributed equally.  

Notes 

The authors declare no competing financial interest. 

ACKNOWLEDGMENT 

We acknowledge the support from project PGC2018-097359-B-I00, Ministry of Science and 

Innovation, Spain, and FEDER and from the LOEWE project iNAPO, Hessen State Ministry of 

Higher Education, Research and the Arts, Germany. Special thanks to Prof. C. Trautmann and Dr. 

E. Toimil Molares (GSI, Material Research Department) for their support with the heavy ion 



 28 

irradiation experiments. The irradiation is based on a UMAT experiment, which was performed at 

the X0-beamline of the UNILAC at the GSI Helmholtzzentrum fuer Schwerionenforschung, 

Darmstadt (Germany) in the frame of FAIR Phase-0. We also thank Prof. Antonio Alcaraz 

(Universitat Jaume I) for helpful suggestions. All authors contributed equally to this work.  

REFERENCES 

(1) Ramirez, P.; Perez-Grau, J.; Cervera, J.; Nasir, S.; Ali, M.; Ensinger, W.; Mafe, S. Negative 

Differential Resistance and Threshold-Switching in Conical Nanopores with KF Solutions. Appl. 

Phys. Lett. 2021, 118, 181903, DOI: 10.1063/5.0051422. 

(2) Siwy, Z. S.; Powell, M. R.; Kalman, E.; Astumian, R. D.; Eisenberg, R. S. Negative 

Incremental Resistance Induced by Calcium in Asymmetric Nanopores. Nano Lett.  2006, 6, 473-

477, DOI: 10.1021/nl0524290. 

(3) Luo, L.; Holden, D. A.; Lan, W.; White, H. S. Tunable Negative Differential Electrolyte 

Resistance in a Conical Nanopore in Glass. ACS Nano 2012, 6, 6507-6514, DOI: 

10.1021/nn3023409. 

(4) Li, Y.; Du, G.; Mao, G.; Guo, J.; Zhao, J.; Wu, R.; Liu, W. Electrical Field Regulation of Ion 

Transport in Polyethylene Terephthalate Nanochannels. ACS Appl. Mater. Interfaces 2019, 11, 

38055-38060, DOI: 10.1021/acsami.9b13088. 

(5) Perez Sirkin, Y. A.; Szleifer, I.; Tagliazucchi, M. Voltage-Triggered Structural Switching of 

Polyelectrolyte-Modified Nanochannels. Macromolecules 2020, 53, 2616-2626, DOI: 

10.1021/acs.macromol.0c00082. 



 29 

(6) Sheng, Q.; Xie, Y.; Li, J.; Wang, X.; Xue, J. Transporting an Ionic-Liquid/Water Mixture in 

a Conical Nanochannel: a Nanofluidic Memristor. Chem. Comm. 2017, 53, 6125-6127, DOI: 

10.1039/c7cc01047h. 

(7) Lin, C.; Wong, P.; Wang, P.; Siwy, Z. S.; Yeh, L. Electrodiffusioosmosis-Induced Negative 

Differential Resistance in pH-Regulated Mesopores Containing Purely Monovalent Solutions. 

ACS Appl. Mater. Interfaces 2020, 12, 3198-3204, DOI: 10.1021/acsami.9b18524. 

(8) Zhu, Z.; Wang, D.; Tian, Y.; Jiang, L. Ion/Molecule Transportation in Nanopores and 

Nanochannels: From Critical Principles to Diverse Functions. J. Am. Chem. Soc. 2019, 141, 8658–

8669, DOI: 10.1021/jacs.9b00086. 

(9) Ma, T.; Janot, J.; Balme, S. Track-Etched Nanopore/Membrane: From Fundamental to 

Applications. Small Methods 2020, 4, 2000366, DOI: 10.1002/smtd.202000366. 

(10) Perez-Mitta, G.; Toimil-Molares, M.; Trautmann, C.; Marmisolle, W. A.; Azzaroni, O. 

Molecular Design of Solid-State Nanopores: Fundamental Concepts and Applications. Adv. Mater. 

2019, 31, 1901483, DOI: 10.1002/adma.201901483. 

(11) Ali, M.; Schiedt, B.; Healy, K.; Neumann, R.; Ensinger, W. Modifying the Surface Charge 

of Single Track-Etched Conical Nanopores in Polyimide, Nanotechnology 2008, 19, 085713, DOI: 

10.1088/0957-4484/19/8/085713. 

(12) Apel, P. Y.; Korchev, Y. E.; Siwy, Z.; Spohr, R.; Yoshida, M. Diode-Like Single-Ion Track 

Membrane Prepared by Electro-Stopping, Nucl. Instrum. Methods Phys. Res., Sect. B 2001, 184, 

337–346, DOI: 10.1016/S0168-583X(01)00722-4. 



 30 

(13) Siwy, Z.; Kosinska, I. D.; Fulinski, A.; Martin, C. R. Asymmetric Diffusion Through 

Synthetic Nanopores. Phys. Rev. Lett. 2005, 94, 048102, DOI: 10.1103/PhysRevLett.94.048102. 

(14) Cervera, J.; Schiedt, B.; Neumann, R.; Mafe, S.; Ramirez, P. Ionic Conduction, 

Rectification, and Selectivity in Single Conical Nanopores. J. Chem. Phys. 2006, 124, 104706, 

DOI: 10.1063/1.2179797. 

(15) Dauginet, L.; Duwez, A. S.; Legras, R.; Demoustier-Champagne, S., Surface Modification 

of Polycarbonate and Poly(ethylene terephthalate) Films and Membranes by Polyelectrolyte 

Deposition. Langmuir 2001, 17, 39523957, DOI: 10.1021/la001333c. 

(16) Siwy, Z.; Dobrev, D.; Neumann, R.; Trautmann, C.; Voss, K. Electro-Responsive 

Asymmetric Nanopores in Polyimide with Stable Ion-Current Signal. Appl. Phys. A 2003, 76, 781–

785, DOI: 10.1007/s00339-002-1982-7. 

(17) Apel, P. Track Etching Technique in Membrane Technology. Radiat. Meas. 2001, 34, 559–

566, DOI: 10.1016/S1350-4487(01)00228-1. 

(18) Ramirez, P.; Garcia-Morales, V.; Gomez, V.; Ali, M.; Nasir, S.; Ensinger, W.; Mafe, S. 

Hybrid Circuits with Nanofluidic Diodes and Load Capacitors. Phys. Rev. Appl. 2017, 7, 064035, 

DOI: 10.1103/PhysRevApplied.7.064035. 

(19) Ramirez, P.; Cervera, J.; Gomez, V.; Ali, M.; Nasir, S.; Ensinger, W.; Mafe, S. Membrane 

Potential of Single Asymmetric Nanopores: Divalent Cations and Salt Mixtures. J. Membr. Sci. 

2019, 573, 579–587, DOI: 10.1016/j.memsci.2018.12.043. 



 31 

(20) Ramirez, P.; Apel, P. Y.; Cervera, J.; Mafe, S. Pore Structure and Function of Synthetic 

Nanopores with Fixed Charges: Tip Shape and Rectification Properties, Nanotechnology 2008, 19, 

315707, DOI:10.1088/0957-4484/19/31/315707. 

(21) Apel, P. Y.; Ramirez, P.; Blonskaya, I. V.; Orelovitch, O. L.; Sartowska, B. A. Accurate 

Characterization of Single Track-Etched, Conical Nanopores. Phys. Chem. Chem. Phys. 2014, 16, 

15214–15223, DOI: 10.1039/c4cp01686f. 

(22) Cao, L.; Guo, W.; Wang, Y.; Jiang, L. Concentration-Gradient-Dependent Ion Current 

Rectification in Charged Conical Nanopores, Langmuir 2012, 28, 2194–2199, DOI: 

10.1021/la203837q. 

(23) Pershin, Y. V.; Di Ventra, M. Memory Effects in Complex Materials and Nanoscale 

Systems. Adv. Phys. 2011, 60, 145–227, DOI: 10.1080/00018732.2010.544961. 

(24) Kontturi, K.; Murtomäki, L.; Manzanares; J. A. Ionic Transport Processes: in 

Electrochemistry and Membrane Science; Oxford University Press Inc., New York, 2008, 

DOI:10.1093/acprof:oso/9780199533817.001.0001. 

(25) Mafe, S.; Manzanares, J. A.; Ramirez, P. Modeling of Surface vs. Bulk Ionic Conductivity 

in Fixed Charge Membranes. Phys. Chem. Chem. Phys. 2003, 5, 376–383, DOI: 

10.1039/b209438j. 

(26) Aguilella-Arzo, M.; Cervera, J.; Ramirez, P.; Mafe, S. Blocking of an Ion Channel by a 

Highly Charged Drug: Modeling the Effects of Applied Voltage, Electrolyte Concentration, and 

Drug Concentration. Phys. Rev. E 2006, 73, 041914. DOI: 10.1103/PhysRevE.73.041914. 



 32 

(27) Bazant, M. Z.; Kilic, M. S.; Storey, B. D.; Ajdari, A. Towards an Understanding of Induced-

Charge Electrokinetics at Large Applied Voltages in Concentrated Solutions. Adv. Colloid 

Interface Sci. 2009, 152, 4888. DOI: 10.1016/j.cis.2009.10.001. 

(28) Kavokine, N.; Netz, R. R.; Bocquet, L. Fluids at the Nanoscale: From Continuum to 

Subcontinuum Transport. Annu. Rev. Fluid. Mech. 2021, 53, 377410. DOI: 10.1146/annurev-

fluid-071320-095958. 

 

  



 33 

TOC Graphic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-2

0

2

4

6

8

-2 -1 0 1 2

c
u

rr
e

n
t 

(n
A

)

voltage (V)









 


