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Electrochemical impedance spectroscopy (EIS) constitutes a useful tool in membrane 14 

science and technology because it provides valuable structural and functional information. The 15 

different arcs observed in the impedance spectra permit to decouple and understand distinct 16 

physico-chemical phenomena occurring under operating conditions. By using EIS techniques, 17 

we have characterized here multipore asymmetric membranes with conical pores that exhibit a 18 

broad range of ionic conduction properties, including current rectification. These properties can 19 

be modulated by tuning the electrical interaction between the charges functionalized on the pore 20 

surface and the nanoconfined ionic solution. In particular, the membrane electrical response is 21 

studied as a function of the amplitude and frequency of the external voltage signal, the 22 

electrolyte type and concentration, and the solution pH. Remarkably, significant chemical 23 

inductance effects are observed. The scalability and biocompatibility of these pores suggest 24 

good potential for use in hybrid biodevices and interfaces. 25 
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1. Introduction 30 

The surface-regulated ionic conduction of nanopores is usually studied by using direct 31 

currents. However, alternating current (AC) techniques are useful to analyze frequency-32 

dependent capacitance and inductance effects. Equivalent circuit models can reveal the system 33 

geometric factors and surface properties, together with the dynamic ionic transport processes, 34 

through the impedance loops observed in different frequency ranges [1-16]. Hysteresis and 35 

memory processes are central to the frequency-dependent functionality of electronic and 36 

electrochemical pore-based devices [17-24]. 37 

Electrochemical impedance spectroscopy (EIS) constitutes a useful tool to characterize 38 

and optimize porous materials such as nanotubes, nanosheets, and membranes [1-10] in 39 

contemporary science and technology. EIS can provide valuable structural and functional 40 

information concerning micro and nanoscale interfacial processes such as fouling, water 41 

splitting, and biosensing [1-6,8,9,11-13,15], both in surface and bulk phases. The different arcs 42 

observed in the impedance spectra permit to decouple and understand the distinct physico-43 

chemical phenomena occurring simultaneously in complex electrochemical systems under 44 

operating conditions. 45 

Nanofluidic iontronics is largely based on surface chemistry concepts, being central to 46 

modern membrane applications in electrochemical energy transducers, logical circuits in 47 

sensing and actuating, and signal processing in bioelectrical interfaces [4,17,22-24]. By using 48 

EIS techniques, we have characterized here  multipore membranes with nanoscale conical pores 49 

that display a broad range of ionic conduction properties, including current rectification. These 50 

properties arise from the electrical interaction between the charges functionalized on the pore 51 

surface and the nanoconfined ionic solution [25-28]. Thus, the basic concepts involved can also 52 

be relevant to bioelectrochemical systems [17,18,22,23,29].  53 
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The nanoporous membrane characteristics are described as a function of the amplitude 54 

and frequency of the external voltage signal, the electrolyte type and concentration, and the 55 

solution pH. The scalability and biocompatibility of the pores also suggest great potential for 56 

hybrid biodevices and interfaces based on the simple operational functions and their reliability 57 

with respect to the case of single-nanopores [17,18,20-22,29]. 58 

 59 

2. Experimental 60 

 Figs. 1a−d show the experimental setup and the electrochemical cell, together with the 61 

current (I) − voltage (V) and dV/dI−V curves, of the nanoporous membrane with conical pores. 62 

The cell was confined in a double−layer magnetic shield (Amuneal, Philadelphia) and placed 63 

on an anti−vibration table (Technical Manufacturing Corporation, Peabody, Massachusetts) 64 

[29,30]. The membranes were 12.5 μm thick polyimide foils (Kapton50 HN, DuPont) irradiated 65 

at UNILAC linear accelerator (GSI, Darmstadt) with swift heavy Au ions [31,32]. Asymmetric 66 

track−etching procedures were used to convert the ion tracks into conical pores whose 67 

carboxylate residues gave surface charge densities between −0.1 and −1.0 e/nm2 at neutral pH, 68 

where e is the elementary charge [30-32].  On the basis of the SEM images of pore fractures 69 

together with electrical conductance measurements, typical pore radii were found in the ranges 70 

10 − 40 nm (cone tip) and 300 − 800 nm (cone base) [30]. The exposed membrane area was ca. 71 

1 cm2 and contained typically 200 – 300 pores. 72 

 Currents and voltages were monitored by Ag|AgCl electrodes equipped with 2M KCl 73 

salt solution bridges connected to a potentiostat (BioLogic SP−200, Seyssinet−Pariset, France). 74 

The left solution bathed the pore tip while the right solution bathed the pore base. LiCl 99% 75 

NaCl 99.5%, KCl 99.5% and CaCl2 99.0% salts were purchased from PanReac AppliChem 76 

(FRG) and ITW Reagents (Italy) and used as received. Before and after each measurement, the 77 

pH solution values and the ambient temperature (295 K) were controlled. The asymmetric 78 
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multipore membrane showed low conductances at voltage V < 0, which corresponds to the 79 

current entering the cone base in Fig. 1b, and high conductances at V > 0, which corresponds 80 

to the current entering the cone tip (Fig. 1c) [25].  81 

 82 

Fig. 1 (a) Scheme of the experimental setup. The electrochemical cell is connected to the 83 

potentiostat, located within a magnetic shield, and mounted on an anti−vibration table. (b) 84 

Detail of the experimental cell with the multipore membrane and the Ag/AgCl electrodes. (c) 85 

Typical current (I)−voltage (V) curves obtained with a 100 mM KCl solution at neutral pH for 86 

membrane sample #1. The curves were measured during three independent experimental runs 87 

with the picoammeter−voltage source (Keithley 6487, Keithley Instruments), round 1, and the 88 

potentiostat, rounds 2 and 3 (BioLogic SP−200). Two independent measurements obtained with 89 

the potentiostat voltage source together with one measurement obtained with a are shown. The 90 

experimental errors remained below 5%. (d) The corresponding differential resistance dV/dI vs. 91 

voltage V curve. Note that the error bar lengths are similar to the experimental point sizes.  92 

-10

0

10

20

30

40

50

-2 -1 0 1 2

round - 1
round - 2
round - 3I(µ

A)

V(V)

101

102

103

104

-2 -1 0 1 2

dV
/d

I(k
Ω

)

V(V)

membrane
sample

potentiometer + 
computer

anti-vibration table

double-layer
electromagnetic

shield
electrochemical cell

Ag|AgCl electrodes

double-
shielded

connections

12 µm

anode cathode

~10 – 40 nm
pore basepore tip

~300 – 800 nm

200 – 300 
pores

(a) (b)

(c) (d)



5 

 93 

 The uncertainties of Fig. 1c arise from the time variability of the samples along different 94 

experimental runs. During one-month period, different measurements were carried out to check 95 

both the current-voltage curves and the impedance spectra at 100 mM KCl and different 96 

conditions. All over the measurement period, the experimental errors remained below 5% for 97 

the current-voltage curves (see Figure 1 where two different protocols were used on three 98 

different days) and below 10% for the impedance spectra at V = −0.5 V, 0 V, and 0.5 V (see 99 

Figure 2). Note also that the limits of the I − V curve at high positive and negative voltages give 100 

constant values of the differential resistance (Fig. 1d), as expected.  101 

 102 

3. Results and discussion 103 

 Fig. 2 shows the real (Re) and imaginary (Im) components of the membrane impedance 104 

Z as a function of the voltage signal frequency f, together with the Nyquist plot Im (Z) vs. Re(Z), 105 

for negative (Figs. 2a − c), zero (Figs. 2d − f), and positive (Figs. 2g − i) voltage V amplitudes. 106 

Note that Re(Z) tends to the differential resistance dV/dI when the frequency f tends to zero, 107 

thus providing reliable estimations of the membrane ionic resistance. As it could be expected 108 

from the I − V curves (Figure 1c), the impedances are higher for reverse (V < 0) than for forward 109 

(V > 0) polarization. Interestingly, a maximum in the Re(Z) curve (Fig. 2g), together with 110 

chemical inductance [33] effects characterized by −Im(Z) < 0 (Figs. 2h and 2i), are evident at 111 

V > 0. These effects are not observed for reverse (Figs. 2b and 2c) and zero (Figs. 2e and 2f) 112 

polarizations. 113 
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 114 

Fig. 2. The real Re(Z) vs. f, imaginary Im(Z) vs. f, and Im (Z) vs. Re(Z) (Nyquist) plots of the 115 

membrane (sample #1) in 100 mM KCl solutions at neutral pH and different signal amplitudes: 116 

(a) − (c) reverse polarization at −0.5 V; (d) − (f) the limit voltage 0 V; (g) − (i) forward 117 

polarization at 0.5 V. The experimental errors remained below 10% for the impedance spectra. 118 

Note that the uncertainties in the Nyquist plots have already given in the corresponding Re(Z) 119 

and Im(Z) vs. f curves. 120 

 121 

 Fig. 3 provides a theoretical explanation of the chemical inductance effects of Fig. 2. 122 

For the negatively charged pore obtained at neutral pH, the majority ions conducting the current 123 

are the cations while the minority ions are the anions. However, the anions can still be forced 124 
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towards the pore when the cations accumulate at the tip to preserve the local electroneutrality, 125 

as shown in Fig. 3. Thus, the majority and minority ion concentrations are coupled, as shown 126 

in Fig. 3a and 3b for the local average concentrations <c+> and <c−>, respectively. The two 127 

concentration profiles are obtained using a physical model based on the Nernst−Planck and 128 

Poisson equations described with detail in Ref. [25]. 129 

 130 

Fig. 3. (a) Local, steady state average concentrations of the majority (cations) mobile ions, as a 131 

function of the axial conical pore coordinate x, parametrically in the voltage V. (b) The local 132 

concentrations for the case of the minority (anions) mobile ions.  133 

 134 

 Because of its nanoscale dimensions, the pore tip dominates the ionic conduction. In 135 

this region, the surface density of the pore charges is high and thus the axial electric potential 136 

profile is strongly nonlinear [25]. For the forward polarization V > 0, the mobile ions 137 

accumulate at the tip following the cation entry to the pore; thus, the conductance is high (Fig. 138 

3). On the contrary, for the reverse polarization V < 0, the ions are depleted at the tip because 139 

of the cation exit from the pore; thus, the conductance is low. The inductance effects observed 140 

in Figs. 2h and 2i arise from the high accumulation of mobile ions that has to be perturbed 141 

following the external signal changes, which occurs only at V > 0 (Fig. 3). Note that these ions 142 

interact strongly with the pore surface charges, which leads to hysteresis and memory effects 143 
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when the ionic solution at the pore tip cannot follow instantaneously the imposed changes in 144 

the external voltage signal [27,28].  145 

 To show further the high tunability of the nanoporous membrane, Fig. 4 shows the I − V 146 

curves obtained for a broad KCl concentration range (Fig. 4a), different salts LiCl, NaCl, and 147 

KCl (Fig. 4b), monovalent and divalent cation salts (Fig. 4c), and solution pH values (Fig. 4d). 148 

Fig. 4a shows that the current does not scale linearly with the ionic concentration because of 149 

the dominant effects of the pore surface charges at low salt concentrations [25]. The currents 150 

follow the ionic mobility series Li+ < Na+ < K+ (Fig. 2b), suggesting the validity of general ionic 151 

conduction principles [34,35]. Fig. 2c shows that the rectification effects tend to decrease for 152 

divalent cations compared with monovalent cations because of the increased Debye screening 153 

of the pore surface charges [34]. Note also the different rectifications obtained for distinct pH 154 

values (Fig. 4d). We aim here at showing the effects associated with the conversion of a 155 

negatively charged to a positively charged membrane at pH = 2, rather than keeping strictly 156 

constant the ionic strength. 157 
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 158 

Fig. 4. The membrane I − V curves for the cases: (a) different KCl concentrations in the range 159 

c = 10 – 1000 mM at neutral pH (sample #1); (b) different salts LiCl, NaCl, and KCl at c = 100 160 

mM at neutral pH (sample #1); (c) monovalent (c = 100 mM KCl) and divalent (c = 50 mM and 161 

100 mM CaCl2) cation salts at neutral pH (sample #2); (d) different pH values, from neutral pH 162 

(negatively charged membrane pores) to pH = 2.0 (positively charged membrane pores) in 163 

sample #1. 164 

 165 

 Fig. 5. shows the Re(Z) vs. f, Im(Z) vs. f, and Nyquist plots at different reverse and 166 

forward polarization amplitudes. The impedances tend to approximately constant values at high 167 

positive and negative voltages, as shown for the differential ratio dV/dI in Fig. 1d. Interestingly, 168 

the inductance effects observed in Fig. 2 for the forward polarization case tend to disappear at 169 

high positive voltages (Fig. 5f). The inductance effects observed in Figs. 2h and 2i were due to 170 

the interaction of the mobile ions with the pore surface charges (Fig. 3). At high enough values 171 
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of V, however, the accumulation of mobile ions results in a high Debye screening of the pore 172 

surface charges. This fact decreases the above interaction and eventually eliminates the 173 

maximum of Re(Z) in Fig. 5d and the inductance effects in Fig. 5f, as shown by the fact that 174 

−Im(Z) > 0 at high voltage V.  175 

 176 

 177 
 178 
Fig. 5. Re(Z) vs. f, Im(Z) vs. f, and Nyquist plots of the membrane (sample #1) obtained in 100 179 

mM KCl solutions at neutral pH and the signal amplitudes shown in the insets: (a) − (c) reverse 180 

polarization; (d) − (f) forward polarization.  181 
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 Fig. 6 considers the effects of the salt concentration c on the impedance spectra for 183 
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(Figs. 6h and 6i) due to the increase of the Debye screening with the ionic concentrations in the 188 

vicinity of the pore surface charges. 189 

 190 

Fig. 6. Re(Z) vs. f, Im(Z) vs. f, and Nyquist plots of the membrane (sample #1) for different KCl 191 

concentration solutions at neutral pH: (a) − (c) reverse polarization at −0.5 V; (d) − (f) the limit 192 

voltage 0 V; (g) − (i) forward polarization at 0.5 V. 193 
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 Fig. 7 analyzes the role of the solution pH on the impedance spectra for different 195 

polarizations. The pH effects are complex because of the multiple roles played by the water 196 

ions in the membrane. First, decreasing the solution pH from the neutral value causes a decrease 197 

in the ionization degree of the carboxylic groups functionalized on the pore surface [25,30]. 198 
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This process decreases the absolute value of the negative pore charge density and weakens its 199 

effect on the ionic solution [25]. Second, a significant pH decrease may produce an additional 200 

effect: to provide high mobility hydrogen ions that eventually compete with the potassium ions 201 

for conduction. A third effect is also possible (Fig. 4d): at low enough pH, the effective pore 202 

charge groups can be positive rather than negative [30]. Note also the additional effect due to 203 

the membrane asymmetry and the sign of the voltage V: the hydrogen ions enter the pore tip for 204 

V > 0 while they exit the tip for V < 0 (Fig. 1b). Taken together, these competing effects results 205 

in a voltage-dependent behavior of the membrane impedance Z with the pH, as shown by Re(Z) 206 

and Im(Z) (Figs. 7a, 7b, 7d, and 7e), together with complex inductance effects (Figs. 7c and 7i). 207 

 208 
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Fig. 7. Re(Z) vs. f, Im(Z) vs. f, and Nyquist plots of the membrane (sample #2) in 50 mM KCl 210 

solutions and the pH values shown in the insets: (a) − (c) reverse polarization at −0.5 V, (d) 211 

− (f) the limit voltage 0 V; (g) − (i) forward polarization at 0.5 V. The inset zooms the pH = 2 212 

and V = −0.5 V case to better show the chemical inductance effects. 213 

 214 

Membrane technology applications involve both monovalent and divalent cation salts. 215 

Figs. 8 and 9 consider the effects of different salts on the impedance spectra. Fig. 8 shows the 216 

case of the salt series LiCl, NaCl, and KCl while Fig. 9 compares the divalent cation salt CaCl2 217 

at different concentrations to the KCl salt. Note in particular the clear inductance effects 218 

observed for all monovalent cation salts (Figs. 8h and 8i) and the absence of these effects for 219 

the divalent cation salt (Figs. 9h and 9i) due to the high Debye screening of the negative pore 220 

charges caused by the Ca2+ ions. 221 



14 

 222 

Fig. 8. Re(Z) vs. f, Im(Z) vs. f, and Nyquist plots of the membrane (sample #1) in 100 mM LiCl, 223 

NaCl, and KCl solutions at neutral pH: (a) − (c) reverse polarization at −0.5 V; (d) − (f) the 224 

limit voltage 0 V; (g) − (i) forward polarization at 0.5 V.  225 

 226 
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 227 

Fig. 9. Re(Z) vs. f, Im(Z) vs. f, and Nyquist plots of the membrane (sample #2) in a monovalent 228 

cation salt solution (100 mM KCl) and two divalent cation salt solutions (50 mM and 100 mM 229 

CaCl2) at neutral pH: (a) − (c) reverse polarization at −0.5 V; (d) − (f) the limit voltage 0 V; (g) 230 

− (i) forward polarization at 0.5 V. 231 

 232 

4. Conclusions 233 

In summary, this work demonstrates that a multipore membrane with nanofluidic 234 

conical pores can be characterized by EIS techniques that allow to describe complex processes 235 

in the kinetic domain [4], [5], [6]. The different arcs observed in the impedance spectra allows 236 

to analyze the distinct physico-chemical phenomena occurring simultaneously in this complex 237 
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electrochemical system under operating conditions. In particular, we have described how the 238 

electrical interaction between the charges functionalized on the pore surface and those in the 239 

nanoconfined ionic solution changes with the amplitude and frequency of the external voltage 240 

signal, the electrolyte type and concentration, and the solution pH. Interestingly, new chemical 241 

inductance effects are observed that has not been discussed previously with these pores [29], 242 

[30].  243 

The multipore membrane allowed robust responses by maximizing current output 244 

through an ensemble of pores [17] and des not demand exceedingly difficult operational 245 

procedures. Also, the scalability and biocompatibility of the pores suggested great potential for 246 

new hybrid biodevices and interfaces [17,21-23] and further work is now under way. In 247 

particular, the broad modulation of membrane conduction and electrical rectification, which is 248 

based on surface chemistry concepts, should be useful for implementing logic functions [37], 249 

iontronics circuitry [38,39], and chemically-gated transistors in membrane bioelectrochemistry 250 

[17,40]. 251 
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