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Abstract  
Directed ion transport in liquid electrolyte solutions underlies many phenomena in natural and industrial 

settings. While nature has evolved structures that drive continuous ion flow without Faradaic redox 

reactions, establishing this process in synthetic systems has been challenging. Here we report an ion pump 

that drives aqueous ions against a force using a capacitive ratchet mechanism independent of redox 

reactions. Modulation of an electric potential between thin metallic layers on either face of a nanoporous 

alumina wafer immersed in solution results in persistent voltages and ionic currents. This occurs due to 

the non-linear capacitive nature of electric double layers, whose repeated charging and discharging 

sustains a continuous ion flux. Using this approach, we demonstrate ratchet driven electrodialysis that 

reaches a 50% decrease in the conductivity of the solution in a dilution cell. These ratchet-based ion 

pumps can enable continuous desalination and selective ion separation using an electrically powered 

device with no moving parts.  
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mailto:gideons1@tauex.tau.ac.il


2 

Main 
Ratchets are non-equilibrium devices that utilize temporally modulated input signals and spatial 

asymmetries to drive a steady state particle flux.1–3 Ratchets have been studied theoretically and 

experimentally1,4–8 for electronic signal rectification,1,4,7,8 to drive net transport of uncharged species 

through induced-charge electrokinetics,9 for microparticle and nanoparticle sorting,10–16 and to drive net 

ionic current or water pumping by alternating redox reactions.17–19 A recent theoretical study has shown 

that ratchet based ion pumps (RBIPs) can sort ions with unprecedented selectivity and desalinate 

water.20,21 

An electric double layer forms at the interface between an electrode and a liquid electrolyte and consists 

of a compact layer of adsorbed solvent molecules and ions, and a diffuse layer of mobile ions. This results 

in a capacitance that varies with the magnitude of the electrode potential and in response to temporal 

changes in it.22–24 These variations in capacitance affect the double layer charging and discharging time 

constants. Here we utilize this phenomenon to pump ions across a membrane. RBIP membranes are made 

of nanoporous anodized aluminum oxide (AAO) wafers with thin metal layers, serving as electrodes 

covering the two wafer surfaces without blocking the pores, thus forming nanoporous capacitor-like 

structures (Figure 1a-e, Supplementary Figure 1). Details on the RBIP fabrication process can be found in 

the methods section.  

Ion Pumping Mechanism 
We start by analyzing the performance of RBIPs in which both surfaces are coated with gold thin films. 

This configuration is termed Au-Au. Due to the rough and poly-crystalline nature of the gold films covering 

the AAO wafer (Figure 1b,c), the RBIP surface is inhomogeneous. Moreover, the energetics of Cl- 

adsorption processes are facet dependent.25 Combined with the inherently non-linear nature of double 

layers,22 these result in potential-dependent adsorption and charging phenomena on the RBIP surfaces 

leading to a dispersion of time constants and thus a non-linear capacitance.23–26 Since no two poly-

crystalline surfaces are identical, small differences in the RBIP surface properties result in an unintentional 

asymmetry, which is essential for ratchet-driven transport.  

When an input signal, Vin, is applied between the two metal layers, the double layer at one surface is 

charged while the other is discharged with time constants that are determined by the properties of the 

input signal, the metal surface, and the aqueous electrolyte. The electrostatic potential difference 

between the bulk solution and the adjacent metal surface at each side of the RBIP (VL and VR in Figure 1a) 

fluctuates according to these time constants, and the electric potential difference between the bulk of 

the two electrolyte compartments is: 

 𝑉𝑜𝑢𝑡(𝑡) = 𝑉𝐿(𝑡) + 𝑉𝑖𝑛(𝑡) − 𝑉𝑅(𝑡). (1) 

The RBIP performance was evaluated by placing an RBIP between two compartments of aqueous chloride-

containing electrolyte and measuring the voltage between two Ag/AgCl wires, which are immersed in the 

solution on each side of the RBIP (𝑉𝑜𝑢𝑡). Because of the extremely high reaction rate for reversible 

oxidation of Cl– at Ag to form insoluble AgCl, the voltage difference between the two Ag/AgCl wires is 

dominated by the electrochemical potential difference of Cl– at the wire surfaces. The measured resting 

voltage between the two Ag/AgCl wires, 𝑉𝑟𝑒𝑠𝑡, when both compartments are filled with the same 

electrolyte (1 – 10 mM Cl– containing solution) is lower than 10 mV in magnitude and is typically about 3 

mV. Application of a DC bias across the RBIP contacts (Vin of +300 mV or –300 mV) resulted in the expected 
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prompt observation of 𝑉𝑜𝑢𝑡 ≈ 𝑉𝑖𝑛 that decayed to 𝑉𝑜𝑢𝑡 ≈ 𝑉𝑟𝑒𝑠𝑡 over ~1 sec due to capacitive charging. 

Hence, under these conditions there is no steady state net driving force for ion transport through the 

RBIP.   

To demonstrate the difference in charging and discharging time constants and their contribution to the 

ratchet output, the voltage signals VL(t) and VR(t) were measured while the RBIP was operating. The 

input signal was a rectangular wave in the form: 

 
𝑉𝑖𝑛(𝑡) =

𝑉𝑎 0 < 𝑡 ≤ 𝑑𝑐𝑇
−𝑉𝑎 𝑑𝑐𝑇 < 𝑡 ≤ 𝑇

 , (2) 

where T is the temporal period and 𝑑𝑐  (∈ [0,1]) is the duty cycle. The charging and discharging time 

constants of every surface at every part of the period were found by fitting the averaged measured signals 

to a single exponential charging/discharging function: 

 

𝑉(𝑡) =
𝑉𝑓,1 + (𝑉𝑖,1 − 𝑉𝑓,1)exp (−

𝑡

𝜏1
) 0 < 𝑡 ≤ 𝑑𝑐𝑇

𝑉𝑓,2 + (𝑉𝑖,2 − 𝑉𝑓,2)exp (−
𝑡−𝑑𝑐𝑇

𝜏2
) 𝑑𝑐𝑇 < 𝑡 ≤ 𝑇

 , (3) 

where 𝑉𝑖 is the initial voltage, and 𝜏 is the charging/discharging time constant. 𝑉𝑓 is the voltage at which 

the signal would saturate if the capacitances were linear. A subscript 1 notes the first part of the temporal 

period (0 < 𝑡 ≤ 𝑑𝑐𝑇) and a subscript 2 the second part of the period (𝑑𝑐𝑇 < 𝑡 ≤ 𝑇). 

Because the RBIP is electrically floating (i.e., no part of the system is grounded), charging of one contact 

is accompanied by discharging of the other (Figure 2a-bFigure 1). Thus, the time constants for charging 

the right and left surfaces are 𝜏𝑅,1 and 𝜏𝐿,2 respectively, and the time constants for discharging the right 

and left surfaces are 𝜏𝑅,2 and 𝜏𝐿,1 respectively. Figure 2c shows the extracted time constants for charging 

and discharging the surfaces as a function of the duty cycle. The other fitted parameters are shown in 

Supplementary Figure 2. In linear systems the time constants are invariant. However, due to the non-

linearity of the double layer capacitances, all time constants vary with the duty cycle. Particularly, there 

is a significant difference between the charging (and discharging) time constants of the two surfaces: 
𝜏𝐿,1 ≠   𝜏𝑅,2 and 𝜏𝐿,2 ≠ 𝜏𝑅,1. At a duty cycle of 0.5 the time constants are: 𝜏𝐿,1 = 6.59 ms, 𝜏𝑅,2 = 8.21 ms, 

and  𝜏𝐿,2 = 8.5 ms, 𝜏𝑅,1 = 7.23 ms. This asymmetry implies that a voltage rise due to the charging of a 

surface at the first part of the period is not fully negated by the charging of the opposite surface during 

the second part of the period.  As a result, a non-zero time-averaged output voltage can be obtained even 

for time-symmetric input signals. For duty cycles above 0.4 the time constants for charging one surface 

and discharging the other are similar yet vary significantly between the first part and the second part of 

the period: 𝜏𝐿,1 ≈   𝜏𝑅,1 ≠ 𝜏𝐿,2 ≈ 𝜏𝑅,2. A similar analysis for signals with different frequencies and 𝑑𝑐 =

0.5 shows that the time constants decrease significantly with the signal frequency (Supplementary Note 

3). Thus, the charging and discharging dynamics are mostly determined by the duration for charging and 

discharging. As a result, the difference in charging and discharging time constants is smallest for 𝑑𝑐 = 0.5, 

and for this duty cycle the asymmetry is determined only by the non-linear nature of the capacitance with 

the potential and the difference in the microstructure of the two surfaces. 

The net ratchet induced voltage, Δ𝑉̅𝑜𝑢𝑡, was obtained by finding the mean value of 𝑉𝑜𝑢𝑡 while the ratchet 

is ON and reducing from it the mean value of 𝑉𝑜𝑢𝑡 while the ratchet was OFF (see the methods section 

and Supplementary Note 2 for more details). Figure 2d shows Δ𝑉̅𝑜𝑢𝑡 as a function of the input signal duty 
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cycle. Demonstrating the signature output of a flashing ratchet,1,4 the RBIP output is very low when a 

constant bias is applied (duty cycle of 0 or 1). However, once the input signal alternates, a net voltage 

builds up between the two compartments providing a driving force for ion transport. Moreover, Δ𝑉̅𝑜𝑢𝑡 

reaches 29.1 mV for a moderate duty cycle of 0.375 where the time averaged input is -75 mV, and 23 mV 

for a duty cycle of 0.5 where the time averaged input voltage is 0 V.  Since Δ𝑉̅𝑜𝑢𝑡 is maximal when the 

time-averaged input voltage is near 0 V, and it is negligible for extreme duty cycles when the magnitude 

of the time-averaged input voltage is maximal, it can be concluded that the contribution of mechanisms 

such as conduction, ion electrophoresis and electro-osmosis to Δ𝑉̅𝑜𝑢𝑡 is minimal. This was further verified 

by showing that mass transport of water through the membrane is negligible (Figures S18-S19). 

Furthermore, the amplitude of the input signal is significantly lower than the Gibbs free energy required 

for water splitting. Hence there are no electrochemical reactions taking place on the electrode surfaces. 

At such low voltages, even if the voltage is held constant, the applied potential bias supports only the 

formation of double layers, there is no direct current between the electrodes, the electric field outside 

the double layers is zero, and there is no electrophoretic ion transport. 

 

Device Performance 
Next, we measured the ratchet performance for input signals with various frequencies and duty cycles. 

The charging and discharging time constants of 𝑉𝑜𝑢𝑡(𝑡) vary significantly with the input signal frequency 

and duty cycle (Supplementary Note 4). Figure 3a shows Δ𝑉̅𝑜𝑢𝑡 as a function of the duty cycle and 

frequency. The input signal amplitude is Va = 0.3 V, the electrolyte is 1 mM HCl aqueous solution, the 

active area of the membrane is A = 0.32 cm2.  As in Figure 2d, here also Δ𝑉̅𝑜𝑢𝑡 is practically zero for extreme 

duty cycles and low frequencies when the device is effectively at its steady state for significant parts of 

the temporal period. Δ𝑉̅𝑜𝑢𝑡 increases with the input signal frequency reaching about -17 mV at a 

frequency of 250 Hz and a duty cycle of 0.6. Although the RBIP output increases with frequency within 

this range, it decreases for higher frequencies (Supplementary Figures 15 and 20).  

Δ𝑉̅𝑜𝑢𝑡 values for an aqueous 1 mM electrolyte were observed to be larger (in magnitude) than Δ𝑉̅𝑜𝑢𝑡 

values for an aqueous 10 mM electrolyte (Supplementary Note 7). Since the resistance for charge 

transport through the pore, Rp, effectively shunts 𝑉̅𝑜𝑢𝑡 (Figure 1a), solutions with high ionic strength and 

membranes with a large pore diameter will tend to produce a lower RBIP output. The ionic strength of 

the solution also affects the double layer capacitances and the charging and discharging time constants 

at the RBIP surfaces leading to higher optimal frequencies (Supplementary Note 7). We observed that the 

diminished performance with higher concentration solutions can be partially mitigated using AAO 

membranes with smaller pores, but at the expense of higher overall ionic resistance per pore 

(Supplementary Note 7). Unlike previous demonstration of flashing ratchets, a non-negligible output was 

obtained for input signal amplitudes below 0.1 V (Supplementary Note 7). A discussion comparing the 

RBIP and prior flashing ratchet demonstrations can be found in Supplementary Note 10. Ratcheting was 

also demonstrated with Δ𝑉̅𝑜𝑢𝑡 measured between two leak-free reference electrodes. Since reference 

electrodes measure the electric potential, this allows decoupling between the electric and chemical 

potentials that are induced by the ratchet (Supplementary Figure 17). More details on the measurement 

of Δ𝑉̅𝑜𝑢𝑡 and the output dependence on different input signals and solution parameters can be found in 

Supplementary Note 2.  
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The buildup of 𝑉̅𝑜𝑢𝑡 can result in the separation of cations and anions until columbic forces negate the 

ratchet action preventing further charge transport, or drive ambipolar transport.21 To harness the ratchet 

induced voltage to drive a sustained net ionic current, charge neutrality must be maintained. This can be 

achieved by electrically shorting the two Ag/AgCl wires, which provides a low resistance path for removing 

chlorides from one compartment and generating them in the other. In this case, the current between the 

Ag/AgCl wires, 𝐼𝑜𝑢𝑡, is a result of oxidation of one silver wire and an aqueous chloride to form silver 

chloride, and reduction of silver chloride on the other wire to form silver and an aqueous chloride. The 

generation of chlorides in one compartment and their removal in the other balances deviations from 

electroneutrality due to ion pumping driven by charging and discharging of the RBIP contacts.  Figure 3b 

shows the net ratchet induced current density output Δ𝐼𝑜̅𝑢𝑡/𝐴 as a function of the input signal duty cycle 

and frequency. As the voltage output, the current output shows a flashing rachet-like behavior with zero 

net output current at duty cycles of 0 and 1. Once an alternating input signal is injected to the device, a 

significant output current flows reaching as much as 3.15 μA/cm2 at a frequency of 250 Hz and a duty 

cycle of 0.6. Supplementary Figure 7 and Figures S8c-d show the average temporal response and the 

extracted time constants for all frequencies and duty cycles.  

To demonstrate the RBIP ability to drive ions against a force, a current-voltage scan was taken between 

the two Ag/AgCl wires while the ratchet is OFF (𝑉𝑖𝑛  =  0 V) and when it was ON with a duty cycle of 0.5 

and a frequency of 100 Hz (Figure 3c). When the ratchet is OFF, the curve shows an expected linear ohmic 

behavior. However, when the ratchet is ON, the curve shifts by approximately the same Δ𝑉̅𝑜𝑢𝑡   that was 

measured under the same conditions (Figure 3a), thus entering a quadrant in which ions are driven against 

an electrostatic force. It is interesting to analyze this result through the redox potentials of the Ag/AgCl 

wires. When the ratchet is OFF, the CV curve of the two Ag/AgCl wires follows a simple resistive form in 

which Cl- is oxidized at the positively biased Ag/AgCl wire yielding an anodic current. However, once the 

ratchet is ON, the onset for this anodic reaction is shifted and Cl- is oxidized even at voltages below 0 V. 

Complementary, the onset of the cathodic reaction is also shifted such that a negative overpotential of 

about 15 mV is required to drive a cathodic current. Since the current voltage curve is linear, the energetic 

efficiency of the RBIP is approximately 𝜂 = 0.25𝑉𝑜𝑐𝐼𝑠𝑐/𝑃̅𝑖𝑛 where 𝑉𝑜𝑐 and 𝐼𝑠𝑐 are the open circuit voltage 

and the short circuit current as shown in Figure 3a,b respectively and 𝑃̅𝑖𝑛 is the time averaged input power. 

At a frequency of 250 Hz and a duty cycle of 0.5, the input power is approximately 0.215 mW, and with 

the corresponding output from Figure 3a,b results in an efficiency of about 𝜂 =1.96·10-5.  

Unlike conical nano-pores membranes that were shown to have a rectifying transport behavior,6,7 our 

device demonstrates a linear current-voltage curve (Figure 3c and Supplementary Figure 30). This linearity 

confirms that current rectification is not required for RBIP operation. A detailed analysis of mechanisms 

that can potentially result in ionic current rectification is discussed in Supplementary Note 11, clarifying 

why in our devices neither the surface geometry nor the pore shape contributes to such behavior. 

Nevertheless, it is hypothesized that incorporating ionic current rectification, in addition to the capacitive 

ratchet mechanism, can result in enhanced performance. For example, by increasing the fill factor of the 

voltammograms in Figure 3c leading to more efficient devices (similar to photovoltaic cells).  

The non-linear capacitance effects and the resulting ratcheting behavior were reproduced in simulation. 

The coupled Poisson-Nernst-Planck equations were solved for a one-dimensional system consisting of two 

electrolyte reservoirs separated by a membrane with a fixed pore charge. The two electrodes were 

modeled by defining the electric potential at the edges of the membrane. Supplementary Figure 12a 

shows a schematic illustration of the simulation domain, and Supplementary Figure 12b shows the spatial 
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distribution of the electric potential and ion concentration in the system during a typical time-period. The 

input signal alternated between 0.8 V and 0V and its frequency was 5 kHz. The solution was 0.5 mM KCl 

aqueous solution. Figure 3d shows the simulated output voltage considering three different membrane 

pore charges. As demonstrated experimentally, the time constants for charging and discharging the 

surfaces vary significantly with the input signal duty cycle and potential (Supplementary Figures 13-14). 

As a result, the net output voltage shows a ratcheting behavior: it approaches zero when a constant bias 

is applied (duty cycle of 0 or 1), but a significant time averaged voltage is obtained when an alternating 

input signal is introduced. The introduction of pore charge increases the output voltage and shifts the 

optimal duty cycle towards 1. Full details of the numerical model and the time constant extraction are 

given in the methods section and in Supplementary Note 6. Since the model is one-dimensional (i.e., it 

does not incorporate rectifying effects that arise in conical nano-pores), and since the simulation describes 

general physics of charging and discharging of the membrane surface, it can be concluded that the 

capacitive ratchet effect does not require a specific material or pore shape, and can be translated to 

material systems beyond those studied in this work. 

Engineering devices for increased spatial asymmetry should result in increased asymmetric charging (and 

discharging) and thus enhanced performance. This can be achieved by varying the deposition process of 

the two metallic layers or using different materials. Asymmetric devices were fabricated by depositing 

gold on one surface of the AAO wafer and platinum on the other (a configuration that is termed Au-Pt). 

Figure 3e shows the extracted time constants for charging and discharging of the gold and platinum 

surfaces as a function of duty cycle. Although the input signal is the same as in Figure 1h, there is a larger 

difference between the charging (and discharging) time constants of the two electrodes. As a result, a 

dramatic increase in the output voltage (Figure 3f) and output current (Figure 3g) is observed. The 

measured signals and fitted curves are discussed in Supplementary Note 5. The input voltage is not equally 

distributed between the two contacts, and the electric potential of the platinum surface alternates with 

an amplitude that is almost double that of the gold surface (Supplementary Figure 9a,b). As discussed in 

the theoretical analysis (see Supplementary Note 14), if decoupled from the time constants for charging 

and discharging the surfaces, such an asymmetry can enhance device performance, yet it is not a 

prerequisite for device operation. Nevertheless, since the double layer capacitance is potential 

dependent, the higher effective amplitude of the potential applied to the Pt surface may contribute to 

the difference between the time constants between of the two surfaces leading to a higher device output. 

Other possible sources for asymmetry between the metal surfaces are differences in the surface 

chemistry, work functions (leading to differences in the point of zero charge), conductivity, and surface 

area. These sources for asymmetry may lead to differences in the charging-discharging time constants 

and differences in the amplitude of the potential that is effectively applied to the surfaces. 

Ratchet Driven Electrodialysis 

To demonstrate the RBIPs ion pumping functionality, we have demonstrated water deionization in a 

three-compartment electrodialysis system.27 In this system, an RBIP is placed between two electrolyte 

reservoirs, with each reservoir connected to a central dilution cell by ion-selective membranes - a cation-

exchange membrane (CEM) on one side and an anion-exchange membrane (AEM) on the other, thus 

forming a closed ionic circuit. Figure 4a shows a schematic illustration of the system. A photograph and a 

drawing of the setup are shown in Supplementary Figure 21a-b. When an input signal is applied to the 

RBIP, it induces a non-zero time-averaged voltage across it, driving transport of predominantly cations 

through the CEM and predominantly anions through the AEM. Electroneutrality is maintained by the 
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exchange of cations and anions through the RBIP itself. As a result, the initial 1 mM KCl concentration in 

all compartments decreases in the dilution cell, as indicated by a decrease in solution conductivity.   

The conductance in the dilution cell was measured with two titanium wires, as described in the methods 

section and Supplementary Note 8, and the RBIP output voltage was monitored by measuring 𝑉𝑜𝑢𝑡 

between two Ag/AgCl wires (Figure 4a). The system was placed inside an incubator, to reduce 

temperature related conductance changes, and temperature was also measured at the side wall of the 

dilution cell (externally). To further account for temperature effects, the conductance was also measured 

in a reference cell, which has the same volume and geometry as the dilution cell and was located next to 

it. The electrolyte in all compartments was 1mM KCl aqueous solution, and the ratchet was driven with a 

rectangular wave of 𝑉𝑎 = 1 V, 𝑓 = 11 Hz, 𝑑𝑐 = 0.5, which maximizes its output (Supplementary Figure 

21c). Figure 4b shows the measured conductance in the dilution and reference cells normalized by their 

initial conductance. The absolute conductance and the measured temperature are shown in 

Supplementary Figure 24. When the input signal is switched 'On', 𝑉𝑜𝑢𝑡 becomes negative, leading to a 

decrease in the solution conductivity (and the ion concentration) in the dilution cell. When the RBIP is 

switched 'Off',  𝑉𝑜𝑢𝑡 drops in magnitude, and the conductivity in the dilution cell begins to increase, 

indicating transport of cations and anions back into the dilution cell concomitant with transport of ions 

across the RBIP for charge neutrality. These 'On'/'Off' cycles were repeated, demonstrating a clear causal 

relationship between RBIP operation and conductivity changes in the dilution cell. At its lowest point, the 

conductivity in the dilution cell was reduced by 50% (𝑡 = 37 h), while the conductivity in the reference 

cell remained nearly constant. Notably, the concentration gradient between the dilution cell and the 

reservoirs resulted in a buildup of 𝑉𝑜𝑢𝑡 when the system was at rest (shaded areas in Figure 4b). A similar 

effect was used to probe the concentration difference in a second deionization experiment (see 

Supplementary Note 9). The RBIP output started to diminish after approximately 30 hours, resulting in a 

lower deionization rate. After 44 hours a rapid decline in performance was observed. The system was then 

allowed to rest until 𝑡 = 94 h in which back diffusion almost brought the conductivity to its equilibrium 

value. The consistent decrease in the conductance in the dilution cell when an input signal was applied 

thus validates the RBIPs ion pumping functionality.  

  

Analytical Model 
A simple analytical model predicts ratchet behavior similar to our experimental observations. The ratchet 

performance can be computed by assuming that the voltages VL and VR  follow a charging and discharging 

behavior as in equation (3), and inserting them and the input signal into equation (1). The non-linear 

nature of the double layer impedance is approximated by assigning different time constants for the 

surfaces charging and discharging. Since these time constants are determined mostly by the duration of 

the charging and discharging period (Figure 2c, Supplementary Figure 5a), it can be assumed that 

𝜏𝐿,2 =  𝜏𝑅,2  and 𝜏𝐿,1 = 𝜏𝑅,1. Δ𝑉̅𝑜𝑢𝑡 was calculated using this procedure for various input signals and time 

constants. More details on the analytical model can be found in Supplementary Note 14. Figure 5a shows 

the normalized output, Δ𝑉̅𝑜𝑢𝑡/𝑉𝑎, as a function of the duty cycle for several input signal frequencies. The 

charging and discharging time constants are 𝜏𝐿,2 =  𝜏𝑅,2 = 8 ms, 𝜏𝐿,1 = 𝜏𝑅,1 = 2 ms which are close to 

those extracted from experiment (Figure 2c). The output curves show a ratchet behavior with outputs 

near zero for extreme duty cycles and low frequencies, in which the temporal periods are significantly 

longer than the charging and discharging time constants. Like the experimental results, the output reaches 
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largest magnitudes at moderate duty cycles and higher frequencies. Figure 5b shows similar curves for 

𝜏𝐿,2 =  𝜏𝑅,2 = 100 ms and  𝜏𝐿,1 = 𝜏𝑅,1 = 1 ms. For such an extreme difference in time constants, the 

output is higher and the optimal duty cycle shifts toward 0. In both cases, the output saturates when 

increasing the frequency. Figure 5c shows the maximal normalized output (in terms of absolute values) as 

a function of 𝜏𝑅,1 and 𝜏𝑅,2, with 𝜏𝐿,1 = 𝜏𝑅,1 and 𝜏𝐿,2 =  𝜏𝑅,2, and Figure 5d shows corresponding duty cycles. 

The parameters used in Figure 5a,b are marked with a triangle and a diamond respectively. When the 

RBIP capacitance is linear, i.e. all the time constants are equal, the output is zero. However, the output 

increases with the difference in time constants reaching magnitudes that approach 2𝑉𝑎 at optimal duty 

cycles that shift toward 0 or 1. Hence, for the highest performance, the time constants for charging and 

discharging must be as far apart as possible. It should be noted that devices with a geometrical asymmetry 

but with a linear capacitance, i.e. 𝜏𝑅,1 =  𝜏𝑅,2  and 𝜏𝐿,1 = 𝜏𝐿,2, produce a zero output. Thus, optimizing 

electrodes for high frequency dispersion is essential for efficient RBIP operation. In devices where 𝜏𝐿,1 ≠

𝜏𝑅,1 and 𝜏𝐿,2 ≠  𝜏𝑅,2, the maximal obtainable output is determined by the surface with the larger difference 

in time constants, and the effective amplitude acting on each surface (the amplitude asymmetry 

coefficient, 𝑎, as discussed in Supplementary Note 14). The larger the amplitude acting on one of the 

surfaces, the more dominant are the time constants of that surface in determining the total output 

(Supplementary Figure 39). In the Au-Pt device (Figure 3e-g), the time constants of the Pt surface are 

further apart (Figure 3e) and the amplitude of the voltage that the Pt surface fluctuates is larger 

(Supplementary Figure 9f) thus leading to a higher device performance.  

The analytical model demonstrates that a non-linear capacitance, as observed in electric double layers, 

can result in a ratchet-like behavior. However, since the time constants in real devices vary significantly 

with the input signal properties, this model cannot predict the experimental performance of real devices 

and can only define optimal time constants for specific input signals. A detailed discussion of the model 

limitations can be found in Supplementary Note 14.  

Scaling up RBIPs requires stable materials that can be processed on a large scale. Since the RBIP driving 

mechanism is not governed by the chemistry of specific materials, it can be expected that other 

membrane and electrode materials will also exhibit an RBIP functionality. Engineering surfaces for highly 

nonlinear capacitance while maintaining spatial asymmetry might be achievable without nano-scale 

precision thus allowing RBIP large area fabrication. Building on top of the suggested structures, more 

complex devices can be fabricated which support enhanced functionality. For example, layered structures 

can result in an ion pump driven with a flashing ratchet mechanism.28 The energetic efficiency of flashing 

ratchet-based dialysis was compared to reverse osmosis and was shown to be higher under a wide range 

of conditions.29 In addition, we showed that RBIPs can theoretically drive ions of the same charge, but 

different diffusion coefficients, in opposite directions as well as to transport both cations and anions in 

the same direction.20,21 Such devices can pave the way towards ion selective pumps and single membrane 

dialysis systems. Further increasing the number of metal layers connected to independent voltage sources 

may allow tailoring the potential distribution within the pores which can further increase the device 

functionality and efficiency.6 

In conclusion, we have realized a first-of-its-kind ion pump driven by a capacitive ratchet mechanism. This 

type of ion pump can drive a net ion flux in steady state with no redox reactions at the RBIP contacts. Ion 

pumping against an opposing force was demonstrated as well as electrolyte deionization. The driving 

mechanism stems from the non-linear capacitance of electrode double layers, which leads to deviation in 

time constants between charging and discharging. The demonstrated ion pump can pave the way for the 
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development of high efficiency desalination and selective ion separation systems, requiring neither 

moving parts nor redox reactions. 
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Figures 

 

Figure 1: The RBIP|(a) A schematic illustration of the RBIP structure and double layers impedances. (b-c) Plan and cross section 
view SEM images of fabricated RBIPs. respectively. (d) A photograph of a sample before its assembly. (e) A photograph of the RBIP 
performance characterization setup.  
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Figure 2: Non-linear capacitance| (a-b) Experimentally measured signals 𝑉𝐿(𝑡) and 𝑉𝑅(𝑡), respectively, for rectangular-wave 
inputs with various duty cycles, 𝑑𝑐 , over one time period, 𝑇 = 50 𝑚𝑠. The green areas are for the first portion of the period 0 <
𝑡 ≤ 𝑑𝑐𝑇 and the red areas are for the second portion of the period 𝑑𝑐𝑇 < 𝑡 ≤ 𝑇. The dots are the measurements, and the solid 
lines mark the best exponential fit to the data. The color coding marks the duty cycle. The electrolyte is 1 mM KCl aqueous solution, 
and the input signal is alternating between 300 mV and -300 mV. (c) Time constants extracted from the fitted curves in (a) and 
(b). Subscripts 1 and 2 denote that the time constants were extracted for the first (0 < 𝑡 ≤ 𝑑𝑐𝑇 ) and second (𝑑𝑐𝑇 < 𝑡 ≤ 𝑇 ) parts 
of the input signal, respectively. The error bars indicate the fitting 95% confidence interval. The number of samples used to fit the 
data was determined by input signal duty cycle and the measurement sampling rate with a minimum of 12 and a maximum of 87 
data points. (d) The time averaged output voltage 𝛥𝑉̅𝑜𝑢𝑡 as a function of the input signal duty cycle. 𝛥𝑉̅𝑜𝑢𝑡 was obtained by 
averaging the per-period mean voltage of at least 480 temporal periods. The error bars are the standard deviation of the per-
period mean voltages. 
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Figure 3: RBIP performance examination| Au-Au RBIP net output voltage (a), and net output current density (b) as a function of 
the input signal duty cycle and frequency. (c) Current–Voltage curves (𝐼𝑜̅𝑢𝑡/𝐴 , 𝑉̅𝑜𝑢𝑡 ) with Vin = 0 and with a square-wave input 
at a duty cycle of 0.5 and a frequency of 100 Hz. The input signal amplitude is Va = 0.3 V and the electrolyte is 1 mM HCl aqueous 
solution. (d) Numerical simulation: net output voltage as a function of the input signal duty cycle for different membrane pore 
charges. 𝑉𝑖𝑛 alternates between 0.8 𝑉 to 0 V at a frequency of 5 kHz. (e) Au-Pt ratchet time constants as a function of the input 
signal duty cycle. The time constants were extracted from the signals shown in supplementary figure 9a-b. The number of 
samples used to fit the data was determined by input signal duty cycle and the measurement sampling rate with a minimum of 9 
data points and a maximum of 85 data points. The error bars indicate the fitting 95% confidence interval. Au-Pt ratchet net 
output voltage (f), and net output current density (g), as a function of the input signal duty cycle and several frequencies. The 
input signal amplitude is Va = 0.3 V and the electrolyte is 1 mM KCl aqueous solution.  
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Figure 4: Electrodialysis (ED) deionization demonstration |(a) Schematic illustration of the ED deionization system. 𝑉𝑜𝑢𝑡 is 
measured between two Ag/AgCl wires with the indicated polarity, and conductance is measured in the dilution cell using two 
titanium wires, as detailed in the methods section. (b) Normalized conductance (relative to conductance at 𝑡 = 0) in the dilution 
cell and reference cell (left y-axis), and output voltage across the RBIP (right y-axis), as a function of time. Bright areas are time 
periods in which the RBIP is continuously operating, and in the shaded areas the input voltage is set to 0 V. The input signal 
during RBIP operation is a square wave with: 𝑉𝑎 = 1 𝑉, 𝑓 = 11 𝐻𝑧, 𝑑𝑐 = 0.5, and the electrolyte was initially 1 mM KCl aqueous 
solution in all compartments. Ratchet induced ion pumping resulted in a 50% reduction in the conductivity of the solution in the 
dilution cell. The volume of the dilution and reference cells is 0.63 𝑐𝑚3 and 0.66 𝑐𝑚3, respectively. 
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Figure 5: Analytical model | (a)  The ratchet normalized output, 𝛥𝑉̅𝑜𝑢𝑡/𝑉𝑎, as a function of the input signal duty cycle for several 
input signal frequencies, 𝜏𝐿,2 =  𝜏𝑅,2 = 8 ms, 𝜏𝐿,1 = 𝜏𝑅,1 = 2 ms, and 𝑉𝑎 = 0.3 𝑉. (b) 𝛥𝑉̅𝑜𝑢𝑡/𝑉𝑎  as a function of the input signal 

duty cycle for several input signal frequencies, 𝜏𝐿,2 =  𝜏𝑅,2 = 100 ms,  𝜏𝐿,1 = 𝜏𝑅,1 = 1 ms, and 𝑉𝑎 = 0.3 𝑉. (c) The RBIP normalized 

output, 𝛥𝑉̅𝑜𝑢𝑡/𝑉𝑎,  as a function of  𝜏𝑅,1   and  𝜏𝑅,2. For each combination of time constants the duty cycle is optimized to obtain 

the highest output. The input signal frequency is 100 Hz. (d) The duty cycles for which the magnitude of 𝑉̅𝑜𝑢𝑡 is maximal. The 
triangle and the diamond mark the parameters used in a and b respectively.  
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Data Availability 

The source data for all the main text figures are provided with this paper. All other data are available from 

the corresponding authors upon request. 

Methods 

Sample preparation 

RBIP samples were fabricated by depositing metal contacts on both surfaces of annealed anodized 

aluminum oxide (AAO) wafers (InRedox Materials Innovation) with thickness 50 µm, and pore diameters 

of 20 nm, 40 nm, or 60 nm. The wafers were air annealed for ~10 h at a temperature of 650 °C. Several 

RBIP structures and recipes were tested all showing the RBIP functionality. The samples discussed in Figure 

3a-b were made of AAO wafers with a pore diameter of 40 nm and their contacts were deposited with 

thermal evaporation of a chrome adhesion layer and then gold. The thickness of both layers was 40 nm 

(planar equivalent). The samples discussed in Figure 3e-g and Figure 4 had a pore diameter of 40 nm and  

60 nm respectively. The platinum contact was deposited with an electron beam evaporator and the gold 

contact was deposited with magnetron sputtering. The thickness of both contacts was 50 nm (planar 

equivalent).  The sample discussed in Figure 1 had a pore diameter of 60 nm and the metal contacts were 
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deposited with magnetron sputtering of gold on both sides of the wafer (50 nm planar equivalent) 

followed by an 8 nm thick TiO2 coating deposited by ALD. The ALD recipe is as described by Vega et al.30 

where the exposure time to the precursors was set to 1 s and the purging time was set to 5 s. The edges 

of the sample were masked during the ALD process to allow contacting the sample. The metal contacts in 

the samples described in Figures S15, S20 were deposited with electron beam evaporation of a 10 nm 

thick titanium adhesion layer and then 40 nm of gold. The RBIP ion pumping properties were tested in an 

electrochemical cell in which the RBIP served as a membrane separating two aqueous electrolyte 

compartments, each containing an Ag/AgCl wire that was used to probe the voltage or current between 

the two compartments. In the experiments shown in Figures 2a-b, and in Figures S6-8,S16,S25-28,S34 the 

electrochemical cell was as shown in Figure 1e, where parafilm was used to secure the wafers and prevent 

leakage (Supplementary Figure 1), and Carbon black cloth to contact the RBIP electrodes (no contact with 

the electrolyte). The RBIP active area was 0.32 cm2. The electrodialysis cell discussed in Figure 4 was made 

of Formlabs Clear V4 resin. In all other experiments the electrochemical cell was constructed from PEEK, 

with Silicone rubber used to secure the wafers and prevent leakage, and ZOFLEX® CD45.1 conductive foam 

and copper tape to contact the RBIP electrodes (no contact with electrolyte). Here the RBIP active area 

was 0.16 cm2. 

RBIP performance characterization 

To ensure that all the observed performance is a result of a ratcheting mechanism, as opposed to artifacts 

induced by unwanted electronic feedbacks, all measurement instruments and power sources were 

electrically floating (i.e., no part of the system was grounded), and all input signals and measurements 

were performed in two electrode setups. In Figures 2a-b the input signal was produced with a BioLogic 

VSP-300 multichannel potentiostat. The voltage and current measurements were conducted with a 

separate channel from the same potentiostat. Voltage measurements were taken with a sampling time of 

200 µs and current measurements were taken with a sampling time of 400 µs. All the potentiostat 

channels were in floating mode. The RBIP performance discussed in Figure 3a-b was characterized using 

the following procedures. First, Vin was set to 0 V for 30 s. Next, the ratchet signal was introduced for 90 

s. Finally, Vin was set to 0 V for another 60 s. The ratchet induced voltage Δ𝑉̅𝑜𝑢𝑡 was calculated according 

to 𝑉̅𝑜𝑢𝑡 = 𝑉̅𝑜𝑢𝑡,𝑂𝑁 − (𝑉̅𝑜𝑢𝑡,𝑂𝐹𝐹1
+ 𝑉̅𝑜𝑢𝑡,𝑂𝐹𝐹2

)/2 and the ratchet induced current Δ𝐼𝑜̅𝑢𝑡 was calculated 

according to 𝐼𝑜̅𝑢𝑡 = 𝐼𝑜̅𝑢𝑡,𝑂𝑁 − (𝐼𝑜̅𝑢𝑡,𝑂𝐹𝐹1
+ 𝐼𝑜̅𝑢𝑡,𝑂𝐹𝐹2

)/2.  𝑉̅𝑜𝑢𝑡,𝑂𝑁  and 𝐼𝑜̅𝑢𝑡,𝑂𝑁 are respectively the voltage 

and current averaged over the last 30 s of the period in which the input signal was applied. 𝑉̅𝑜𝑢𝑡,𝑂𝐹𝐹1
 and 

𝐼𝑜̅𝑢𝑡,𝑂𝐹𝐹1
 are respectively the voltage and current averaged over the last 15 s in the first (30 s long) period 

in which Vin = 0 V.  𝑉̅𝑜𝑢𝑡,𝑂𝐹𝐹2
 and 𝐼𝑜̅𝑢𝑡,𝑂𝐹𝐹2

 are respectively the voltage and current averaged over the last 

30 s of the second OFF period.  

In Figure 2,  Figure 3e-g, Figure 4b, and Supplementary Figure 21c  the input signal was supplied with a 

Keysight 33510B waveform generator and voltages were measured with Keysight 34465A multimeters. 

In Figure 2 and Figures 3f-g the response to every input signal was measured for 60 s after which the 

input was set to 0 V for 60 s. In Figures 2a-b the voltage VL was measured between the left gold contact 

and the adjacent Ag/AgCl wire, Vout was measured between the two Ag/AgCl wires, and VR was 

calculated using equation (1). The mean temporal signals, VL(t) and VR(t), were found by obtaining the 

mean responses out of 300 periods. The sampling time was 5 ∙ 10−4 s.  Supplementary Figure 3 shows 

an example of the measured signal and the Δ𝑉̅𝑜𝑢𝑡 calculation shown in Figure 1i. In Figures 3f-g the 
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voltage and current measurements were conducted with a sampling time of 6 ∙ 10−4 s. The net output 

voltage and current were calculated according to the method described above for Figures 3a-b, where 

the averaged voltage and current were obtained by averaging measurements between 0.85 and 0.95 of 

each ON/OFF period. In Figure 4b the voltage measurement was conducted with an integration time of 2 

s to reduce the output signal oscillations and obtain only the net averaged voltage. The sampling time 

was 4 s. In Supplementary Figure 21c data was recorded with an integration time of 1 ∙ 10−4 s and 

sampling time of 2 ∙ 10−4 s. 

In some samples, input of a constant bias higher than ±300 mV resulted in a constant, non-negligible Vout. 

This may suggest Faradaic reactivity, which was followed by degradation in the RBIP performance for 

some samples (Supplementary Note 12). In other samples, non-zero Vout under a constant bias was 

attributed to blocked pores (Supplementary Note 13).  

Numerical Simulation 

The electric potential and ion concentrations in response to a rectangular wave input signal was computed 

by solving the one-dimensional Poisson-Nernst-Planck (PNP) equations using COMSOL Multiphysics® v6.1. 

The model geometry is illustrated in Supplementary Figure 12a. The simulation domain consists of two 

electrolyte reservoirs (thickness 𝑊 = 4.5 μm) which are separated by the RBIP membrane (thickness 𝐿 =

1 μm). The RBIP electrodes are modeled as point contacts (0D) and the boundary conditions at the edges 

of the simulation domain were of zero flux thus modeling closed reservoirs. Simulations were performed 

assuming a symmetric binary 1:1 electrolyte with equal diffusion coefficients (𝐷 = 2 ∙ 10−9 m2/s) for 

both ion species, no faradaic reactions at the electrodes and no solvent convection. A full description of 

the governing equations, boundary conditions, input signal, meshing, simulation sequence and membrane 

surface charge calculation, is given in Supplementary Note 6. 

Conductance measurements within the electrodialysis experiment  

Real-time solution conductance measurements were carried out by embedding two titanium electrodes 

into the dilution cell in the electrodialysis setup. Similar to two-electrode conductivity meters, the 

conductance was obtained by applying a sine wave voltage signal between the two electrodes and 

measuring the resulting sinusoidal current flowing through the electrolyte. A detailed description of the 

test methodology and measurement setup is given in Supplementary Note 8.   

Methods-only references 

30. Vega, V. et al. Diffusive transport through surface functionalized nanoporous alumina 
membranes by atomic layer deposition of metal oxides. J. Ind. Eng. Chem. 52, 66–72 (2017). 




