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Abstract  
Directed ion transport in liquid electrolyte solutions underlies many phenomena in Nature and industry. 

While Nature has devised structures that drive continuous ion flow without Faradaic redox reactions, 

artificial analogs do not exist. Here we report the first demonstration of an ion pump that drives 

aqueous ions against a force using a capacitive ratchet mechanism that does not require redox 

reactions. Modulation of an electric potential between gold thin films on either face of a nanoporous 

alumina wafer immersed in solution resulted in persistent voltages and ionic currents indicative of 

directional ion pumping. This occurs due to the non-linear capacitive nature of electric double layers, 

whose repeated charging and discharging sustains a continuous ion flux. The generated ionic power was 

used in conjunction with an additional shunt pathway to demonstrate electrolyte demixing. These 

ratchet-based ion pumps can potentially enable continuous desalination and selective ion separation 

using a modular, electrically powered device with no moving parts.  

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 

experimentally2–7 for electronic signal rectification,1–10 to drive net transport of uncharged species 

through induced-charge electrokinetics,11 for microparticle and nanoparticle sorting,12–18 and to drive 
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net ionic current or water pumping by alternating redox reactions.19–21 A recent theoretical study has 

shown that ratchet based ion pumps (RBIPs) can sort ions with unprecedented selectivity.22 

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.23–25 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 gold layers, 

serving as electrodes covering the two wafer surfaces without blocking the pores, thus forming 

nanoporous capacitor-like structures (Figure 1a-e, S1). Details on the RBIP fabrication process can be 

found in the methods section. 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.26 Collectively, 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.24–27 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 gold contacts (Vin of +300 mV or –300 mV) resulted in the 

expected 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) 
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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 1f-g). 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 1h 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 Figure 

S2. 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 (Figure S4-5). 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 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, Δ�̅�𝑜𝑢𝑡, 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 Figure S3 for more details). Figure 1i shows Δ�̅�𝑜𝑢𝑡 as a function of the input signal duty 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, Δ�̅�𝑜𝑢𝑡 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 Δ�̅�𝑜𝑢𝑡 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 is minimal. This was further verified by 

showing that mass transport of water through the membrane is negligible (Figures S12-13).    



4 

 

 

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. Figure S1 shows an illustration of the mounting process of an RBIP sample in the 
electrochemical cell. (f-g) 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 
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best exponential fit to the data. The color coding marks the duty cycle and is the same in both (f) and (g). The electrolyte is 1 mM 
KCl aqueous solution, and the input signal is alternating between 300 mV and -300 mV. (h) Time constants extracted from the 
fitted curves in (f) and (g). 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. (i) The 
time averaged output voltage Δ�̅�𝑜𝑢𝑡 as a function of the input signal duty cycle.  

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

Figure 2a shows the averaged temporal response, Vout, at a duty cycle of 0.5 and several frequencies. 

The data for other duty cycles is shown in Figure S6. Figure 2b shows the time constants extracted from 

Vout as a function of the duty cycle and frequency. Similar to the trends observed in Figure 1h and Figure 

S5, the time constants vary with the input signal duty cycle and decrease significantly its frequency. 

Figure 2c shows Δ�̅�𝑜𝑢𝑡 as a function of the duty cycle and frequency. As in Figure 1i, here also Δ�̅�𝑜𝑢𝑡 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. Δ�̅�𝑜𝑢𝑡 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 (Figure S9 and Figure 

S14).  

Δ�̅�𝑜𝑢𝑡 values for an aqueous 1 mM electrolyte were observed to be larger than Δ�̅�𝑜𝑢𝑡 values for an 

aqueous 10 mM electrolyte (Figure S9). Since the resistance for charge transport through the pore, Rp, 

effectively shunts �̅�𝑜𝑢𝑡 (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 (Figure S9). 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 (Figure S14). Ratcheting was also demonstrated with 

Δ�̅�𝑜𝑢𝑡 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 (Figure S11a,b). More details on the measurement of Δ�̅�𝑜𝑢𝑡 and the output dependence 

on different input signals and solution parameters can be found in the supporting information. 

The buildup of �̅�𝑜𝑢𝑡 results in the separation of cations and anions until columbic forces negate the 

ratchet action preventing further charge transport. Hence, 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 2d shows the net ratchet induced current density output 

Δ𝐼�̅�𝑢𝑡/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. Figures S7-8 show the average temporal 

response and the extracted time constants for all frequencies and duty cycles. 
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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 50% 

and a frequency of 100 Hz (Figure 2e). When the ratchet is OFF, the curve shows an expected linear 

ohmic behavior. This is in contrast to membranes with conical nano-pores that were shown to have a 

rectifying transport behavior.19,20 However, when the ratchet is ON, the curve shifts by approximately 

the same Δ�̅�𝑜𝑢𝑡   that was measured under the same conditions, 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/�̅�𝑖𝑛 where 𝑉𝑜𝑐 and 𝐼𝑠𝑐 are the open circuit voltage and the short circuit current as shown in 

Figure 2c,d respectively and �̅�𝑖𝑛 is the time averaged input power. At a frequency of 250 Hz and a duty 

cycle of 50%, the input power is approximately 0.215 mW, and with the corresponding output from 

Figure 2c,d results in an efficiency of about 𝜂 =1.96·10-5. Notably, asymmetry was not introduced 

intentionally to the fabricated devices. Engineering devices for increased spatial asymmetry will result in 

increased asymmetrical charging and thus enhanced performance. This can be achieved by choosing 

different materials for the two metallic surfaces and by varying the deposition process of the two 

metallic layers. Using highly porous structures can also introduce geometric effects that can result in 

non-linear capacitances at higher frequencies.27 

 

 

Figure 2: RBIP  performance examination|(a) Vout as a function of time (normalized by the period, T) for several input signal 
frequencies and a duty cycle of 0.5. (b) The time constants of Vout for several input signal frequencies and duty cycles. (c) 𝛥�̅�𝑜𝑢𝑡  
as a function of the input signal duty cycle frequency. (d) The ratchet net output current density  𝛥𝐼�̅�𝑢𝑡/𝐴  as a function of the 
input signal duty cycle and frequency. The color coding for the input signal frequency is as in (a). (e) Current–Voltage curves 
(𝐼�̅�𝑢𝑡/𝐴 , �̅�𝑜𝑢𝑡 ) with Vin = 0 and with a square-wave input at a duty cycle of 0.5 and a frequency of 100 Hz. In all these 
measurements the electrolyte is 1 mM HCl aqueous solution, the RBIP pore diameter is 40 nm, the active area of the membrane 
is A = 0.32 cm2, and the input signal amplitude is Va  = 0.3 V.  

c
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As discussed above, for a significant concentration gradient to develop, charge neutrality must be 

maintained within the two compartments. This can be achieved by driving the ratchet while two Ag/AgCl 

auxiliary electrodes are shunted across the RBIP to provide a low-impedance pathway for electronic 

current to flow and an ample capacity of solid AgCl. Figure 3a shows a schematic illustration of such a 

system. By removing Cl– from the solution through oxidation at one auxiliary electrode and generating 

Cl– on the other, the shorted auxiliary electrodes assure that charge neutrality is maintained regardless 

of differences in ratchet-induced chloride and cation currents. Thus, when cations are pumped by the 

RBIP into one compartment, chlorides are generated there to compensate for any additional positive 

charge, leading to an increase in electrolyte concentration. At the same time, since cations leave the 

other compartment and chlorides are removed through the auxiliary electrode, the electrolyte 

concentration in this compartment is reduced. As the cation concentration builds in one compartment 

and decreases in the other, the ability to net pump cations decreases due to back diffusion of cations. 

After a sufficiently long time, the force exerted by the ratchet will be equal to the force induced by the 

opposing concentration gradient and cations will no longer be transported through the RBIP. At this 

stage 𝐼�̅�𝑢𝑥  will be at a magnitude that supports the ratchet induced current and back diffusion without 

violating electroneutrality in either compartment.  

 

 

Figure 3: Demixing demonstration| (a) Schematic illustration of an electrochemical cell used to demonstrate electrolyte 
demixing. (b) The Ag/AgCl wires time-averaged voltage, �̅�𝑜𝑢𝑡. Blue markers are measurements taken while the ratchet was OFF 
for short intervals between periods of ratchet operation, and the black dashed lines are measurements taken while the system is 
continuously at rest. The orange markers are the average current density measured between the Ag/AgCl auxiliary electrodes 
during every ratchet ON period. The input signal is a rectangular wave with a duty cycle of 0.5, frequency of 125 Hz and an 
amplitude, Va, of 0.3 V. The solution is 1 mM HCl aqueous solution, the RBIP pore diameter is 40 nm, the active area of the 
membrane is A = 0.32 cm2. 

RBIP-driven electrolyte demixing was demonstrated with a setup as illustrated in Figure 3a. Two Ag/AgCl 

wire meshes were used as auxiliary electrodes, and a set of Ag/AgCl wires was used to measure the 

chloride electrochemical potential difference between the two compartments. The RBIP sample had the 

same parameters as the one discussed in Figure 2 and the input signal was a square wave with duty 

cycle of 0.5, frequency of 125 Hz and an amplitude, Va, of 0.3 V. Output characterization measurements 

for this sample are shown in Figure S15a-b. For the first 24 hours the system was at rest allowing it to 

equilibrate. Then, to demonstrate demixing, the RBIP was operated continuously with the auxiliary 

electrodes shunted, thus concentrating the solution in one compartment, and diluting the solution in 
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the other compartment as described above. Next, the ratchet was turned OFF (i.e., Vin = 0 V) for short 

intervals of 30 or 90 seconds and V𝑜𝑢𝑡 was measured. The auxiliary electrodes current, I𝑎𝑢𝑥, was not 

measured while the ratchet was OFF, thus the auxiliary electrodes were not shunted during these 

intervals (illustrated by the opening of the switch in Figure 3a). After several cycles of long operation and 

short ratchet OFF intervals, the ratchet was turned OFF for several hours and the system was allowed to 

equilibrate. This entire process was repeated multiple times as described in the methods section. Figure 

3b shows the measured voltage for six periods of operation over the course of 5 days. Figure S16 shows 

in more detail the first three operation periods. The blue markers in Figure 3b mark the average voltage 

within each short OFF interval. The dashed black curves are the voltages measured during the long OFF 

durations. The orange markers are the time-averaged current density, 𝐼�̅�𝑢𝑥/𝐴, measured  while the 

ratchet is ON (normalized by the RBIP active area). The slow drift in voltage observed while the system is 

at rest (dashed black curves) is attributed to slow changes in the Ag/AgCl wires.  When the cell was 

allowed to equilibrate with Vin = 0 V over the course of at least one day, it attained an exceptionally 

stable and low voltage near 0 V. However, following ratchet operation, a non-negligible and consistent 

offset of �̅�𝑜𝑢𝑡 is observed demonstrating electrolyte demixing. The short time interval in which the 

ratchet was OFF and V𝑜𝑢𝑡 was measured is sufficient for discharging of the double layers, but too short 

to allow for any meaningful back diffusion of ions. Thus, the voltage offset is a result of the chemical 

potential difference of chlorides between the two compartments and the  electrostatic potential 

difference induced by the permselectivity of the membrane.28 Examples for this offset, which is 

approximately 𝑘𝑇/𝑞𝑙𝑛(𝑐2/𝑐1), are marked with the vertical arrows in Figure 3b (k, T, and q being the 

Boltzmann constant, the temperature, and the elementary charge, respectively, and c1 and c2 are 

respectively the Cl- concentration in compartments 1 and 2). The cathodic current induced by the 

ratchet results in reduction of AgCl(s) to generate aqueous Cl- in compartment 1 where the working 

electrode is located (WE in Figure 3a), and a decrease in the aqueous Cl- concentration in compartment 

2 where Cl- is consumed by the counter electrode (CE in Figure 3a) via oxidation of Ag(s) to form AgCl(s). 

As a result, the developed chemical potential difference, 𝑘𝑇/𝑞𝑙𝑛(𝑐2/𝑐1), is negative as shown in Figure 

3b. The correlation between the concentration ratio and the measured voltage was calibrated by 

measuring the resting voltage between the two compartments with various concentration ratios (Figure 

S17). The maximal voltage offset induced by the ratchet (relative to adjacent resting periods) was -7 mV. 

Using the calibration curve, this translates to a maximal concentration ratio of about 0.78 between the 

two compartments. Over the course of the week, the output of the ratchet was reduced due to sample 

degradation. Further discussion of device degradation and other failure modes can be found in the 

supporting information. 

The ratchet performance can be simulated 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 impedances 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 1h, Figure S5a), it can be assumed that 

𝜏𝑙,2 =  𝜏𝑟,2  and 𝜏𝑙,1 = 𝜏𝑟,1. Δ�̅�𝑜𝑢𝑡 was calculated using this procedure for various input signals and time 

constants. More details on the computational model can be found in the supporting information. Figure 

4a shows the normalized output, Δ�̅�𝑜𝑢𝑡/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 1h). The output curves show a ratchet 

behavior with outputs near zero for extreme duty cycles and low frequencies, in which the temporal 
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periods are significantly longer than the charging and discharging time constants. Like the experimental 

results, the output reaches largest magnitudes at moderate duty cycles and higher frequencies. Figure 

4b shows similar curves for 𝜏𝐿,2 =  𝜏𝑅,2 = 100 ms and  𝜏𝐿,1 = 𝜏𝑅,1 = 1 ms. For such extreme 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 4c 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 4d shows 

corresponding duty cycles. The parameters used in Figure 4a,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. 

 

 

Figure 4: Device simulation| (a) The ratchet normalized output, Δ�̅�𝑜𝑢𝑡/𝑉𝑎, as a function of the input signal duty cycle for several 
input signal frequencies and 𝜏𝐿,2 =  𝜏𝑅,2 = 8 ms, 𝜏𝐿,1 = 𝜏𝑅,1 = 2 ms. (b) Δ�̅�𝑜𝑢𝑡/𝑉𝑎 as a function of the input signal duty cycle for 

several input signal frequencies and 𝜏𝐿,2 =  𝜏𝑅,2 = 100 ms,  𝜏𝐿,1 = 𝜏𝑅,1 = 1 ms. (c) The RBIP normalized output, Δ�̅�𝑜𝑢𝑡/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 �̅�𝑜𝑢𝑡 is maximal. The triangle and the diamond 
mark the parameters used in a and b respectively. In all the simulations 𝑉𝑎 = 0.3 𝑉. 

a b

c d
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The proposed 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 the supporting information.  

RBIPs can serve as building blocks in ion pumping systems operating with no redox reactions. For 

example, a dialysis system can be constructed from two RBIPs placed in parallel between two electrolyte 

compartments where each RBIP is designed to transport either anions or cations. Figure S25 shows a 

schematic illustration of such a system. Building on top of the suggested structures, more complex 

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

can result in an ion pump driven with a flashing ratchet mechanism. 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.22,30 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.7 

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 demixing. 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 development of high efficiency desalination and selective ion separation systems, 

requiring neither moving parts nor redox reactions. 

 

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 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 qualitatively similar results. The samples discussed in Figure 2-3 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 sample discussed in Figure 1 had a pore diameter of 60 nm and the metal contacts 
were deposited with magnetron sputtering of gold (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.31 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 S9, S14 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 
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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 2-3, parafilm was used to secure the wafers 
and prevent leakage. The hole diameter between each well is 0.32 cm2 – this area is used for 
determining current density. Carbon black cloth was used to contact the RBIPs electrodes. In the 
experiments presented in Figures 2-3 each compartment in the electrochemical cell was filled with 1 mL 
of electrolyte.  

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 input signals and measurements were 
performed in two electrode setups. In Figures 2-3 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 2 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 Δ�̅�𝑜𝑢𝑡  was calculated according 
to �̅�𝑜𝑢𝑡 = �̅�𝑜𝑢𝑡,𝑂𝑁 − (�̅�𝑜𝑢𝑡,𝑂𝐹𝐹1

+ �̅�𝑜𝑢𝑡,𝑂𝐹𝐹2
)/2  and the ratchet induced current Δ𝐼�̅�𝑢𝑡 was calculated 

according to 𝐼�̅�𝑢𝑡 = 𝐼�̅�𝑢𝑡,𝑂𝑁 − (𝐼�̅�𝑢𝑡,𝑂𝐹𝐹1
+ 𝐼�̅�𝑢𝑡,𝑂𝐹𝐹2

)/2.  �̅�𝑜𝑢𝑡,𝑂𝑁  and 𝐼�̅�𝑢𝑡,𝑂𝑁 are respectively the voltage 

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

and 𝐼�̅�𝑢𝑡,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.  �̅�𝑜𝑢𝑡,𝑂𝐹𝐹2
 and 𝐼�̅�𝑢𝑡,𝑂𝐹𝐹2

 are respectively the voltage and current averaged over 

the last 30 s of the second OFF period.  

In Figure S9 and Figure S14 the input signal was generated with a HP 3245A universal source. The 
voltage between the Ag/AgCl wires was measured with an Agilent 34401A multimeter where both 
instruments shared the same ground. The voltage measurement was conducted with an integration 
time of 1.67 s to reduce the output signal oscillations and obtain only the net averaged voltage. The 
response to every input signal was measured for 300 s after which the input was set to 0 V for 300 s. 

�̅�𝑜𝑢𝑡,𝑂𝑁, �̅�𝑜𝑢𝑡,𝑂𝐹𝐹1
and �̅�𝑜𝑢𝑡,𝑂𝐹𝐹2

were averaged over the last 150 s of every period. 

In Figure 1 the input signal was supplied with a Keysight 33510B waveform generator and voltages were 
measured with Keysight 34465A multimeters. The response to every input signal was measured for 60 s 
after which the input was set to 0 V for 60 s. The voltage VL was measured between the left gold contact 
and the adjacent Ag/AgCl wire, and VR was calculated using equation (1).  In Figure 1f,g, the mean 

temporal signals VL(t), and VR(t) were found by obtaining the mean responses out of 300 periods. 
Figure S3 shows an example of the measured signal and the Δ�̅�𝑜𝑢𝑡 calculation.  

In the experiment described in Figure 3b, the duration of the first set of ON cycles was 5 min after which 
the ratchet was turned OFF (Vin = 0 V) for 30 s. In later sets, the ratchet ON duration was 30 min and the 
duration of the OFF interval was 90 s. To reduce noise, in the long duration ratchet OFF period (black 
curve in Figure 3b) every 20 data points were averaged together. Vout was measured during every 
ratchet OFF interval and the auxiliary electrodes were not shunted during this time. 

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 
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for some samples. In other samples, non-zero Vout under a constant bias was attributed to blocked 

pores.  
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Duty cycle sweep additional data 
Figure S2a-c show respectively the fitted effective amplitude, 𝑉𝑖 − 𝑉𝑓, the final potential, 𝑉𝑓 , and the fit 

R2  as a function of the input signal duty cycle obtained from the data presented in Figure 1f-g. Figure S2d 

shows the measured signals as well as the signals obtained by inserting the fitted values into equations 3 

and 1. The charging/discharging response to a large voltage step is non-linear with the potential as it 

includes the fast relaxation of the electrochemical double layer, and the slower relaxation of other ionic 

processes.1 As a result, the time constants describing the charging and discharging of the surfaces increase 

with the duration of the voltage step (Figure 1h). Furthermore, the fitted curves in Figure 1f-g do not 

account for the fast processes and consistently underestimate the temporal change near t = 0 and t = 

dcT. Figure S2e shows the net output voltage, Δ�̅�𝑜𝑢𝑡, obtained from the measurements (Figure 1i) and by 

integrating the fitted data from Figure S2d. The good agreement between the measured and the output 

obtained with the fitted data implies that the performance of the RBIP can be described with four time 

constants (charging and discharging each of the surfaces), and that the contribution of the faster 

processes at 𝑡 = 0 and 𝑡 = 𝑑𝑐𝑇 is small. 

 

Figure S2: the parameters obtained from the fitting process. (a) The fitted effective amplitude of the input signal 𝑉𝑖 − 𝑉𝑓, (b) the 

final potential, 𝑉𝑓, and (c) the fit R2 as a function of the input signal duty cycle. The color coding is as in (a). (d) the measured 

averaged Vout and Vout obtained from the fitted parameters and equations 1-3. (e) the measured ratchet voltage output and the 
output calculated with the fitted parameters. 

Figure S3a shows the raw data measured during the experiment described in figure 1 (the periodic signals 

cannot be resolved from Figure S3a because of the long duration of the experiment. This data is presented 

to clarify how the analysis is carried out). The grey shaded areas mark the times when the ratchet was 

OFF, and the white regions mark the times when the ratchet was ON. The input signal duty cycle is 

indicated near the top of every white region. The black curve is the measured voltage. 𝑉𝑜𝑢𝑡,𝑂𝑁  (light blue) 

is the voltage measured when the ratchet was ON and that was later used to calculate the time averaged 

voltage �̅�𝑜𝑢𝑡,𝑂𝑁 as described in the methods section. The time averaged voltage, �̅�𝑜𝑢𝑡,𝑂𝑁, for every duty 

cycle is indicated with markers.  �̅�𝑜𝑢𝑡,𝑂𝐹𝐹 (not shown Figure S3a) is the temporal average of 𝑉𝑜𝑢𝑡 when the 

a b c

d e
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ratchet was OFF and was obtained by averaging the red areas in Figure S3a. Figure S3b shows the same 

measurement as in Figure S3a focusing on a short timespan with duty cycle of 0.5, allowing the recorded 

signal to be observed. Figure S3c shows the time averaged voltages  �̅�𝑜𝑢𝑡,𝑂𝑁 and �̅�𝑜𝑢𝑡,𝑂𝐹𝐹 and how the 

ratchet voltage output Δ�̅�𝑜𝑢𝑡 is calculated: Δ�̅�𝑜𝑢𝑡 = �̅�𝑜𝑢𝑡,𝑂𝑁 − (�̅�𝑜𝑢𝑡,𝑂𝐹𝐹,1 + �̅�𝑜𝑢𝑡,𝑂𝐹𝐹,2)/2. 

 

 

Figure S3: 𝛥�̅�𝑜𝑢𝑡 calculation, (a) The raw data recorded in the experiment described in Figure 1, and the ratchet output 
calculation. The grey shaded areas mark the time when the ratchet was OFF, and the white regions mark the time when the 
ratchet was ON. The black curve is the measured voltage. The numbers indicate the duty cycle of the input signal. (b) An 
example of 𝑉𝑜𝑢𝑡,𝑂𝑁 and �̅�𝑜𝑢𝑡,𝑂𝑁 within a short timespan with duty cycle of 0.5, which allows observing the recorded signal. (c) 

The time averaged voltages  �̅�𝑜𝑢𝑡,𝑂𝑁  and �̅�𝑜𝑢𝑡,𝑂𝐹𝐹  and the ratchet voltage output 𝛥�̅�𝑜𝑢𝑡 calculation: 𝛥�̅�𝑜𝑢𝑡 = �̅�𝑜𝑢𝑡,𝑂𝑁 −

(�̅�𝑜𝑢𝑡,𝑂𝐹𝐹,1 + �̅�𝑜𝑢𝑡,𝑂𝐹𝐹,2)/2. 

Time constants extraction- frequency sweep 
The sample analyzed in Figure 1f,g was also measured at various input signal frequencies. The duty cycle 

is 0.5, and the amplitude is Va = 0.7 V. The electrolyte is 0.2 mM NaCl aqueous solution. All other 

parameters are as described in Figure 1. Figure S4a-c show respectively the average temporal responses 

of VL, VR, and Vout. For clarity, the time for every signal was normalized by its period. The input signal 

frequency is indicated by the color bar. For the lowest frequency (0.1 Hz) three temporal periods were 

averaged to obtain the average response, for a frequency of 0.2 Hz, 8 periods were averaged, and for 

higher frequencies at least 15 periods were averaged. The solid lines show the best exponential fit to the 
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measured data. Figure S5a shows the extracted time constants of the measured signals for the two parts 

of the input signal (0<t<dcT, and dcT<t<T). The time constants for all signals drop significantly with the 

input signal frequency demonstrating the frequency dispersion. Differences between the time constants 

for the two parts of the input signals are also observed. Figure S5b-c shows respectively the extracted 

values of Vi-Vf and Vf for each of the signals. Because the effective time constants increase as the 

frequency decreases, Vf  reaches the applied voltage only for very low frequencies. As a result, the 

effective amplitude of the potential modulation at the ratchet contacts, 𝑉𝑖 − 𝑉𝑓,  also decreases with 

frequency. This implies that at high frequencies the voltage VL and VR alternate according to an effective 

input signal with an amplitude that is smaller than 𝑉𝑎, potentially reducing the output of the device. 

 

Figure S4: (a-c) The averaged responses of  𝑉𝐿(𝑡), 𝑉𝑅(𝑡) and 𝑉𝑜𝑢𝑡(𝑡) respectively for various input signal frequencies. The sample 
is as in Figure 1. The duty cycle is 0.5, and the amplitude is Va = 0.7 V. The electrolyte is 0.2 mM NaCl aqueous solution. For each 
signal, the time was normalized by the input signal temporal period. The color bar indicates the input signal frequency. The symbols 
mark the measured signals, and the solid lines are the exponential fit. The plotted measured signals were under-sampled for 
visualization purposes. 

  

Figure S5: (a) Extracted time constants, (b) the fitted effective amplitude 𝑉𝑖 − 𝑉𝑓, and (c) Vf  for the signals shown in Figure S4. 

The average responses for the data presented in Figure 2 
Figure S6a-e shows the measured average response 𝑉𝑜𝑢𝑡(𝑡) for various duty cycles and frequencies of 1, 

5, 10, 25, 50 Hz in (a-e) respectively. Each output is the averaged response of at least 30 temporal periods. 

The sample is as in Figure 2, the electrolyte is 1 mM HCl aqueous solution, the RBIP pore diameter is 40 

nm, the active area of the membrane is A = 0.32 cm2, and the input signal amplitude, Va, is 0.3 V. For 

frequencies of 125 and 250 Hz there were not enough measured data points per period to carry out the 

fitting process properly. 

a b c

a b c
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Figure S6: Measured 𝑉𝑜𝑢𝑡(𝑡) for various duty cycles (dots) and the best fit to single exponential functions. The color coding matches 
the input signal duty cycle. The input signal frequencies are 1, 5, 10, 25, 50 Hz in (a-e) respectively. Each output is the averaged 
response of at least 30 temporal periods. The electrolyte is 1 mM HCl aqueous solution, the RBIP pore diameter is 40 nm, the active 
area of the membrane is A = 0.32 cm2, and the input signal amplitude, Va, is 0.3 V. 

Figure S7a shows the average temporal response of Iout(t). The RBIP and signal parameters are as in Figure 

2a. The measured current is normalized by the RBIP active area (A = 0.32 cm2), and the time is normalized 

by the temporal period of every signal. The response for other duty cycles and the best fit to exponential 

functions are shown in Figure S6. Figure S7b shows the time constants obtained from Iout(t). As in the time 

constants obtained from the voltage measurement, the current time constants vary significantly with 

frequency and duty cycle, and the time constants of the first part of every period are close to those of the 

second part of the period flipped with respect to a duty cycle of 0.5. The color coding is as in Figure S5a. 

The time constants for frequencies of 125 and 250 Hz were not extracted because there were not enough 

measured data points per period to carry out the fitting process properly. 
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Figure S7: (a) Current density, 𝐼𝑜𝑢𝑡/𝐴, as a function of time for several input signal frequencies and a duty cycle of 0.5. (b) Time 
constants of Iout for several input signal frequencies and duty cycles. The sample is as in Figure 2, the RBIP pore diameter is 40 nm, 
the active area of the membrane is A = 0.32 cm2, the electrolyte is 1 mM HCl aqueous solution, and the input signal amplitude, Va, 
is 0.3 V.  

 

Figure S8: Measured 𝐼𝑜𝑢𝑡(𝑡)  for various duty cycles (dots) and the best fit to single exponential functions. The color coding matches 
the input signal duty cycle. The input signal frequencies are 1, 5, 10, 25, 50 Hz in (a-e) respectively. Each output is the averaged 
response of at least 30 temporal periods. 
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Additional results and methods 

RBIP with a pore diameter of 40 nm in KCl aqueous electrolyte 

Here we have tested the performance of an RBIP fabricated on AAO wafers with 40 nm diameter pores. 
The wafers were air annealed for 11 h at 650 °C. The contacts were deposited with electron beam 
evaporation of 10 nm of titanium and 40 nm of gold (planar equivalent). For the results presented in this 
section, unless stated otherwise, the input electric signal Vin(t) is a rectangular wave at a frequency of 
100 Hz, and the amplitude, Va, is 0.2 V. The ratchet input signal, Vin, was applied with an HP 3245A 
universal source and the voltage between the Ag/AgCl wires was measured with an Agilent 34401A 
multimeter, where both instruments shared the same ground. The voltage measurement was conducted 
with an integration time of 1.67 s to reduce the output signal oscillations and obtain only the net time 
averaged voltage, �̅�𝑜𝑢𝑡. The response to every input signal was measured for 5 min after which the input 
was set to 0 V for 5 min. Figure S9a shows the recorded voltage for duty cycles between 5% and 100% 
(the duty cycle is the portion of the time in every period where the voltage is at its high value. The input 
signal duty cycle is marked next to the output curve in Figure S9a). 

Once a ratchet signal commences, 𝑉𝑜𝑢𝑡 quickly builds up to a level determined by the duty cycle. The 

ratchet-induced voltage reaches its largest values for duty cycles close to 50%, i.e., a temporally averaged 

input voltage of 0 V. For a duty cycle of 100%, which is the response to a voltage step from 0 V to 0.2 V, 

the voltage signal shows the well expected, fast capacitive charging behavior corresponding to 

polarization of the metal contacts. However, unlike the response to a duty cycle of 100%, for a duty cycle 

of 95% (a temporal average input voltage of 0.19 V), a ratchet action is observed and 𝑉𝑜𝑢𝑡(𝑡) has a 

negative sign with a much slower decay time. This provides a simple distinction between steady-state 

ratchet-driven transport and capacitive charging–discharging behavior. 

To estimate the ratchet output voltage, the measured voltage was averaged over the last 2.5 min of every 

cycle and the difference between the ratchet ON and ratchet OFF average voltages was calculated. Figure 

S9b shows the ratchet time averaged output voltage, Δ�̅�𝑜𝑢𝑡, as a function of the input signal amplitude, 

Va, for 1 mM and 10 mM KCl aqueous solutions. More details on how Δ�̅�𝑜𝑢𝑡 is calculated can be found in 

the Methods section. The input signal was an unbiased square wave with a frequency of 100 Hz, and a 

duty cycle of 50%. For the 1 mM KCl solution, a noticeable ratchet output is visible for ratchet signals with 

an amplitude as small as 0.05 V. This extremely low voltage threshold provides a clear distinction between 

ratchet-induced ion transport, where the voltage threshold is about 2kT (k is the Boltzmann constant 

(1.381 x 10-23 J K-1) and T is the temperature (K)), and ion transport induced by chemical reactions where 

the threshold bias is determined by the Gibbs free energy and the reaction overpotentials. The ratchet 

output is significantly smaller with the 10 mM KCl solution. This is an expected result, because at a higher 

ion concentration potential screening is more significant, and as a result the center of the pore is less 

affected by the input signal and can serve as a shunt for back-diffusing ions. Figure S9c-d shows the ratchet 

output voltage as a function of the frequency and duty cycle in 1 mM and 10 mM KCl, respectively. Since 

ratchet systems have no long-term output when a DC voltage is applied, the RBIP output voltage is close 

to 0 V for duty cycles near 0% and 100%. Similarly, at low frequencies, the RBIP fully charges and 

discharges the double layers, which is similar to operation under DC bias. Thus, the output is near 0 V at 

low frequencies as well. As a result, the RBIP shows a significant output only when operated with duty 

cycles near 50% and at input signal periods that are close to the characteristic charging–discharging time 

constant of the RBIP. When the input signal period is significantly shorter than the RBIP charging and 

discharging time constants the output again goes to 0 V. 
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The output of the ratchet was measured when switching the leads connected to the RBIP contacts, and 
the leads of the Ag/AgCl wires (used to measure 𝑉𝑜𝑢𝑡). Figure S10a shows the measurement setup and 
Figure S10b shows �̅�𝑜𝑢𝑡 as a function of the duty cycle for every measurement configuration. According 
to equation (2) in the main text, 𝑉𝑖𝑛(𝑡, 𝑑𝑐) = −𝑉𝑖𝑛(𝑡, 1 − 𝑑𝑐). Thus, switching the positive and negative 
leads for Vin ('Ratchet Switch' in Figure S10a-b) resulted in �̅�𝑜𝑢𝑡 values that were reflected around 50% 
duty cycle such that �̅�𝑜𝑢𝑡,1(𝑑𝑐) = �̅�𝑜𝑢𝑡,2(1 − 𝑑𝑐); switching the positive and negative leads for �̅�𝑜𝑢𝑡 

('Ag/AgCl Switch' in Figure S10a-b) resulted in oppositely-signed values for �̅�𝑜𝑢𝑡, such that �̅�𝑜𝑢𝑡,1(dc) = 

−�̅�𝑜𝑢𝑡,2 (dc).  

 

 

Figure S9: The output of a RBIP sample with 40 nm pores. (a) Measured output voltage,  𝑉𝑜𝑢𝑡, for an input signal with various duty 
cycles. The input signal is a rectangular wave with Va of 0.2 V, a frequency of 100 Hz, and the electrolyte is 1 mM KCl aqueous 
solution. (b) The ratchet output voltage, �̅�𝑜𝑢𝑡, as a function of the input signal amplitude, the frequency is 100 Hz, and the duty 
cycle is 50%. (c,d) the ratchet output voltage as a function of the input signal frequency and duty cycle. The electrolyte is 1 mM 
KCl aqueous solution (c), and 10 mM KCl aqueous solution (d). 
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Figure S10: (a) Illustration of the lead-switching experiment, (b) The voltage output of an RBIP, 𝛥�̅�𝑜𝑢𝑡, when switching the input 
signal leads, and the leads for the Ag/AgCl voltage-sensing leads. The input signal frequency is 50 Hz and the electrolyte is 1 mM 
HCl aqueous solution. All other RBIP and input signal parameters are in as in Fig 2. 

 

 

Figure S11: (a) Voltage output, �̅�𝑜𝑢𝑡(𝑡), measured between two Ag/AgCl wires and two leak-free reference electrodes (LF-1-45, 
Innovative Instruments, Inc.). The pore diameter is 40 nm, the electrolyte is 0.2 mM KCl aqueous solution, the signal frequency is 
100 Hz, and the amplitude is 𝑉𝑎 =0.4 V. The time periods in which the ratchet operated are the bright areas and the shaded areas 
are time periods in which the input voltage was set to 0 V. The duty cycle (in percent) used is noted next to the curves. (b) The 
average ratchet output voltage, �̅�𝑜𝑢𝑡, as a function of the duty cycle and several input signal amplitudes measured between two 
leak-free reference electrodes (dashed line) and Ag/AgCl wires (solid line). 

Electro-osmosis was shown to be negligible by running the ratchet continuously while observing the level 
of the solution within each compartment. The experimental setup is as the one described in Figure 3. The 
ratchet was driven continuously for 16 minutes and 40 seconds with the auxiliary electrodes shunted. 
Then, the ratchet was turned OFF and 𝑉𝑜𝑢𝑡 was measured for 90 seconds. This process was repeated 9 
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times for a total of nearly 3 hours. The input signal was a square wave with a frequency of 125 Hz, an 
amplitude of 300mV and a 50% duty cycle. Each compartment was filled with 1.75 mL of 1mM HCl aqueous 
solution. The RBIP parameters are as in Figure 3. Although the system was operated for 3 hours, no visible 
change in water level was observed. Figure S12 shows optical photographs of the setup before and after 
operation. To further demonstrate that the RBIP prevents any water mass transport between the two 
compartments, this experiment was repeated with a solution height difference introduced between the 
two compartments. The solution, RBIP and input signal parameters are identical to those in Figure S12 
except that one compartment was filled with 2.25 mL of solution and the other with 1.75 mL. The RBIP 
was operated for 3 hours as described in Figure S12 after which it was operated continuously for another 
45 hours.  Figure S13(a-c) shows optical images of the setup at the beginning of the experiment, after 24 
and 48 hours respectively. No water transport through the membrane was observed during the 
experiment. 

 

 

Figure S12: water pumping experiment. Initial water level (a) and after 3 hours of ratchet operation (b). The red lines are guides 
for the eye indicating the solution level in each compartment. The experimental setup is as the one described in Figure 3. The input 
signal was a square wave with a frequency of 125 Hz, an amplitude of 300mV and a 50% duty cycle. Each compartment was filled 
with 1.75 mL of 1mM HCl aqueous solution. 

 

Figure S13: Optical images of the electrochemical cell while an intentional solution level difference is introduced. (a) the initial 
water level, (b) after 24 hours, (c) after 48 hours. The red lines are guides for the eye indicating the solution level in each 
compartment. No water transport through the membrane was observed during this time. The solution, RBIP and input signal 
parameters are identical to those in Figure S12 except that one compartment was filled with 2.25 mL of solution and the other 
with 1.75 mL. 
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RBIP with a pore diameter of 20 nm operation in KCl aqueous electrolyte 

The same set of measurements as performed in the previous section (using RBIPs with a pore diameter of 

40 nm) was repeated using a RBIP constructed on an AAO wafer with 20 nm diameter pores. The sample 

was air annealed for 11 h at 650 °C and the contacts were deposited by electron beam evaporation of 30 

nm of titanium (adhesion layer) and 20 nm of gold (planar equivalent). Figure S14a shows typical data for 

the measured ratchet signal for an input signal frequency of 100 Hz and duty cycles between 5% and 95%. 

The electrolyte is 1 mM KCl aqueous solution. The input signal parameters are as in Figure S9a. As 

discussed above, the ratchet signal was turned ON for 5 min and then the voltage was set to 0 V for 5 min. 

Unlike the 40 nm pore sample, the response to the ratchet signal does not go to 0 V for duty cycles near 

0 and 1. This can be attributed to partial blocking of the pores, caused by their smaller diameter. Further 

discussion of the effect of blocked pores and other failure modes in RBIP devices can be found in the 

failure modes section of the supporting information.   

Figure S14b shows the 20 nm pore RBIP output, Δ�̅�𝑜𝑢𝑡, as a function of the input signal amplitude, Va, in 

1 mM KCl and 10 mM KCl aqueous solutions. The ratchet output is defined as in Figure S9. The frequency 

is 100 Hz and the duty cycle is 50%. A noticeable output was recorded for amplitudes as low as 50 mV 

demonstrating an extremely low voltage threshold. When compared to the 40 nm pore RBIP, the 

performance of the 20 nm pores RBIP is significantly higher at the higher ionic strength solution. Since in 

these samples the pore diameter is closer to the Debye length, the electric potential modulation affects a 

larger portion of the pore. As a result, the decrease in performance with the ionic strength is less 

pronounced in these RBIPs. Figure S14c-d shows Δ�̅�𝑜𝑢𝑡 as a function of the input signal duty cycle and 

frequency for 1 mM KCl and 10 mM KCl aqueous solutions, respectively. For 1 mM KCl aqueous solution, 

the RBIP optimal input signal frequency and duty cycle are 56 Hz and 0.25, respectively, which yield an 

output of -7.5 mV. For 10 mM KCl solution, the optimal input signal frequency and duty cycle are 316 Hz 

and 0.35, respectively, and the output is -1.9 mV. The optimal operating frequency increases with the 

ionic strength and the 20 nm pores RBIP outperforms the 40 nm pores RBIP in higher concentration 

solutions.  
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Figure S14: The output of RBIPs with 20 nm pores. (a) Measured voltage for input signals with various duty cycles. The input signal 
is a square wave with Va of 0.2 V, the frequency is 100 Hz and the electrolyte is 1 mM KCl aqueous solution. (b) Ratchet output 
voltage as a function of the input signal amplitude, Va, the frequency is 100 Hz and the duty cycle is 50%. (c,d) Ratchet output 
voltage as a function of the input signal frequency and duty cycle. The input signal is a square wave with Va  of 0.2 V. The electrolyte 
is 1mM KCl aqueous solution (c) and 10mM KCl aqueous solution (d). 

Ratchet driven demixing 

Figure S15a,b shows �̅�𝑜𝑢𝑡 and  𝐼�̅�𝑢𝑡, respectively, as a funciton of duty cycle for the sample used for the 

demixing experiment (see Figure 3 in the main text). 
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Figure S15:  𝛥�̅�𝑜𝑢𝑡 (a) and 𝛥𝐼�̅�𝑢𝑡 (b) as a funciton of duty cycle for the sample used for the demixing experiment discussed in Figure 
3 in the main text. The input signal amplitude is 𝑉𝑎 =0.3 V, and for (b), the input signal frequency is 125 Hz. The electrolyte is 1 
mM HCl aqueous solution. 

Figure S16a-c shows the same measurements as in Figure 3(b) focusing on the first three periods in which 

demixing was demonstrated. The grey shaded areas are times when the ratchet was turned OFF, and the 

voltage 𝑉𝑜𝑢𝑡 was measured. The dashed black curves (long OFF) are the voltages measured while the 

system was at rest for long durations, and the colored lines (short OFF) are measurements taken in the 

brief durations between ratchet ON periods. The markers (�̅�𝑜𝑢𝑡) are the temporal average of  𝑉𝑜𝑢𝑡 in the 

short OFF intervals. The white areas are the times when the ratchet was ON, and the current between the 

auxiliary electrodes was measured (red curves). Figure S16d-f shows the voltages measured during the 

short ratchet OFF periods in (a-c) respectively. Each curve in Figure S16d-f is an expanded view of the 

voltage measurement shown in Figure S16a-c with the same color.  The input signal is a rectangular wave 

with a duty cycle of 0.5, frequency of 125 Hz, and an amplitude, Va, of 0.3 V. The electrolyte is 1 mM HCl 

aqueous solution, the RBIP pore diameter is 40 nm, the active area of the membrane is A = 0.32 cm2. The 

red curves in Figure S16a-c are the current densities measured between the auxiliary electrodes 

(normalized by the ratchet active area). Every data point is obtained by averaging the current over 1 s. 

The current response can be described in terms of two transient components. The first component is a 

fast current drop which decays after 5 min. This is the response for pumping ions that back-diffused while 

the ratchet was turned OFF during voltage measurements. After this initial response, the current 

magnitude decreases gradually. This slow decrease in current magnitude may be a result of the build-up 

of a cation concentration gradient as described in the main text. This assumption is supported by 

measured voltage which saturates in a similar manner. 

a b
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Figure S16: (a-c) Same measurements as in Figure 3(b) focusing on specific times. The grey shaded areas are times when the 
ratchet was turned OFF, and the voltage 𝑉𝑜𝑢𝑡 was measured. The black curves (Vout, long off) are the voltages measured during 
the prolonged ratchet OFF periods, and the colored lines (Vout, short off) are voltages that were measured during the short OFF 
intervals. The markers are  �̅�𝑜𝑢𝑡, the temporal average of Vout, short off. The red curves are the currents measured between the 
shorted Ag/AgCl auxiliary electrodes normalized by the RBIP active area. (d-f) Voltages measured during the short ratchet OFF 
intervals in (a-c) respectively. Each measured curve in (d-f) is an expanded view of the voltage measurement in (a-c) with the same 
color.  The input signal is a rectangular wave with a duty cycle of 0.5, frequency of 125 Hz, and an amplitude, Va, of 0.3 V. The 
electrolyte is 1 mM HCl aqueous solution, the RBIP pore diameter is 40 nm, the active area of the membrane is A = 0.32 cm2. 

Comparison to electronic flashing ratchets 
The RBIP described here is similar in function to flashing ratchets in the sense that particle transport is 

driven by internal potential fluctuations2,3 and not by a voltage that is applied to external electrodes (as 

in rectifying ionic diodes4,5 and rocking ratchets2,3). Thus, it is interesting to compare the obtained outputs 

to those reported in previous demonstrations of flashing ratchets. The ratio of the ratchet input signal 

amplitude, Va, to the magnitude of the average output voltage, �̅�𝑜𝑢𝑡, or current, 𝐼�̅�𝑢𝑡, are key parameters 

used to quantify the efficiency of a ratcheting process. In many of the previous demonstrations of flashing 

ratchets (which are closest in function to the RBIP reported here, but drove electrons or holes in 

semiconductors),6–9 Va is applied to electronic conductors that are insulated from the charge transport 

layer to avoid shunts. Since there is a significant electric potential drop across the insulation layers, a large 

input voltage amplitude is required. With the RBIP architecture, the input signal, Va, is applied to the metal 

electrodes that are deposited on top of the AAO membrane and charge transport across the 

metal|solution interface is possible only by inducing redox reactions. Thus, charge transport across this 

interface is negligible, if no exogenous species are added and/or the amplitude of Va is kept small. As a 

result, there is no need to insulate the contacts between the ratchet and the media in which the output 

charge transport takes place, and thus lower input signals can be used. In the case of the RBIP discussed 

in Figure 1, a TiO2 ALD layer is deposited on top of the contacts to protect it from degradation and to 

assure that no redox reactions take place at the contacts. Nevertheless, as demonstrated with the other 

tested samples, this insulation layer is not strictly necessary, since the RBIP can drive ion transport with 

no associated redox reactions even without this layer (Figure 2-3, and the section “Additional results and 

methods” in the supporting information).  
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Calibration of Vout response from aqueous HCl concentration ratios across an RBIP 
The correlation between the aqueous HCl concentration differences and the Ag/AgCl voltage was 

obtained by measuring the voltage between two Ag/AgCl wires placed in a cell filled with two solutions 

with predefined concentrations. An annealed AAO wafer with a pore diameter of 40 nm, and without 

deposited contacts, was used to separate the two cell compartments.  Figure S17 shows the measured 

voltage as a function of the concentration ratio between the cells. However, it should be noted that 

variability between samples, the effect of the contacts, and changes in the pore surface charge due to the 

long exposure to acidic conditions, may lead to an inaccuracy in the concentration difference estimation.  

 

Figure S17: Measured voltage between two Ag/AgCl wires across an annealed AAO wafer with no contacts deposited, when a 
concentration gradient was intentionally introduced between the two compartments. The reference concentration is aqueous 1 
mM HCl. 

Sample degradation 
As prepared samples have shown a pumping performance that is significantly higher than presented in 

Figure S9. However, this higher performance degraded in the first several hours of operation. Figure S18a 

shows the recorded output of the RBIP discussed in Figure S9 during its first 20 h of its operation. In this 

measurement, the as-prepared RBIP was operated continuously with an input signal as described in Figure 

S9a, with an amplitude of 0.4 V, until its performance stabilized. Only once the performance has stabilized 

the measurements presented in Figure S9a-d where conducted. In many of the tested samples post-

mortem analysis revealed no noticeable changes in morphology. In such cases, failure may be a result of 

changes in the surface charge distribution within the pores leading to a change in the electric potential 

distribution within the RBIP. In other samples structural changes were visible. Figure S18b shows an EDS 

map overlaid on top of an SEM image of an as-prepared RBIP in which the contacts were deposited with 

electron beam evaporation. As shown in Figure S18b, the as-prepared samples have a uniform coverage 

of gold which allows effective biasing of the pores. Samples prepared with other methods had a similar 

structure. Figure S18c-d shows respectively an SEM image and an EDS map overlaid on top of the SEM 
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image of an RBIP that was operated for about 24 h. As can be seen in Figure S18c-d, clustering of gold 

forms islands that block some of the pores but also prevents effective biasing of the pores that are not 

blocked thus leading to a significant reduction in the pumping performance. In other samples, failure was 

a result of contact delamination from the AAO substrate. 

 

 

Figure S18: Stability analysis of an RBIP. (a) Ratchet output of an as-deposited sample cycled between different duty cycles for 21 
h. (b) SEM and EDS overlay of an as-deposited sample with 20 nm pores. (c-d) SEM image and EDS of a sample after 25 h of 
operation. 

Failure modes 
The trivial failure modes that can affect the RBIP performance are the shunting and blocking of pores. 

Understanding the effect of these failure modes can help shed light on the contributions to the 

performance of different devices. When entire pores, or parts of the pores, are shunted, the electric 

potential distribution within the shunted regions is unaffected by the ratchet signal. As a result, the 

shunted regions provide a path for ions to diffuse back toward their equilibrium distribution, and thus 

limiting the RBIP pumping performance. When the salinity level is too high, such that the Debye length is 

500 nm
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significantly smaller than the pore radius, the center of the pore will not be perturbed by the ratchet signal 

thus forming a shunt. Another cause for pore shunting is improper biasing of the pore, for example when 

the deposited metal layer does not cover the entire surface of the AAO wafer.  

When pores are blocked, or when the resistance to transport through them is too high, the device can be 

effectively described as two separate compartments where the voltage difference between the two 

compartments is determined by the ratchet signal. In such case, the time averaged voltage output, Δ�̅�𝑜𝑢𝑡 

is simply the average voltage applied to the RBIP, and thus it is linear with the duty cycle. Furthermore, if 

the pores are almost entirely blocked, the output is less affected by changes in the solution conductivity. 

Figure S19a-b shows an example of the output of an RBIP with blocked pores. The RBIP pore diameter is 

20 nm and the deposited metal layers are 40 nm of titanium (adhesion layer) and 40 nm of gold (planar 

equivalent). Figure S19a shows the measured Vout for an input signal with Va of 0.2 V, a frequency of 100 

Hz, and duty cycles between 5% and 95%. All the measurement parameters are as in Figure S9a. The 

aqueous solution is 1 mM KCl and 10 mM KCl. Figure S19b shows the extracted Δ�̅�𝑜𝑢𝑡 as a function of the 

input signal duty cycle. The linear relation between the output and the duty cycle, and the small change 

of output with the salinity indicates that transport through the pores is too resistive or that the pores are 

blocked. Similarly, when an alumina membrane was used that did not intentionally have pores in it, Δ�̅�𝑜𝑢𝑡  

values were largest for 0% and 100% duty cycle, and zero for 50% duty cycle, further supporting a ratchet-

based mechanism for our RBIPs. 

Clearly, some devices may have regions that operate well, regions that are fully or partially shunted and 

other regions that are fully or partially blocked. In such case, the measured signal will be a convolution of 

the ratchet output, which is zero at duty cycles of 0% and 100% but is nonzero elsewhere; the contribution 

of shunted regions, which is zero for all duty cycles; and the contribution of highly resistive or blocked 

regions, which is linear with the duty cycle. Thus, partially blocked areas, or high resistance for ion 

transport within the pore, may be the reason for the non-zero Δ�̅�𝑜𝑢𝑡 obtained in RBIPs with pore diameter 

of 20 nm. Figure S20 shows another example for Δ�̅�𝑜𝑢𝑡 as a function of the duty cycle for an RBIP where 

the pores are partially blocked. The sample and input signal parameters are as in Figure 2 and the aqueous 

solution is 1mM HCl. The output curve is superimposed on a linear trend which is indicative of partial 

blockage of the pores.  
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Figure S19: Ratchet output for an RBIP with partially blocked 20 nm pores. (a) Measured output voltage for an input signal with 
various duty cycles. The input signal is a square wave with Va of 0.2 V and the frequency is 100 Hz. (b) Time averaged output 
voltage, 𝛥�̅�𝑜𝑢𝑡, as a function of the input signal duty cycle. 

  

Figure S20: Output voltage as a fucntion of the duty cycle for an RBIP with partially blocked pores. The sample and input signal 
parameters are as in Figure 2 and the electrolyte is 1 mM HCl aqueous solution. 

RBIP simulation 
To estimate the ratchet-induced voltage between the two Ag/AgCl wires we assume that the voltages 

between the RBIP contacts and the Ag/AgCl wires next to them (VL and VR) can be modeled as charging 

and discharging capacitors. Figure S21a shows an illustration of the system and an equivalent circuit 

describing its operation. 

The resting potential difference between each of the ratchet contacts and the wire next to it are VR,eq and 

VL,eq, where subscript L,R denote left and right in Figure 1a and Figure S21a. In equilibrium 𝑉𝐿 = 𝑉𝐿,𝑒𝑞  and 

𝑉𝑅 = 𝑉𝑅,𝑒𝑞 . Since the ratchet is floating with respect to the wires, when a bias Va is applied, one metal 

contact is charged, and the other is discharged. However, the bias is not necessarily shared equally 

between the two contacts. We assign the parameter a to describe this source of asymmetry (yet, in all the 

subsequent results we assume that the charging is symmetric, i.e., a = 0.5). If the input signal has a very 

a b
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long temporal period compared to the time constants for charging and discharging, the voltages in the 

system will reach their steady state values. For the first part of the period, the steady state voltages VLf  

and VRf  are: 

 𝑉𝐿 = 𝑉𝐿𝑓,1 = 𝑉𝐿,𝑒𝑞 − 𝑎𝑉𝑎;     𝑉𝑅 = 𝑉𝑅𝑓,1 =  𝑉𝑅,𝑒𝑞 + (1 − 𝑎)𝑉𝑎 . (S1) 

We use subscript 1 to denote the first part of the temporal period (𝑡 < 𝑑𝑐𝑇) where dc is the duty cycle 

and T is the signal period. The second part of the period (𝑡 > 𝑑𝑐𝑇), is noted with subscript 2. In this case 

the steady state voltages follow: 

 𝑉𝐿 = 𝑉𝐿𝑓,2 = 𝑉𝐿,𝑒𝑞 + (1 − 𝑎)𝑉𝑎;    𝑉𝑅 = 𝑉𝑅𝑓,2 = 𝑉𝑅,𝑒𝑞 − 𝑎𝑉𝑎 .  (S2) 
According to the definitions in Figure 1a, the output voltage, Vout, follows: 

 𝑉𝑜𝑢𝑡 = 𝑉𝐿 + 𝑉𝑖𝑛 − 𝑉𝑅 .  (S3) 
In steady state conditions for a positive voltage applied on the ratchet: 

 𝑉𝑜𝑢𝑡 = 𝑉𝐿,𝑒𝑞 − 𝑎𝑉𝑎 + 𝑉𝑎 − 𝑉𝑅,𝑒𝑞 − (1 − 𝑎)𝑉𝑎 = 𝑉𝐿,𝑒𝑞 − 𝑉𝑅,𝑒𝑞 = Δ𝑉𝑒𝑞 .  (S4) 

Thus, in steady state conditions, the application of a constant bias does not drive the device away from 

its equilibrium voltage. Furthermore, in a perfectly symmetric system, the equilibrium voltages for the 

two surfaces are the same, and the steady state output voltage will be 0.  

 

Figure S21: (a) Illustration of the ratchet setup with all the measured signals and an equivalent circuit. (b) Measured voltages 
during ratchet operation. The frequency is 1 Hz, the duty cycle is 0.5 and the amplitude is Va =0.3 V. The RBIP was prepared as the 
one described in Fig 2 and the electrolyte is 1 mM KCl aqueous solution. 

Figure S21b shows an example of signals measured in response to an input signal with a 0.5 duty cycle, a 

frequency of 1 Hz, and an amplitude of Va = 0.3 V. The RBIP was prepared as the one discussed in Fig 2, 

and the electrolyte is 1 mM KCl aqueous solution. The voltage signals VL and VR can be approximately 

described by a single exponent charging function defined by their initial voltage Vi, its time constant, τ, 

and the steady state voltage, Vf: 

 
𝑉(𝑉𝑖, 𝑉𝑓 , 𝜏, 𝑡) = 𝑉𝑓 + (𝑉𝑖 − 𝑉𝑓) exp (−

𝑡

𝜏
).  (S5) 

In non-linear systems such as electric double layers, the time constant depends on potential, frequency, 

and duty cycle. The acceptable exponential fit to our experimental data (Figure 1, Figure S2, Figure S4-

a b

+-
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RL CL
RRCR
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Figure S6, Figure S8) suggests that that for our RBIPs, this non-linearity can be described through the 

different time constants for charging and discharging the contacts. Thus, for a given frequency and duty 

cycle the transients will be determined by two time constants, 𝜏1(𝑑𝑐 , 𝑓) and 𝜏2(𝑑𝑐 , 𝑓). 

In the first part of every period, the input voltage is Va. Thus, VL discharges towards 𝑉𝐿𝑓,1 with a time 

constant of 𝜏𝐿,1: 

 
𝑉𝐿,1(𝑡) = 𝑉𝐿𝑓,1 + (𝑉𝐿𝑖,1 − 𝑉𝐿𝑓,1) exp (−

𝑡

𝜏𝐿,1
)

= 𝑉𝐿,𝑒𝑞 − 𝑎𝑉𝑎 + (𝑉𝐿𝑖,1 − 𝑉𝐿,𝑒𝑞 + 𝑎𝑉𝑎) exp (−
𝑡

𝜏𝐿,1
). 

(S6) 

VR charges towards 𝑉𝑅𝑓,1: 

 
𝑉𝑅,1(𝑡) = 𝑉𝑅𝑓,1 + (𝑉𝑅𝑖,1 − 𝑉𝑅𝑓,1) exp (−

𝑡

𝜏𝑅,1
)

= 𝑉𝑅,𝑒𝑞 + (1 − 𝑎)𝑉𝑎

+ (𝑉𝑅𝑖,1 − 𝑉𝑅,𝑒𝑞 − (1 − 𝑎)𝑉𝑎) exp (−
𝑡

𝜏𝑅,1
) . 

(S7) 

𝑉𝐿𝑖,1 and 𝑉𝑅𝑖,1 are calculated assuming that the VR and VL are continuous, and that the system is 

operating periodically in steady state.  

For the second part of every period, we get: 

 
𝑉𝐿,2(𝑡) = 𝑉𝐿𝑓,2 + (𝑉𝐿𝑖,2 − 𝑉𝐿𝑓,2) exp (−

𝑡 − 𝑑𝑐𝑇

𝜏𝐿,2
)

= 𝑉𝐿,𝑒𝑞 + (1 − 𝑎)𝑉𝑎

+ (𝑉𝐿𝑖,2 − 𝑉𝑙𝑒𝑞 − (1 − 𝑎)𝑉𝑎) exp (−
𝑡 − 𝑑𝑐𝑇

𝜏𝐿,2
), 

(S8) 

and:  

 
𝑉𝑅,2(𝑡) = 𝑉𝑅𝑓,2 + (𝑉𝑅𝑖,2 − 𝑉𝑟𝑓,2) exp (−

𝑡 − 𝑑𝑐𝑇

𝜏𝑅,2
)

= 𝑉𝑅,𝑒𝑞 − 𝑎𝑉𝑎 + (𝑉𝑅𝑖,1 − 𝑉𝑅𝑒𝑞 + 𝑎𝑉𝑎) exp (−
𝑡 − 𝑑𝑐𝑇

𝜏𝑅,2
) . 

(S9) 

 

Periodicity implies that: 

 𝑉𝐿,1(𝑡 = 0) = 𝑉𝐿,2(𝑡 = 𝑇),   
𝑉𝐿,1( 𝑡 = 𝑑𝑐𝑇)  = 𝑉𝐿,2(𝑡 = 𝑑𝑐𝑇). 

 
(S10) 

Inserting and noting 𝐴𝐿 = exp (−
𝑑𝑐𝑇

𝜏𝐿,1
), B𝐿 = exp (−

(1−𝑑𝑐)𝑇

𝜏𝐿,2
): 

 
𝑉𝐿𝑖,1 = 𝑉𝐿𝑓,2 + (𝑉𝐿𝑖,2 − 𝑉𝐿𝑓,2) exp (−

𝑇(1 − 𝑑𝑐) 

𝜏𝐿,2
) = 𝑉𝐿𝑓,2 + (𝑉𝐿𝑖,2 − 𝑉𝐿𝑓,2)B𝐿, 

𝑉𝐿𝑖,2  = 𝑉𝐿𝑓,1 + (𝑉𝐿𝑖,1 − 𝑉𝐿𝑓,1) exp (−
𝑇𝑑𝑐

𝜏𝐿,1
) = 𝑉𝐿𝑓,1 + (𝑉𝐿𝑖,1 − 𝑉𝐿𝑓,1)𝐴𝐿. 

(S11) 
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Inserting one into the other and extracting 𝑉𝐿𝑖,2: 

 
𝑉𝐿𝑖,2  =

𝑉𝐿𝑓,1 + (𝑉𝐿𝑓,2 − 𝑉𝐿𝑓,1)𝐴𝐿 − B𝐿𝐴𝐿𝑉𝐿𝑓,2

1 − B𝐿𝐴𝐿
. 

  

(S12) 

Similarly for VR: 

 𝑉𝑅,1(𝑡 = 0) = 𝑉𝑅,2(𝑡 = 𝑇 ),  
𝑉𝑅,1( 𝑡 = 𝑑𝑐𝑇)  = 𝑉𝑅,2(𝑡 = 𝑑𝑐𝑇). 

 
(S13) 

Noting 𝐴𝑅 = exp (−
𝑑𝑐𝑇

𝜏𝑟,1
), 𝐵𝑅 = exp (−

(1−𝑑𝑐)𝑇

𝜏𝑟,2
), we obtain: 

 
𝑉𝑅𝑖,2 =

𝑉𝑅𝑓,1 + (𝑉𝑅𝑓,2 − 𝑉𝑅𝑓,1)𝐴𝑅 − 𝐵𝑅𝐴𝑅𝑉𝑅𝑓,2

1 − 𝐵𝑅𝐴𝑅
. 

  

(S14) 

We can now find the output voltage at each stage: 

 𝑉𝑜𝑢𝑡 = 𝑉𝐿 + 𝑉𝑖𝑛 − 𝑉𝑅 . (S15) 
Inserting: 

 
𝑉𝑜𝑢𝑡,1 = 𝑉𝐿,𝑒𝑞 − 𝑎𝑉𝑎 + (𝑉𝐿𝑖,1 − 𝑉𝐿,𝑒𝑞 + 𝑎𝑉𝑎) exp (−

𝑡

𝜏𝐿,1
) + 𝑉𝑎

− [ 𝑉𝑅𝑒𝑞 + (1 − 𝑎)𝑉𝑎

+ (𝑉𝑅𝑖,1 − 𝑉𝑅,𝑒𝑞 − (1 − 𝑎)𝑉𝑎) exp (−
𝑡

𝜏𝑅,1
)]. 

(S16) 

Rearranging: 

 
𝑉𝑜𝑢𝑡,1 = (𝑉𝐿,𝑒𝑞 − 𝑉𝑅,𝑒𝑞) + (𝑉𝐿𝑖,1 − 𝑉𝐿𝑒𝑞 + 𝑎𝑉𝑎) exp (−

𝑡

𝜏𝐿,1
)

− (𝑉𝑅𝑖,1 − 𝑉𝑅𝑒𝑞 − (1 − 𝑎)𝑉𝑎) exp (−
𝑡

𝜏𝑅,1
)

= Δ𝑉𝑒𝑞 + (𝑉𝐿𝑖,1 − 𝑉𝐿𝑓,1) exp (−
𝑡

𝜏𝐿,1
)

− (𝑉𝑅𝑖,1 − 𝑉𝑅𝑓,1) exp (−
𝑡

𝜏𝑅,1
). 

(S17) 

And for the second part of the period: 

 
𝑉𝑜𝑢𝑡,2 = 𝑉𝐿,𝑒𝑞 + (1 − 𝑎)𝑉𝑎 + (𝑉𝐿𝑖,1 − 𝑉𝐿𝑒𝑞 − (1 − 𝑎)𝑉𝑎) exp (−

𝑡 − 𝑑𝑐𝑇

𝜏𝐿,2
) − 𝑉𝑎

− [ 𝑉𝑅,𝑒𝑞 − 𝑎𝑉𝑎 + (𝑉𝑅𝑖,1 − 𝑉𝑅,𝑒𝑞 + 𝑎𝑉𝑎) exp (−
𝑡 − 𝑑𝑐𝑇

𝜏𝑅,2
)]. 

(S18) 

Rearranging: 
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𝑉𝑜𝑢𝑡,2 = 𝑉𝐿,𝑒𝑞 − 𝑉𝑅,𝑒𝑞 + (𝑉𝐿𝑖,1 − 𝑉𝐿,𝑒𝑞 − (1 − 𝑎)𝑉𝑎) exp (−

𝑡 − 𝑑𝑐𝑇

𝜏𝐿,2
)

− [ (𝑉𝑅,𝑖,1 − 𝑉𝑅,𝑒𝑞 + 𝑎𝑉𝑎) exp (−
𝑡 − 𝑑𝑐𝑇

𝜏𝑅,2
)]

= Δ𝑉𝑒𝑞 + (𝑉𝐿𝑖,2 − 𝑉𝐿𝑓,2) exp (−
𝑡 − 𝑑𝑐𝑇

𝜏𝐿,2
)

− (𝑉𝑅𝑖,2 − 𝑉𝑅𝑓,2) exp (−
𝑡 − 𝑑𝑐𝑇

𝜏𝑅,2
) . 

(S19) 

From equations (S17) and (S19) we can see that the net voltage is a result of the difference between the 

charging and the discharging of the two surfaces over the course of one period. 

The time averaged voltage is found by integrating Vout: 

 

�̅�𝑜𝑢𝑡 =
1

𝑇
[∫ 𝑉𝑜𝑢𝑡,1𝑑𝑡

𝑑𝑐𝑇

0

+ ∫ 𝑉𝑜𝑢𝑡,2𝑑𝑡

𝑇

𝑑𝑐𝑇

] =

= Δ𝑉𝑒𝑞

+
1

𝑇
{𝜏𝐿,1(𝑉𝐿𝑖,1 − 𝑉𝐿𝑓,1) [1 − exp (−

𝑑𝑐𝑇

𝜏𝐿,1
)]

− 𝜏𝑅,1(𝑉𝑅𝑖,1 − 𝑉𝑅𝑓,1) [1 − exp (−
𝑑𝑐𝑇

𝜏𝑅,1
) ]

+ 𝜏𝐿,2(𝑉𝐿𝑖,2 − 𝑉𝐿𝑓,2) [1 − exp (−
(1 − 𝑑𝑐)𝑇

𝜏𝐿,2
)]

− 𝜏𝑅,2(𝑉𝑅𝑖,2 − 𝑉𝑅𝑓,2) [1 − exp (−
(1 − 𝑑𝑐)𝑇

𝜏𝑅,2
)]}. 

(S20) 

It can be easily shown that in a linear system where 𝜏𝐿,1 = 𝜏𝐿,2 and 𝜏𝑅,1 = 𝜏𝑅,2 the �̅�𝑜𝑢𝑡 is 0. However, if 

the capacitances are nonlinear such that the time constants are different, non-zero values for �̅�𝑜𝑢𝑡  can 

be obtained. If the time constants are only determined by the duration of the two portions of the input 

signal (as demonstrated experimentally), then 𝜏𝐿,2 =  𝜏𝑅,2  and 𝜏𝐿,1 = 𝜏𝑅,1. In all the results presented 

here we have assumed that Δ𝑉𝑒𝑞 is 0 V, and 𝑎 is 0.5. Figure S22 shows the calculated ratchet output as a 

function of the duty cycle for several input signal frequencies using the time constants shown in Figure 1h 

for a duty cycle of 0.5: 𝜏𝐿,1 = 6.59 ms,  𝜏𝑅,1 = 7.23 ms,  𝜏𝐿,2 = 8.5 ms, and  𝜏𝑅,2 = 8.21 ms. Even for such 

a small difference in time constants a significant output is obtained. However, since the model does not 

account for changes in the saturation voltage Vf, and the effective amplitude Vi-Vf with the duty cycle, it 

cannot fully reproduce the measured outputs.  
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Figure S22: The ratchet normalized output, 𝛥�̅�𝑜𝑢𝑡/𝑉𝑎, as a function of the input signal duty cycle for several input signal 
frequencies. The time constants are taken from Figure 1h for a duty cycle of 0.5:  𝜏𝐿,2 = 8.5 ms,  𝜏𝑅,2 = 8.21 ms, 𝜏𝐿,1 =6.59 ms, 

𝜏𝑅,1 = 7.23 ms.  

It is interesting to show the requirements for obtaining a non-zero output for a time-symmetric input 

signal (dc = 0.5).  Inserting 𝑑𝑐 = 0.5, 𝜏𝐿,1 =   𝜏𝑅,1, 𝜏𝐿,2 = 𝜏𝑅,2, and Δ𝑉𝑒𝑞 = 0𝑉 into equation (S20) we 

obtain: 

 

Δ�̅�𝑜𝑢𝑡

𝑉𝑎
=

2

𝑇

(1 − e
−

𝑇
2𝜏𝐿,1) (1 − e

−
𝑇

2𝜏𝑅,2)

1 − e
−

𝑇
2

(
1

𝜏𝐿,1
+

1
𝜏𝑅,2

)
(𝜏𝐿,1 − 𝜏𝑅,2 ) (S21) 

 

Thus, any difference between the charging (and discharging) time constants of the two surfaces results in 

a non-zero output and the longer time constant determines the direction of the driving force. Figure S23 

shows the calculated normalized output Δ�̅�𝑜𝑢𝑡/𝑉𝑎 as a function of 𝜏𝐿,1 =   𝜏𝑅,1 = 𝜏 with  𝜏𝐿,2 = 𝜏𝑅,2 =

𝜏𝑟𝑒𝑓 = 8.5 𝑚𝑠  and 𝑑𝑐 = 0.5.  

In a symmetric device both surfaces charge (and discharge) with the same time constants:   𝜏𝑅,1 = 𝜏𝐿,2 and 

𝜏𝑅,2 = 𝜏𝐿,1. Under such conditions the output is zero for a 𝑑𝑐 = 0.5,  but can be non-zero for other duty 

cycle values. Figure S24 shows the ratchet normalized output as a function of the input signal duty cycle 

for several input signal frequencies. The charging time constants for both surfaces are  𝜏𝑅,1 = 𝜏𝐿,2 = 8 𝑚𝑠, 

and the discharging time constants are 𝜏𝑅,2 = 𝜏𝐿,1 = 6 𝑚𝑠. Similar to an anti-symmetric flashing ratchet,10 

the ratchet output is zero at duty cycles of 0,0.5 and 1 and is anti-symmetric about 𝑑𝑐 = 0.5. Thus, in a 

symmetric system, a non-zero output can be obtained when the capacitances are nonlinear, and the input 

signal is not time symmetric (𝑑𝑐 ≠ 0.5). 

The suggested model shows that a non-linear capacitance is essential for an RBIP to operate. However, to 

fully predict and model the performance of real devices, the non-linear correlation between the input 
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signal parameters and the charging and discharging time constants must be found. Since the frequency 

dispersion of the double layer capacitance is heavily affected by surface roughness, material crystallinity, 

and other micro-scale properties,10,11 such analyses must be conducted for every RBIP material and 

fabrication process separately and is left for future work. The model assumes that the resistance for ion 

transport through the pores, Rp is very high thus it accounts only for open-circuit conditions as in Figure 

1i and Figure 2a-c. An equivalent circuit model that accounts for ion transport through the pores and the 

Ag/AgCl wires electrochemical reactions can be used to analyze other operating points. Nevertheless, as 

demonstrated in Figure 2g, when the Ag/AgCl auxiliary electrodes assure that charge neutrality is 

maintained, the RBIP operation can be modeled as a voltage source in parallel to a resistive element which 

accounts for charge transport through the pores. A more thorough analysis of equivalent circuit models 

for the RBIP is left for future work. 

 

Figure S23: the calculated normalized output 𝛥�̅�𝑜𝑢𝑡/𝑉𝑎  as a function of 𝜏𝐿,1 =   𝜏𝑅,1 = 𝜏 with  𝜏𝐿,2 = 𝜏𝑅,2 = 𝜏𝑟𝑒𝑓 = 8.5 𝑚𝑠  and 

𝑑𝑐 = 0.5. 
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Figure S24: the ratchet normalized output as a function of the input signal duty cycle for several input signal frequencies. The 
charging time constants for both surfaces are  𝜏𝑅,1 = 𝜏𝐿,2 = 8 𝑚𝑠, and the discharging time constants are 𝜏𝑅,2 = 𝜏𝐿,1 = 6 𝑚𝑠. 
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An RBIP driven dialysis system 
Figure S25 shows a schematic illustration of an RBIP driven dialysis system. The system is comprised of 

two compartments separated by two RBIPs placed in parallel and operated with two independent input 

signals. The RBIPs and input signals are such that one RBIP drives cations to the concentrate compartment 

and the other pumps anions to the concentrate compartment. To avoid ion backflow, the RBIP driving 

cations to the concentrate compartment is coupled to a cation exchange membrane (CEM) and the other 

to an anion exchange membrane (AEM). Since both devices pump ions from the same source 

compartment towards a shared concentrate compartment desalination is achieved. 

 

Figure S25: a schematic illustration of an RBIP driven dialysis system. 
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