[bookmark: _Hlk131493917]Supporting information for A nanoporous capacitive electrochemical ratchet for continuous ion separations
 Rylan J. Kautz1, Alon Herman2, Ethan J. Heffernan1, Camila Muñetón,3,4 David Larson5,6, Joel W. Ager III5,6,7,8, Francesca M. Toma5,6,9, Shane Ardo1,3,10* and Gideon Segev2,5,6**

1Department of Materials Science & Engineering, University of California Irvine, Irvine, CA 92697, USA
2School of Electrical Engineering, Tel Aviv University, Tel Aviv 6997801, Israel
3Department of Chemistry, University of California Irvine, Irvine, CA 92697, USA
4Department of Chemistry, University of Massachusetts Boston, Boston, MA 02125 USA
5Chemical Sciences Division, Lawrence Berkeley National Lab, Berkeley, CA 94720, USA
6Joint Center for Artificial Photosynthesis, Lawrence Berkeley National Lab, Berkeley, CA 94720, USA
7Materials Sciences Division, Lawrence Berkeley National Lab, Berkeley, CA 94720, USA
8Department of Materials Science and Engineering, University of California Berkeley, Berkeley, CA 94720, USA
9Institute of Functional Materials for Sustainability, Helmholtz Zentrum Hereon, Teltow, 14513, DE
10Department of Chemical & Biomolecular Engineering, University of California Irvine, Irvine, CA 92697, USA

*Email: ardo@uci.edu
**Email: gideons1@tauex.tau.ac.il

Sample assembly 
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Figure S1: Schematic illustration of an RBIP sample assembly in test setup.
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 S2(a-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 measured data. Figure S3a shows the extracted time constants for the two parts of the input signal (0<t<dcT, and dcT<t<T) and each of the measured signals. 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 S3a shows the extracted time constants and Figure S3b shows the extracted values of 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 amplitude of the potential modulation at the ratchet contacts also decreases with frequency. 
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[bookmark: _Ref125708971]Figure S2: (a-c) The averaged responses of  ,and  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.
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[bookmark: _Ref125709477]Figure S3: Extracted time constants (a) and Vf (b) for the signals shown in Figure S2. 
The average responses for the data presented in Figure 2
Figure S4a-e shows the measured average response  for various duty cycles and frequencies of 1, 5, 10, 25, 50Hz 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.
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[bookmark: _Ref146142017]Figure S4: Measured  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 S5a 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 S5b 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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[bookmark: _Ref140396395]Figure S5: (a) Current density, , 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. 
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Figure S6: Measured  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.


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, . The response to every input signal was measured for 5 min after which the input was set to 0 V for 5 min. Figure S7a 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 S7a).
Once a ratchet signal commences,  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  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 S7b shows the ratchet time averaged output voltage, , as a function of the input signal amplitude, Va, for 1 mM and 10 mM KCl aqueous solutions. More details on how  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 S7c-d show 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.
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 ). Figure S8a shows the measurement setup and Figure S8b shows  as a function of the duty cycle for every measurement configuration. According to equation (2) in the main text, . Thus, switching the positive and negative leads for Vin ('Ratchet Switch' in Figure S8a-b) resulted in  values that were reflected around 50% duty cycle such that  ; switching the positive and negative leads for  ('Ag/AgCl Switch' in Figure S8a-b) resulted in oppositely-signed values for , such that (dc) =  (dc). 
Water pumping through the RBIP was not noticed in any of the experiments that were conducted, even for half-day-long measurements, where electroosmosis, if present, could have resulted in significant net water transport.
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[bookmark: _Ref117495304]Figure S7: The output of a RBIP sample with 40 nm pores. (a) Measured output voltage,  , 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, , 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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[bookmark: _Ref133160898]Figure S8: (a) Illustration of the lead-switching experiment, (b) The voltage output of an RBIP, , 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.
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Figure S9: (a) Voltage output, , 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 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, , 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).


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 S10a 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 S7a. 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 S10b shows the 20 nm pore RBIP output, , 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 S7. 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 S10c-d shows 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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[bookmark: _Ref117517098]Figure S10: 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 S11a,b shows  and  , 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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[bookmark: _Ref146144212]Figure S11:   (a) and   (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 0.3 V, and for (b), the input signal frequency is 125 Hz. The electrolyte is 1 mM HCl aqueous solution.
Figure S12 shows the demixing measurements discussed in Figure 3b, focusing on specific cycles of ratchet ON-OFF periods. The red curves (right vertical axis) show the time-averaged current measured between the shorted Ag/AgCl auxiliary electrodes. 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.
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[bookmark: _Ref140403353]Figure S12. Same measurements as in Figure 3(b) focusing on specific times. The red curves are the average currents measured between the shorted Ag/AgCl auxiliary electrodes normalized by the RBIP active area. 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 fluctuations1,2 and not by a voltage that is applied to external electrodes (as in rectifying ionic diodes3,4 and rocking ratchets1,2). 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, , or current, , 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),5–8 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). 


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 S13 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. 
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[bookmark: _Ref139796467]Figure S13: 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 S7. However, this higher performance degraded in the first several hours of operation. Figure S14a shows the recorded output of the RBIP discussed in Figure S7 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 S7b, with an amplitude of 0.4V, until its performance stabilized. Only once the performance has stabilized the measurements presented in Figure S7a-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 S14b 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 S14b, 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 S14c-d shows respectively an SEM image and an EDS map overlaid on top of the SEM image of an RBIP that was operated for about 24 h. As can be seen in Figure S14c-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.
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[bookmark: _Ref117545443]Figure S14: 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 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,  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 S15a-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 S15a 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 S7a. The aqueous solution is 1 mM KCl and 10 mM KCl. Figure S15b shows the extracted 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,  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  obtained in RBIPs with pore diameter of 20 nm. Figure S16 shows another example for  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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[bookmark: _Ref117608270]Figure S15: 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, , as a function of the input signal duty cycle.
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[bookmark: _Ref117610027]Figure S16: 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 S17a 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 S17a. In equilibrium   and  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 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:
	
	
	(S1)


We use subscript 1 to denote the first part of the temporal period ( where dc is the duty cycle and T is the signal period. The second part of the period (), is noted with subscript 2. In this case the steady state voltages follow:
	
	
	(S2)


According to the definitions in Figure 1a, the output voltage, Vout, follows:
	
	
	(S3)


In steady state conditions for a positive voltage applied on the ratchet:
	
	
	(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. 
[image: ]
[bookmark: _Ref125453678]Figure S17: (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 S17b 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:
	
	
	(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, Figures S2-4) 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,  and 
In the first part of every period, the input voltage is Va. Thus, VL discharges towards  with a time constant of :
	
	
	(S6)


VR charges towards :
	
	
	(S7)


 and  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:
	
	
	(S8)


and: 
	
	
	(S9)



Periodicity implies that:
	
	


	(S10)


Inserting and noting , :
	
	


	(S11)


Inserting one into the other and extracting :
	
	

	(S12)


Similarly for VR:
	
	


	(S13)


Noting , , we obtain:
	
	

	(S14)


We can now find the output voltage at each stage:
	
	
	(S15)


Inserting:
	
	
	(S16)


Rearranging:
	
	
	[bookmark: _Ref124326521](S17)


And for the second part of the period:
	
	
	(S18)


Rearranging:
	
	
	[bookmark: _Ref125454591](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:
	
	
	[bookmark: _Ref124324080](S20)


It can be easily shown that in a linear system where  and  the  is 0. However, if the capacitances are nonlinear such that the time constants are different, non-zero values for   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   and . In all the results presented here we have assumed that the RBIP is symmetric in the sense that  is 0 V, and  is 0.5.
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