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We measured the dynamic electrical properties of a spontaneously charged glass surface in an electrolyte solution by using a MHz-level surface acoustic wave (SAW) actuator to introduce a same-frequency mechanical wave into the glass substrate. The mechanical wave vibrated ions in the nanometer-thick electrical double layer (EDL) to appear at the glass/electrolyte interface. The out-of-equilibrium EDL leaked an electrical field, which was modulated by ion vibration frequency to reveal the presence of ions and their dynamic motion. A previous study excited EDLs on the piezoelectric lithium niobate substrate of a SAW actuator in contact with an electrolyte solution, but it remained unclear whether the mechanical or electrical components of the SAW in the piezoelectric substrate dominated the EDL excitation. Here, we isolated the SAW mechanical component in glass and showed that it introduces a similar ion electrokinetic vibration in the excited EDL at the glass/electrolyte interface using sodium nitrate and potassium chloride solutions as electrolytes. The measured electrical field leakage spectra were of similar magnitude to those measured in the previous study and exhibited similar non-monotonic behaviors, taking local maxima where the SAW period (the inverse of its frequency) was synchronized with the ion relaxation times in the EDL. At these frequencies, the synchronization maximized ion vibration displacement, thereby amplifying the electrical field leakage. Our findings may be used to study the electrokinetic properties of solid surfaces and ion dynamics in EDLs. Moreover, SAW-actuated fluidic platforms may support out-of-equilibrium EDLs relevant to ion-selective membranes and the film stability of electrolyte solutions.
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1 INTRODUCTION
A MHz-level Rayleigh-type surface acoustic wave (SAW), traveling near the surface of a solid substrate, supports an accompanying sub-micrometer-thick evanescent mechanical wave (i.e., a spatiotemporal periodic boundary layer flow) in the neighboring water phase, whether the SAW is a standing (Rayleigh, 1884; Schlichting, 1932) or a traveling wave (Vanneste and Bühler, 2011; Manor et al., 2012). In a piezoelectric substrate, commonly used for SAW actuators, the SAW mechanical component is accompanied by a voltage signal counterpart. Previous theorems have predicted that the SAW mechanical component (Dubrovski and Manor, 2021) and the voltage signal in the piezoelectric substrate (Dietzel and Hardt, 2020) may both introduce electrokinetic effects in an electrolyte solution near the surface of the actuator. The former and the latter displace ions via the accompanying evanescent mechanical wave and the spreading of an electric field in the neighboring electrolyte solution, respectively. Moreover, the voltage signal counterpart of the SAW has been attributed to the electro-catalysis of chemical reactions by SAW actuators (Ahmed et al., 2019; Rezk et al., 2020). SAW actuators have also been used to measure the presence and dynamics of ions in neighboring electrolyte solutions (Aremanda and Manor, 2023). While the contribution of the voltage signal in the piezoelectric substrate of the actuator to electrokinetic effects in the neighboring electrolyte is trivial, it is not clear whether it dominates over contributions from the mechanical component of the SAW. To solve this question, we isolated the mechanical component of the SAW on a glass substrate neighboring an aqueous electrolyte solution. Our measurements confirmed significant electrokinetic effects in the electrical double layer (EDL), which spontaneously appears at the glass/electrolyte interface.
Electrical double layers are the opposing charge layers that spontaneously appear at the surface of a substrate in an electrolyte. The majority of surfaces accumulate spontaneous charge when in contact with an electrolyte due to chemical or physical surface reactions. The charged surface attracts clouds of ions from the electrolyte, some of which will adsorb on the surface. Others, non-adsorbing ions, accumulate in nanometer-thick ion clouds near the charged surface, fully screening the electrical field emanating from the surface charge at equilibrium. EDLs are fundamental to countless natural and artificial systems. Examples of EDL electrokinetic applications include the electrophoretic particle motion, the electroosmotic actuation of flow (Hunter, 2001), and the electrowetting motion of liquid film and drops (Frieder and Jean-Christophe, 2005). Examples of equilibrium applications are energy barriers to particulate coagulation and adsorption (Chan et al., 2008; Homede et al., 2018, 2020), a guiding mechanism for folding structures of proteins (Zhou and Pang, 2018), and the origin of the surface electrical properties in biological (Hong and Okajima, 1986) and artificial membranes (Hoek and Tarabara, 2013).
Our analysis is reminiscent of the classic electroacoustic measurements of the interactions between bulk ultrasonic waves and ions in electrolyte solutions (Debye, 1933; Yeager et al., 1949; Dahint et al., 1992) or charged colloids in dispersions (Dukhin and Goetz, 1996; Babchin et al., 1989; Hunter, 1998). These measurements have been employed to analyze ionic species in electrolytes and analyze the electrokinetic properties, most notably the zeta potential, of particle dispersions in electrolytes. In the latter case, the ultrasonic waves interact with the electrical double layers (EDLs) at the interface of particles and electrolytes along the ultrasonic path, which varies the electric potential across the dispersion.
However, the nanometer thickness of EDLs and their nano- to micro-second relaxation times pose a challenge to direct measurements of ion dynamics in an isolated and unique EDL. This challenge is circumvented by exciting an EDL at a flat interface using a MHz-level Rayleigh-type SAW. These are the same type of waves that occur in earthquakes when pressure and shear waves meet near the Earth’s outer crust, forming a large amplitude waves—Rayleigh waves (or equivalently Rayleigh SAWs) that travel—near the crust’s surface. Rayleigh waves travel near the surface of a substrate and support both normal and longitudinal particle motion. In the laboratory, SAWs are generated in the piezoelectric substrate of actuators, where they are accompanied by an electric signal counterpart. The mechanical component of the SAW produces periodic boundary layer flows in the neighboring fluid—the equivalent of an evanescent mechanical wave—close to the surface of the solid (Rayleigh, 1884; Schlichting, 1932; Vanneste and Bühler, 2011; Manor et al., 2012). The leading-order period of the boundary layer flow is similar to the period (the inverse of frequency) of the SAW in the solid; its characteristic thickness—known as the viscous penetration of the SAW into the fluid—is 100 nm in ambient water neighboring a 20-MHz frequency SAW.
In the presence of an SAW in a solid substrate, the EDL at the solid/electrolyte interface is rendered out of equilibrium, leaking an electrical field to the electrolyte bulk. This electrical field leakage is proportional to the zeta potential of the solid surface in the electrolyte solution and is modulated in time by the motion of ions. Thus, the leakage obtains the frequency of the exciting SAW and its harmonics. Moreover, a SAW of MHz-level frequency, [image: image], comparable to the inverse of the ion relaxation times [image: image], was found to introduce ion dynamic motion in the EDL, where [image: image] is the diffusion coefficient of ion [image: image] and [image: image] is the Debye length of the EDL, where [image: image] is the ionic strength of the electrolyte, and [image: image] and [image: image] are the permittivity of the electrolyte solution, Boltzmann constant, and temperature, respectively (Dubrovski and Manor, 2021).
The ratio of the acoustic period and the relaxation time of ion [image: image] in the EDL, [image: image], gives an indication of the proximity of the two characteristic times and is linearly proportional to the ratio between the electrolyte ionic strength and SAW frequency, [image: image]. Measurements of the electrical field leakage from the excited EDL at the interface of a SAW actuator and various electrolyte solutions demonstrated that [image: image] yields peaks in the measured electrical field. These peaks are specific to the mobilities of ions, giving an array of ion mobilities in the EDL. Synchronization between the period (the inverse of frequency) of the SAW and the ion relaxation time at [image: image] enhances the periodic displacement of ions, which increases the magnitude of the electrical field leakage from the EDL. This leakage provides insights into static EDL properties such as zeta potential and ionic strength, in addition to capturing dynamic EDL behaviors such as ion relaxation times, which highlight the limiting time by which an isolated EDL may dynamically store and release charge (Aremanda and Manor, 2023).
However, when conducting the measurements directly on the piezoelectric substrate of the SAW actuator, it is unclear whether the mechanical SAW or its electrical counterpart dominated the EDL excitation in the previous experiment. The periodic (AC) voltage [image: image] applied to the actuator governs both the SAW intensity and the level of its electrical potential counterpart in the piezoelectric substrate. The SAW generates the evanescent mechanical wave in the electrolyte, which vibrates ions in the EDL at the same frequency. The electrical potential counterpart generates a periodically varying electrical field in the electrolyte at the same frequency, migrating ions periodically, and generating ion vibration. Once the excitation ceases, the ions will diffuse back to form an equilibrium EDL. To isolate the contribution of the mechanical component of the SAW to the excitation of ions in the electrolyte, it is necessary to eliminate its electrical potential counterpart in the piezoelectric substrate of the SAW actuator.
Here, we isolated the contribution of the SAW—that is, of the mechanical vibration—to the leakage of the electrical field off the excited EDL by transferring the SAW from the actuator to a glass slab. The glass slab supports pure mechanical vibration, which excites ions in EDLs at the flat interface between the glass and a drop of electrolyte. We describe our experiment in Section 2, show and discuss our results in Section 3, and summarize and conclude our findings in Section 4.
2 MATERIALS AND METHODS
2.1 Experimental setup
The integrated ultrasonic device in Figure 1 is comprised of a 1-mm-thick glass slab (microscope slides, 1 mm thick, tolerance: [image: image] 0.05 mm, Marienfeld) which is attached to a flat piezoelectric lithium niobate (LN) substrate of a 20 MHz-frequency SAW actuator that supports a traveling SAW of [image: image]m wavelength. We used glycerol (anhydrous, AR, Bio-lab ltd.) as an ultrasonic impedance matching liquid film between the glass substrate and the actuator. The glycerol gap (film thickness) between the glass and LN substrates was approximately [image: image]. This value was set by dispensing a [image: image] drop of glycerol atop the LN substrate and then carefully placing the glass slab on top. The glycerol subsequently spread in the gap and filled the space due to capillary action. The capillary action further trapped the liquid within the gap. The glycerol volume and lateral dimensions of the spacing determine the gap thickness. Moreover, the glass surface became spontaneously charged at a level of [image: image] to [image: image] mV when in contact with an electrolyte and hence supported an EDL; see Supplementary Information S1 for zeta potential measurements using an electrokinetic analyzer for solid surface analysis: SurPASS 3 (Anton Paar GmbH, Graz, Austria). Under similar conditions, the piezoelectric LN substrate of the SAW actuator supports zeta potential levels in the range of [image: image] to [image: image] mV (Aremanda and Manor, 2023).
[image: Figure 1]FIGURE 1 | Sketch of the experimental setup and an image (below) of a 1-mm-thick glass slab atop an SAW actuator; interdigital transducer (IDT) comprising electrodes in contact with a piezoelectric substrate is shown to the left. We placed the glass slab atop the actuator, right of the IDT, using a thin layer of glycerol. We illustrate in the sketch the placement of a drop of electrolyte solution atop the glass slab, into which we inserted working and reference electrodes. The excited EDL leaks an electrical field that we measured using the working electrode.
The SAW actuator is comprised of a 5-nm chrome/1,000 nm aluminum interdigital transducer (IDT) consisting of 30 electrode pairs of 50 [image: image]m width and gaps (between the electrodes) and an IDT aperture of 6 mm. The electrodes were patterned using standard photolithography on a 0.5-mm-thick [image: image] Y-cut, X-propagating single crystal lithium niobate, [image: image], (LN) piezoelectric substrate (Roditi International, England) to support a traveling 20 MHz-frequency Rayleigh-type SAW. We used a signal generator (SMB100A, Rohde & Schwarz, Germany) to supply 20-MHz voltage signals to generate a SAW in the LN substrate. At the far end of the glass substrate from the IDT, we placed a 3-mm-wide strip of wet paper, which was found to be an efficient SAW absorber to eliminate wave reflections, although, as we will show, it was less effective in the glass substrate.
We dispensed a sessile drop of an electrolyte solution atop the glass substrate. The electrolyte solutions were prepared by dissolving ultrapure salts: [image: image] (sodium nitrate, ACS reagent, [image: image] 99.0%, Sigma-Aldrich, Germany) and, separately, [image: image] (potassium chloride, ACS reagent, [image: image] 99.0%, Variation Chemical MFG CORP, CA) in HPLC water. These are strong electrolytes that have small ion pairs and were chosen so that our EDLs were near ideal; they are well described by the Boltzmann–Poisson equation at low ionic concentrations, so our experiments should follow the theory in Dubrovski and Manor (2021).
We then positioned the working and reference microelectrodes in the drop. The working electrode was positioned at a separation of 30–40 [image: image]m away from the glass substrate to avoid the anticipated dispersion of the electrical field leakage, [image: image], at separations greater than the 200 [image: image]m SAW-wavelength (Dubrovski and Manor, 2021). The electrodes were fixed to a stand, and the SAW actuator was placed on a vertical translation stage of 1 [image: image]m resolution and a 13 mm travel range (7VT40-13 Vertical Stage, Standa, Lithuania). The microelectrodes were made from a 30 AWG wire wrap with an inner conductor of a silver-plated copper wire of 0.25 mm diameter and an outer shrouding for insulation (KYNAR460, Pro-Power, Talmir electronics, Haifa, Israel). The reference electrode, which accounts for the electrical potential at the bulk of the drop, was placed at a separation of approximately 1 mm away from the solid.
The electrodes were connected through an active differential voltage probe (RT-ZD02, Rohde & Schwarz, Germany) to an RF lock-in amplifier (SR844, Stanford Research Systems, CA) for measuring the 20 MHz-frequency component of the electrical leakage—the linear (same frequency) response of the EDL to the exciting SAW. We used a BNC T-connector (50 [image: image], Cinch Connectivity Solutions, Talmir electronics, Haifa, Israel) to split the signal sent to the actuator so that we simultaneously supplied the same signal to the lock-in amplifier’s reference-signal port.
2.2 Transport of the mechanical field through the integrated device
The SAW in an isolated actuator (no glass substrate or glycerol layer) is a propagating Rayleigh wave in the presence of the wave absorber at the edge of the actuator (Figure. 2a-c). In the integrated SAW actuator/glycerol/glass device, the SAW in the actuator translates to a same-frequency mechanical vibration in the glass substrate through the glycerol matching layer via diffraction (Figure 2d,e,f). We observed a propagating mechanical vibration at the glass surface close to the IDT—that is, close to the electrodes on the SAW actuator.
[image: Figure 2]FIGURE 2 | Surface-scanning laser Doppler vibrometer (LDV) measurements of the normal solid displacement on (a) an isolated LN substrate of the SAW actuator (with no additional glass substrate or glycerol atop the SAW actuator) and (d) the glass substrate placed above the actuator (using glycerol for acoustic impedance matching between the substrate), where (b, e) are the corresponding two-dimensional representation of the normal displacement amplitude at the solid surfaces at a specific time and (c, f) are the characteristic sawtooth pattern of the corresponding phase, which indicate that both mechanical waves propagate along the upper surface of both the LN and glass substrates and that both are of similar wavelengths of approximately 200 [image: image]m.
To realize the transport of mechanical power from the SAW actuator to the glass substrate, we measured the normal vibration at the LN upper surface of the SAW actuator (at the LN/glycerol interface) and at the glass upper surface (at the glass/air interface) of the integrated SAW actuator/glycerol/glass device at separations of 1, 5, 8, and 12 mm from the IDT—see the measurement results in Supplementary Information S3, where we give the corresponding autocorrelation coefficient to compare the two vibration modes on the two substrates that comprise the integrated device. The vibration normal amplitude is similar on both the LN and glass substrate, and both support a similar wavelength of approximately 200 [image: image]m. However, while both vibrations at the LN and glass substrates are nearly a propagating wave at separations of 1 and 5 mm from the IDT, at separations of 8 and 12 mm, the vibration becomes a clear combination of propagating and standing waves. The appearance of a nearly propagating wave on both substrates near the IDT and a combination of a propagating and standing wave far from the IDT is likely a result of asymmetry. The vibration source (IDT at the SAW actuator) is fabricated on one side of the integrated device; the vibration is reflected from the opposite side of the device while undergoing attenuation by the glycerol film and by the wave absorber placed on the glass substrate at the far edge of the integrated device from the IDT.
In the absence of a sessile drop of an electrolyte solution, the phase of the mechanical vibration through the integrated device changed with separation from the IDT at the SAW actuator. Moreover, the vibration in the LN and glass substrates appeared synchronized. At separations from the IDT, where the SAW in the actuator is nearly a propagating wave or a combination of a propagating and standing wave, so was the mechanical vibration in the glass substrate directly above. Moreover, the SAW in the actuator did not attenuate by simple diffraction to the glass substrate. Such a simple diffraction would be the case if the glass substrate above the SAW actuator were a half-space of glass. In this case, we would expect the SAW in the actuator to almost fully attenuate at a separation of 1 mm from the point where it propagated under the glycerol film and glass substrate (see Supplementary Information S2 for details). However, our measurements suggest that the vibrations in the LN and glass substrate in the integrated device are intimately connected, suggesting that power is transferred from the SAW actuator to the glass substrate and from the glass substrate back to the LN substrate. This behavior may suggest that the mechanical vibration in the glass substrate is akin to a Lamb wave, in which the mechanical vibration is spread throughout the substrate, continuously absorbing and reflecting power to and from the SAW actuator, respectively.
Moreover, in the presence of a sessile drop of an electrolyte solution (as in our experiment) atop the glass substrate of the integrated device, the sessile drop absorbs some of the mechanical power in the glass, and hence one should expect that less mechanical power reaches the far end of the integrated device and, hence, a reduced wave reflection off the glass edge far from the IDT. That is, one should expect a more pronounced propagating mechanical wave in the glass substrate. However, measuring the vibration under the drop is a challenge due to its curved free surface and is beyond the scope of the current investigation.
We are predominantly interested in the mechanical vibration at the upper surface of the glass. It is interesting that it is of similar frequency and wavelength to the SAW in the actuator, which determine the frequency of ion excitation in the EDL at the glass/electrolyte interface and the separation between the working electrode and the glass surface that will facilitate the measurement of the electrical field leakage off the EDL, respectively. Our investigation indicates that the similarity between the frequency and wavelength of the vibration in glass and LN should result in a similar (although not the same) mechanical excitation of the ions in our experiment to that previously generated by a direct contact between the electrolyte and the LN substrate of the SAW actuator.
2.3 Transport of the electrical field through the integrated device
The electrical field accompanying the mechanical wave in the piezoelectric LN substrate of the actuator also spread into the glass substrate through the separating glycerol layer. In the absence of charges in the amorphous glass, the electrical potential [image: image] is governed by the Poisson equation,
[image: image]
The spatiotemporal distribution of the electrical potential in the glass is solved subject to the electrical potential signal accompanying the mechanical wave at the solid surface of the LN substrate at [image: image], which is approximately given by the real component of
[image: image]
where [image: image] is the amplitude of the electrical potential input to the piezoelectric substrate of the SAW actuator in our experiment, [image: image] MHz is the SAW angular frequency, [image: image] is the complex SAW wavenumber, and [image: image] is a coordinate along the LN surface, commencing where the LN surface is first in contact with glass along the path of the SAW. We further assume the decay of [image: image] in a half-space of glass,
[image: image]
The problem in Equations 1–3 is satisfied by the electrical potential in a half-space of glass,
[image: image]
where [image: image]. The exponential attenuation of the electrical field suggests that the magnitude of the spatiotemporal harmonic electrical potential generated by the actuator vanishes in the glass substrate. In our case, where the SAW does not appear to attenuate in the LN substrate of the actuator, we can approximate that the attenuation coefficient vanishes [image: image] and hence the electrical potential amplitude at the upper surface of the glass substrate (given at [image: image] mm) is
[image: image]
The electrical field accompanying the mechanical vibration in the actuator decays in the glass substrate, reaching a negligible magnitude at the upper surface of the glass. We will show later that the electrical potential measured is three to four orders of magnitude smaller than [image: image]. Hence, it is the mechanical wave alone that reaches the upper surface of the glass to excite the EDL at the glass/electrolyte interface.
3 RESULTS AND DISCUSSION
In Figures 3, 4 we show the ionic strength variations of the measured electrical field leakage in terms of a voltage spectrum, which we obtained for different magnitudes of the applied voltage to the SAW actuator [image: image] in two electrolyte solutions: sodium nitrate [image: image] and potassium chloride [image: image]. We scaled the magnitude of the measured voltage [image: image] by the magnitude of the applied voltage to the SAW actuator [image: image]. The scaling was previously shown to collapse the data on a common curve when the measurement was conducted directly on the SAW actuator. These previous measurements exposed the EDL to both the mechanical SAW and the electrical counterpart signal in the piezoelectric LN substrate of the SAW actuator (Aremanda and Manor, 2023). Moreover, we added to the figures an additional horizontal axis that quantifies the ratio between the acoustic time period and the positive ion relaxation time through the EDL—that is, [image: image] in Figure 3 and [image: image] in Figure 4.
[image: Figure 3]FIGURE 3 | Ionic strength [image: image] and sodium ion based acoustic-to-EDL time-ratio [image: image] variations of the measured electrical field leakage (in terms of the electrical potential magnitude, [image: image]) for [image: image] solutions at different levels of the electrical potential applied to the actuator, [image: image] (given in the legend in volts). We have circled in dashed red lines the measured electrical potential peaks that appear to correspond to ion relaxation times and their harmonics [image: image] and have placed dotted vertical lines to denote the corresponding theoretical relaxation times (the shaded areas indicate the uncertainty associated with the experimental uncertainty in the parameters used for the theoretical prediction). In agreement with Aremanda and Manor (2023), where the measurements were done directly on the SAW actuator, the measured voltage peaks for [image: image] are smaller than the theoretical values of the ion relaxation times. The lines connecting the measured points are visual guides.
[image: Figure 4]FIGURE 4 | Ionic strength [image: image] and potassium ion based acoustic-to-EDL time-ratio [image: image] variations of the measured electrical field leakage in terms of the electrical potential magnitude, [image: image], for [image: image] solutions at different levels of the electrical potential applied to the actuator, [image: image] (given in the legend in volts). We have circled in dashed red lines the measured electrical potential peaks that appear to correspond to ion relaxation times and their harmonics [image: image] and have placed dotted vertical lines to denote the corresponding theoretical relaxation times (the shaded areas indicate the uncertainty associated with the experimental uncertainty in the parameters used for the theoretical prediction). In agreement with Aremanda and Manor (2023), where the measurements were done directly on the SAW actuator, the measured voltage peaks for [image: image] are similar to the theoretical values of the ion relaxation times. The lines connecting the measured points are visual guides.
In our current experiments, we eliminated the electrical signal in the SAW actuator by transferring the mechanical component of the SAW to a mechanical vibration in the neighboring glass substrate. The intensity of the SAW in the actuator was linearly proportional to [image: image] (Royer et al., 1999) in the low applied voltage levels used in our experiments, where [image: image] V. Since the transport of the ultrasonic wave is a linear process (Morse and Ingard, 1986), the amplitude of the vibration in the glass, which is generated by the SAW, is linear with [image: image] as well. Hence, scaling [image: image] by [image: image] on glass is proportional to scaling [image: image] by the unattenuated displacement amplitude of the mechanical vibration at the glass surface.
The choice of electrolyte solutions is such that one [image: image] possesses dissociated ions of dissimilar diffusion coefficients, while the other [image: image] has ions with similar diffusion coefficients. The diffusion coefficients of the positive [image: image] and negative [image: image] ions in the sodium nitrate solutions used are [image: image] [image: image]/s and [image: image] [image: image]/s, respectively. Likewise, the diffusion coefficients of the positive [image: image] and negative [image: image] ions in the potassium chloride solutions used are [image: image] [image: image]/s and [image: image] [image: image]/s, respectively. However, the resolution of our measurement, which is sensitive to a precision of two significant digits in the diffusion coefficients, renders the contribution of the diffusion coefficients to the voltage leakage in the case of [image: image] the same. At a precision of two significant digits, the corresponding diffusion coefficients are [image: image] [image: image]/s.
The electrical field leakage measured as an electrical potential spectra is the response of the EDL to the MHz-level mechanical vibration in glass that is in contact with [image: image] and [image: image] solutions and originates from the zeta potential of the EDL; the measurements follow Dubrovski and Manor (2021). In the case of [image: image], we observed peaks in the magnitude of the measured electrical potential where the vibration temporal period (inverse of SAW frequency) was similar to the ion relaxation time near [image: image] and [image: image]. In Figure 3, we used [image: image] for the horizontal axis so that [image: image] translates to [image: image], which is the horizontal axis position of the peaks for [image: image]. In the case of [image: image] in Figure 4, both ions possess similar diffusion coefficients so that [image: image], and thus we observe the same peaks at [image: image] for both ions.
The excitation of the EDL at the glass–electrolyte interface in our measurement was solely mechanical. It is useful to compare our results to Aremanda and Manor (2023), where the excitation of the EDL at the SAW actuator/electrolyte interface comprised both a mechanical vibration component (Rayleigh SAW) and its electrical potential counterpart in the piezoelectric LN substrate of the actuator. We observed three points of comparison. (a) We measured peaks of the voltage leakage, [image: image], where the periodic time of the vibration was found to be similar to the relaxation time of ions in both studies. (b) The measured magnitude of [image: image] was similar in both studies. (c) Scaling [image: image] by the applied voltage to the SAW actuator, [image: image], collapsed the measured results onto unifying curves in both cases, although, in Figure 4, we observe two unifying curves associated with lower and higher levels of [image: image].
The first point of comparison—the measured [image: image] peaks when exciting EDLs on glass or directly on the piezoelectric substrate of the SAW actuator (Aremanda and Manor, 2023) —highlighted that the solid vibration alone is sufficient to generate the electrokinetic motion of ions in the excited EDL. Moreover, the solid vibration-supported peaks in the electrical field leakage from the EDL appeared when the vibration period was similar to the relaxation time of a specific ion in the EDL.
Moreover, the measured voltage peaks to originate from the [image: image] electrolyte appeared in the previous measurement and the present study similarly at acoustic to ion relaxation time ratios that are smaller by approximately 15% relatively to the theoretical values for both [image: image] and [image: image] ions. In both cases, their harmonics appeared to be closer to the corresponding theoretical values. However, in the case of the [image: image] electrolyte, we obtained measured voltage peaks that agree well with the theoretical values for the acoustic to ion relaxation time ratios, [image: image].
A second point of comparison was the similar magnitude of the measured voltage, [image: image], when exciting EDLs on glass or directly on the piezoelectric substrate of the SAW actuator. This finding suggests that exciting ions in EDLs on glass using a mechanical vibration introduces a similar order contribution to [image: image] compared to exciting EDLs directly on the SAW actuator, where the mechanical vibration is convoluted with an electrical signal in the piezoelectric substrate of the actuator. This became evident when comparing our results measured on glass to those of the previous study, where the measurement was directly on the substrate of the SAW actuator. Although in both cases the measurements were of similar order of magnitude, the measured to applied (to the actuator) voltage ratio, [image: image], was greater in the previous study by a factor of approximately two to three when compared to the current study. This difference could be attributed to a lower mechanical vibration displacement on the glass upper surface of the integrated device compared to the vibration displacement magnitude on an isolated SAW actuator per the applied voltage level, [image: image] (it should be noted that similar SAW actuators, fabricated in the same photolithography process, were used in the two different studies).
The third point was about the scaling of the measured voltage, [image: image], by the applied voltage magnitude to the piezoelectric actuator, [image: image]. The scaling collapsed the measured data in our measurements on glass to one unifying curve in the case of the [image: image] solution and to two unifying curves in the case of the [image: image] solution, one for the lower [image: image] regime and another (associated with a greater [image: image] response magnitude by approximately 15%–20%) for the greater [image: image] regime. The collapse of the measured data to unifying curves by the scaling [image: image] was observed to be similar to the collapse of data in the previous measurements on the piezoelectric substrate of the SAW actuator (Aremanda and Manor, 2023). Dubrovski and Manor (2021) suggested that [image: image] scales similarly with the zeta potential of the EDL and with the unattenuated magnitude of the mechanical vibration at the surface from which the EDL emanates into the electrolyte in both the current and previous measurements. Hence, the similar collapse of the data by using [image: image] to scale the measured voltage signal [image: image] and the similar order of magnitude of the ratio [image: image] suggest similar governing physical mechanisms in both the current and previous measurements, albeit the collapse of our current [image: image] data to two unifying curves is a caveat to this understanding that should be investigated in further research. Overall, the similarity between the collapse of the measured data in the current measurement on glass and in the previous measurement on LN strengthens the theoretical prediction that [image: image] is predominantly generated by the mechanical solid vibration.
4 CONCLUSION
A previous direct measurement of the dynamic electrokinetic properties of an isolated and unique EDL system (Aremanda and Manor, 2023) overcame the challenges in observing the dynamics of ions therein by using MHz-level SAWs, which render the EDL out of equilibrium and cause the leakage of electrical fields. The electrical field leakage baseline is connected to the EDL zeta potential and is modulated by the ion mechanical vibration. The leakage undergoes local maxima levels, where the exciting SAW temporal period synchronizes with the ion relaxation time in the EDL. However, the EDL was measured at the interface between the electrolyte and the piezoelectric LN substrate of the SAW actuator, which supports both a Rayleigh-type SAW—a mechanical vibration—and a voltage signal counterpart. The relative contributions of the two mechanisms to the EDL excitation were not investigated, although Dubrovski and Manor (2021) hinted at a greater contribution from the SAW.
Here, we answered this question by isolating the mechanical vibration in glass. The glass substrate—a dielectric—attenuated the electrical field counterpart of the SAW in the actuator piezoelectric substrate due to the SAW finite wavelength. The thickness of the glass substrate was five times the SAW wavelength, and hence attenuated the electrical field emanating from the actuator to a level many orders of magnitude smaller than the measured electrical field leakage off the EDL at the glass/electrolyte interface. We studied similar electrolyte systems to those measured previously atop the SAW actuator, using ion mixtures of different and similar diffusion coefficients; the ion diffusion coefficient alongside the EDL Debye length determined the corresponding EDL relaxation time. We thus showed that the mechanical vibration alone is sufficient to introduce measurable electrokinetic effects in an EDL, that this component introduces at least the same magnitude of electrical field leakage off the EDL, and that the scaling that collapses the measured electrical field (voltage) curves, [image: image], at different SAW intensity levels onto a unifying curve is the same for EDLs on glass and the SAW actuator.
The difference between classic electroacoustic studies and this one is that in classic electroacoustics, bulk ultrasonic waves generate an electrical potential difference across a volume of electrolyte solution or a colloidal suspension in electrolyte. Here, we excited ions in an isolated EDL emanating from a flat solid surface in contact with electrolytes by generating an ultrasonic vibration in the solid. Our work shows that future studies in this field may measure the static and dynamic electrokinetic properties of flat solid surfaces, provided that the solid substrate supports a corresponding mechanical vibration. For example, silica-based glass substrates, such as the one in our experiment, are widely used for surface chemistry manipulation, and hence is a versatile platform to study the dynamic motion of ions in EDLs generated by different surface chemistries in contact with an electrolyte, which may be used, for example, for membranes, batteries, and supercapacitors.
Moreover, we highlighted that a mechanical vibration traveling along a solid substrate in an electrolyte solution introduces electrokinetic effects. Ions vibrate in the EDL at the frequency of the mechanical vibration. Thus, out-of-equilibrium EDLs must be accounted for, especially in micro- and nano-fluidic systems that are actuated by mechanical vibration, such as SAWs. For example, on such platforms, EDLs that govern ion transport through ion-sensitive membranes or govern the stability of liquid films may not be at equilibrium and hence may possess different electrical properties from equilibrium EDLs; out-of-equilibrium EDLs may alter the membrane ion screening properties and the stability of the liquid films.
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