
On-Chip Electrokinetic Micropumping for Nanoparticle Impact 
Electrochemistry 

Lennart J. K. Weiß†, Emir Music†, Philipp Rinklin†, Marko Banzet‡, Dirk Mayer‡, Bernhard Wolfrum*,† 

† Neuroelectronics - Munich Institute of Biomedical Engineering, Department of Electrical Engineering, TUM School of 

Computation, Information and Technology, Technical University of Munich, Boltzmannstrasse 11, 85748 Garching, 

Germany 
‡ Institute of Biological Information Processing, Bioelectronics (IBI-3), Forschungszentrum Jülich, 52425 Jülich, Germany 

 

KEYWORDS single-impact electrochemistry, silver nanoparticles, electrokinetic transport, micropumping, 

electrophoresis, electroosmosis 

 

ABSTRACT: Single-entity electrochemistry is a powerful technique to study interactions of nanoparticles at the liquid-solid 

interface. In this work, we exploit Faradaic (background) processes in electrolyte of moderate ionic strength to evoke elektrokinetic 

transport and study its influence on nanoparticle impacts. We implemented an electrode array comprising a macroscopic electrode 

that surrounds an array of 62 spatially-distributed microelectrodes. This configuration allowed us to alter the global electrokinetic 

transport characteristics by adjusting the potential at the macroscopic electrode, while we concomitantly recorded silver nanoparticle 

impacts at the microscopic detection electrodes. By focusing on temporal changes of the impact rates, we were able to reveal 

alterations in the macroscopic particle transport. Our findings indicate a potential-dependent micropumping effect. The highest impact 

rates were obtained for strongly negative macroelectrode potentials and alkaline solutions, albeit also positive potentials lead to an 

increase in particle impacts. We explain this finding by a reversal of the pumping direction. Variations in the electrolyte composition 

were shown to play a critical role, as the macroelectrode processes can lead to a depletion of ions, which influences both, the particle 

oxidation and the reactions that drive the transport. Our study highlights that controlled on-chip micropumping is possible, yet its 

optimization is not straightforward. Nevertheless, the utilization of electro- and diffusiokinetic transport phenomena might be an 

appealing strategy to enhance the performance of future impact-based sensing applications.

Introduction 

Single-entity electrochemistry offers great opportunity to 

explore physicochemical characteristics at the solid-liquid 

interface that are typically neglected in mean-field analyses.1–3 

In particular, combined optical-electrochemical and high-

resolution recordings from micro- and nanoelectrodes were able 

to reveal the complexity of nanoparticle (NP) interaction upon 

collision.4–11 A key parameter to all impact-electrochemistry 

studies is the potential at the electrode interface.12,13 It governs 

not only the electron-transfer kinetics within the tunneling 

region but also the particle trajectories in the vicinity of the 

electrode.3,14–16 Here, non-negligible Faradaic processes at the 

electrode establish an electric field in solution and can thereby 

substantially influence micro- and macroscopic mass transport 

beyond diffusion. In general, the extend of the electric fields in 

solution is determined by the ionic strength, since the 

electrolyte concentration dictates both, the ohmic drop at the 

electrode as well as the static electrical double layer at dielectric 

surfaces. Electrokinetic transport becomes increasingly 

relevant for low-electrolyte conditions but may also affect 

measurements at moderate ionic strengths.17 Especially 

electrophoresis and electroosmosis are two mechanisms that 

may be primarily considered for a typical (nano-impact) 

experiment under constant potential control.18–22 However, the 

background reaction at the electrode can also drive secondary 

phenomena, e.g. diffusiophoresis, diffusioosmosis or catalytic 

micropumping, by altering the electrolyte composition close to 

the surface.6,17,23–26 The complex interplay due to an intrinsic 

coupling by the electrical double layer is most strongly 

encountered in electrochemical measurements within confined 

spaces and there have been attempts to facilitate enhanced 

signal responses via external modulation.27–31 For instance, 

Bohn and co-workers investigated the impact of electroosmotic 

flow and externally-controlled migration on analyte and particle 

transport within nanopore electrode arrays.32,33 Likewise, 

Lemay and co-workers recently studied trajectories of 

insulating microparticles approaching a biased microelectrode 

and demonstrated that their motion is dominated by 

electroosmosis.21 Although electrokinetic phenomena are 

proven to play an active role, they are not often utilized in 

analytical electrochemistry since associated ion migration and 

electrolysis are typically interfering.6 However, especially in 

single-entity electrochemistry it might be an appealing strategy 

to control the electrokinetic transport, thus, to increase the 

number of collisions of the species under study.34 So far, most 

nanoimpact studies in this regard were carried out at 

mediator/electrolyte concentrations ≤1 mM and investigated 

transport that came along with the potential used for 

detection.18,21 

Complementary to the existing studies, we investigate the effect 

of electrokinetic transport at intermediate ionic strength of 

25 mM KCl solution. We study the occurrence and shape of 
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electro-oxidative nanoimpacts of silver nanoparticles (AgNPs) 

based on parallel recordings from 62 microelectrodes. This 

enables us to compute ensemble characteristics that reveal 

information potentially hidden when considering only the 

motion of single particles. 

The experimental control over macroscopic particle transport 

can be realized by physically decoupling the flow control from 

particle detection. To this end, we introduce a second 

macroscopic electrode (ME, with size 1.4×1.4 mm2) that 

surrounds the entire microelectrode array (MEA) and is 

supposed to dominate the macroscopic particle transport via its 

background reactions. This allows us to manipulate the 

electrokinetic transport via potential control of the ME while 

we concomitantly record nanoparticle impacts at the detection 

electrodes. Previous work reported a positive effect of such a 

ME via its ability to reduce nanoparticle adsorption typically 

limiting the performance of surface-based sensors.35 The goal 

of the present work is to complement existing studies that focus 

on electrokinetically-driven particle motion in low-electrolyte 

solution. We illustrate that, even at moderate ionic strength, 

electrokinetic processes do play an active role. Moreover, the 

concept of micropumping that is presented here could find 

application in digital sensors to enhance the collision rate by 

simple means. 

Experimental Section 

Single-Impact Electrochemistry Experiments 

The microelectrode array features 62 disk electrodes (8µm in 

diameter) and a surrounding square electrode with 1.4mm side 

length, see Fig. S1. The electrodes are made of platinum and the 

top insulating layer is SiO2. Further experimental details are 

provided in the Supporting Information. 

Prior to the impact experiments, the chips were 

electrochemically cleaned in a 4-step routine, which allows 

multiple usage of the same chip. The status of the electrodes 

during cleaning was assessed via cyclic voltammetry in mild 

H2SO4 solution (see Fig. S2), which ensures a consistent 

detection performance for electrodes sharing similar 

characteristics (see Supporting Information). 

The AgNP impact experiments were recorded with a low-

noise transimpedance amplifier-system (10 kHz sampling rate 

per channel, 3.4 kHz bandwidth), which features parallel 

measurements from 62 detection electrodes in a two-electrode 

configuration. The potential at the macroscopic electrode (ME) 

was controlled by an additional potentiostat (VSP-300, 

BioLogic) in a three-electrode setup. Both systems used the 

same Ag/AgCl reference electrode, see Supporting Information 

Fig. S3. If not otherwise stated, 700 µL of 25 mM KCl solution 

containing 100 pM AgNP (diameter of 20 nm) were used.35 As 

previously assessed, particle aggregation was not critical for our 

conditions.36 Typically, the ME potential was set to an initial 

value of -200 mV prior to the AgNP insertion in order to reduce 

the effect of irreversible adsorption.35 After 60 s of resting time, 

the potential at the detection electrodes was stepped to an 

oxidation potential of 600 mV. While concomitantly recording 

AgNP impacts, the ME potential was altered to modulate the 

background reactions which in turn affect the macroscopic 

transport characteristics. 

The detection experiments that were conducted under 

different step potentials were performed in direct succession 

with the following order for the ME potential steps: 

0 mV, -100 mV, -300 mV, -500 mV, 50 mV, 

200 mV, -700 mV, -900 mV, and 600 mV. All experiments 

with varying supporting electrolyte concentration were also 

performed in 700 µL solution volume. The alkaline solution 

(25 mM KCl, pH 9) was prepared by adding additional 5 µL of 

100 mM KOH solution. 

Data Processing and Analysis 

The data was processed in Matlab, similar to a previous 

study.35 In short, the analysis includes (i) the rejection of noisy 

and not well-connected electrodes, (ii) the de-trending of the 

exponential decay after potential steps, and (iii) a peak-

detection method that is based on channel-specific thresholds. 

To this end, the peak-to-peak noise at 0 mV, ipk, was evaluated 

for each channel and all current peaks that exceed the limit 

0.5 ipk + 10 pA were considered as AgNP impacts. Additional to 

the first current peak, the current traces show subsequent 

negative peaks (ringing artifacts) introduced by the amplifier 

system. Therefore, a minimum inter-peak distance of 10 ms was 

implemented to avoid misclassification. To account for 

fabrication differences, all further evaluations are based on a 

reduced dataset created from a subset of channels that typically 

provided the highest number of AgNP impacts (if not otherwise 

stated). The analysis for different ME potentials is based on a 

fixed subset of 18 electrodes containing equal number of inner 

and outer channels. 

Results and Discussion 

Externally-Induced Electrokinetic Transport 

If we consider a typical nanoimpact experiment, the oxidative 

dissolution of AgNPs is thermodynamically favored at 

potentials beyond +200 mV vs. Ag/AgCl in the presence of 

chloride ions.37,38 The electrode potential, however, does not 

only control the reaction of interest but can also influence 

reactions of other species – in aqueous solutions e.g. the 

reduction of dissolved oxygen, the onset of metal oxidation, and 

the electrolysis of water at (higher) potentials.6,39–41 These 

interfering Faradaic reactions are commonly ignored, as they 

only lead to small background currents in most cases. Yet, they 

cause an electric field in solution and thus unintentionally drive 

additional mass transport phenomena beyond diffusion.6,19 For 

instance, Tarach and co-workers observed a substantial 

electroosmotic transport generated as a side effect from 

detection.20 Furthermore, Lemay and co-workers illustrated the 

effect of self-induced convection on microparticle trajectories 

in low-electrolyte solutions.21  

As a complement to these studies, we aim to explore the 

influence of externally-induced electrokinetic transport. We 

achieve external control by embedding a macroelectrode (ME) 

– ~38,000 times larger than the microelectrodes, see Fig. 1a and 

b – that governs the (macroscopic) transport processes; see 

supplementary videos V1 and V2. Depending on the potential 

at the ME (with respect to its open circuit potential) and the 

electrolyte solution, different reactions can be fueled and a 

background current is induced. In our case of a moderate KCl 

concentration, we roughly observe negative/positive ME 

currents for negative/positive ME potentials (see Fig. S4). 

Thereby, we can expect to induce electric fields that either point 

towards or away from the ME surface.  

The electric field in solution leads to a net force on 

unbalanced charge densities which can drive particle motion in 

two different ways – via electrophoresis and/or electroosmosis. 

Electrophoresis describes the movement of a charged particle 

due to an electric field in solution. The induced field 𝑬 can be 

connected to the average particle velocity 𝒗ep via the 

electrophoretic mobility 𝜇ep 
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 𝒗ep =  𝜇ep𝑬 (Eqn. 1) 

The relationship between the field and the resulting particle 

velocity, 𝜇ep is not trivial and challenging to predict, as it 

critically depends on the radius of the particle 𝑟p in relation to 

the thickness 𝜆 of the double layer.42 Yet, a qualitative picture 

can be gained by considering limit cases, e.g. a thin electrical 

double layer compared to the particle size (Smoluchowski 

approximation). In addition to electrophoresis, the electric field 

generates as well electroosmotic flows, 𝒗eo, by the actuation of 

the screening ions within the double layer next to the SiO2-

surface. Via viscous interaction, the ionic motion ultimately 

establishes a 3D flow field. The combination of both effects can 

be interpreted analogous to a swimmer within a river, where the 

direction of the carrying solvent flow 𝒗eo, might or might not 

align with the direction of 𝒗ep.23 A quantitative description of 

the particle flux density is given by an extension of the Nernst-

Planck equation, which reads 

 𝒋 = 𝒋d + 𝒋ep + 𝒋eo =  −𝐷∇𝑐 + [𝒗ep + 𝒗eo]𝑐 (Eqn. 2) 

with j denoting the particle flux, D the diffusion coefficient, 

c the particle concentration, and 𝒗ep/eo the particle velocities 

due to electrophoresis and -osmosis. Depending on the position 

of the particle, its charge and the surface charge of the 

passivation, the potential at the ME leads to different outcomes. 

As shown in Fig. 1c and d, both effects might point in the same 

or in opposite directions. In our case of negatively charged 

particles and a negatively charged SiO2-insulation layer, 𝒗ep 

and 𝒗eo align in the bulk region but oppose at the chip surface.43 

Moreover, their impact varies with the strength of the electric 

field in solution, which in turn depends on the background 

reactions, the electrolyte conductivity, and the cell geometry. 

To initially verify our approach of external transport-control, 

we first studied the trajectories of dielectric microbeads (𝜁-

potential -9.6±0.2 mV) in deionized water for high ME 

potentials ranging from -2 V to 2 V. Our results, shown in the 

supplementary videos V1 and V2, are in line with other work at 

low ionic strengths,20,21 as we were able to manipulate the 

motion of negatively-charged microbeads simply by altering 

the ME potential (see Fig. S5 and Fig. S6). 

The majority of electrochemical analyses operate at moderate 

electrolyte concentrations. Therefore, it is an interesting 

question if the previous findings are also applicable in the 

intermediate to high-electrolyte regime. If so, the integration of 

a large ME would be an easy-to-implement approach to 

optimize sensor responses via micropumping. Therefore, we 

also studied microparticle trajectories within 25 mM KCl for 

high overpotentials. However, the previous effect was not 

retained, as ME current densities on the order of 1 µA/cm2 were 

not able to visibly govern the microparticles’ trajectories. 

Additionally, changes in the electrical double layers at the 

particle (𝜁-potential at 25 mM KCl -14.3±1.2 mV) and the 

SiO2-surface, as well as promoted particle adsorption might 

alter the influence significantly.43 

 

Manipulated AgNP Trajectories 

A different, yet indirect approach, to investigate the influence 

of externally-induced electrokinetic phenomena is by means of 

single-impact electrochemical recordings instead of optical 

tracking. In the past, most research concerning this aspect has 

focused on blocking- or amplifying-impact experiments 

conducted under low ionic strength.18,20,21 By far less studied are 

electrokinetic phenomena at intermediate electrolyte 

concentrations, although Patel et al.6 as well as Park et al.19 

reported significant effects in this regime. Hence, the impact 

method could potentially be applied to spatially sample the 

externally-induced flow.  

 

Figure 1 The macroscopic electrokinetic transport is governed 

by the potential at the ME. (a) Schematic and (b) top-view 

microscopy image of a MEA chip with a 1.4×1.4 mm2 large ME (i, 

yellow) surrounding all detection electrodes. The circular detection 

electrodes (ii) have a diameter of 8 µm. The feedlines are covered 

by an insulating SiO2 surface (iii). Effect of macroscopic 

electroosmosis and electrophoresis for a negative (c) and a positive 

(d) potential at the ME. The negative charge at the SiO2-passivation 

leads to the formation of an electrical double layer. The 

accumulated positive charge carriers experience a force due to the 

electric field from the ME and generate a macroscopic 

electroosmotic flow. Additionally, an electric force acts on the 

charged particles causing their electrophoretic attraction for a 

positive and their repulsion for a negative ME potential. 

To test our hypothesis, we conducted a highly-parallelized 

impact experiment using 100 pM of AgNPs and 25 mM KCl, 

since nano-impact experiments typically operate in electrolyte 

concentrations between 20 mM and 50 mM.37,38,44 The 

relatively high particle concentration of 100 pM was chosen to 

continuously yield a high impact rate, whose temporal changes 

could be directly correlated with variations in the electrokinetic 

transport. The experiment was performed as follows: We 

initially applied a potential of -200 mV at the ME and injected 

the AgNP solution. Then, after a rest time of 60 s, the potential 

at the detection electrodes was stepped to an oxidation potential 

of 600 mV and collisions were recorded from 62 electrodes. 

Concomitantly, the ME potential was altered between -200 mV 

and -700 mV every 100 s of recording, see Fig. 2a. The current 

traces from 15 individual electrodes are depicted in Fig. 2b and 

further statistical data (amplitude, duration, charge, and size 

distribution) is provided in Fig. S7. Slightly visible in the 

ensemble data, but more apparent in the zoom-in for channel 1, 
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the number of impacting particles varies in time. Initially, we 

observe a decreasing impact rate due to an evolving depletion 

layer at the vicinity of the electrodes. Afterwards, we find an 

accumulation of impacts for -700 mV ME potential compared 

to -200 mV. The effect is repeatable during the application of 

successive voltage steps, see Fig. 2c and d, and the ensemble 

average as well as single electrodes follow the same pattern – 

an increase in the impact rate for -700 mV and a decrease 

for -200 mV ME potential – although spillover-effects are 

observed in some channels’ data, see e.g. Fig. 2b zoom-in. In 

principle, there are three phenomena which could support our 

observations – (i) altered particle adsorption at the ME, (ii) 

potential-induced transport and (iii) local changes in the 

electrolyte constitution affecting the oxidation kinetics.  

In a previous work, we demonstrated that the adsorption of 

particles can be reduced via electrostatic repulsion.35 

Consequently, potential changes could modulate the adsorption 

of AgNPs, and thereby the number of ‘accessible’ particles 

during the recording. Assuming a purely diffusive transport 

(D = 2.3⋅10-11m2/s), it would take a particle ~4.5 s to 

overcome the distance between the ME and a detection 

electrode. Especially at long recording times, we have to 

consider the evolution of a depletion layer, which is 

contradictory to Fig. 2c, where we do not see a diminished 

influence at longer times. Thus, we conclude that a purely-

electrostatic approach oversimplifies the situation, as the steady 

ME current is non-zero throughout the experiment, see Fig. 2a. 

In fact, we most likely induce the reduction of dissolved oxygen 

at the platinum ME39,40,45 

O2 + 4H+ +  4𝑒− → 2H2O 

and create an electric field in solution, which potentially drives 

electrokinetic transport. Once, the electric field distribution is 

known, the electrokinetic transport could be directly predicted 

(for the thin-layer limit) via the Helmholtz-Smoluchowski 

equation,42 which reads 

𝒗p,∥ = 𝒗ep + 𝒗eo = [𝜇ep +  μeo]𝑬∥ 

  =
𝜖

𝜂
 (𝜁p − 𝜁s)𝑬∥ (Eqn. 3) 

where 𝒗p,∥ is the particle velocity close to and in parallel to the 

dielectric surface, 𝑬∥ is the electric field parallel to the surface, 

𝜂 the viscosity, ϵ the electric permittivity in the solution, and 𝜁p 

and 𝜁s are the 𝜁-potentials of the particle and at the SiO2-layer, 

respectively. However, estimations based on average current 

densities and conductivities (Ohms law) are misleading, as we 

expect highly heterogeneous field distributions that are 

established by induced chemical reactions. Furthermore, as the 

ME and the detection electrodes have reverse polarities 

– -200 mV/-700 mV and 600 mV, respectively –, the field 

establishes not only between the ME and the counter electrode, 

but also strays towards the detection electrodes. Unfortunately, 

there is no direct experimental access to the current allocation 

amongst the CE and detection electrodes, which renders the 

calculation of the field strength based on experimental data 

challenging. As Kline et al. reported ionic concentration 

gradients to cause strong local electric fields (in the range of 

~500 V/m) during catalytic micropumping,23,46 we assume that 

the field strength generated in our system is sufficient to drive 

local electrophoresis and –osmosis. In any case, Eqn. 3 can still 

be used to estimate the relative importance of both 

electrokinetic effects. If we only consider particle transport to 

be the origin for the results in Fig. 2, we have to conclude that 

the transport must be dominated by lateral electroosmosis, since 

we observe an increase in impacts although the negatively-

charged particles are expected to be pushed outwards by 

electrophoresis (see Fig. 1c). Although Eqn. 3 is not fully 

applicable for a Debye length of ~2 nm and a particle radius of 

10 nm, its prediction of predominant electroosmosis (𝜁p =

−45.7 ± 2.2 mV for of 25 mM KCl at pH 6, 𝜁s ≈ −60 mV at 

pH 643) matches well with our findings. We performed 

numerical simulations in a simplified 2D-band electrode 

geometry that captures only major interdependencies of the 

chip geometry and focuses on primary effects. The results, see 

Fig. S8, support our hypothesis of predominant electroomosis 

and an externally-evoked pumping effect. Remarkably, the 

numerical results did not only indicate the presence of a 

macroscopic rotational flow field, as depicted in Fig. 1c and d, 

but also the existence of smaller vortices induced by the SiO2-

surface around the detection electrodes. 

Last, the continuous current at the ME does additionally modify 

the electrolyte constitution close to the detection electrodes. As 

H+ ions are consumed during the oxygen reduction reaction, we 

(unintentionally) manipulate the local pH-value and could 

thereby also alter the reaction kinetics at the detection 

electrodes. The depletion of H+ ions shifts the local pH-value 

towards higher values and alkaline solutions were recently 

shown to enhance the detection rate of AgNPs.3,47–51 A second, 

yet often overlooked phenomena, is also associated with the 

local Faradaic reactions, since they establish a persistent 

concentration gradient of electrolytic ions. In our case, the local 

depletion of H+ ions at the ME and the generation of H+ ions at 

the detection electrodes (during water oxidation at the platinum 

surface) establishes a H+ gradient and could, thus, induce 

associated diffusiokinetic transport. In fact, Kanoufi and 

colleagues6, proposed in an experiment comparable to ours 

diffusiophoresis to be responsible for the propelling of particles 

that are close to a polarized electrode. In other research, solute 

concentration gradients were reported to be the origin of a 

plethora of fascinating phenomena, for instance of self-

propelling Janus swimmers or the levitation or separation of 

particles in solution, yielding diffusiokinetic velocities in the 

range of several 10 µm/s.23,52–57 However, predicting the 

(electro-)diffusiokinetic effects is more subtle as for 

electrokinetic transport, especially if charged species are 

generated or consumed. Then, both phenomena, the 

electrokinetic and diffusiokinetic transport, become deeply 

coupled, which can lead to highly nonlinear behavior.58–65 

Therefore, it is not possible to separate both mechanisms and 

distinguish their isolated contributions to the particle transport. 

Based on our experimental findings, we hypothesize an 

externally-induced surface-driven net transport towards the 

sensing area and conclude that the lateral particle supply must 

overcompensate the electrophoretic repulsion. Then, the 

increase in AgNP impacts for more negative ME potentials 

might be attributed to the higher electric potential and the 

stronger H+-gradient tangential to the SiO2-surface, both 

enhancing their convective contributions. 
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Figure 2 AgNP detection under externally-induced micropumping. The potential at the ME manipulates the number of AgNP impacts on 

the detection electrodes. (a) Current at the ME while the ME potential is stepped between -200mV and -700mV vs. Ag/AgCl. (b) Current 

traces from 15 detection electrodes (showing highest number of impacts) in case of 100 pM AgNPs in 25mM KCl. The zoom-in exemplarily 

depicts the channel-specific current threshold and current peaks considered for further analysis. The effect of an altered ME potential is 

visible, although there might be spill-over effects. Note, the negative current spikes stem from amplifier-related artifacts that follow the 

initial charge injection. (c) Temporal evolution of the impact rate. The data is based on the electrodes shown in (b). (d) Number of impacts 

according to the ME potential. The graph shows the ensemble means and error bars indicate standard deviations. The analysis considers only 

particle impacts occurring after the initial depletion (t > 250 s). 

In terms of absolute values, however, the impact rates in Fig. 2c 

are at all times substantially lower than expected.66 For instance, 

if we assume a purely diffusive transport and a reflecting 

boundary, the impact rate should be ~21 Hz according to Shoup 

Szabo.67 Intuitively, one would consider even higher rates in 

case of additional advection. Yet, this reasoning is only valid 

for an instantaneous reaction upon collision with the 

microelectrode – which is only an ideal case and typically not 

supported by experimental data.68,69 Moreover, particle 

adsorption and aggregation, as well as, electrode contamination 

and particle impurities play a critical role and lower the 

detection yield.7,35,44 

If lateral motion primarily rules the AgNP transport, we would 

expect that the impact rate is dependent on the electrode 

position within the ME. Indeed, Fig. 3 illustrates such an effect. 

Here, we altered the ME potential (between -200 mV and 
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0 mV) and observed a significantly different response at 

different electrode locations, see Fig. 3b and c. There are 

effectively two subsets of electrodes showing congruent 

responses. In general, outer electrodes could detect 

approximately twice as many AgNPs as inner ones. Moreover, 

a change in ME potential is well reflected in the impact rate at 

outer but barely visible at the inner electrodes, see Fig. 3b. To 

our surprise, the detected sizes also vary slightly, with the outer 

electrodes detecting supposedly larger particles, see Fig. 3d. A 

statistical analysis, see Fig. S6, reveals lower amplitudes and an 

increased duration for impacts at the inner electrodes, which 

might stem from a reduced influx of chloride ions during the 

oxidation.38 We find further evidence for our hypothesis, since 

more negative ME potentials also lead to smaller and slightly 

longer impacts (see data for -200mV and 0mV in Fig. S9). A 

possible explanation could be the accompanying depletion of 

chloride ions via electrophoresis. Interestingly, Saw et al. 

reported similar observations – lower amplitude, extended 

duration of the current spike – for particle detection in water-

alcohol mixtures. They likewise attribute the phenomenon to an 

impaired diffusive anion flux due to the presence of bulkier 

alcohol molecules in the solvation shell of the anion.70 

 

Influence of the Potential at the Macroelectrode 

In the next experiment, we studied the influence of different 

ME potentials on the detection rate. Here, we chose a common 

potential of -200 mV at the beginning and at the end of each 

experiment to ensure similar conditions regarding adsorption 

and convection throughout the study. The temporal evolution of 

the impact rate (Fig. 4a) and the exemplary current traces (Fig. 

4b) show an interesting trend. Moderate potentials 

between -300 mV and 50 mV did not significantly alter the 

general trend of the impact rate (within the chosen experimental 

time). Beyond this range, however, we observed two robust 

characteristics. Negative ME potentials caused a significant 

increase in impacts and the effect roughly scales with the 

current at the ME, see Fig. 4c. The ME current is mainly driven 

by the reduction of dissolved oxygen at moderate potentials. In 

case of -900mV, however, we observed a drastic increase in the 

ME current, as well as the impact rate, which we attributed to 

the onset of the hydrogen evolution reaction. A closer look at 

the raw data in Fig. 4b illustrates also spillover-effects from one 

condition to the other, which we associate to inertial forces that 

tend to continue the previously evoked flow field. Both findings 

are in line with a macroscopic surface-driven convection as a 

major driving mechanism. Unexpectedly, more positive ME 

potentials also lead to increased impact rates. This is surprising, 

since for potentials above ~200 mV vs. Ag/AgCl the ME acts 

as particle sink depleting the microenvironment at the detection 

electrodes. The oxidation current at the ME indicates a reverse 

flow direction (see Fig. 1d) in these cases. Hence, the 

convective supply and electrophoretic attraction from the bulk 

solution seem to (over)compensate the loss of particles due to 

oxidation at the ME. This hypothesis is supported by the drop 

in impact rate after stepping back from a positive ME potential 

to -200mV. We attributed this drop to a depletion of AgNPs in 

the bottom layers, which becomes apparent after reverting the 

flow field. The depletion for positive ME potentials is also 

location-dependent, see Fig. S10. Again, we observed a 

stronger response at outer electrodes which can be explained by 

the establishing flow field and a ME that competes with the 

inner electrodes for particle detection.  

In summary, the results in Fig. 4 illustrate the possibility to 

modulate AgNP trajectories by a macroscopic electrode. 

Moreover, we could clearly demonstrate the active role of 

background reactions driving the electrokinetic transport. Its 

impact, however, varies with the strength and direction of the 

electric field as well as the measurement time. 

Figure 3 Position-dependent impact rates. The position of the 

detection electrode determines its response to different ME 

potentials. Lateral surface-driven flow leads to an increased 

detection rate at the outer electrodes. (a) Position of the detection 

electrodes on the chip. (b) Mean temporal evolution of the impact 

rate for the ensembles of inner and outer electrodes. (c) Number of 

detected peaks during the experiment. (d) Particle size distribution 

according to the electrode position. The distribution is calculated 

from all impacts at all electrodes. 

 

Effect of the Electrolyte Composition 

Our results indicate a strong dependence on the electrolyte 

composition as both, the electrolyte and the ME potential, 

govern the electric field in solution. The electrolyte does not 

only affect the background reactions at the ME but also the 

reaction kinetics at the detection electrode. In fact, both the 

oxygen reduction reaction and the AgNP oxidation were 

reported to be enhanced within alkaline media, most probably 

due to a reduced adsorption energy and a promoted dissolution 

of AgCl.3,40 Therefore, we wanted to test if a higher pH yields a 

more efficient transport and performed single-step experiments 
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in 25 mM KCl at pH 6 and pH 9, as shown in Fig. 5. The results 

are in line with our expectations and highlight the critical role 

of the electrolyte composition. For instance, the impact rate at 

pH 9 was higher than at pH 6 for all times. However, the drastic 

increase at pH 9 in case of -700 mV ME potential and its further 

stabilization around 6 Hz were unexpected, as the particle 𝜁-

potentials (-46±2 mV for 25 mM KCl at pH 6 and -41±2 mV at 

pH 9) as well as the ME currents were in a similar range for 

both pH values, see Fig. 5b. Therefore, we associate the 

enhancement also with an increased negative 𝜁-potential of the 

chip wall, rendering the surface-driven convection more 

effective.43 The strong positive effect diminishes after releasing 

the potential at the ME.  

 

Figure 4 Influence of the potential at the ME on AgNP impacts at the detection electrodes. Background reactions at the ME determine the 

direction and strength of the potential an ionic gradients in solution, which govern the electro- and diffusiokinetic transport. (a) Mean 

temporal evolution of the impact rate for different step potentials at the ME. The data is based on a subset of 9 inner and 9 outer detection 

electrodes. (b) Exemplary current traces that illustrate depletion effects for positive ME potentials and spill-over effects at negative ME 

potentials. (c) Current at the ME for all experiments shown in (a). Oxygen reduction (ORR) determines the current for moderate negative 

potentials, whereas the current for -900mV is dominated by the hydrogen evolution (HER). 

This finding is supported by the control measurements in 

Fig. 5c, where we recorded impacts while the ME potential was 

floating. The effect of pH on the impact rate is rather subtle in 

this case, but persisted for longer measurement times. The data 

indicates that the alkaline solution leads to a stabilization of the 

impact rate for longer times which might be associated with a 

promoted dissolution of AgOx in alkaline solutions. Yet, we 

could not observe other features attributed to AgOx formation 

upon impact, like extended current tails, which Ma et al. 

recently reported.3  

Our results indicate that the ME notably affects the distribution 

of chloride ions in solution. Further step experiments at 

different electrolyte concentrations – 20 mM and 30 mM KCl, 

see Fig. S11 – confirmed this, as the outcome varied 

significantly for the two different chloride concentrations. Our 

results highlight that negative ME potentials impairs the 

chloride flux to a point such that the initial detection rate might 

be significantly reduced compared to moderate potentials. In 

fact, other recent work highlights the crucial role of the co-

reactants in impact-experiments, as the reaction dynamics are 

very sensitive to the presence/absence of the co-species at the 

electrode.71,72  



8 

 

 

 

Figure 5 Effect of an alkaline electrolyte solution on the electrokinetic transport of AgNPs. There is a substantial enhancement of the 

impact rate at pH 9. (a) Temporal evolution of the impact rate for different pH values in case of a ME potential step from -200 mV to -700 mV. 

(b) Current at the ME reflecting the background reactions at different pH. (c) Control experiment, where the ME was not under potentiostatic 

control. 

Conclusion and Outlook 

In conclusion, we demonstrated the possibility to modulate 

nanoparticle trajectories via micropumping induced by a ME 

that controls the microenvironment around the detection 

electrodes. The background reactions lead to an electric field 

and an ionic gradient in solution that induce externally-

controlled convection and electro-/diffusiophoretic motion. The 

combined effect acting on the particle is highly position-

dependent since the convective flow field establishes a vortex 

that points upwards above the center of the ME for negative 

potentials. 

The ME potential is able to revert the flow direction and, thus, 

to convectively supply particles either from the surrounding 

area close to the passivation surface – indicated by negative ME 

currents – or from the bulk – for positive ME currents. 

Interestingly, we found in both cases an increase in AgNP 

impacts for high potentials, although the effect was strongest 

for -900 mV ME potential, most likely due to the onset of the 

hydrogen evolution reaction. The influence of micropumping is 

also not uniform across the electrode ensemble. At negative 

potentials, we observed higher impact rates at electrodes that 

were located at the boundary of the ME, which indicates the 

surface-driven transport (e.g. electroosmosis) to be dominant. 

As both, the potential and the electrolyte, govern the pumping-

effect, this strategy could be appealing to optimize the mass 

transport by an elaborate sensor design and a careful selection 

of the electrolyte. Indeed, we could demonstrate that the impact 

rate drastically increases for experiments in alkaline solutions. 

However, the externally-induced transport might also introduce 

interfering effects that thwart higher impact rates, e.g. due to a 

depletion of co-reactants. Thus, we conclude that designing 

electrokinetic transport with the aim of an enhanced impact rate 

is challenging and requires the consideration of several 

interdependent processes. Here, in-depth numerical simulations 

might help in the design process. 

Nevertheless, we provided evidence that electrokinetic trans-

port can play an active role in impact electrochemistry 

experiments, even at moderate ionic strengths. With our highly 

parallel recordings, we were able to investigate the phenomena 

under conditions typical in analytical and impact 

electrochemistry. Thus, the framework of a decoupled 

transport-control and parallelized detection could be an 

interesting approach to study further transport phenomena as 

well as a promising engineering strategy for future ultra-

sensitive digital sensors.  
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▪ Details concerning the MEA chips, the cleaning 

routine and the experimental setup 

▪ Video recording V1 and V2 of negatively-charged 

microparticles driven by the potential at a ME in the 

absence of a supporting electrolyte. 

▪ Cyclic voltammetry in 25mM KCl at different pH 

values 

▪ Statistical data including amplitude, duration and 

charge distributions for impact experiments shown 
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▪ Potential and velocity distributions for a simplified 

2D band-electrode geometry obtained from finite-

element simulations. 

▪ Effect of electrode location for step experiments 

with positive ME potentials 

▪ Results for step experiments with different KCl 
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