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AC Faradaic reactions have been reported as a mechanism inducing non-ideal

phenomena such as flow reversal and cell deformation in electrokinetic microfluidic

systems. Prior published work described experiments in parallel electrode arrays

below the electrode charging frequency (fc), the frequency for electrical double layer

charging at the electrode. However, 2D spatially non-uniform AC electric fields are

required for applications such as in plane AC electroosmosis, AC electrothermal

pumps, and dielectrophoresis. Many microscale experimental applications utilize

AC frequencies around or above fc. In this work, a pH sensitive fluorescein sodium

salt dye was used to detect [Hþ] as an indicator of Faradaic reactions in aqueous sol-

utions within non-uniform AC electric fields. Comparison experiments with (a) par-

allel (2D uniform fields) electrodes and (b) organic media were employed to deduce

the electrode charging mechanism at 5 kHz (1.5fc). Time dependency analysis illus-

trated that Faradaic reactions exist above the theoretically predicted electrode charg-

ing frequency. Spatial analysis showed [Hþ] varied spatially due to electric field

non-uniformities and local pH changed at length scales greater than 50 lm away

from the electrode surface. Thus, non-uniform AC fields yielded spatially varied pH

gradients as a direct consequence of ion path length differences while uniform fields

did not yield pH gradients; the latter is consistent with prior published data.

Frequency dependence was examined from 5 kHz to 12 kHz at 5.5 Vpp potential,

and voltage dependency was explored from 3.5 to 7.5 Vpp at 5 kHz. Results suggest

that Faradaic reactions can still proceed within electrochemical systems in the ab-

sence of well-established electrical double layers. This work also illustrates that in

microfluidic systems, spatial medium variations must be considered as a function of

experiment time, initial medium conditions, electric signal potential, frequency, and

spatial position. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4904059]

I. INTRODUCTION

Electrokinetic microfluidics utilize interactions between (bio)particles or fluids and electric

fields to achieve electroosmosis, dielectrophoresis (DEP), and other forms of electrophoresis.

These phenomena have proven to be effective in multiple applications such as electroosmotic

flow pumping1,2 and (bio)particle separation or concentration.3,4 Alternating current (AC) elec-

tric fields are widely used in those applications due to advantages of relatively stable medium

conditions (pH, ionic concentration and ionic strength). Stability is based on the assumption

that infinitely small Faradaic currents occur during AC electrokinetic processes.
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Reaction kinetics and electrical double layer (EDL) processes play key roles in determining

AC Faradaic reaction rates in microfluidics systems. Faradaic reactions are electrochemical

reactions at electrode surfaces where ions are transferred into or out of electrolyte solutions

thus causing oxidation or reduction.5

In addition to Faradaic reactions, EDLs establish at the interface between charged electro-

des and electrolyte solutions as reviewed previously.5,6 For positively charged electrodes, the

EDL includes a compacted layer of strongly absorbed anions adjacent to the electrode called

the Stern layer. This layer is composed of both specifically adsorbed ions, governed by elec-

trode material adsorption of the ions, and non-specifically adsorbed counterions, governed by

Coulomb forces. Beyond the Stern layer is the diffuse layer, which includes both anions and

cations freely transporting in the electrolyte solution via thermal motion and electrostatic inter-

actions. In this model, the inner Helmholtz plane (IHP) is the distance equal to the radius of a

non-specifically adsorbed anion from the charged electrode and the outer Helmholtz plane

(OHP) is a distance from the electrode equal to the radius of a specifically adsorbed ion plus

the solvent molecule diameter.

Grahame’s review7 examined the relationship between electrode processes and EDL, and

proved that ion reduction occurs within the EDL instead of the solution interior and the reaction

rate-related concentration should be at the outer Helmholtz plane instead of in the bulk solution.

Further, the EDL does not reach equilibrium instantaneously. Instead, it is established during a

finite electrode charging time (inversely related to the characteristic angular velocity, xc),

which is given by the product of typical resistance of bulk electrolyte L=rS8,9 and the typical

capacitance of EDL, eS=kD

tc ¼
2p
xc
¼ e

r

� �
L

kD

� �
and fc ¼

1

tc
¼ xc

2p
; (1)

where tc is characteristic time, e and r are the fluid permittivity and conductivity, L and S are

the system’s characteristic length and area, respectively, and kD is the Debye length, which for

the monovalent electrolyte can be expressed as

kD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
eRT

2F2C0

s
; (2)

where R is gas constant, T is temperature, F is Faradaic constant, and C0 is bulk molar

concentration.

Thus, the significant period of the externally applied electric field should be regarded as a

relative value to tc in Hertz. For example, the applied signal period relative to tc was reported

as the determining factor for AC electroosmosis (ACEO) pumps,8 As a result, fc ¼ xc

2p is the

electrode characteristic charging frequency which is equal to the inverse charging time.

When the frequency of an applied electric potential is much less than the charging fre-

quency, f � fc, EDL is well established and the Faradaic reaction progresses with ions from

the EDL at rates close to DC conditions. On the opposite extreme, when f � fc, there is not

enough time for EDLs to be established and the reaction rate is negligible. This can also be

understood from a simplified electrode/electrolyte interface model, in which a capacitor, which

represents the EDL, is connected in parallel with a resistor, which represents charge transfer

across the interface. At higher frequencies, most of the current to the electrode charges the

EDL when the EDL shows low impedance. Thus, most of the potential drop occurs within the

bulk electrolyte instead of the EDL, which results in negligible Faradaic current before polarity

reverses in the AC field.10

Within the bulk solution, the constant, uniform concentration assumption has been ques-

tioned. Garcia-Sanchez et al.11 and Studer et al.12 found that flow reversal occurred during

experiments on ACEO pumps. Garcia-Sanchez et al.11 proposed and experimentally demon-

strated in parallel electrode arrays below fc that such flow reversal was induced by an AC

Faradaic reaction; this was subsequently verified by Ng et al.,13 by experimentally detecting pH

in AC electrokinetic systems.
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Faradaic reactions have previously been detected by examining solution pH changes:

Garcia-Sanchez et al.11 detected significant pH change at 500 Hz using 0.1 mM KCl solution in

10 lm and 20 lm characteristic length systems, deducing fc � 500 Hz. Ng et al.13 detected pH

change at 100 Hz using 1 mS/m KCl solution in a characteristic length system of 80 lm, deduc-

ing fc � 100 kHz. These previous experiments were conducted at frequencies around fc where

the EDL is established and Faradaic reactions are expected and predicted by theory.

However, in microfluidic devices, many applied frequencies are close to or higher than fc.

For ACEO pumps,2,9 maximum velocities are observed around and above fc. For a majority of

(bio)particle DEP characterizations, operational and crossover frequencies are much greater

than fc, and cellular changes attributed to ion non-uniformities have been quantified at frequen-

cies around fc.14 Thus, to better understand solution behaviors and facilitate intelligent device

designs, Faradaic reaction behaviors need to be examined at frequencies higher than fc.

Faradaic reactions in parallel electrode arrays generating spatially uniform pH gradients11,13

are fairly well explored, while spatially non-parallel electrode systems are unexplored to the

authors’ best knowledge. Many ACEO pumps and all DEP manipulations require spatially non-

uniform electric fields. Thus, 2D non-uniform electric field Faradaic reaction behaviors must be

characterized over a range of frequencies and electric field path lengths to discern variations in

Faradaic reaction rates. In this work, 4 mM NaCl solutions (0.048 S/m, relative permittivity of

77.98) were explored within a microdevice with the smallest characteristic length of 100 lm;

these conditions yield a maximum characteristic electrode charging frequency of �500 Hz.

For electrokinetic microfluidics, water electrolysis is often the most dominant Faradaic

reaction15,16 as studied in previous works.17–19 pH changes are induced by water electrolysis

according to the anode and cathode redox reactions

Anode: 2H2O�O2ðgÞ þ 4Hþ þ 4e�; (3)

Cathode: 2H2Oþ 2e��H2ðgÞ þ 2OH�: (4)

Thus, to remain consistent with prior Faradaic reaction measurements, we also detect pH

changes in solutions. We first perform qualitative control experiments to detect the impact from

electric field shape and solvent material to illustrate that water electrolysis dominates the

Faradaic current. Then, we quantitatively detect pH change in 2D spatially non-uniform electric

fields created by orthogonally positioned electrode pairs via time analysis. Finally, we detect

pH change at frequencies from 6 fc to 24 fc to examine how Faradaic reaction performs around

and above fc.

II. MATERIALS AND METHODS

A. Materials

Fluorescein sodium salt (460/515 nm), a pH dependent dye with detection range above

pH¼ 4, was used to detect pH change in real time. Fluorescein sodium salt (Sigma-Aldrich,

USA) was prepared to 10�5 M in both e-pure water (pH¼ 7) and methanol (MeOH, 99.99%

Sigma-Aldrich, USA).

4 mM NaCl (>99% pure, Macron Chemicals, USA) aqueous solutions with pH was

adjusted to 7.0 6 0.1 with 1 M NaOH (Sigma Aldrich, USA) or 1 M HCl (Sigma Aldrich,

USA). 4 mM NaCl MeOH solution was similarly prepared.

B. Microdevices design and fabrication

Orthogonally positioned Ti/Au (50/50 nm thickness) electrode pairs with 100 lm gap

created 2D spatially non-uniform electric fields. Standard soft photolithography fabrication

procedures were followed.14 Briefly, photoresist was spun, masked, and exposed to create the

necessary electrode features. Next, a Ti/Au layer �200 nm thick was sputtering then remaining

photoresist removed via acetone sonication. A PDMS (Polydimethylsiloxane) fluidic layer was
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molded over a silicon wafer prepared by spinning photoresist to 70 lM thick, masking and

exposing to UV, baking, and then removing unpolymerized photoresist. The PDMS fluidic layer

was adhered after air plasma bonding to the glass slide with electrode features. Figure 1 shows

(a) an entire device photo and (b) 10� magnified view of experimental test chamber. AC sig-

nals were generated via an Agilent 33 250 A waveform generator across the vertical electrode

(Vpp sin(xt)) and horizontal electrode (grounded).

C. Experiments

Fluorescein at 0.4 lM was calibrated from pH 4 to 8 in 4 mM NaCl adjusted with NaOH

or HCl. All fluorescent imaging experiments were completed with a Zeiss Axiovert 200 m

microscope. Videos were recorded with an AxioCam MRm camera and fixed exposure times

between 250 and 290 ms. Fluorescein photobleaching was quantified by recording emission

light intensity every 1 s under exposure to excitation light for 120 s.

Samples for pH change experiments were prepared with 4:96 Fluorescein and aqueous

4 mM NaCl solution; Control experiments utilized mixture of Fluorescein in MeOH phase and

4 mM NaCl also in MeOH at the ratio of 4:96. Experimental samples were injected via an input

port shown in Figure 1(a) then sealed with One-Piece Fitting (LabSmith, USA) to prevent any

net pressure driven flow. The device was mounted on the microscope stage. AC signals ranging

in amplitude of 3.5 to 7.5 Vpp and frequency ranging from 3 to 12 kHz were applied.

Microscope videos at 10� magnification were recorded at 1 fps for 120 s; no electric fields

were applied in the first 5 frames to check system stability. Each experiment was repeated

5 times.

To demonstrate the difference in pH change behavior between 2D uniform and non-

uniform electric fields, parallel electrode pairs were utilized to create uniform electric fields at

5 kHz, 5.5 Vpp in both aqueous and MeOH phases.

FIG. 1. Microdevice design. (a) Photo of device with fluid channel filled with green dye. Ti/Au electrodes are microfabri-

cated on the supporting glass slide and electrically connected via silver epoxy and copper leads. The working fluidic cham-

ber is boxed in red. (b) Expanded 10� microscope of region in red box. Electrodes are outlined in yellow. All units are in

micrometers.
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D. Data analysis methods

1. Intensity analysis

Both 2-D gray scale images and 3-D mesh images were utilized to demonstrate averaged

data from 5 repeated experiments at each pixel. For time analysis and control experiments,

recorded videos (121 frames for 0 to 120 s) were exported as individual images, then imported

into MATLAB to generate gray scale matrixes ranging from 0 (dark) to 255 (bright). For each

experiment, an average pixel value was obtained over 5 repeats and standard deviation was

calculated by pixel. MATLAB output was either a 2-D reformed image of 5 superimposed

repeats or a 3-D mesh plot with z-axis expressing emission intensity. Also, intensity/pH change

was determined by subtracting intensity at 120 s from intensity at 8 s. Time¼ 8 s was chosen as

a basis due transient higher emission intensity induced by fluorescein molecule enrichment as

discussed in Sec. III C.

For peak-to-peak potential and frequency dependency analysis, centerline intensity was

obtained between two electrodes (50 lm away from each electrode), then averaged intensity

was calculated and normalized to range from 0 to 255. Similarly, each pixel was averaged from

5 repeats with standard deviation.

2. Converting intensity to pH

Obtained intensities were corrected with a derived photobleaching equation to exclude the in-

tensity drop induced by FITC (fluorescein isothiocyanate) degradation with light. Then, pH values

at each time and position were calculated from the corrected intensity via Figure 2(c) calibration.

III. RESULTS AND DISCUSSION

To capture the most dominant electrochemical reaction behavior and to be consistent with

published data, pH was detected to track Faradaic reactions. pH sensitive fluorescein salts were

utilized to quantify photobleaching effects and to obtain fluorescein emission intensity versus

FIG. 2. Dye properties controls. (a) In water, fluorescein photobleaching under fixed illumination conditions over 120 s.

(b) In pure methanol, fluorescein photobleaching is less pronounced. Equation describing trend is shown for each.

(c) Calibration plot for pH and fluorescein emission intensity conducted within the device in Figure 1.
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pH calibration curve. Comparison experiments were performed to exclude potential emission

intensity side mechanisms including photobleaching, temperature changes, induced flows,

or other phenomena induced by non-uniform electric fields. Intensity measurements were

converted into pH correcting for photobleaching, then position distributions were mapped in the

device. Finally, signal magnitude and frequency dependencies were quantified.

A. Fluorescein calibrations

The fluorescein [Hþ] ion indicator controls were completed to account for photobleaching,

background, and intensity calibrations. First, photobleaching properties were examined by

detecting emission intensity without electric fields in both aqueous solution (Figure 2(a)) and

MeOH solution (Figure 2(b)). Photobleaching in each solution was quantified from 5 repeats;

Figure 2 results illustrate the average value. The standard error was less than 5% in water while

the upper and lower limits in MeOH were plotted. Fluorescein emission intensity decreased

from 225 to �120 (arbitrary units (AU)) in aqueous solution over 120 s with no field, while in

MeOH, the decrease was only from 225 to �210. Photobleaching behavior was fit into an expo-

nential or linear function with R2> 0.995 for water and MeOH, respectively. The photobleach-

ing equations shown in Figure 2 were utilized to remove the photobleaching effect from all

subsequent intensity measurements.

Second, manually pipetted and meter verified pH solutions were calibrated against emission

intensity as shown in Figure 2(c). Fluorescein emission intensity reduced to zero at pH< 4. For

pH> 4, emission intensity increased with pH. In our experiments, Faradaic currents primarily

yielded emission intensity decreases, which correspond to pH decreases. Intensity data was first

scaled from 0 to 255, then the calibration used to obtain the pH value.

B. Comparison experiments

Comparison experiments were conducted to elucidate other potential mechanisms impacting

local [Hþ] and thus pH measurement accuracy. In contrast to uniform electric fields, 2D

spatially non-uniform electric fields can potentially induce possible side effect depending on

experimental parameters such as solution concentration, conductivity, applied potential, and fre-

quency. Under the experimental conditions in this work, ACEO flow is the most probable

induced phenomenon due to the low kHz applied frequencies. ACEO is caused by the applied

electric fields exerting force on hydrated ions in the induced EDL thus generating flow move-

ment. Such flow can change emission intensity via mass transfer induced changes in fluorescein

concentration. Thus, to accurately quantify pH change in the system, ACEO effects were

examined.

MeOH can be electrolyzed only in the presence of water,20 so this pure solvent was used

for comparison experiments. A mixture of 4 mM NaCl in MeOH and 10�5 M fluorescein in

MeOH was employed. Negligible Faradaic reaction products were detected in the MeOH

system as illustrated in Figure 3. This enabled determination of any phenomena other than

Faradaic reactions inducing intensity changes in the non-uniform electric fields.

To examine Faradaic reactions above the charging frequency (fc > 500 Hz) in both 2D spa-

tially uniform and non-uniform electric fields, both MeOH and aqueous solutions were observed

under 5.5 Vpp and 5 kHz sinusoidal AC signals (relative frequency¼ 10 fc). Figure 3 shows 5

repeated control experiment results already corrected for photobleaching. For all combinations

of solvents and electric field shape, results at t¼ 0, 8, and 120 s are shown in Figures 3(a)–3(d),

3(e)–3(h), and 3(i)–3(l), respectively. Figures 3(m)–3(p) shows intensity differences between

t¼ 8 s and t¼ 120 s. Time¼ 8 s was chosen as a basis due to fluorescein molecule enrichment

as will be discussed in Sec. III C.

For MeOH in uniform electric fields generated via parallel electrode pairs (Figure 3(m))

and MeOH in non-uniform electric fields generated via perpendicular electrode pairs, no sub-

stantial intensity changes were observed. For the aqueous uniform electric field case (Figure

3(n)), intensity changes up to 200 AU were observed. For the aqueous non-uniform electric

field case (Figure 3(o)), an intensity change of �150 AU was observed. These intensity changes
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were consistent with pH shifts generated by Faradaic reactions. The smaller intensity change in

the nonuniform case is likely the result of the orthogonal effective electrode surface area being

smaller than the parallel electrode surface area. Since the Faradaic reactions are electrode

surface area-driven, this result is consistent with Faradaic pH products. For the MeOH

non-uniform electric field case (Figure 3(p)), in which ACEO flow was possible, the emission

intensity change was negligible. Figure 3(m) shows that in the MeOH phase, negligible inten-

sity change—beyond the 8 s fluorescein molecule enrichment—was observed when compared to

water phase results in Figure 3(n). Such observations are consistent with negligible Faradaic

electrolysis reactions in water-free, yet ion rich MeOH. Further, other non-uniform electric field

side effects in ionic solutions such as ACEO, thermal convection flows, or other solution prop-

erty change are not evident.

These comparison experiments reveal that the observed intensity changes in Figure 3(o)

can be confidently correlated with pH changes generated by Faradaic reactions and not fluid

transport at frequencies greater than the electrode charging frequency in non-uniform electric

fields. This, in combination with prior publications9 increases confidence in the fluorescently

measured pH change accuracy and conclusion that Faradaic reactions drive the pH.

C. Time analysis of intensity change

Since the intensity change can be directly correlated with Faradaic reactions, further analy-

sis was conducted on time and spatial dependencies within the electric fields. Figure 4 shows

time and spatial results at 5.5 Vpp and 5 kHz after photobleaching corrections revealing

Faradaic reaction-induced intensity changes. Results are organized into columns correspond to

experiment time: column 1 is for t¼ 0 s (a), (e), and (i), column 2 is for t¼ 8 s (b), (f), and (j),

column 3 is for t¼ 60 s (c), (g), and (k), and the last column is t¼ 120 s (d), (h), and (l). The

respective rows from top to bottom are: first row shows 2-D gray scale image averaged pixel

by pixel from 5 experimental repeats (a)–(d), the second row is a 3-D mesh image where the z

height corresponds to the intensity magnitude (e)–(h), and the third row is a 3-D mesh of the

pixel by pixel standard deviation calculated from the 5 experiments (i)–(l).

For the first column at t¼ 0, images illustrate the spatially uniform fluorescein emission

intensity when no electric field was applied; for comparisons between runs, this initial intensity

was always normalized to 225 AU. These baseline images represent the microdevice pH state

FIG. 3. Field and medium comparison experiments at 5 kHz and 5.5 Vpp. Columns are organized by methanol and water in

uniform and nonuniform DEP electric field configurations. Rows are organized by time with t¼ 0, 8, and 120 s and inten-

sity difference obtained by MATLAB image analysis. Fluorescein intensity changes are apparent in water in both uniform

and non-uniform DEP electric field configurations as emphasized in (n) and (o) while negligible changes were observed in

methanol in (m) and (p).
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without influence from Faradaic reactions or electric field effects (other mechanisms were negli-

gible in Sec. III B).

To quantify the time dependence of [Hþ] concentrations by area, Figures 4(m) and 4(n)

identify and compare spatial subareas including the left and right peripheral areas, central area,

cross-sectional area, and a single line intensity profile within the nonuniform field case. Each

subarea or line was tracked frame-by-frame in each separate experiment as shown in Figure

4(n), and then compiled into trend data for time dependence. Left and right area intensities

were steady to 5 s, then once the electric field was applied, monotonically decrease from 225 to

�180 by 120 s. Central and cross-sectional areas and line profile intensities also started from

225 and remained steady to 5 s. Upon electric field application, intensities reached a maximum

at t¼ 8 s. Since trends were similar, the simpler line intensity was selected to sufficiently cap-

ture aggregate trends for all subsequent time, potential, and frequency dependencies. Since the

measured intensity of the fluorescein directly correlates with pH as illustrated in Figure 2(c),

this tool was used to track pH changes beyond the electrode charging frequency.

The field remained off until t¼ 5 s, but within 3 s of 5.5 Vpp and 5 kHz electric field appli-

cation, a higher emission intensity was observed in the central area while intensity was

unchanged elsewhere. This spatial variation was attributed to fluorescein molecular movement

to this high electric field density region. Reasoning for this is threefold: (1) As shown in Figure

3, experiments completed in MeOH also demonstrated a small intensity increase after 3 s in the

field, (2) In this MeOH system, no further intensity changes were observed after 8 s, and (3) In

uniform electric field experiments, no spatial changes were discernable in either MeOH or

water. These three clues suggest this 3 s increase is directly related to the electric field

non-uniformity and not the result of any electrochemical reactions, since such reactions would

progress with time. Although this non-Faradaic phenomenon is not a major focus of this work,

it still impacts the intensity measurements necessary to quantify progression of the Faradaic

FIG. 4. (a)–(d) Gray-scale 2-D dye intensity plot at t¼ 0, 8, 80, and 120 s under 5.5 Vpp and 5 kHz. (e)–(h) 3-D MATLAB

plot of the same data at the same time points. (i)–(l) Calculated standard deviations of 5 repeats of the data in the first two

rows. (m) Diagram illustrating regions examined for intensity analysis. (n) Time dependencies of the regions in (m). Line

intensity (solid green) was utilized for all subsequent analysis.
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reactions. Thus, the higher intensities at 8 s were used as a baseline to more accurately map the

Faradaic reaction effects in the system and decouple the fluorescein concentration effects from

pH change effects as shown in Figure 4(n).

Progressing up to t¼ 60 s, significant intensity decrease was observed throughout the entire

observed device chamber; the most significant intensity decreases were observed in the central

area. This intensity decrease was attributed to increasing [Hþ] per the calibration in Figure

2(c). The [Hþ] products indicate Faradaic reactions occurring at 5.5 Vpp and 5 kHz, beyond the

electrode charging frequency. Also, spatially non-uniform intensities indicate that the reaction

rate varies spatially; reaction rate is higher in the central area and lower in the peripheral areas

as illustrated in Figure 3(g). This spatial variance of reaction rate is induced by the electric field

non-uniformity and more specifically, by the non-uniformity of the characteristic length of the

electric field lines. The voltage drop within the EDL thus depends on the distance between elec-

trodes. The distance between electrodes in the central area is much shorter resulting in a larger

potential drop within the EDL driving greater Faradaic reaction rates. In the peripheral areas,

potential drop within the EDL is lower resulting in lower Faradaic reaction rates. Since 2D non-

uniform electric fields have varying distances between electrodes, for any given applied signal

frequency, potential drop within EDL that the solution experiences varies spatially due to this

electric field non-uniformity, thus resulting in a spatially different Faradaic reaction rate.

Observations to 120 s (4th column in Figure 4) reveal further decreases in the emission

intensity, which supports that continual Faradaic reaction products accumulate in the solution.

Comparisons between the central area of shortest electric field path lines (Fig. 4(m)) and

peripheral areas with longer electric field path lines reveal spatially non-uniform [Hþ] as a

result of the spatially varied reaction rate.

D. 2-D mapping of pH change

Using the pH value obtained from Figure 2(c) calibration curve, pH was mapped as a func-

tion of time and position. Also, to increase accuracy, pH change (DpH¼ pHt¼ 8 s � pHt) was

demonstrated instead of an absolute pH value to further exclude molecular accumulation effects

prior to t¼ 8 s. Absolute pH was then calculated from the difference from the starting neutral

pH via pH¼ 7 � DpH.

Figures 5(a) and 5(b) illustrate pH differences from 5.5 Vpp and 5 kHz between t¼ 8 and

60 s as well as t¼ 8 and 120 s, respectively. Figures 5(c) and 5(d) show pH values obtained

from a uniform neutral pH everywhere at t¼ 0 s. Figures 5(e) and 5(f) show the geometric pH

gradient (rpH). Figure 5(g) shows both pH change (black solid line) and absolute pH (red

dashed line) for the average line intensity (labeled in Figure 4(m)) with respect to time.

Together, Figure 5 plots illustrate that spatial variations of pH change, pH value, and thus the

pH gradient are more substantial than Figure 4 conveys. At t¼ 60 s, the pH change was >1.5

log (pH� 5.5) in the central area, while pH changes were �1 in the peripheral areas. By

t¼ 120 s, pH change increased to >2 (pH< 5) in the central area and �1.5 in the periphery.

Figures 5(e) and 5(f) show the geometric pH gradient or spatial variance of pH change. At

t¼ 60 s, the central area rðpHÞ value was twice that in the surrounding area illustrating wide-

spread spatial variations in pH. By t¼ 120 s, however, large pH gradients are only observed in

the central area, indicating that solution pH became more uniform and reached equilibrium in

peripheral regions. To better elucidate the time dependence, Figure 5(g) shows the time depend-

ent averaged pH change and real pH value in bulk solution 50 lm from both electrodes. Bulk

pH changes rapidly in the first 60 s suggesting Faradaic reaction rates are fastest initially, but

slow as products accumulate. For 5.5 Vpp and 500 kHz, the [Hþ] change was 1.5 units by

t¼ 60 s. From 60 to 120 s, the Faradaic reaction rate gradually decreased such that a pH change

of only �0.25 took place between 60 and 120 s.

In summary, due to system geometry, the distance between electrode surfaces varies by

position. For a given frequency, the potential drop within the EDL is smaller at longer electrode

distances while the potential drop is larger at shorter electrode distances. A pH change of 1.5

units within the first 60 s gives a change in [Hþ] of �3� 10�6 M in the first 60 s and
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�5:5� 10�6 M by 120 s. This infers an average Faradaic reaction rate of 5:1� 10�8 M=s for

the first 60 s and 4:6� 10�8 M=s for the entire 120 s experiment.

E. Potential and frequency dependency

Peak-to-peak (Vpp) potential and frequency dependencies of pH changes were also quanti-

fied. Vpp ranged from 3.5 Vpp to 7.5 Vpp at a fixed frequency of 5 kHz, since negligible pH

change was observed below 3.5 V and above 7.5 V severe electrode damage occurred. Next, fre-

quencies from 3 to 12 kHz (relative frequency ¼ 6 to 24) at a fixed applied potential of 5.5

Vpp were tested to examine Faradaic reaction behavior around and above the electrode charging

frequency. The pH change between t¼ 8 s and 120 s was tracked with line intensity data

(Figure 4(m)) as a function of position as shown in Figure 6. Each condition in Figures 6(a)

and 6(b) contains 5 repeats with error bars representing standard deviations.

Vpp dependency results in Figure 6(a) showed that pH changes, and thus Faradaic reaction

rate, increased with peak-to-peak potential. The reaction rate was negligible at 3.5 Vpp and

started to increase at 4 Vpp. From 4 to 6 Vpp, the pH change increased rapidly from 0.1 to 2.

At 6 Vpp, reaction rate slowed to negligible above 7.5 Vpp.

Frequency dependence results in Figure 6(b) showed that reaction rate decreased linearly

with frequency. Faradaic reaction products were considerable at frequencies above the pre-

sumed 500 Hz electrode charging frequency. In fact, pH changes were observed up to �11 kHz

at which products could no longer be fluorescently detected.

FIG. 5. For 5.5 Vpp and 5 kHz, spatially mapped pH change from 8 s for (a) 60 s and (b) 120 s. Absolute pH value obtained

from controls in Figure 2 for (c) 60 s and (d) 120 s. pH gradient calculated at a per pixel resolution at 60 s (e) and 120 s (f).

(g) Time dependence of the pH change (solid black line) and absolute pH value (dashed red line).
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F. Discussion

Results from Figures 5(a) and 5(b) indicate that Faradaic reactions are more pronounced in

the central area between the electrodes. This is attributed to differences in the ion transfer prop-

erties along the non-uniformed ion paths at different lengths represented by the differences

in relative frequency (f=fc) governed by the electrode charging frequency, which is inversely

proportional to ion path lengths [Eq. (1)]. At a fixed applied frequency across spatially non-

uniform electrodes, the potential drop within EDL is highest in regions with the smallest

electrode spacing, resulting in greater Faradaic reaction rates. While in peripheral regions, the

greater distance between electrodes results in lower EDL potential drops and thus lower

Faradaic reaction rates.

Increases in relative frequency cause lower reaction rates, evidenced in this work by forma-

tion of pH gradients. Figures 5(e) and 5(f) illustrate the pH gradient becomes less pronounced

at large time, because [Hþ] diffuses throughout (Figure 5(g)). However, pH gradient formation

at short time scales provides interesting insights into the Faradaic reactions. It can be inferred

from Figure 5(g) that the Faradaic reaction producing Hþ becomes equilibrium limited, thus

slowing the production of Hþ. Concurrently, Hþ diffusion down the pH gradient occurs on an

unchanging time scale (t � x2

2D, D is diffusion coefficient, x is diffusion length). The pH gradient

decrease can be understood via a relative ion rate ratio (Rr) between the driving reaction

rate (Rrxn) and resulting diffusion rate (Rd) as Rr¼Rrxn/Rd. At t< 60 s, Rrxn � Rd in both the

central and surrounding area, which leads to higher Rr and thus a pronounced pH gradient. In

the peripheral areas, Rrxn and Rd are similar number of unit such that pH gradients are not

apparent. From t¼ 60 to 120 s, Figure 5(f) suggests Rrxn decreases. In central areas with mini-

mum characteristic length, Rrxn remains high, but in peripheral areas, Rrxn is reduced. However,

Rd is a phenomenon responding to the pH (concentration) gradient such that when the pH

gradient is large, the effective Rd is also high. As time progresses, the central pH is relatively

constant, but the accumulation of Hþ in the periphery increases, thus decreasing the pH

gradient and effectively reducing Rd. Thus, Rr remains high in the central area, while Rr in

the surrounding areas reduces. This combination results in a shrinkage of the high pH gradient

footprint and a pH uniformity in the peripheral area.

Figure 6(a) showed how the peak-to-peak potential, at a fixed frequency of 5 kHz,

impacted the Faradaic reaction rate and thus the resulting pH change. In this specific electrode

configuration, the Faradaic reaction was initiated at 4 Vpp (2 V for each half period); this is the

“AC onset potential” for 5 kHz. This AC onset potential is slightly higher than the reported

1.23 V theoretical standard electrode potential18 calculated based on reaction thermodynamics

and consistent with a previously reported 2 V experimentally obtained onset potential for a sim-

ilar gold electrode configuration under DC potential yielding water electrolysis.21 With increas-

ing overpotential (applied potential—standard electrode potential), the Faradaic reaction rate

increased significantly, evidenced by the pH change increasing from 0 to 2.5. Beyond 6 Vpp,

FIG. 6. (a) Potential dependency of pH change (solid black) and absolute pH value (dashed red) at 5 kHz. (b) Frequency de-

pendency of pH change (solid black) and absolute pH value (dashed red) at 5.5 Vpp. This infers that Faradaic reactions

increased with peak-to-peak potential and decreased with frequency.
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the Faradaic reaction became mass transfer limited such that pH did not further increase with

increasing overpotential.

Figure 6(b) showed the Faradaic reaction frequency dependence at a fixed applied potential

of 5.5 Vpp. Frequencies examined were at 3 kHz and above the electrode charging frequency.

The Faradaic reaction was highly pronounced at 3 kHz and steadily declined to negligible at

11 kHz. This trend illustrated that the Faradaic reaction persisted above the charging frequency

of 500 Hz. This can be explained through an electrode-electrolyte interface model with a paral-

lel capacitor and resistor.22 The capacitor represents the electric double layer (EDL) while the

resistor represents electron transfer across the electrode-electrolyte interface, which generates

the Faradaic reaction. Previous work was conducted23–27 at frequencies close to the electrode

charging frequency, whereby the capacitor remains charged in each half period. The charged

capacitor functions as a high impedance element preventing current passage, while the resistor

facilitates electron transfer for the Faradaic reaction to progress. At frequencies above fc, which

this work explored, the capacitor was not fully charged and the EDL was not fully established

(electrode not fully polarized/screened). Thus, a similar impedance across the parallel resistor

and capacitor results in current passing through both pathways yielding Faradaic reaction prod-

ucts, albeit at an attenuated rate compared to reactions below fc. With increases in frequency,

the EDL capacitor charges less, favoring current passage through the capacitor over the parallel

resistor. The increasing capacitor current thus increasingly bypasses the resistor effectively short

circuiting the electrode-electrolyte interface to thus decrease and eliminate the Faradaic reaction

rate.

IV. CONCLUSIONS

This work spatially and temporally examined Faradaic reactions in spatially non-uniform

AC electric fields via spatial pH detection at frequencies higher than the theoretical electrode

charging frequency.

Faradaic reaction products were observed across the entire microdevice 6:3� 105 lm2

chamber over the course of the 120 s experiment. The applied frequencies were higher than the

theoretically predicted electrode charging frequency meaning that the electric double layer was

not well charged. Despite this, pH changes up to 2.5 units were observed proving the existence

of Faradaic reactions above the electrode charging frequency.

Further, spatial variances in the Faradaic reaction rate were observed and attributed to the

varied electrode spacing resulting from the spatial non-uniformity of the electric fields. These

spatially varying Faradaic reactions were tracked via observation of pH gradients reaching mag-

nitudes of 2 � 104 unit/lm.

Finally, Faradaic reaction rate increases were observed with increasing potential and

Faradaic reaction rate decreases were observed with increasing frequency. The reaction rate

increased with potential due to increasing electron transport rate from electrode to electrolyte.

Reaction rate decreased with frequency due to insufficient time to fully charge the electric dou-

ble layer in accordance with the RC electrode-electrolyte behavior model.

This work demonstrates that Faradaic reactions influence the local pH above the electrode

charging frequency. Further, these pH changes vary with time and position. The implications

are that pH gradients may induce anomalous (bio)particle dielectrophoretic responses and

hydrodynamic fluid behaviors. Further, the techniques utilized in this work to quantify pH

gradients may be adapted to other microfluidic systems to ascertain the impact of Faradaic reac-

tions on ACEO pumps or related hydrodynamic phenomena.
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