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ABSTRACT: Colloids in low-frequency (<1 kHz) oscillatory
electric fields near planar electrodes aggregate in neutral pH
electrolytes due to electrohydrodynamic (EHD) flow but separate
in alkaline pH electrolytes. Colloid ζ-potential and electrolyte ion
mobilities are thought to play roles in the underlying mechanism
for this phenomenon, but a unifying theory for why particles
aggregate in some electrolytes and separate in others remains to be
established. Here, we show that increasing local pH near the
electrode with an electrochemical reaction causes a colloidal
aggregation-to-separation transition in oscillatory electric fields that
induce strong attractive EHD flows. An electroactive molecule,
para-benzoquinone, was electrochemically reduced at the electrode
to locally increase the solution pH near the colloids. Superimposing
a sufficiently large steady electrochemical potential onto an oscillatory potential caused a reversible aggregation-to-separation
transition. Counterintuitively, decreasing frequency, which increases attractive EHD drag forces, caused a similar aggregation-to-
separation transition. Even more interesting, multiple transitions were observed while varying the oscillatory potential. Taken
together, these results suggested that the oscillatory potential induced a repulsive hydrodynamic drag force. Scaling arguments for
the recently discovered asymmetric rectified electric field (AREF) showed that a repulsive AREF-induced electroosmotic (EO) flow
competed with attractive EHD flow. A pairwise colloidal force balance including these competing flows exhibited flow inversions
qualitatively consistent with experimentally observed aggregation-to-separation transitions. Broadly, these results emphasize the
importance of AREF-induced EO flows in colloid aggregation and separation in low-frequency oscillatory electric fields.

■ INTRODUCTION

Micron-scale dielectric colloids in dilute aqueous electrolytes
(10−5 to 10−2 M) are widely known to assemble into planar
aggregates near charged electrodes in low-frequency (<1 kHz)
oscillatory electric fields.1−9 The formation of planar
aggregates is attributed to attractive hydrodynamic drag forces
created by electrohydrodynamic (EHD) fluid flow around each
particle, which occurs due to perturbation of the otherwise
spatially uniform electric field by the particles, creating a
rectified electric field directed along the electrode surface that
drives the EHD flow.2,10 In basic (NaOH) or acidic (HCl)
electrolytes that induce large ζ-potentials on particles (|ζp| ∼
100 mV), colloids do not aggregate and in some cases
separate.4,11−18 A large survey study found that the aggregation
rate of colloids was correlated with colloid ζ-potential and
electric field amplitude across 26 unique particle−electrolyte
pairs.4 Recent theoretical and experimental work has shown
that colloid ζ-potential,4 surface conductivity,19,20 and cation/
anion diffusivity mismatch17,18 play roles in whether colloids
aggregate or separate in a given electrolyte. Ma et al. showed
that colloids with large ζ-potential and surface conductivity
generated extensile fluid flows in oscillatory fields.20 Here, the

large particle surface conductivity caused the dipole moment to
orient in the same direction as the applied electric field, driving
an extensile EHD fluid flow.19 However, this mechanism only
explains particle separation at low ionic strengths (∼10−5 M),
where electrolyte conductivity is commensurate with particle
surface conductivity, indicating that another mechanism must
be active for higher-ionic-strength electrolytes.
Separation and aggregation of colloids in various electrolytes

has previously been explained by competition between
multiple extensile and contractile electrokinetic flows.21,22

Previous work has shown that steady electric fields induce
particle aggregation or separation due to electroosmotic (EO)
flow along the particle surface, which creates either extensile or
contractile flow around each particle depending on the sign of
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the steady potential and particle ζ-potential.5,6,21,22 Motion of
particles normal to the electrode surface also plays an
important role in determining whether colloids aggregate or
separate in oscillatory electric fields.15,23 The phase angle
between the oscillatory electrophoretic motion of colloids and
the electric field magnitude correlates with whether particles
will aggregate or separate.11,13,14,21,24 Prior work by the Prieve
group has demonstrated changes in particle height upon
application of electrochemical potentials that drive water
electrolysis.25 In these experiments, vertical motion of the
particle was effected by faradaic current density passing
through the electrochemical cell.25,26 Colloids in electrolytes
where the cations and anions have different mobilities, e.g.,
NaOH, have been shown to separate and levitate tens of
microns above the electrode surface in low-frequency
oscillatory fields.15,18,23 Colloid levitation was explained by
the recently identified asymmetric rectified electric field
(AREF), which is induced by the action of an oscillatory
potential on an electrolyte with different cation and anion
diffusivities.17 The disparate electrophoretic motion of ions
creates free charge density outside the diffuse layer near the
electrode, which partially rectifies the oscillatory current to
create the AREF.17 Recent theoretical work has suggested that
AREF-induced EO flow can dominate induced charge
electrokinetic flows under certain conditions,27 but supporting
experimental evidence is so far lacking.
In this article, we investigate the aggregation and separation

of dielectric colloids in the presence of oscillatory electric fields
and alkaline solution pH resulting from electroreduction of
para-benzoquinone (BQ). Microscopic observations of colloid
aggregation-to-separation transitions under various applied
oscillatory potentials, frequencies, and steady electrochemical
potentials were not explained alone by changes in EHD fluid
flow or faradaic electric field-induced electroosmotic (EO)
flow. Instead, a scaling analysis of an AREF stemming from the
action of the oscillatory electric field on electrochemically
generated hydroxyl ions showed that the AREF was strong
enough to drive a competitive repulsive EO flow. A pairwise
colloidal force balance reconciled the aggregation-to-separation
transition in terms of an extensile AREF-induced EO flow
around each particle that dominated contractile EHD fluid
flow. This work emphasizes the importance of AREF-induced
EO flow in controlling the aggregation and separation of
colloids in electrolytes with unequal ion mobilities and
introduces electroactive molecules as a method to probe the
effects of pH and ion mobility on colloid aggregation and
separation in oscillatory electric fields. Aside from fundamental
electrokinetics studies, we expect electrochemical pH mod-
ifications will offer enhanced control over directed assembly of
colloids into photonic structures28−32 and propulsion of
colloidal microswimmers.20,33−35

■ METHODS/EXPERIMENTAL SECTION
The experimental setup and materials are similar to those described in
prior works.4,36 Briefly, a static electrochemical cell was constructed
by sandwiching two pieces of tin-doped indium oxide (ITO)-coated
glass slides together separated by a ∼200 μm insulating spacer (Figure
1a). Electric potentials were applied using an arbitrary wave generator
(AWG), with steady potentials superimposed onto oscillatory
potentials by applying a constant offset potential to the oscillatory
potential (Figure 1b). The AWG applied potentials to the working
electrode (WE, bottom electrode) in reference to earth ground (top
electrode). Silica particles were purchased from Bang’s Lab and
carboxylic acid-functionalized polystyrene particles were purchased

from Polysciences. The particles were prepared by dispersing in the
electrolyte solution at 0.1 w/w % and centrifuging and rinsing three
times to remove residual surfactants and preservatives. BQ (Sigma-
Aldrich, 99.5%) solutions were prepared fresh for each experiment
and kept away from light. All samples were prepared in the electrolyte
of 1 mM KCl in 18.2 MΩ DI water and BQ was added to the
electrolyte at a 10 mM final concentration. Video microscopy was
performed on an upright optical microscope operating in bright field
mode and movies were recorded using a charge-coupled device
(CCD) camera. Cyclic voltammetry (CV) was performed using a
Gamry Reference 600+ in a two-electrode configuration with one
ITO electrode serving as the WE and the other ITO electrode serving
as the counter electrode (CE) and reference electrode (RE). The
electrolyte for the CV experiments was 100 mM KCl instead of 1 mM
KCl to reduce the ohmic drop in the cell. Current density
measurements were performed on 1 mM KCl, 10 mM BQ samples
with a potentiostat operating in electrochemical impedance spectros-
copy (EIS) mode by applying a mixed oscillatory and steady potential
and measuring the resulting current for 30 s at each potential. Particle
ζ-potentials were measured in triplicate using a Malvern Zetasizer
Nano ZS90. KOH (1 mM) was used to modify the pH for the ζ-
potential measurements; electrolytes were sparged with argon for 1 h
to remove dissolved CO2 prior to pH adjustment.

■ RESULTS AND DISCUSSION
Electrochemical Reactions and pH Change. At near-

neutral pH, BQ dissolved in water is electrochemically reduced
to hydroquinone (HQ) at the cathode via consumption of two
protons and two electrons, increasing the local pH. HQ is
oxidized at the anode to BQ through the reverse pathway,
which decreases the local pH (Figure 1a)37−40

BQ 2H 2e HQ+ + ↔+ − (1)

Figure 1. (a) Schematic of sample cell showing position of electrodes
and the expected pH changes for a negative steady electrochemical
potential. The spatial coordinate, x, used for the pH simulations is
shown with the origin at the cathode surface. (b) Example waveform
defining the superimposed oscillatory potential amplitude (ΔϕAC)
and the steady potential (ΔϕDC). (c) Cyclic voltammogram of 10 mM
BQ in 100 mM KCl (scan rate = 150 mV/s). (d) Cyclic
voltammogram of 10 mM BQ in 100 mM KCl freshly prepared
(blue line) and after being subjected to an oscillatory potential of 1.5
V, 400 Hz combined with a steady potential of −250 mV for 4 min
(red dashed line). (e) Simulated pH for several values of faradaic
current density (jF) as a function of position in the electrochemical
cell. The cathode is located at the origin.
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Excess protons and hydroxyl ions diffuse away from the
electrodes toward the center of the cell and recombine to form
water.41 Cyclic voltammetry of aqueous 10 mM BQ in 100
mM KCl showed reversible oxidation/reduction with a
reduction potential of −300 mV and oxidation potential of
+400 mV vs ITO reference (Figure 1c). We note that the redox
potentials identified here were subject to drift in the CE/RE
and may not be the true redox potentials due to the two-
electrode setup. Despite this, the CV demonstrates the
important feature of the BQ/HQ couple, which is that it
undergoes redox reactions within the electrochemical window
of water. To further confirm that the electrochemical reaction
was occurring during colloidal aggregation experiments, we
subjected an electrochemical sample cell to a −250 mV steady
potential superimposed on an oscillatory potential of 1.5 V,
400 Hz. After 5 min of polarization, the sample was
immediately transferred to a potentiostat and electrodes
connected in the same polarity as in the AWG (bottom
electrode as the WE, top as the CE/RE). Compared to a CV of
the sample prior to applying the mixed oscillatory and steady
potential, which only showed current due to BQ reduction, the
first CV cycle taken after the experiment showed a large
oxidative current due to oxidation of HQ that was formed near
the cathode (Figure 1d). This indicates that steady potentials
less than the redox potential observed by CV can stimulate the
electrochemical reaction. This may occur because the AWG
applies potentials in reference to a different ground than for
the CV experiments. Regardless of the underlying reason, the
CV measurements confirmed that BQ/HQ redox reactions
occurred during the colloidal aggregation experiments.
The pH in the sample cell was estimated by numerically

solving a simplified version of the Poisson−Nernst−Planck
(PNP) equations. The rate constants for the BQ/HQ reactions
are unknown, so we approximated the electrochemical
reactions by considering the generation and consumption of
protons and hydroxyl ions at each electrode and their
recombination into water with known rate constants. While
this approach does not explicitly consider the BQ, HQ, or any
intermediate species, it provides an estimate of the solution pH
as a function of the current density to be used in a scaling
model. Prior work has shown the colloids are located outside
of the diffuse layer at the electrode surface,1,15 so the numerical
model did not consider electric field enhancement in the
electric double layer. The PNP equations reduce to the
diffusion equation under these conditions due to the absence
of free charge density in the electrolyte.42 The equilibrium
reaction of protons and hydroxyl ions to form water were
considered, resulting in the one-dimensional (1D) time-
dependent reaction-diffusion equations for protons and
hydroxyl ions

c
t

D
c
x

k c c k cH
H

2
H
2 1 H OH 2 H O2

δ
δ

∂
∂

= − +
+

+
+

+ −
(2)

c
t

D
c
x

k c c k cOH
OH

2
OH

2 1 H OH 2 H O2

δ
δ

∂
∂

= − +
−

−
−

+ −
(3)

Here, cH+ is the concentration of protons, DH
+ = 9.3 × 10−9 m2/

s is the diffusion coefficient of protons in pure water, cOH− is
the concentration of hydroxyl ions, DOH

− = 5.5 × 10−9 m2/s is
the diffusion coefficient of hydroxyl ions in pure water, k1 = 1.4
× 1011 M/s and k2 = 0.0014 s−1 are, respectively, the forward
and back reaction rates for the equilibrium reaction of protons

and hydroxyl ions to form water, OH− + H+ ⇌ k2
k1 H2O, t is

time, and x is the spatial coordinate defined in Figure 1a.
Water was assumed to have a constant concentration of cH2O =
55 M. COMSOL was used to solve this set of partial
differential equations for two electrodes separated by 200 μm.
Constant flux boundary conditions were applied at each
electrode to simulate generation and consumption of protons
by BQ/HQ redox reactions and recombination/dissociation of
w a t e r , v i z . ,

J x J x( 200 m) ( 0 m)
j

FH ,anode H ,cathode
Fμ μ= = − = =+ + ,

where jF is the faradaic current density and F is Faraday’s
constant. Simulations showed the pH distribution in the cell
reached steady state within a few seconds. Figure 1e shows the
steady-state pH in the cell for various values of current density
and shows the pH can reach alkaline values near 10 at the
cathode and acidic values near 4 for a reasonable current
density of 30 μA/cm2. The pH was relatively constant in the
region containing the colloids and decayed to neutral pH near
the center of the cell. These simulations did not include the
equilibrium between protons and BQ or other intermediate
species and are thus expected to overestimate the pH for a
given current density, but the trends are expected to be
internally consistent and give reasonable estimates.

Aggregation and Separation of Colloids with Electro-
active Molecules. Monodisperse 3 μm polystyrene micro-
spheres were suspended in 1 mM KCl with 10 mM BQ added
and allowed to settle to the bottom electrode by gravity where
they remained colloidally stable. The particles were aggregated
into two-dimensional (2D) hexagonally close-packed aggre-
gates by applying an oscillatory potential of 2 V, 400 Hz
(Figure 2a). Increasingly negative steady potentials were
superimposed stepwise onto the oscillatory potential at a rate
of −50 mV per 20 s and video microscopy recorded the
dynamics (Figure 2b,c). The mean center-to-center inter-
particle separation, ⟨S⟩, was measured as a function of time and
steady potential using Delaunay triangulation to determine the
average nearest-neighbor interparticle distance (Figure 2d).
The bond orientation order parameter, a measure of how
hexagonally close packed the particles were, was determined by

N N i1/ (1/ ) exp( 6 )
i

ij
j

ij6 ∑ ∑ θΨ =

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ (4)

where θij is the angle between a fixed axis and the bond
separating nearest-neighbor particles i and j. An order
parameter of Ψ6 = 1 is a perfect hexagonally close-packed
lattice while 0 is a random arrangement of particles. With only
an oscillatory potential applied, the interparticle separation of
the colloids was slightly larger than the particle diameter and
the order parameter was ∼0.8 (Figure 2a,d). Stepwise changes
to steady potential in the range of 0 to −100 mV had no effect
on the interparticle separation or order parameter. The
interparticle separation of the colloids increased and the
bond order parameter decreased over about 10 s to new
steady-state values after a stepwise increase of steady potential
to −150 mV (Figure 2b). Increasing steady potential to −200
mV caused a further increase in the interparticle separation to
∼1.7 particle diameters and decreased the bond order
parameter to ∼0.4 (Figure 2c). The colloids isotropically
separated after applying a −250 mV steady potential as
indicated by a monotonically increasing interparticle separation
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over time. The particles separated more quickly during the
aggregation-to-separation transition compared to when particle
aggregates separated by diffusion after removing an oscillatory
electric field (black squares, Figure 2d), indicating a long-
ranged repulsive force pushed particles apart during the
transition. Particles initially aggregated in an oscillatory
potential and then subjected to stepwise increases in steady
potential (with no superimposed oscillatory potential)
separated at a nearly identical rate to those separating by
diffusion only (cyan triangles, Figure 2d). The aggregation-to-
separation transition was not observed for positive steady

potentials or in the absence of BQ in the electrolyte and
occurred for both polystyrene and silica microspheres. This
indicates the transition only occurred at the electrode where
BQ electroreduction increased pH. Colloids formed 2D
aggregates upon removing the superimposed steady potential,
indicating that the transition was reversible.
The critical steady potential (ΔϕDC,crit) for the aggregation-

to-separation transition depended on the oscillatory potential
and frequency (Figure 3). The critical steady potential was
identified for several values of oscillatory potential and
frequency by initially aggregating the colloids in a purely
oscillatory field and then increasing the steady potential
stepwise −50 mV every 20 s until the colloids showed
monotonic separation in time (dashed vertical lines, Figure
3a). The critical steady potential decreased as the oscillatory
potential was increased at a constant frequency (Figure 3b)
and decreased as the frequency was decreased at a constant
oscillatory potential (Figure 3c). These results suggested that
increasing the oscillatory potential or decreasing the frequency
at a constant steady potential (below the critical value for
separation) would also induce an aggregation-to-separation
transition. Indeed, colloids aggregated with an initially 1000
Hz, 2 V oscillatory potential and a superimposed −200 mV
steady potential experienced increased repulsive forces as the
frequency was decreased in 200 Hz increments every 20 s
(Figure 4a−c). At a critical frequency of 400 Hz, the colloids
separated entirely (Figure 4d). Separation at low frequency was
accompanied by a change in the particle height above the
electrode, indicated by the change in the particle contrast in
Figure 4c compared to Figure 4a,b. Colloids initially
aggregated in a 400 Hz, 4.5 V oscillatory potential with a
constant −150 mV steady potential applied (Figure 4e)
experienced increased repulsion as the oscillatory potential was
decreased stepwise to 2.5 V, where they separated (Figure 4f).
Intriguingly, further decreasing the oscillatory potential below
2 V caused the particles to undergo a separation to aggregation
transition (Figure 4g). The two transitions are illustrated
clearly in quantitative measurements of the mean interparticle
separation and order parameter (Figure 4h). These results
were surprising and counterintuitive considering that the
magnitude of the attractive EHD fluid flow changes monotoni-
cally with oscillatory potential.10

Scaling Analysis for Aggregation-to-Separation Tran-
sition. Several mechanisms were considered to explain why

Figure 2. Aggregation-to-separation transition induced by super-
position of a steady and oscillatory potential. (a−c) Images of 3 μm
polystyrene colloids with different steady potentials of (a) 0 mV, (b)
−150 mV, and (c) −200 mV superimposed onto a 2 V, 400 Hz
oscillatory potential. (d) Average center-to-center interparticle
separation normalized to the particle diameter, ⟨S⟩/2a, and
orientational bond order parameter, Ψ6, of a particle aggregate as a
function of time and steady potential. The steady potential was
modified stepwise every 20 s. The black squares show ⟨S⟩/2a of
aggregated colloids separating only by Brownian motion after
removing a 2 V, 400 Hz oscillatory potential. The teal triangles
show ⟨S⟩/2a of aggregated colloids separating under stepwise
increased steady potentials with no oscillatory potential.

Figure 3. Effect of oscillatory potential and frequency on the critical steady potential (ΔϕDC,crit) to induce the aggregation-to-separation transition
in 3 μm diameter polystyrene particles (a) and 4 μm silica particles (b, c). (a) Mean interparticle separation normalized to particle diameter, ⟨S⟩/
2a, of an aggregate as a function of time and steady potential (modified stepwise every 20 s). The frequency was held constant at 400 Hz, and the
steady potential was decreased by −50 mV every 20 s. The colored dashed lines indicate the critical steady potentials for inducing separation. (b, c)
Effect of the oscillatory potential (b) and frequency (c) on the critical steady potential. The black diamonds indicate the identified value, while the
error bars indicate the possible range for each condition. The frequency in (b) was 400 Hz, and the oscillatory potential in (c) was 1 V.
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particles separate when a steady potential was superimposed
onto an oscillatory potential. Qualitative experimental
observations provided preliminary insights. First, repulsive
interparticle forces that caused the aggregation-to-separation
transition were long-ranged and acted over several particle
diameters to separate particles at a faster rate than diffusion.
This rules out colloidal electrostatic interactions that act over
particle separations of hundreds of nanometers; specifically,
pH increases near the cathode increasing particle ζ-potential
and electrostatic repulsion cannot cause long-ranged repulsion.
Dipole−dipole repulsion forces are not expected to be
significantly affected by changes to pH, steady potential, or
frequency, indicating they likely do not cause the aggregation-
to-separation transition. Dipole−dipole forces scale quadrati-
cally with oscillatory potential and would not lead to a
separation to aggregation transition with decreasing oscillatory
potential. Immediately prior to an aggregation-to-separation
transition, the interparticle separation increased to a larger
steady-state value (cf. Figures 2d and 4d). Together with the
observations of long-ranged repulsion, this observation
suggests that separation of colloids was mediated by a balance
between attractive and repulsive hydrodynamic drag forces.
Specifically, we hypothesize that a steady electric field resulting
from the electrochemical reaction drives a repulsive EO flow
on the particle surface that directly opposes attractive EHD
drag forces. For a negatively charged particle and electric field
pointing toward the bottom electrode, the EO flow is directed
toward the electrode and creates repulsive drag forces between
neighboring particles.22

First, we consider whether the faradaic electric field (EF)
created by the electrochemical redox reactions induces the
repulsive EO flow. The extensile EO flow along the particle
surface scales as

U
E

EO
0 p Fζ
μ

∼
∈ ∈

(5)

where UEO is the EO flow magnitude, ϵϵ0 is the relative
permittivity, ζp is the particle ζ-potential, μ is the solution

viscosity, and E
j

F
F=
σ
, where σ is the electrolyte conductivity.

Reasonable estimates for the Faradaic current density of 10
μA/cm2 and particle ζ-potential of −40 mV yield a faradaic
electric field magnitude of 5 V/m and an EO flow magnitude
of UEO ∼ 10−1 μm/s. Prior estimates and measurements of
EHD fluid flows are in the range of 1−102 μm/s,10,20

indicating that the faradaic electric field-induced EO flow is
likely too weak to overcome the attractive EHD fluid flow and
cause particle separation. Experimental observations showing
that particles did not separate faster than by diffusion when
only a negative steady electrochemical potential was applied
support this assertion (Figure 2d).
Another possible explanation for the transition is the local

increase in solution pH and particle ζ-potential decreases the
particle dipole field strength,19 which decreases the EHD flow
magnitude. To test whether this mechanism explains the
particle separation, we performed a scaling analysis of the pH
and ζ-potential dependence of the EHD fluid flow (see Table 1

Figure 4. Decreasing frequency at constant steady potential caused an aggregation-to-separation transition, while multiple transitions were
observed when varying oscillatory potential. (a−c) Images of 4 μm silica colloids at different frequencies of (a) 800 Hz, (b) 600 Hz, and (c) 400
Hz. The oscillatory potential was 2 V, the steady potential was −150 mV, and the frequency was decreased stepwise every 20 s. (d) Average
interparticle separation normalized to particle diameter, ⟨S⟩/2a, and orientational bond order parameter, Ψ6, of a particle aggregate as a function of
time and frequency. (e−g) Images of 4 μm silica colloids at different oscillatory potentials of (e) 4.5 V, (f) 2.5 V, and (g) 2 V. The frequency was
400 Hz, the steady potential was −150 mV, and the oscillatory potential was decreased stepwise every 20 s. (h) Average interparticle separation
normalized to particle diameter, ⟨S⟩/2a, and orientational bond order parameter, Ψ6, of a particle aggregate as a function of time and oscillatory
voltage.

Table 1. Summary of Parameters for EHD Flow Scaling
Model

relative permittivity of water (ϵ) 80
diffusion coefficient (D) 2.05 × 10−9 m2/s
Debye length (κ−1) 9.7 nm
electrode spacing (l) 200 μm
temperature (T) 298 K
viscosity of water (μ) 0.894 mPa·s
particle radius (a) 2 μm

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c00671
Langmuir XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00671?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00671?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00671?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00671?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


for model parameters). The EHD flow magnitude (UEHD) can
be estimated by the following scaling expression10
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Here, K0 = 0.02 is a fitting parameter determined from a
previous work,33 κ is the Debye parameter, C0′ and C0″ are the
real and imaginary parts of the particle dipole coefficient,
respectively, ω is the angular frequency, and D is the average
ion diffusion coefficient. The particle dipole coefficient (C0 =
C0′ + iC0″) quantifies the direction/magnitude (C0′) and phase
(C0″) of the particle polarization and is a function of the
particle radius, ζ-potential, Debye length, ion mobilities, and
electric field frequency.43 To determine how the EHD flow
magnitude changes with pH and current density, we
experimentally measured the ζ-potential of 4 μm diameter
silica spheres as a function of pH (Figure 5a). Based on the

numerical pH simulations (cf. Figure 1d) the pH 1 μm from
the cathode was determined as a function of the current
density. Together the pH simulations and experimental ζ-
potentials provided an estimate of the current density-
dependent particle ζ-potential (Figure 5b). The dipole
coefficient was calculated from the low-frequency asymptotic
solution to the standard electrokinetic model solved by Shilov
et al.19,43 Despite the ζ-potential increasing by a factor of 2
when increasing the current density from 0 to 100 μA/cm2, the
EHD flow magnitude decreased by less than 10% (Figure 5c).
This is because corresponding increases to the particle surface
conductivity were small compared to the bulk electrolyte
conductivity, resulting in minor decreases in the particle dipole
field strength. This analysis indicates that the EHD drag force
will remain attractive under all conditions here and the

electrochemical reactions will not significantly affect the EHD
flow magnitude.
Understanding can be gleaned by considering a pairwise

colloidal force balance including opposing hydrodynamic drag
forces on the particles: one due to contractile EHD flow
(attractive drag force) and the other an extensile faradaic
electric field-induced EO flow (repulsive drag force). The force
balance is formulated in terms of the relative velocity of the
particle pair (Urelative)

U U U2( )relative EHD EO= − + (7)

Here, a positive relative velocity corresponds to net attraction
between the particles while a negative velocity signifies net
repulsion. The critical current density (jcrit ∝ ΔϕDC,crit)
required to induce an aggregation-to-separation transition
can be obtained by setting Urelative = 0. Considering only terms
expected to vary with oscillatory and steady potential for each

flow term, viz., U
fEHD
AC
2

∼ ϕΔ
and UEO ∼ j, yields a scaling

expression for the critical current density for particle

separation, j
fcrit
AC
2

∼ ϕΔ
. Based on this balance, increasing the

oscillatory potential or decreasing the frequency should
increase the critical steady-state potential required to separate
particles. However, our observations of the opposite trend (cf.
Figure 4) indicate this force balance is not correct. More
precisely, the experiments suggest the oscillatory electric field
induces repulsive drag forces between particles that are a
function of frequency and oscillatory potential.
The recently discovered AREF is a steady electric field

induced by applying an oscillatory potential to an aqueous
electrolyte with mismatched ion mobilities, such as millimolar
KOH.17 When an oscillatory potential is applied to the
electrolyte, the different electrophoretic mobilities of the
cations and anions lead to a nonzero, time-independent free
charge density and steady electric field in the liquid. The ion
mobility mismatch is quantified by D

D
δ = −

+
, where D− and D+

are the anion and cation diffusivities.44 Prior work has
investigated AREF in electrolytes with a permanent mismatch
in ion diffusivity, e.g., aqueous NaOH and KOH.17,18 In the
present experiments, electroreduction of BQ at the cathode
consumes protons and increases the local hydroxyl ion
concentration due to water dissociation, which creates a local
ion diffusivity mismatch. The increased hydroxyl ion
concentration at the bottom electrode leads to δ > 1 due to
the larger diffusion coefficient of hydroxyl ions
D m s( 5.27 10 / )OH

9 2= × −
− compared to potassium ions

D m s( 1.96 10 / )K
9 2= × −

+ , resulting in an AREF that is
oriented toward the bottom electrode where the colloids are
located. Numerical pH simulations showed that steady-state
hydroxyl ion concentrations can reach 1 mM near the cathode
for a current density of 50 μA/cm2 (cf. Figure 1c), nearly
equimolar to the potassium and chloride ion concentrations.
The local value of δ in the electrolyte solution was estimated
by calculating an average anion diffusivity, D−,ave = DOH

−xOH− +
DCl

−xCl−, where the anion diffusivities are weighted by their
local mole fraction (xi) in solution. δ ranges from 1.05 to 1.3
for faradaic current densities ranging from 5 to 100 μA/cm2,
which are less than half that of those for pure KOH (δ = 2.6).
We applied prior scaling arguments to estimate the peak
magnitude of the AREF field44

Figure 5. (a) ζ-Potential of 4 μm diameter silica as a function of pH
in 1 mM KCl. (b) Estimated ζ-potential of silica particles located 1
μm from the cathode as a function of faradaic current density. (c)
EHD fluid flow velocity as a function of faradaic current density. The
oscillatory potential was 0.5 V, and the frequency was 400 Hz.
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Here, EAREF is the peak AREF magnitude; K = 2.1 × 10−4 m/
s1/2; k1 = 9.5, k2 = 8.5, and k3 = 0.03 are fitting parameters; f is
the frequency; l is the electrode separation; e is the elementary
charge; kB is the Boltzmann constant; and T is the
temperature.44 The maximum AREF magnitude is within 10
μm of the electrode with the position dependent on the
frequency, electrode separation, and ion diffusivities
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where K1 = 0.83 m/s1/2 is a fitting parameter.44 The five fitting
parameters were obtained in a previous study by fitting scaling
expressions to full numerical simulations.44 Figure 6a shows
that the maximum AREF magnitude increases as a function of
faradaic current density with a variable, sublinear power law
due to the increase in the hydroxyl ion concentration and δ
near the cathode. Over the expected range of experimental
current densities of 10−100 μA/cm2, the AREF magnitude
scales approximately as EAREF ∼ jF

1/2. The maximum AREF
magnitude was always predicted to be larger than the faradaic
electric field over the range of current densities, oscillatory
potentials, and frequencies used in the experiments. The AREF
magnitude scales as the oscillatory potential cubed (Figure 6b)

for oscillatory potentials <3 V and above this potential the
AREF magnitude decreases because large amplitude oscil-
lations of hydroxyl ions drive them into the electric double
layers, decreasing the ion diffusivity mismatch.44 The AREF
magnitude increases as the square root of frequency across the
entire range tested (Figure 6c) and the position of the
maximum AREF field strength was several microns from the
cathode and decreased with frequency (Figure 6c).
The total current density flowing through an electrochemical

cell was measured with a potentiostat as a function of the
oscillatory potential for a constant steady potential of −200
mV and frequency of 400 Hz (Figure 6d). The total current
density increased with a cubic power law dependence on the
oscillatory potential amplitude up to 3 V, after which the
current density decreased with increasing potential, which
supports the presence of an AREF-induced current. The
oscillatory potential corresponding to the peak current density
was similar to that of the AREF scaling model (3.5 V), but the
current density did not decrease above this potential as
significantly as predicted by the AREF model (Figure 6b). This
difference may be due to the presence of electrochemical
reactions or limitations of the AREF scaling model. Despite
this difference, this initial experimental evidence supports the
existence of AREF here as the dominant steady electric field as
opposed to the faradaic electric field, which would show a
monotonic increase in current density with potential.

Lateral Force Balance. With expressions in hand for EHD
flow and AREF, we computed a force balance between two
particles where an AREF field-induced repulsive EO flow
opposes an attractive EHD fluid flow.27 Only fitting parameters
previously calculated in other studies were used when
computing the force balance; no free parameters were involved
in the model. The scaling calculations above estimate that the
AREF was at least an order of magnitude larger than the
faradaic electric field, suggesting that AREF-induced EO flow
will directly compete with EHD fluid flow. We calculated the
force balance for two 4 μm diameter particles separated by one
particle radius and located 1 μm from the cathode surface (eq
7). We present results as a function of the faradaic current
density because this was used to parameterize the numerical
model for pH calculations. The EHD fluid flow was relatively
constant with faradaic current density, while the EO flow

Figure 6. AREF scaling arguments and experimental AREF measurements. (a) Maximum AREF (EAREF) and faradaic electric field (EF) magnitudes
as a function of the faradaic current density for several oscillatory potentials at a constant frequency of 400 Hz. The black line is the faradaic electric
field. (b) Maximum AREF magnitude as a function of oscillatory potential for a frequency of 400 Hz. (c) Maximum AREF field magnitude and its
distance from the cathode in the electrochemical cell (ymax) as a function of frequency for a constant oscillatory potential of 2 V and current density
of 10 μA/cm2. (d) Experimental measurement of the total steady current density (jtotal) magnitude as a function of oscillatory potential for a
constant steady potential of −200 mV and a frequency of 400 Hz. Current density was measured in triplicate for each oscillatory potential, and the
measurements were taken in random order to avoid any hysteresis effects.
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increased with current density due to the increase in ion
diffusivity mismatch (Figure 7a). At low current densities, the
EHD flow dominated, but as the current density was increased,
the repulsive drag forces from the AREF-induced EO flow
created a net repulsive flow (red dashed line). The critical
current density required to generate a net extensile flow
decreased with increasing oscillatory potential (Figure 7b),
consistent with our experiments showing a smaller critical
steady potential was required to separate particles at higher
oscillatory potentials (cf. Figure 3). The scaling model was also
consistent with results showing an aggregation-to-separation
transition followed by a separation to aggregation as the
oscillatory potential was decreased at a constant steady
potential (Figure 7c). At high oscillatory potentials of >3.5
V, the EHD flow dominated AREF-induced EO flow, but as
the oscillatory potential decreased the EO flow eventually
overtook the EHD flow at about 3.5 V. Further decreases to
oscillatory potential diminished the AREF-induced EO flow at
a faster rate (UEO ∼ ΔϕAC

3 ) than the EHD fluid flow (UEHD ∼
ΔϕAC

2 ), leading to a second flow direction inversion at ∼1.5 V.
This trend cannot be explained by the direct effect of the
oscillatory potential on the faradaic current, which would cause
a monotonic increase in the EO flow with increasing oscillatory
potential. The reproduction by the force balance of the
complex colloidal dynamics when varying oscillatory potential
provides strong evidence implicating AREF-induced EO flow
as the driving force for the aggregation-to-separation transition.
Experimental observations that the aggregation-to-separation
transition did not occur for positive steady potentials, which
yield δ < 1, γ < 0, and ⟨E⟩AREF > 0, further supports AREF-
induced EO flow as the underlying phenomenon. Finally,
experimental current measurements showing qualitatively
similar dependence of total current density on oscillatory
potential to the AREF model contribute additional strong
evidence supporting this mechanism.
Several assumptions were made in deriving the scaling

model for the force balance. First, the force balance was based
on scaling arguments for the electrokinetic fluid flows that did
not capture the spatial variations of the EHD and EO flows
around each particle. Second, the pH model did not consider
electromigration of ions or the effects of the oscillatory field on
the electrochemical reaction. The pH model likely over-
estimated the solution pH for a given current density because
it did not consider the proton equilibrium with BQ. Finally, the
model utilized expressions for the AREF field derived for a
purely oscillatory electric field and did not consider the impact
of the steady potential on the AREF field. These simplifications

were necessary considering the complexity of the system as
without them complex numerical simulations would be
required. Despite these simplifications, the scaling model
captured the qualitative features of the experiments and
provides useful physical insights into the driving force for the
transitions.
The scaling arguments above indicate the AREF and EO

flow magnitudes should increase as the square root of
frequency, which is seemingly at odds with experimental
results showing that particle aggregates in large frequency
oscillatory fields required larger critical steady potentials to
induce separation (cf. Figure 3). However, this scaling analysis
did not consider changes to the particle height relative to the
electrode (cf. Figure 4), which are known to play an important
role in aggregation and separation of colloids in oscillatory
electric fields. Indeed, increases in particle height with
decreasing frequency were observed in this study (cf. Figure
4c) and in several prior reports and have been attributed to
AREF-induced electrophoretic lift forces.1,15,18,23 The EHD
fluid flow magnitude is sensitive to particle height, with a prior
scaling argument predicting the EHD flow magnitude to vary
with particle height (h) as UEHD ∼ h−4.2 Confocal microscopy
measurements showed the particle height increased 2-fold
when decreasing the frequency from 1 kHz to 100 Hz,1 which
would result in a 16-fold decrease in the EHD flow magnitude.
In comparison, the AREF-induced EO flow decreases by ∼30%
over the same frequency range. Based on these scaling
estimates, we conclude that the threshold steady potential to
induce particle separation decreases with frequency due to the
increasing particle height at low frequencies, which diminishes
the EHD fluid flow at a faster rate than the AREF-induced EO
flow. Recasting the force balance scaling argument to include
AREF-induced EO flow and particle height effects on the EHD
flow yields j

f hcrit
1

3 8
AC
2∼

ϕΔ
(for oscillatory potentials of <3 V).

The exact dependence of particle height on frequency is not
known here, but a scaling of h ∼ f−1/2 based on the AREF

scaling argument (eq 13) yields j f
crit

AC
2∼

ϕΔ
, which

qualitatively agrees with the experimentally observed increase
in critical steady potential with frequency (Figure 3c) and
decrease with oscillatory potential (Figure 3b). We did not
consider this scaling quantitatively within the context of the
colloidal force balance due to the unknown dependence of
particle height on frequency, but these estimates along with
prior observations of particle height changes provide strong
evidence for diminished EHD flow as the mechanism for the

Figure 7. Lateral force balance including attractive EHD flow and repulsive AREF-induced EO flow. (a) EO flow, EHD flow, and relative pair
velocity for a frequency of 400 Hz and oscillatory potential of 1 V as a function of faradaic current density. The red vertical line shows the critical
faradaic current density (jcrit) at which flow inverts from attractive to repulsive. (b) Critical current density for an attractive to repulsive flow
inversion decreases with increasing oscillatory potential. The frequency was 400 Hz. (c) EO flow, EHD flow, and relative pair velocity as a function
of oscillatory potential for a constant current density of 30 μA/cm2 and a constant frequency of 400 Hz. The red vertical lines indicate flow
direction inversions.
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frequency-induced aggregation-to-separation transition. This
mechanism is distinct from the oscillatory voltage- and current
density-induced aggregation-to-separation transitions, which
did not involve significant changes in the particle height or
EHD flow magnitude.

■ CONCLUSIONS

We investigated the aggregation and separation of micron-scale
colloids near charged electrodes in low-frequency oscillatory
electric fields with electrochemically mediated pH changes.
Colloids initially aggregated in oscillatory electric fields
separated when sufficiently large steady cathodic electro-
chemical potentials were superimposed. The mechanism for
colloid separation was explored by systematic experiments and
scaling arguments based on a balance between attractive EHD
fluid flow and repulsive EO flow. We found that an AREF-
driven EO flow that directly competes with the EHD flow was
broadly consistent with our experimental results. This indicates
that the oscillatory potential induced both contractile and
extensile fluid flows, where the AREF-induced EO flow
dominated at intermediate ranges of oscillatory potentials,
low frequencies, and high electrochemical potential. Increasing
the steady potential caused particle separation by increasing
the EO flow magnitude, while decreasing the frequency
diminished the EHD flow by increasing the particle height
above the electrode. The nonmonotonic dependence of AREF
magnitude on oscillatory potential effected aggregation to
separation to aggregation transitions when varying oscillatory
potential.
Prior theoretical work has indicated that AREF-induced

electrokinetic flow can dominate induced charge electro-
kinetics in some cases;27 this study represents an initial
experimental corroboration of this theory by showing AREF
can induce separation of colloids with strong attractive EHD
flows. This study provides further evidence supporting
repulsive AREF-induced electrokinetic flows as the underlying
mechanism for the observed electrolyte dependence of particle
aggregation in low-frequency oscillatory electric fields.4 Based
on this work and past work in very dilute electrolytes,19 we
suggest a preliminary unifying explanation for electrolyte-
dependent particle separation and aggregation in low-
frequency oscillatory fields. In dilute electrolytes (∼10−5 M),
colloid ζ-potential mediates the EHD flow magnitude, where
sufficiently large particle ζ-potential causes flow inversion and
particle separation. In more concentrated electrolytes such as
the 1 mM KCl used here or millimolar NaOH/KOH
electrolytes used in prior studies,4,17,23 EHD flow magnitude
is not significantly affected by high pH or ζ-potential and
instead repulsive AREF-induced EO flow causes particle
separation.
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