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Abstract

Induced-charge electro-osmosis (ICEO) is demonstrated around an isolated platinum wire in a polymer microchannel filled with low-
concentration KClI, subject to a weak alternating electric field. In contrast to ac electro-osmosis at electrode arrays, which shares the same sl
mechanism, ICEO has a more general frequency dependence, including steady flow in the dc limit (since the wire is not an electrode driving th
field). The flow profile inside the device, measured by particle image velocimetry, confirms the predicted scaling with the square of the applied
voltage, as well as the characteristic cut-off frequency. A quantitative comparison with numerical solutions of the models equations is reportec
for various equivalent circuit models from the literature. The standard model of linear capacitors captures the basic trends, but systematicall
over-predicts the velocity. A better fit to experiment can be obtained with a complex impedance, taking into account the frequency dispersior
of capacitance, although the microscopic justification of this model is unclear especially in the presence of electro-osmotic flow and applied
voltages well into the non-linear regime.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Conventional pressure-driven flows are commonly used in
microfluidics[6], as long as the channel dimensions are not
Increased access to microfabrication technologies hastoo small &10um) and they have the advantage of being
spurred growing interest in the possibilities and the benefits robust and easy to operate, regardless of the fluid composi-
of miniaturization in chemical analysis and biomedical tion. Nevertheless, pressure-driven flows have poor scaling
screening. Microfluidics holds the promise of ultra-fast with miniaturization and do not offer simple local control of
biological assays, analysis of ultra-dilute samples and char-flow direction and circulation. The pressure gradient needed
acterization of a previously unrealized compouriis3]. to maintain a constant fluid velocity increases as the inverse
In principle, these advances could be fully miniaturized, square of the channel width and rather bulky (non-portable)
enabling new implantable medical devices and diagnostics,pressure sources are often required.
but there is still a need to develop robust techniques for  Electrokinetics offers an alternative means to pressure gra-
pumping in portable microfluidic devices. dients to drive microflows, which is gaining increased atten-
tion[4,5]. Perhaps, the best known example of electrokinetics
is the electrophoresis of charged colloidal parti€fdswhere
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produce fluid slip. By the same mechanism, an electric field [21,22], which speaks to the generality of the phenomenon
applied down a glass or polymer microchannel can drive a and suggests new directions for research in microfluidics.
plug-like flow in capillary electrophoresis. The fundamental effect of ICEO atan inert (non-electrode)

Standard electrokinetic effects are linear in the applied metal surface has been predicted theoretically, but remains
field, which presents some disadvantages for microfluidics, to be demonstrated experimentally in a microfluidic device.
especially in miniaturization. Aside from being fairly weak, Here, we present experiments which reveal ICEO convection
linear electro-osmotic flows suffer from the requirement of rolls around an electrically isolated platinum wire in a poly-
direct current and thus electrochemical reactions at electrodesner channel driven by an ac voltage. The setup is similar to
to maintain a steady flow. Alternating current suppresses re-the canonical problem of a metal cylindé®,20] (or sphere
actions and thus can allow larger driving voltages without [21]) in a suddenly applied uniform field, shown fig. 1,
bubble formation or sample contamination by reaction prod- although the geometry is more complicated since the wire
ucts, butlinear flows time-average to zero in alternating fields. rests on one wall of the channel. We make detailed maps of
Another problem for miniaturization is the large power re- the flow field inside the channel and compare with various
quirement of linear electro-osmosis, since the voltage is ap-theoretical models, solved numerically for the specific exper-
plied globally down the channel, rather than locally across imental geometry. Analogous experiments on metal colloids
the channel. As aresult, to achieve typical electric fields over have also been reported by Gamayunov ef24], but the
100V/cm, one must apply over 100V across a 1cm long fixed and simple geometry of a microfluidic channel allows
microfluidic chip. It would be preferable for portable orim- more direct, quantitative testing of the theory, as well as new
plantable microfluidics to make use of the much smaller volt- technological applications.
ages (1-10V) supplied by microbatteries by applying fields
locally at the scale of the channel width.

Non-linear electrokinetic phenomena provide a promis- 2. The experiment
ing alternative mechanism for flow control in microfluidic
devices. The first non-linear electrokinetic phenomenon de- 2.1. Basic setup
scribed in the microfluidic literature was “ac electro-osmosis”
atmicroelectrode arrays, independently discovered by Ramos  As a simple first experiment to illustrate ICEO flow at
et al.[8,9] and Ajdari[10] and studied extensively ever since a non-electrode metal surface in a microfluidic device, we
[11-16] Similar flows were also observed by Nadal efHr] considered the experimental setup showtrig. 2 A plat-
around a dielectric stripe on an electrode by Thamida andinum wire of circular cross-section was attached to the wall
Chang[18]. Recently, Bazant and Squir§k9,20] pointed of a polymer microchannel containing low-concentration
out that the physical principle behind ac electro-osmosis —anKCl electrolyte. An ac voltage was applied from distant
electric field acting on its own induced double-layer charge ends of the channel (without any electrical connections
at a polarizable surface — is more general, requiring neitherto the wire) to produce an oscillating background electric
electrodes nor ac fields and they suggested the more descripfield transverse to the wire. The observed time-averaged
tive term, “induced-charge electro-osmosis” (ICEO) to de- ICEO flow resembled that oFig. 1(c), aside from geo-
scribe the basic mechanism. They also noted that essentiallymetrical corrections due to the channel walls, which were
the same effect had been described earlier in the Russian littaken into account in the theoretical models below. The
erature on metallic colloids by Murtsovkin and co-workers flow was visualized by tracking fluorescent tracer particles
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Fig. 1. Induced-charge electro-osmosis in an electrolyte around a metal wire in a suddenly applied background electric field: (a) after thetapapirsst
relaxation of electrons, the metal is an equipotential surface; (b) charging of the double layer by ionic fluxes expel the field lines, leavindamon-uni
(dipolar) charge distribution in the double layer around the metal; (c) non-linear (steady) electro-osmotic slip results as the tangensadfi¢e actduced
double-layer charge.
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Function Generator/Amplifier 2.3. Flow generation and visualization
(\/J To visualize the flow, small (500 nm) fluorescent seed par-
ticles (G500, Duke Scientific, CA) with peak excitation and

Platinum Wire emission at 468 and 508 nm, respectively, were loaded into
the microchannel at a volume loading fraction of 0.01%.
The neutrally buoyant polystyrene spheres were suspended
in 1 mM KCI solution (prepared from granular Malinckrodt
AR KCI), which has a screening length bf~ 10 nm. The
solution was loaded into the channel with a syringe through
a hollow metal fitting, which also served as the ground elec-
KCl in PDMS trode.

Microchannel The open end of the channel was capped with a 1 mm

/

Viewing Plane @ Inverted Optics diameter gold wire which served as the second electrode
Microscope for the oscillating voltage, applied across the channel us-
ing a function generator (33220A, Agilent, Palo Alto, CA)

Fig. 2. Schematic diagram of the experimental setup. Ajlifd0diameter .
and 1 mm long platinum wire is attached to one side of a 200 thick connected through a power ampllfler (Model 50/750, Trek,

channel, which is 1 mm deep and 1 cm long. An ac voltage is applied across Medina, NY). This setup enabled the application of between
the length of channel (from left to right), transverse to the wire, by electrodes 0 and 750V with a maximum frequency of 3MHz, but
(n‘ot showp in the image) 1 cm apart. The_time-_averaggd ICEO f_Iow is_ visu- the experiments reported here were restrictegt 1600 V at
Z\Ilzed by imaging fluorescent traf:er partlcles ina h_orlZDntaI slice slightly <500 Hz. The typical electric field in the channel was thus
elow the wire (dashed plane) using an inverted optical microscope. : .

in the range, 0—100 V/cm, which corresponded to an approx-
imate background voltage drop across the 160wire of
0-1V.

An inverted microscope (Axiovert 200M, Karl Zeiss, Ger-
many) was used to follow the tracer particles in the mi-
crochannel. The illumination source was a broad spectrum
100 W mercury lamp (LEJ GmbH, Germany). The fluores-
2.2. Device fabrication cent spheres were imaged through a cube filter consisting

of a band-pass excitation filter (450—490 nm), dichroic mir-

Molds for the microfluidic channels were made by spin- ror with a cut-off wavelength of 510 nm and a barrier long-
coating negative resist (Microchem SU-8 2050) onto 4 in. sil- pass emission filter (515 nm). The 2 Mbjective (humeri-
icon wafers and patterned with high-resolution transparency cal aperture of 0.25) had a measurement depth @ff2&s
masks. The patterned resist layer was then hard-baked. Theompared to the 200m depth of the devic§8]. The im-
top layer of the device was cast as a thick layer of 5:1 A:B ages were recorded onto a CCD camera (DFW-V500, Sony,
GE Silicones (GE Silicones, RTV 615) using the master Japan) with a 640 pixet 480 pixel array and 8-bit read-out
mold. The layer was cured for approximately 40 min at80 resolution. The field of view corresponding to the CCD pixel
Ports were punched through this thick layer using 20 gauge sheet size and the magnification is 4t x 355.m in the
luer stub adapters. The bottom layer of the device was 20:10bject plane.

A:B GE Silicones, spun-coat at 4000 rpm onto a #1 glass

24 mmx 50 mm cover slip and cured for 40 min at80. The 2.4. Particle image velocimetry

top layer was cleaned with isopropyl alcohol and dried with

nitrogen. For additional details for soft-lithographic fabrica- Particle image velocimetry (P1V) is a non-intrusive opti-
tion of microchannels, the reader is referred to R4,25] cal diagnostic technique which tracks displacements of col-

The experimental channel was 206 thick, 1 mm deep  lections of tracer particles to characterize flow fie]@§].
and 1cm long as shown Fig. 2 The ac voltage was applied  Micro-particle image velocimetryuPI1V) has been imple-
across the longest dimension of 1 cm. The 1 mm long sectionmented to map velocity fields within microfluidic devices.
of 100pnm diameter platinum wire was cut and cleaned in wPIV utilizes fluorescent microscopy coupled with special-
acetone and isopropyl alcohol and then placed in the center ofized cross-correlation algorithms to yield vectors with mi-
the channel onthe top section. The top section was then placectrometer spatial resolutid7].
on the bottom layer and the assembled layers were cured Fig. 3shows a representative raw image from the experi-
for an additional 1 h at 80C. Devices were also fabricated ment. The background noise, mostly attributable to fluores-
using Dow Corning Sylgard 184 with similar results. Various cent particles adsorbed to the platinum surface, is observed
orientations of the platinum wire in the channel, for instance, in this figure. Background subtraction was performed to re-
laid vertically in the channel, were also achieved via this move the fluorescence from the stuck particles and improve
process. signal-to-noise ratio (SNR). Images were synchronously col-

through an inverted optical microscope in slices transverse
to the wire, allowing quantitative comparisons with the basic
theory.
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is evident, which may be due to the loading of the tracer par-

ticles, from left to right, which seems to leave more trapped

particles on the left, close to where the wire touches the chan-
nel wall. These trapped particles perturb the background flow
and also alter the charging dynamics of the double layer near
the particles. There are also clearly errorsin the PIV measure-
ment itself, which causes some cells to have much smaller
velocity than neighboring cells. By ensemble averaging over
many image pairs and also averaging in the symmetry di-
rection along the wire, we are able to make fairly accurate

measurements of the velocity profile transverse to the wire,
with relative error less than 10%.

In our experiments, the advection of the tracer parti-
cles should track the true streamlines with reasonable ac-
Fig. 3. Animage from an optical slice, centered on a plane roughlyfS  cyracy. Linear electrophoretic transport of the carboxylate-
away from the tip of the wire. For scale, the wire diameter is10 Thep.- modified fluorescent microspheres is negligible for the ap-
PIV analysis starts from pairs ofimages like these with the steady background . .. . .
image subtracted, including spots from clumps of trapped particles on the pl|ed electric field alternating at 300 Hz. The Brownian
wire near the channel wall. displacement estimate for the particles over the measure-

ment time interval is approximately Ouin and is re-

duced by ensemble averaging (error scales as the square
lected onto the CCD camera at 30 frames/s as movie filesroot of the number of image pairs analyzed multiplied by
(AVI format) and exported as individual digital image files the number of particles in each interrogation spot) to less
(TIFF format). Individual frames were analyzed with a cross- than 5% of the measured displacement throughout the flow
correlationuP1V software[29]. For the steady flows (driven  field.
by an ac field) in the present experiments, the correlations  The dielectric tracer particles, with slight negative sur-
were ensemble averaged to obtain substantially higher SNR face charge, can also be subject to dielectrophoretic (DEP)
The interrogation spots for the reported measurements wereforces, those resulting from gradient electric fields acting on
64 pixels in the horizontal and vertical directions and with (primarily) dielectric particles. The dielectrophoretic veloc-
50% overlap, a vector-to-vector spacing ofj2# was ob- ity is &r2V|E[? [16], wheree is the dielectric constant of
tained in the object plane. the electrolytey the viscosity of the fluid andis the radius

A sample PIV measurement of the velocity profile in an of the tracking particle, while the ICEO velocity is of order
Optical slice is shown ”Flg 4. The total field of view is EEZ(Z, whereq is the radius of the wire (See be|0w)_ The ratio
474pm x 355um. The wire is vertically aligned at a hori-  of the two velocities is thus estimated by the ratio of tracer
zontal position of 400 pixels. The width of the wire is approx- - sjze to wire size, square@pep/ Uiceo ~ r2/a?, as long as
imately 200 pixels. Some asymmetry in the velocity profile the gradient of the electric field is of ordél/a (which is

reasonable in the absence of any sharp corners). This ratio is
roughly 1074, so, we do not expect any significant DEP on

500 ; : : ‘ : ; the tracer particles.

450L e e e e e e e In microfluidic systems with strong electric fields and high
B, o e e e conductivity fluids, Joule heating can be significant. As dis-
O e e ] cussed by Ramos et gB], this heating can result in sec-
350f - - - - - -~ e s e - e ondary flow profiles at large fields and large frequencies
sof 7 T :: S ] (typically above 10kHz), although our experiments are at
Boasol - - - T lower frequencies<1kHz. Given the highest electric field
- S e e of 10V m~! and a conductivity of 0.01 St in our setup,
L G the power dissipation per voluneg:2 can be estimated to be
N —— s me =] 10° W m—23. The volume of the microchannel is210° m?,
wol T ST T Tt which implies a typical power consumption of 2 mWw, simi-
S T T lar to the estimate in Ref8]. We can further calculate the
SOF temperature gradientb&Tw"TVZ,wherek is the thermal
0 - - - , : , diffusion coefficient. For watek is 0.6 JnT1s 1K1 and
0 100 200 3°°Pixel:°° 500 600 700 substituting a voltage of 10 V peak to peak leads to a temper-

ature rise of 0.2C. Electrothermal motion due to Joule heat-
Fig. 4. A sample velocity profile obtained by particle image velocimetry, for Ing typICE_lIIy requires Iarger temperature_ Changes and hl_gher
a horizontal slice of the channel near the tip of the wire as shovigin3 frequenmes{l@], SO, we CO!']C|Ude that this is also not an im-
The wire is roughly 200 pixels wide and centered near the 400 pixel position. portant effect in our experiments.
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3. Theory
3.1. The electrochemical problem

Given the experimental conditions, it is reasonable to test
the simplest “equivalent circuit” model of ICEO, which as-

J.A. Levitan et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 267 (2005) 122—132

whereo = ¢D/A? is the bulk conductivity,Cp = /A the
capacitance of the diffuse part of the double layer (assumed
to be constant for weak potentials)}he solvent permittivity
andzisthe local zeta potential (voltage drop across the diffuse
layer), which is non-uniform in time and space. For model
(b), the zeta potential is simply related to the total voltage

sumes a homogeneous, neutral electrolyte with thin, chargedacross the double layer by:

double layers, represented by linear circuit elements. In
this ubiquitous approximatiof9,10,14,19-22]the electro-
chemical problem simplifies to that of a leaky dielectric
(the bulk electrolyte) with a capacitor skin (the metal’s
double layer). The electrostatic potential satisfies Laplace’s
equation,
V% =0 1)
whichis an expression of Ohm'’s Law, assuming no significant
variations in the bulk ion concentration.

Although there may be problems with the assumption of
Ohm’s Law when applying large voltages across the wire
(exceeding the thermal voltagel/e ~ 25 mV), the appro-
priate boundary condition on the potential is even less clear
[30], at least on the metal wire (the polymer channel walls are
essentially non-polarizable, which yields a boundary condi-
tion of zero normal current, “V¢ = 0). Here, we test three
common circuit models of the wire’s double layer, illustrated
in parts ofFig. 5in which: (a) Gouy’s model of a linear
diffuse-layer capacitanc€p = ¢/1; (b) Stern’s model of a
linear surface capacitandgs, in series with the diffuse-layer
capacitance, with a capacitance ratic= Cp/Cs; (c) the
empirical model of a complex impedancg&(w) o (iw)~#,
which describes the “frequency dispersion of capacitance
with a “constant-phase-angle8[31]. Theories of non-linear
electrokinetics have almost invariably used model (a or b),
but Green et a[14] have recently used model (c) to improve
the fit of experimental data on ac electro-osmosis (for a dis-
cussion of circuit models and their limitations, see R&®]
and references therein).

In the case of a capacitor model (a or b), we have the usual
“RC” boundary condition, equating bulk current to double-
layer charging, on the wire’s surface,

n-Vo=C dg
on - = —
D dr

nintn/nintie

(@)

)

Z(w)

(b) (c)

Fig. 5. Equivalent (linear) circuit models of the double layer from existing
theories of non-linear electrokinetics: (a) a linear diffuse-layer capacitance,
Cp; (b) a linear surface capacitand€s, in series withCp; (c) a com-

plex impedance with the empirical frequency dependerige) = A/(iw)?,
whereg ~ 0.8.

_$po—¢
148

whereg is the bulk potential just outside the double layer and
¢o is the potential of the wire, taken to be zero by symmetry,
assuming the wire has no net charge. The paramieieer-
polates smoothly between the Gouy—Chapman model with
no compact layers(= 0) and the Helmholtz model with no
diffuse layer § = o0). In addition to Stern’s compact layer on
the metal surface, the surface capacitance could also account
for a thin dielectric coating10,20], e.g. due to corrosion.

For the complex impedance model (c), we have:

¢ — ¢o
Z(w)

¢ ®3)

oh V¢ = (4)
where a sinusoidal time dependertd is assumed (see be-
low). Following Green et a[14], we use a classical form for
the impedance,

(i)
which allows for a non-trivial phase angle between the ap-
plied current and the charging response fetr @ < 1, where

B = 0 corresponds to a resistor afé= 1 to a capacitor. The
microscopic justification for this empirical relation remains
controversial, although it may be related to atomic scale het-
erogeneities on the metal surfd64].

Z(w) (5)

3.2. The fluid mechanical problem

Whenever equivalent circuit models apply, the (bulk) fluid
mechanics decouples from the electrochemical charging dy-
namics, therefore we will make this assumption regardless of
its accuracy in our experiments (which probe the non-linear
regime). This means that the only significant electrostatic
body-force on the fluid occurs in the double layer, where
it is subsumed into an effective slip velocity. Moreover, the
assumption of constant bulk concentration means that fluid
advection can be ignored in the electrochemical problem, re-
gardless of the &let number (which may not be small in the
bulk).

Due to the small Reynolds number in microfluidics, the
fluid velocity, i, satisfies Stokes’ equations,

nVZi = Vp, V-i=0 (6)
wheren is the viscosity ang is the pressure (although the
unsteady termflz /3¢, may be significant with ac forcifg@0],

it does not affect the time-averaged velocity, which is of pri-



J.A. Levitan et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 267 (2005) 122—132

mary interest here). For weak applied voltages and thin dou-

ble layers, the effective tangential sli,, at the wire surface

is given by the Helmholtz—Smoluchowski formula,
&g

up =i ()

wherec is related tap via Eq.(3), which yields a non-linear

127

which follows from Eqs(3) and (7)with an induced double-
layer voltage of order the applied voltage across the wire,
E,, whereE = V/L is the typical applied electric field. For
E = 100V/cm anda = 50um, the characteristic velocity
is U = 3mm/s, although this assumes a typical zeta po-
tential of Ea = 0.5V, very far into the non-linear regime
(Eq > kT/e) where the simple theory breaks down. Note

(squared) dependence on the applied voltage. In general, therd1at velocity can be scaled @ independently fromu/z

may be some equilibrium zeta potentigd, on the channel

since the electrochemical and fluid problems decouple. The

walls and the wire, butit can be safely neglected here becausd@tio of these two velocities, the diffuse-layerdret number,

it can only contribute to linear electro-osmotic slip, which
time-averages to zero in an ac field.

For the capacitor models (a and b), it is logically con-
sistent to use Eq3) to determine the zeta potential, since

Ut/a = Ur/D(1+ §) = 0.03, is quite small. Finally, pres-
sure is scaled tqU/a.

As in a recent study of ac electro-osmosis by Grez et
al.[32], we assume sinusoidal time dependence with (dimen-

it corresponds to the actual voltage drop across the diffuseSionless) angular frequeneyand 50|Vei‘:2¢ by its complex
layer. For the impedance model (c), however, the use of Eq. Fourier-transformd, where¢ = Re (®¢'*"). We also solve
(3)is on much shakier ground and we do so, following Green for the time-averaged velocity in response to the ac forcing.

et al.[14], only for lack of a better model. The fundamental
problem is that, with an empirical form for the impedance of
the total double layer, there is no longer a logical distinction

between the diffuse and compact parts, while only the former

contributes to fluid slip. Moreover, the standard slip formula
(Eq. (7)) is derived from a microscopic model of transport
and flow in the diffuse layer, which does not lead to a total
impedance of the assumed form (ES)).

Therefore, we must view the use of ) in model (c)
as an ad hoc empirical formula for the fraction of the to-
tal double-layer voltage which leads to electro-osmotic flow.
Note that Green et a]14] make this point clear by defining
a new parameterj, equivalent to our parameter {15) L.
It will turn out that this additional degree of freedom is more
important in fitting the data than the specific form of the
impedance in Eq5).

3.3. Scaling and complex variables

Abusing notation, the dimensionless problem is, therefore, to
solve the following system of equations:

V2p =0, Vi = Vp, V.i=0 (10)
subject to the boundary condition,

= |D|V}|P| = — V|®? 11
uj 2(1+8)| Vil 211 9) |2 (11)

on the metal surface (where the factor 1/2 comes from time-
averaging)n™ V@ = 0 andu = 0 on the polymer channel
wallsand® = +L/aandu = 0 onthe electrodes atthe chan-
nel ends.

The final boundary condition determinéson the metal
surface. According to the capacitance models (a and b), we

have:
iV =iod, (12)

wherew is scaled to the characteristic RC frequency—
wo. Inthe case of the impedance model (c), we cast the bound-

The equations are made dimensionless by scaling lengthary condition in a similar form,

to the wire radiusg = 50um, so that the channel has dimen-

iV = (iw)Pd (13)

sionless height (i.e. 4). In the simulations reported below, the
dimensionless electrode separation is taken to be the true se
aration of 200 (1 cm). Time is scaled to the characteristic
time” for charging the wire’s double lay¢80],

) pby changing the frequency scaledg = (%)’3 - wp. We be-
RC lieve the experimental significance of the parameiglis
more clear than that of, which is used for fitting in Ref.

aC ra [14].

'S o+ D+ ®

3.4. Numerical solution
which is approximately 0.0005 s in the experiment. This cor-
responds to an angular frequencysgf= (277) "1 = 320 Hz
for § = 0. Potential is scaled t3, where 2V is the amplitude
of the applied ac voltage (witkV applied at each end, at
+L from the wire).

The fluid velocity is scaled to the typical scale for ICEO
flow [21,19],

The model equations cannot be solved analytically for
the experimental geometry, so accurate numerical solutions
are obtained by the finite-element method (with the software
package, FEMLAB, Comsol AB, Burlington, MA). The elec-
trochemical and fluid problems decouple, so one solves first
for the (complex) electrostatic potential to obtain the zeta
potential distribution on the wire and then for the (time-
9) averaged) Stokes flow resulting fromthe ICEO slip. The num-
n ber of elements is 4547 with 503 boundary elements. Mesh

saE?
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density is refined around the cylinder and increased gradu-

ally with a growth factor of 1.3. A typical solution takes a
few seconds on a laptop computer.
Sample numerical solutions are showrFig. 6. For ref-

erence, the real part of Fourier-transformed electrostatic po-

tential, Re (@), is shown in (a) for the moment the voltage
is initially applied, after relaxation of electrons on the metal
wire, but before any ionic relaxation in the electrolyte . This
is also the limit of high frequencyy > 1 (i.e. dimensional
frequenciess> 7z 1). In the opposite limitw < 1, since the
double-layer is completely charged at all tim&s,(V®) in

(b) is expelled from the wire anfin(®) is zero. The time-
averaged flow in (c) shows two closed circulation rolls driven
by ICEO slip on the wire, which draws in fluid along the field
axis and ejects itinto the middle of the channel. Inthis regime,

()

(e)

Fig. 6. Numerical simulations of induced-charge electro-osmosis in the ex-
perimental geometry. Field lines from the real partv{@) are shown at
high frequency ¢ = o0) in (a) and at low frequency(= 0.0001) in (b).
Streamlines of the time-averaged ICEO flow in (c) for the latter case show
two large vortices which draw in fluid toward the wire and expel it into the
channel. At an intermediate frequenay= 1, Re (V(®)) in (d) and flow in

(e) have different profiles due to incomplete double-layer charging, which
produces small, counter-rotating vortices near the wall. The arrows in (a, b
and d) indicate the direction dte (V@) (which oscillates) and those in (c
and e) indicate the (steady) time-averaged flow direction.
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the wire acts like a patterned metal surface on the wall gener-
ating half of the quadrupolar ICEO flow for an isolated wire
in Fig. 1

The spatial structure of the flow depends on the ac fre-
guency. At intermediate frequencies~ 1, Re (V®) in (d)
shows remnants of normal component due to incomplete
charging. Rather than causing the field to wrap smoothly
around the wire as in (b), the fielfle (V®) in (d) exhibits
regions close to the wall where the tangential component
changes direction, pointing toward the wall. This changes
the structure of the flow considerably as shown in (e). The
time-averaged fluid velocity shows a new stagnation point on
each side of the wire, which separates the incoming flow into
one large vortex in the bulk as before and another smaller vor-
tex against the wall, similar to the quadrupolar flow profile
in Fig. 1

4. Results

We begin by studying the spatial profile of the velocity
from p-PI1V near the tip of the wire at a driving frequency of
300 Hz. The raw data is shown kig. 7 for applied voltages
ranging from 35 to 100 V. At higher voltages bubbles form
at the electrodes at low frequency and at smaller voltages
velocities are too small to measure accurately with pur
PIV setup.

The inverted optics microscope records images of fluores-
cent tracer particles in an optical slice roughly2@ thick,
set by the relatively long focal depth. To record the data, the
optical slice is adjusted so as to appear just below the tip of
the wire, with a clear stagnation pointin the flow at the center.
As shown in the sample imagesHig. 3, the optical slice also
cuts partly through the top of the wire, since a thin central
strip of the wire surface appears blurred. As such, we esti-
mate the center plane of the slice to/be- 7.5 um. Finally,
to compare with the theory, we also adjust the horizontal
position of the PIV data so that the velocity extrapolates to
zero atx = 0, consistent with the visual identification of the
axis of the wire and the 10m size of the PIV averaging
cells.

Before attempting a quantitative comparison, we show in
Fig. 7(b) that the data collapses well when scaled to the typical
ICEO velocity,U (Eq.(9)). This demonstrates that the overall
velocity scales like the square of the applied voltage, as ex-
pected. The flow profiles at the smallest voltagés; 35and
40V, show some deviation from the collapse, but this may be
due to larger relative error in the-PIV measurement. In-
deed, forV < 35V, it is difficult to obtain a consistent value
of the velocity, since many cells do not record a well defined
tracer-particle displacement between successive images.

We first compare to the simplest model (a) of only a lin-
ear diffuse-layer capacitop(= 1, § = 0), which contains no
empirical fitting parameter. The theoretical velocity profile in
Fig. 7(b) clearly has the same shape as the experimental data,
but its magnitude is too large by roughly a factor of three.
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90 : . . . . . . = the applied voltag§l4]. For our KCI/Pt system, we make a
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4 7 ggg perform independent impedance measurements in our next
0r I x ggg I experimental study of ICEO).
=} .
60 | ¥ A o 7ov | Once we have chosehi= 0.8, we fit two parameters to
@ E ¥ % g the experimental datdandwc, even though this scheme has
g = A O & z ggg I questionable physical justification. The additional degree of
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Fig. 7. ICEO velocity versus position at different voltages across 1.0 cm and 0 20 40 60 80 100 120
300 Hz driving signal (solid circles). Lines show simulation results for the  (a) Voltage (V)
velocity profile ath = 7.5 pm above the wire surface with differetand
8 values: (a) raw data and (b) velocities are scaled/layo in Eq. (9). In 400
(b), B ands are labeled figurey; = 320, 640 and 320 Hz, respectively, for
the solid, dash and dash-dot lines. 350
. . 300
In the case of model (b) with = 1, which also allows for .
a surface capacitance, the fit is not very different for this g 250
data. In the dc limit, the theoretical velocity is reduced by 2
a factor (1+ 8)~1, but this effect is roughly canceled here £ 200
by an increase in the characteristic frequency by a factor § 150 1!

(14 6), which pushes the measurement farther out of the
decay regime (see below). We conclude that the data cannot 100
be described quantitatively by the linear capacitor model (at
all frequencies), although the shape of the flow profile is cap-

tured quite well. Similar conclusions have also been drawn 0
from experiments on ac electro-osmosis at electrode arrays 0 100 200 300 400 500 600 700 80O
[9,14,12,13] (b) Frequency (Hz)

To obtain a better fit, we follow Green et 4ll4] and
consider model (c) with a constant-phase-angle impedance Fig. 8. Dependence of velocity on: (a) the applied voltage (across 1cm) ata
Electrochemical impedance spectra for solid electrodes typ-f'_Xed frequency of 300 Hz and (b) frequency atgflxeq voltage of 50 V. Solid
; . . circles are experimental data 22m from the wire axis and = 7.5 pm
|caIIy erId VaIL_jeS Of'B n th_e rar]ge 0'_7_0‘B1_]‘ Measure- above the wire and the lines correspond to theoretical predictions with differ-
ments for KCl in contact with Ti/Au/Ti sandwich electrodes  entvalues op ands. The characteristic frequency is chosen taje= 320,

yield 0.75 < B < 0.82, depending on the ion strength and 640 and 320 Hz, respectively, for the solid, dash and dash-dot lines.
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rameter to rescale the velocity seems to be the main reasorit not derived from the same microscopic transport equa-
for the improved fit. tions as the Helmholtz—Smoluchowski slip formula, although
The story is similar for the dependence of the velocity on perhaps closer attention must be paid to boundary condi-
voltage and frequency, sampled at the velocity maximum in tions. It might be more self-consistent to attribute this kind
the above profiles, at roughly 22n from the wire axis. The  of impedance to the compact layer, while retaining classical
voltage dependence Fig. 8a) has the corredt? trend in Gouy—Chapman theory in the diffuse layer.
the capacitor models but the magnitude of the flow is over-  There s also the question of the concentration dependence
estimated, while thg = 0.8 impedance model (duetoitstwo of ICEO flow, which we have not addressed here. In the sim-
free parameters) gives an excellent fit to the data. The fre- ple Stern model (b) described here for thin double layers, the
quency dependence kig. 8b) shows roughly the expected electrolyte concentration only affects the capacitance of
decay at high frequencies likex{/w)?, as well as a persis- the diffuse layerCp = &/ o /c, which, in turn, affects the
tence of the flow toward the dc limit of zero frequency (inthe parametes « ./c. Therefore, we expect that for small con-
simulations, the very low-frequency regime shows flow re- centrations, wheré « 1, the ICEO flow speed in E¢Q) and
duction due to simple screening of the electroBj). The characteristic charging time in E(B) will be insensitive to
capacitor models, extrapolated from our fits, over-estimate ionic strength, while for larger concentrations, whépe 1,
the velocity in the dc limit, but the discrepancy isimproved by the flow speed and time scale should decay likg/d We
increasing as expected. The impedance model again gives ahave observed this rough behavior in our experiments — very
reasonable fit to the data, although the shape of the frequencyittle concentration dependence for< 1 mM and decreas-
profile seems better described by the capacitor models (ifing flow speed with increasing concentration for 1 mM
rescaled by a large). — but a more careful experimental study of the effect of ionic
strength is needed, as has recently been done for ac electro-
osmosiq14,13]
5. Discussion In our next experiments, we would like to improve on the
setup for more accurate flow measurements. The ideal ge-
Overall, we find reasonable agreement between theory andometry would involve a nearly two-dimensional flow field to
experiment, sufficient to conclude that we have in fact ob- reduce the effect of uncertainty in height above the wire in
served ICEO. This is an interesting result on its own, since the present experiments. This can be achieved with an elec-
it demonstrates the same physical mechanism as ac electrotroplated metal cylinder in a microchannel and a microscope
osmosis around an inert (non-electrode) metal surface with aobjective lens with a smaller measurement depth.
very different frequency response, including steady electro- As mentioned above, the driving voltage in our experi-
osmotic flow in the dc limit. The flow scales with the square ments is well into the non-linear regime, where all linear cir-
of the applied voltage and the shape of the velocity profile cuit models lack theoretical justification. Therefore, a variety
and the frequency dependence are consistent with the basiof non-linear effects should be considered in any attempt to
theory of ICEO. Similar flows were first observed around describe more extensive experimental measurements over a
mercury drops in ac electric field&3], but the theory was  wider range of operating conditions. Non-linearity tends to
never tested quantitatively, beyond confirming the scaling of reduce the magnitude of ICEO flow, which grows without
the flow with the field squared. Microfluidics apdPIV al- bound as the voltage is increased in the linear theory. In fit-
lows the novel possibility of controlled measurements of the ting our experiments, we have corrected the over-prediction
complete flow field, as experimental conditions are varied. of the velocity in the simplest model by introducing an empir-
Some difficulties arise in making quantitative comparisons ical impedance model, but perhaps the best fit could also be
between theory and experiment, as in many previous studiesmproved, with clearer physical justification, by considering
of linear and non-linear electrokinetics. We find that the stan- non-linearity in the basic electrokinetic equations.
dard capacitor model tends to over-predict the velocity by at A simple modification would be to allow for a non-
least a factor of two under the conditions studied here. This linear differential capacitanc&;p(¢), e.g. as predicted by
is clearly due in part to the large applied voltages across theGouy—Chapman theor§g0]. In the non-linear regime >
wire (up to 1 V) which cannot be reasonably transferred to the 2(1+ 8)kT/e, the capacitance goes up and, thus, the charg-
double layer, as assumed by the simple theory. It may alsoing slows down compared to the linear model, although this
have to do with the inadequate description of double-layer mainly affects the low frequency response. Other non-linear
charging dynamics, even in the linear regime. effects, which are more difficult to quantify, include changes
We have obtained good quantitative agreement betweenin permittivity and viscosity due to large local electric fields
theory and experiment using an empirical model of the in the diffuse layer.
double-layer impedanceZ « (iw)?, based on a constant- Even with the standard assumption of constant permittiv-
phase-anglg = 0.8 as in Ref[14]. The good fit, however, ity and viscosity, a general effect of non-linearity is to violate
seems more easily attributed to the introduction of an ad hocthe circuit approximation by causing ion concentrations to
fitting parameter to rescale the velocity than to any clear phys- vary in time and space, both in the bulk and in the double
ical mechanism. We also find this model unsatisfactory since layers. One such effect is the adsorption of neutral salt in the
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diffuse layer, which causes a depletion of bulk concentration strates an interesting effect: The spatial structure of ICEO
with slow, diffusive relaxatiofi30]. Such bulk concentration  flow in an asymmetric geometry can be controlled simply
gradients would generate diffusio-osmdsik which gener- by changing the ac frequency. In contrast, for ac electroki-
ally would act against the primary electro-osmotic flow. A netics (with thin double layers) in more symmetric geome-
similar mechanism is behind Dukhin’s celebrated analysis tries, such as colloidal spherf&l—-23] or linear electrode
of the non-linear electrophoretic mobility of highly charged arrays[8,9,11} changing the ac frequency primarily affects
particleg33]. Once concentration gradients appear, the elec- the magnitude of the velocity, but not the spatial structure
trochemical and fluid problems may become coupled, since of the flow, which remains unchanged for a perfect sphere or
the bulk Feclet number may not be small. We have estimated infinite electrode array (for finite electrode arrays, the stagna-
the double-layer &clet number to be 0.03, so the buldket tion points may shift, but the roll structure is fairly insensitive
number should be roughly.@/A = 150, which is quite to ac frequency). In constrast, changing the ac frequency can
large. Clearly, at some point, bulk advection—diffusion will significantly alter the topology of ICEO flow in an asymmet-
have to be addressed in non-linear electrokinetics. ric geometry by introducing new stagnation points and closed
A related effect is surface conduction of ions through the streamlines. The ability to control the flow profile by simply
diffuse laye([33]. This effect can be neglected for thin double varying the frequency, without changing the locations or po-
layers, as long as the induced zeta potential is not too largetentials of the electrodes, might be useful in microfluidics. For
[20]. The relevant dimensionless parameter is the Bikerman—example, particles might be trapped for detection or analysis
Dukhin number, defined as the ratig/cL, whereog() is in a convection roll at one frequency and then swept away to
the surface conductivity. This number can also be understoodanother channel at another frequency. The remarkable non-
as controlling the relative number of ions in the diffuse layer linear sensitivity of ICEO flows to voltage, frequency and
compared to the bulk, which plays a crucial role even in one- geometry merits further experimental and theoretical inves-
dimensional electrochemical dynamics without surface con- tigation.
duction and a somewhat different dimensionless number is
needed in time-dependent problef88]. The effect of the
Dukhin number has been calculated for the non-linear elec- A cknowledgments
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