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Clean data with dirty surfaces in electrokinetics

Martin Z. Bazant

Departments of Chemical Engineering and Mathematics, Massachusetts Institute of Technology, Cambridge,

Massachusetts 02139, USA
Published February 22, 2010

Ezperiments now quantitatively confirm the standard model of electrokinetics, in which electric fields
drive the flow of electrolytes, potentially leading to better sensors and biomedical diagnostic devices.
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The field of electrokinetics, or electrically driven mo-
tion of particles and fluids, recently celebrated its 200th
birthday [I, 2] and yet it remains a frontier of theoreti-
cal physics. Stringent tests of the standard model used
by workers in this field are now possible in microfluidic
devices using alternating-current [3] or induced-charge
electro-osmotic (ICEO) flows [4]. Unlike classical electro-
osmosis, where the electric field acts on ions in the dou-
ble layer screening a surface of fixed charge, ICEO flows
involve electrically induced, rather than chemically de-
rived, diffuse charge near polarizable (e.g., metal) sur-
faces, and this enables more direct tests of the theory. In
most experiments, however, the model tends to under-
predict observed velocities, sometimes by orders of mag-
nitude [5]. Remarkably, the first quantitative agreement
between theory and experiment, now reported in Physical
Review Letters[6] by Andrew Pascall and Todd Squires at
the University of California, Santa Barbara, involves the
use of dirty metal surfaces, “controllably contaminated”
by thin oxide films (Fig . Besides its fundamental sig-
nificance, this work suggests that surface treatment may
be the key to developing robust ICEO-based microfluidic
devices.

Classical “fixed-charge” electrokinetic phenomena are
linear in the applied voltage, since the electric field acts
on pre-existing equilibrium double-layer charge to drive
fluid flow. As such, Pascall and Squires describe the clas-
sical theory (developed by Helmholtz and Smoluchowski)
as “interpretative” but not “predictive,” since the surface
charge (or zeta potential) is a fitting parameter. In con-
trast, ICEO flows result from electrostatically induced
charge, set by the applied voltage, and in the standard
model for an ideally polarizable surface (at constant po-
tential without passing current), there are no adjustable
parameters, except for a parasitic surface capacitance, to
represent a solvation (Stern) layer or dielectric coating.
This model has predicted many new phenomena, such
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FIG. 1: (a) The experimental setup, with a 50-micron-wide
planar gold strip, coated with a silicon oxide film, on the floor
of a elastomeric (polydimethylsiloxane-PDMS) microchannel,
along which an alternating electric field is applied. (b) Simu-
lation of the two rolls of induced-charge electro-osmotic flow
generated above the gold strip, whose velocity along the sur-
face is measured by image correlations observed with particle-
image velocimetry (PIV). (Adapted from Ref. [6].) (Carin
Cain)

as flows around metallic particles [7], mixing by metallic
posts [8], transverse electrophoresis of metal/dielectric
Janus particles [9], and pumping by microelectrode ar-
rays [10], but it lacks quantitative accuracy and fails to
predict some features, such as flow reversal and solution
dependence [5].

Pascall and Squires developed a new experimental plat-
form to study ICEO flows with unprecedented control
[Fig. [1} panel (a)]. Their setup is similar to that of Lev-
itan et al.[II], who reconstructed the ICEO flow around
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FIG. 2: Plot of flow velocity scaled to account for surface
chemistry and capacitance versus the normalized field fre-
quency. The graph shows collapsed data for 987 different
conditions of voltage, frequency, salt concentration, and oxide
film thickness, using the theoretically predicted scalings and
only one adjustable parameter (the “buffer capacitance” for
ion adsorption on the surface). (Adapted from Ref. [6], which
contains definitions of the parameters and variables shown.)
(Carin Cain)

a platinum cylinder by particle-image velocimetry, but
with two crucial innovations: (i) They used a flat gold
stripe on the floor of the channel, which has a much sim-
pler, linear velocity profile in the microscope focal plane
[Fig. [1 panel (b), and Video[I], and (ii) they coated the
metal with evaporated silica films of precisely controlled
thickness. The latter resulted in a known film capaci-
tance in series with the double-layer capacitance, which
allowed reasonable prediction of 987 different conditions
of film thickness, voltage, frequency, and (dilute) NaCl or
KCI concentration. An even better collapse of the data
(Fig. [2) resulted from also fitting a parallel “buffer ca-
pacitance,” representing the dissociation of protons from
silanol groups on the silica surface.

The collapse of such a wide range of data with only
two parameters, each of which can be estimated sepa-
rately, convincingly establishes the validity of the stan-
dard model, at least for small diffuse-layer voltages.
These results also show that more attention must be paid
to electrochemical boundary conditions. The buffer ca-
pacitance is usually neglected, and a recent theoretical
study has also demonstrated the importance of account-
ing for the surface adsorption of ions [12].

For both fundamental and practical reasons, the next
steps should be to reduce the film thickness and explore
other interfacial chemistries, which enable faster flows,
by reducing the voltage drop across the surface coat-
ing. The observed flows are hundreds of times slower
than the state of the art in ac electro-osmotic pumping
by bare gold microelectrodes [13]. Such devices trans-
mit much larger voltages (100 times the thermal voltage,
25mV) to the double layer, which may lead to ion crowd-
ing and other electrochemical processes, not described by
the standard model [5]. These effects may be responsi-
ble for the practical limitation of ICEO flows to dilute
solutions (< 10 mM of simple salts in water), which does
not seem to be overcome by the silica coating. Arguably,
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VIDEO 1: Fluid flow in an induced current electro-osmosis
experiment with a 50-micron-wide electrode covered with a
33 nm silica coating. An ac electric field (150 V/cm, 500 Hz)
is applied horizontally in a solution of 10 micromolar NaCl.
(Movie by A. Pascall and T. Squires, University of California,
Santa Barbara.) Video available at: http://physics.aps.
org/articles/v/#videol

the "holy grail” would be a surface treatment that allows
robust, fast ICEO flows in 1 M physiological solutions,
since this could enable portable or implantable biomed-
ical lab-on-a-chip devices. What the field needs now is
equally clean data for less dirty surfaces.
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