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Abstract

This paper reviews both theory and experimental observation of the AC elec-
trokinetic properties of conducting microparticles suspended in an aqueous elec-
trolyte. Applied AC electric fields interact with the induced charge in the elec-
trical double layer at the metal particle-electrolyte interface. In general, particle
motion is governed by both the electric field interacting with the induced dipole
on the particle and also the induced-charge electro-osmotic (ICEO) flow around
the particle. The importance of the RC time for charging the double layer is
highlighted. Experimental measurements of the AC electrokinetic behaviour of
conducting particles (dielectrophoresis, electro-rotation and electro-orientation)
are compared with theory, providing a comprehensive review of the relative
importance of particle motion due to forces on the induced dipole compared
with motion arising from induced-charge electro-osmotic flow. In addition, the
electric-field driven assembly of conducting particles is reviewed in relation to
their AC electrokinetic properties and behaviour.
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1. Introduction

The use of AC electric fields for manipulating and characterising small par-
ticles in suspension is well-known [1, 2] and many applications have appeared
over the last decades in fields such as colloidal science and biotechnology. More
recently, the manipulation of metal and semiconducting particles has been ex-
plored in the context of microfluidics and nanoelectronics. The use of AC elec-
trokinetic methods for the rapid and precise control of particle assembly has been
used for bottom-up fabrication of engineered microstructures. One example in-
cludes the formation of microwires between electrodes by assembling metallic
nanoparticles from suspension [3, 4]. The chaining of metallodielectric Janus
spheres has also been demonstrated [5, 6]. The research community is also ex-
ploring the use of nanowires and nanotubes as biosensors [7], as building blocks
for novel nanocircuits [8], and/or elements of dense arrays for light absorption
in solar cells [9]. Experimental work has proven the ability of AC electric fields
to position and rotate nanowires [10-12]. Krupke et al [13] demonstrated the
separation of semiconducting from metal carbon nanotubes. Reversible assem-
bly of patterns of metal nanowires has also been demonstrated using AC fields
[14].

In this review article, we focus on the effects of AC electric fields on con-
ducting microparticles suspended in aqueous electrolytes. We summarise the
more relevant experimental papers and clarify the underlying mechanisms that
give rise to the observed motion of conducting microparticles. Importantly,
we show that the charging of the electrical double layer (EDL) is the inter-
facial polarization mechanism responsible for particle behaviour. This is in
contrast with early publications where conducting particles in electrolytes have
often been incorrectly characterized by a finite conductivity and permittivity,
ignoring the double-layer polarization at the metal-electrolyte interface [15-18].
This simplistic model predicts positive polarizabilities for all frequencies in the
quasi-electrostatic regime and cannot explain the experimental observations of

electrorotation and electroorientation spectra of metallic particles [11, 19, 20].



Furthermore, the inclusion of the EDL charging implies that the motion of
the particles is not only generated by the electrical forces on the induced dipole
(or multipoles), but electroosmotic slip velocities on the particle surface play an
important role. The AC electrokinetic behavior of conducting particles turns to
be a very interesting problem from a fundamental point of view. We will show
situations where the particle velocity is measured for a known EDL potential.
This implies that the induced zeta potential can be determined from the velocity
measurement, while the voltage drop across the double layer is known, allowing
for a direct comparison with standard electrokinetic theory. The paper begins
with a qualitative analysis of the electrical response of a conducting particle in

an electrolyte followed by a description of the induced motion on this particle.

1.1. Polarization of a conducting particle

When an uncharged conducting particle is suddenly exposed to an electric
field, electrons in the conductor move almost instantaneously so as to make
the electric field inside equal to zero; electric field lines intersect the particle
surface perpendicularly (see fig. 1la). Since the particle is suspended in an
electrolyte, ions in solution are driven by the field and accumulate at the elec-
trolyte/particle interface, inducing an EDL. Diffusion opposes this counter-ion
attraction to the interface, and the characteristic charge cloud at which the two
forces balance defines the diffuse layer. If the electric field is high enough, elec-
trons can jump from the conducting particle to the molecules in the liquid or
vice versa leading to redox reactions. In the following analysis, we assume that
the induced voltage across the double layer A¢ ~ Ef (where E is applied elec-
tric field and ¢ is typical particle size) is below the threshold voltage for these
Faradaic reactions V,..g40. so that no direct current passes through the EDL, i.e.
the electrolyte/conductor interface is perfectly polarizable. When steady state
is reached, the EDL induced charge is maximum, there are no normal currents
at the interface and the field lines surround the particle (see fig. 1b). Typical

values for a threshold voltage for Faradaic reactions Vieqor can be around 1



volt. For example, mercury in contact with a deaerated KCI solution behaves
as a perfectly polarizable interface over a potential range of about 2 volts [21].
The typical time for charging the electrolyte/metal interface is trc = el/Apo
[22, 23], where € and o are, respectively, the electrical permittivity and conduc-
tivity of the electrolyte, and Ap is the Debye length. This time can be viewed
as the RC time for charging the EDL capacitance through the resistance of the
bulk electrolyte trc = Cprl/o with Cpr, = €/Ap the EDL capacitance (per
unit area) using the Debye-Huckel approximation. When an AC field is applied,
then for frequencies of applied signal much higher than the reciprocal of the
charging time (f > frc = 27/trc), the induced EDL charge is negligible, field
lines intersect the particle surface perpendicularly, and the situation is equiva-
lent to a conductor in a dielectric (see fig. 1a). For applied frequencies much
lower than 27 /tgc, there is enough time for the EDL to fully charge and the
electric field lines surround the particle. From the perspective of an observer,
the situation is equivalent to that of an insulating particle (see fig. 1b).

In figure 1 we have assumed that particle surface conduction is negligible
compared to electrolyte bulk conduction. In other words, the particle has a
low Dukhin number [24], where the Dukhin number is given by o/0f, with o
the particle surface conductivity. This number can be high for metal nanocol-
loids (¢ < 1pm), which are usually highly charged in order to form stable
suspensions. In this case, the native double layer may contribute to surface
conductance implying a high Dukhin number, which can lead to concentration
polarization phenomena [24]. In this paper, we will only deal with small Dukhin

numbers and/or negligible intrinsic charge.

1.2. Induced motion of a conducting particle

The electrically induced motion of an uncharged conducting particle in an
electrolyte arises from the interaction of the electric field with the induced dipole
of the particle plus its double layer, together with the viscous stresses of the in-
duced electrokinetic flow around the particle, a combination of effects called

dipolophoresis by Shilov and co-workers [25, 26]. Typical particle motions aris-



ing from the interaction of the field with the induced dipole are [1, 2, 27]: di-
electrophoresis (DEP), when the particle moves in a non-uniform field; electro-
rotation (ROT), when the particle rotates due to a rotating field; and electro-
orientation (EOr), when a non-spherical particle orients in a homogeneous field.
These dipole-induced motions are well understood theoretically and well doc-
umented experimentally, mainly when double-layer (electrokinetic) effects are
not important. The electrokinetic flow due to the action of the applied field
on the induced EDL charge has been called ”induced-charge electroosmosis”
(ICEO) and the particle motion due to this flow ”induced-charge electrophore-
sis” (ICEP) [28]. Early studies of the physical origin of this electrokinetic flow
have been discussed, for example, in refs [29-31]. Early observations of ICEO
flow around a metal sphere were reported by Gamayunov et al [32]. Experimen-
tal and theoretical studies of ICEO around microelectrodes or metal objects
have been widely reported [22, 28, 33-41] and ICEP of polarizable particles
[42-48] has attracted increasing attention from the microfluidics and lab-on-
chip community [49], see the review about induced-charge electroosmosis and
electrophoresis by Bazant and Squires [50]. ICEO flow around a particle is gen-
erally important at low frequencies, from DC up to frequencies of the order of
wre = 1/tge, while the force on the dipole is generally important at all fre-

quencies.

This review is organized as follows. We describe the theory for small applied
voltages and thin double layers and show how the dynamics of the particle is
obtained from the electrical forces and fluid flows. We continue with a review
of experimental results reporting translation or rotation of metal particles. The
experiments are quantitatively compared with the theoretical predictions of the
previous section. Finally, we include a section on the assembly of particles on the
surface of microelectrodes or between them, and self-assembly induced by elec-
tric fields. Among the many applications, assembly has attracted considerable
interest and, therefore, the understanding of the AC electrokinetic behaviour

is fundamental if the assembly process is to be controlled. Finally, the main



results are summarised together with discussions on possible future directions.

2. Mathematical formulation for small voltage and thin double layer

We assume that the typical induced particle velocity is small enough so that
convection of charge is negligible. In this situation, the charge distribution is
not affected by the motion of the particle. The electrical equations can be solved
independently with the solution then inserted into the mechanical problem. The
weak field approximation (E¢ < kpT'/e) guarantees that charge convection is

negligible [40, 46, 47].

Electrical problem. The amplitude of the AC electric potential is small enough
so that the bulk salt concentration is unperturbed. At scales much larger than
the Debye length the electrolyte remains electroneutral and the electric potential

satisfies Laplace’s equation in the liquid bulk,
V26 =0 (1)

The corresponding boundary condition at the polarizable particle surface reflects

the charging of the double layer by the current in the bulk
g 2
o5 =Cby (2)

where the unit normal points outwards, the normal derivative is computed at
the outer boundary of the EDL, and A¢ = ¢ — V' is the difference between the
potential just outside the double layer and the potential in the conductor V.
Here we have assumed that the signal frequency is much smaller than the charge
relaxation frequency w < o /e in order that the diffuse layer can be considered

to be in quasi-equilibrium [51].

Mechanical problem. The Reynolds number is small so that the velocity field

satisfies Stokes’ equations

nV?u = Vp V-ou=0 (3)



where 7 is the dynamic viscosity of the liquid. The boundary condition at the
particle surface (including its EDL) is u = U + Q x r + ugg, where U is the
translational velocity of the particle center of reaction, €2 is the particle angular
velocity, and ugg is the Helmholtz-Smoluchowski slip velocity. For a thin double
layer in quasi-equilibrium, on a perfectly polarizable metal surface, this is given
by ugs = —(¢/n)CE; [29], where ¢ is the potential drop from the ”slip plane” to
the bulk electrolyte (just outside the EDL) [52] and E, is the tangential electric

field just outside the EDL. Here we are interested in the time-averaged velocity,
€ €
ugs = _<5CE9> = <6AA¢ES> (4)

where (...) stands for time average, and A is a parameter that relates the in-
duced (-potential to the total EDL voltage A¢. For the ideal case where all
the EDL voltage contributes to the slip velocity A = 1. Experimental observa-
tions show that the slip velocity is usually smaller than the ideal case (A < 1)
and sometimes very much smaller [53]. For a metal surface the slip velocity
can also be written as ugs = —(¢/2n)A(V,(A¢)?), where V, is the tangen-
tial gradient operator, taking into account that V' is constant. Several reasons
have been proposed for the reduction of the slip velocity from the ideal case of
A = 1 including dielectric coating [37, 54], ion adsorption [54, 55|, counterion
crowding [53], surface roughness [56], surface conduction [57], residual Faradaic
reactions [58, 59] and/or flow instability of the concentration polarization layer
[60]. Experimentally, the ICEO slip velocity tends to decrease with electrolyte
conductivity and is usually negligible for conductivity of the order of 0.1 S/m
and above.

The translational and rotational velocities are determined by imposing equi-
librium of forces and torques. It is convenient to decompose the velocity field
as the sum of the flow generated by a translating and rotating particle and a
flow generated by the slip velocity on a stationary particle. In this way, the
equilibrium of forces and torques can be written, respectively, as

nM-U+nC-Q:<(p~V)E>+/S Ty - dS (5)



77(C-U—|—17N~Q:<p><E>—|—/ r x Ty -dS (6)
Sp

where Ty is the hydrodynamic stress tensor for the velocity field which comes
from the slip velocity on a stationary particle, and .S, is a surface that encloses
the particle together with its double layer. Here M, N and C are, respec-
tively the translation, rotation and coupling tensors [61]. For arbitrary particles
translational and rotational motions are coupled, as for example, screw-like
particles. In this paper, we mainly deal with particles with sufficient symmetry
(orthotropic bodies) so that the coupling tensor is zero, C = 0. In this situation,
solving for U in eq. 5 and € in eq. 6, we can write U = Upgp + Urcgp with
Upgp=1""M""-((p-V)E)  Urcpp=n"'M"' / Ty-dS  (7)
Sp
and Q = Qpep + QICEP with
Qpep=1"'N"'-(pxE)  Qopp=n"'N" / rxTy-dS (8)
Sp
Here the subscripts DEP and ICEP refer respectively, to particle motion induced
by a DEP force or by an ICEO flow around the particle. By way of example,
consider a sphere of radius a subjected to an electric field. In the thin double

layer approximation, we have:

-V)E 1
Upgp = <(p6# Urcep = —72/ uysdS 9)
man dra® Js,
(p X E) 3 /
Q = Q —_— —a d 1
DEP 8’y ICEP Sna® s, n x ugsdS (10)

where the translation U;cgpp and angular Q;cpp velocities are expressed as
certain integrals of the slip velocity uggs on the particle surface thanks to the

Lorentz reciprocal theorem [62].

3. Induced translational motion

In electrophoresis charged particles move in a fluid due to the action of a

spatially uniform electric field [63]. In general, using AC electric fields, particles



undergo translational motion if the electric field is inhomogeneous. If the electric
field is homogeneous, particles can move by ICEP if they are asymmetric, but
only using low frequency AC fields. For high-frequency fields (w > wgrc) the
translational motion is only due to the force on the dipole, (p - V)E, and this

force is zero in homogeneous fields.

3.1. Uniform field

At low frequencies, including DC, the induced flow around an asymmetric
particle can produce particle motion [42]. Breaking the geometric symmetry of
the ICEO flow around a conducting object generally leads to net pumping of
fluid past the object, which for a suspended microparticle leads to translation.
An asymmetric particle can be constructed from a symmetrically shaped one but
with inhomogeneous surface properties, or it can be an asymmetric body. This
idea was experimentally demonstrated using Janus spherical particles [45]. The
Janus particles were polystyrene micro-spheres with one half coated with gold.
Under the action of the applied field, the particles orient with their equatorial
plane separating the dielectric and metal hemispheres parallel to the electric
field. This rotation is a combination of dipole induced rotation plus ICEO
induced rotation. The particle then moves perpendicularly to the electric field
lines, advancing in the direction of the non-conducting dielectric end. This is
because ICEO flow occurs only on the metal hemisphere (see Figure 2). Particles
diameters were between 4 and 9 microns in ref. [45], and equal to 50 microns
in ref. [64]. For these diameters we do not expect high Dukhin numbers due to
native charge. At very low frequencies and assuming negligible Dukhin number,

the electric field lines surround the particle and the potential is of the form

2r2

¢ = —FEqcosf <r+a3) (11)

The slip velocity is then ugs = A(92E?

2 ns0/4m) cos @ sin fep on the metal side
and zero on the dielectric side. From eq. 9, the velocity acquired by the par-

ticle is Urcpp = A(9/64) (s E?

= ns0/1)€ey, where e, points towards the dielectric

hemisphere of the particle [42, 45]. The experimentally determined particle



motion was in semiquantitative agreement with theory for low electrolyte con-
centrations. The induced velocity was about an order of magnitude smaller
than predicted with A = 1 and decreased for increasing saline concentration.
For saline (NaCl) concentrations greater than approximately 10 mM, no particle

motion was observed.

3.2. Non-uniform field

We begin by analysing the case of a conducting sphere subjected to a non-
uniform electric field. Here we follow reference [42], adapting the analysis to
AC fields. The applied electric field is of the form E = Eg + G - r, where G
is a symmetric matrix that defines the gradient of the field, and the periodic
variation in time is assumed. Phase shift between Eg and G is not considered,
i.e. both are real. The total electric potential results from the applied potential
plus the induced potential due to an induced dipole and induced quadrupole:

1 Ey-r fr-G-r
¢:7Eo~rf§r-(}-r+a 23 +§ 5 (12)

The complex constants « and [ are determined by the boundary condition of
double layer charging at the surface of the particle which is, in phasor notation,
dp  iw
— = — 13
or a ¢ (13)
where @ = wCpra/o is nondimensional. The constants are
—1+iw0 4 —2+iw 5
_ =T 14
s I (14)
With the expression for the potential, the ICEP velocity can be obtained [42]

1 Ae . Aea? .
Userr = 1 / SoRe[V.0dS = RelrG Ba (19)

where ¢; = (24 i0)~! and ¢z = (3 + i@)~!. The expression can be written in
terms of V|E[? at r = 0, since V|E|? = 2G - Eq, leading to

Aea? 6 + @2
2n (64 w?)2+

Urcep = 2 VIE]? (16)

The ICEP velocity decreases for increasing w and is maximum at w = 0 with a

value of Uromo = A(e/121)a®V|E|?. The expression is identical to that given

10



in ref. [42], taking into account that time-average of cos?(wt) is equal to 1/2.
The motion induced by the force on the dipole p = 4reaE is

1 ea? (% —2)
Uppp = —— VE = S W2
per = oo Rellp - VIEY = 2o

VIE[? (17)
U pgp changes sign with w: it is negative at low frequencies and positive at high
frequencies. Interestingly, it is predicted that the DEP and ICEP velocities at
low frequencies are opposite and cancel out for w = 0 and A = 1 [26, 42, 48].
This cancelation has not been observed experimentally. Mainly, the observed
translational motion of conducting spheres was explained by the action of the
field on the induced dipole [19, 65]. In these experiments, polystyrene micro-
spheres were coated with nanocolloidal gold. The Au-coated microparticles were
slightly heavier than water and sedimented so that the observed motion was for
particles confined to the bottom wall of the sample cell. Figure 3a shows real
and imaginary parts of nondimensional polarizability & = (—1 + i@)/(2 + i)
for a conducting sphere as a function of nondimensional frequency w. The ex-
perimental DEP velocities follow the same trend as the real part of & (fig. 3c).
Particles move away from high fields (negative DEP) at low frequencies and
towards high fields (positive DEP) at high frequencies. The influence of ICEP
was negligible. This is not entirely surprising since experimentally the induced
charge electroosmotic flow is smaller than predicted for an ideal double layer as
already discussed above. In addition, these spheres had rough surfaces, because
of the way the gold coating was made, which reduces the ICEO flow [56]. Other
researchers have measured positive DEP of conducting micron and submicron
particles at high frequencies [15]. The low frequency DEP behavior is diffi-
cult to observe experimentally because of the appearance of AC electroosmotic
(ACEO) flow near the electrodes which tends to mask the observations [15, 66].
Experiments on the DEP behaviour of particles positioned in the center of four
co-planar electrodes avoids much of this problem (see fig. 3b) since near the
center the ACEO flow is very small [19, 65]. In addition, accurate measurements
of the translational motion was aided by using Au-coated latex particles with

almost neutral density which reduces the solid friction with substrate [19, 65].
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The literature on dielectrophoretic assembly of metal nanocolloids reported
only positive DEP [4, 67]. The gold nanoparticles had diameters of 5, 15 and 20
nm [4], so that the Debye length in DI water would be greater than 20 nm. In
this case, the thin double-layer approximation is not valid and thick double-layer
theory should be used instead [48]. This theory predicts that the translational
motion is towards high electric fields for all frequencies, i.e. equivalent to positive
DEP, and that the motion is mainly due to ICEP at low frequencies and DEP at
high frequencies. According to theory, the DEP contribution is negative at low
frequencies, although ICEP dominates. However, the theory is for uncharged
particles and gold nanoparticles are highly charged in order that they form
stable suspensions. In this case the Dukhin number is likely to be high [24] and
therefore particles may have a positive dipole at low frequencies as well. The
observations of different particle assembly behaviour for different frequencies was
attributed to different forces on the suspending electrolyte (AC electroosmosis
and electrothermal flows) [4]. Nanoparticle capture was observed over the entire
tested frequency range (10Hz to 1 MHz), indicating positive DEP.

When a nonuniform electric field is applied to a metal rod, it first tends
to align with the electric field and then moves to regions of high field. De-
pending on frequency, this attraction should mostly be due to ICEO around
the particle at low frequencies or to the force on the dipole at the high fre-
quency range. For a polarizable rod, the induced dipole at low frequencies is
very small since the electric field lines surround the rod almost without devi-
ation (see fig. 1b). Therefore, the DEP force at low frequencies is negligible
compared to the DEP force at high frequencies. The transition frequency is of
the order of wpe = 0/Cprbln(a/b), where a and b are, respectively, the rod
semi-length and rod radius [20]. The main experimental observation concerning
the translational motion of metal rods is that they move to high field regions
[16, 68, 69]. Some authors observe changes in the dielectrophoretic force with
frequency in the MHz region [68], which is well above wgre. This behavior can-
not be attributed to changes in the polarizability of the metal rod, which must

be constant up to very high frequencies. In this respect, the theoretical pre-
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diction of DEP force decrement due to Maxwell-Wagner (MW) polarization for
frequencies beyond 10° Hz in [16] is based upon a wrong approximation. The
MW frequency for a leaky dielectric slender spheroid in a leaky dielectric liquid
is approximately wyw ~ (05 +0,L) /(€5 +€pL), where subscripts f and p refer
to the fluid and particle, respectively, and L is the depolarization factor along
the particle axis [1]. For a metal rod and for typical rod slenderness (o,L > o),
the MW relaxation frequency in water is beyond 10'2 Hz, clearly outside the
quasi-electrostatic limit. Very recently, the Maxwell-Wagner frequency has been
used in electro-orientation experiments for the determination of conductivities

of semiconducting nanorods [70].

4. Induced rotational motion

In this section we describe results where rotation of a conducting particle
occurs upon application of an AC field. Two cases are distinguished: alignment
of a non-spherical particle in an AC field with fixed direction, called electro-
orientation; and the continuous rotation of a particle subjected to a rotating
electric field, called electro-rotation. In both cases, the particle angular velocity
is usually much smaller than the frequency of the AC field. Electro-orientation
(electro-rotation) results from the interaction of the applied field with the in-
phase (out-of-phase) induced charge, which means that the frequency depen-
dence of EOr (ROT) mirrors the real (imaginary) part of the particle polar-
izability. In both cases, we analyse rotation due to the electrical torque on
the induced dipole and rotation due to the ICEO flow at the metal-electrolyte

interface.

4.1. Unidirectional field

When exposed to an applied field, slender metal particles (e.g. rods) tend
to align with the applied electric field for all frequencies. However, the motion
is mainly induced by ICEO flow around the particle at low frequencies and by
the torque on the induced dipole at high frequencies [20, 71]. The character-

istic frequency of transition is of the order of wrc = 0/Cprbln(a/b). At low
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frequencies, perfectly polarizable slender particles almost do not perturb the
electric field lines, meaning that the induced dipole is very small. At these
frequencies, the rotational motion that is observed for slender particles is due
to ICEP [43, 44]. The expression for the ICEP rotational velocity for slender
particles at low frequencies is Qropp = (¢/2n)AEZ cos0sinf. As the frequency
increases the ICEO flow disappears, but the induced dipole increases reaching
a plateau. At high frequencies, the torque on the induced dipole aligns the
particle with the electric field and the DEP angular velocity for slender parti-
cles is Qpgp = (5/417)E§ cosfsinf. Adding both contributions, the frequency

dependence of the angular velocity is of the form [20]

A w? €
Q= —E} i 1
(1+(112 + 2(1—1—@2)) o  cos fsin 6 (18)

where @ = w/wre. The ICEP orientation of a nanowire can be qualitatively
understood according to the schematic diagrams in Figure 4a which shows a
metal nanowire subjected to an electric field of arbitrary direction [20]. The ax-
ial component of the electric field induces charges in the diffuse layer and ICEP
rotation is generated by the action of the perpendicular component of the elec-
tric field. The situation is analogous to considering the upper part of the rod as
a particle undergoing electrophoretic motion to the right, while the lower part
is akin to a particle undergoing electrophoresis to the left. At high frequencies,
ICEP rotation is negligible and the nanowire behaves as a conductor suspended
in a dielectric (see fig. la). The induced dipole is maximum and the applied

torque orients the nanowire.

The observation that metal nanowires align with its main axis parallel to the
applied electric field direction has been extensively reported [12, 17, 68], idem for
carbon nanotubes [72]. Experimental observations of the electrical orientation
of metal rods at low frequencies show that they align with the electric field
due to ICEP [73, 74]. The fact that ICEO flow around conducting rods is
happening at low frequencies can be inferred from the observed hydrodynamic

interaction between pairs of rods at these frequencies [20, 74]. Experiments that
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compare electrical orientation at low and high frequency clearly show that the
orientation is stronger at high frequencies [20, 75]. Figure 4b) shows the electro-
orientation spectrum for silver nanowires with lengths between 6 and 7 microns
and aspect ratios around 0.04 [20]. The figure shows a plot of the orientation
rate versus the frequency of the AC signal (nondimensional). Experimental data
for three different electrolyte conductivities are shown and the continuous line
is the prediction for the EOr motion generated by the electrical torque. For
high frequencies, experimental data are below the theoretical prediction, most
probably due to wall effects [75, 76]. Interestingly, for low frequencies the DEP
torque predicts negligible EOr. As mentioned above, orientation is due to ICEP
in this case, although for the ideal case A = 1 the prediction is much higher. EOr
experiments with conducting carbon nanotubes (CNTs) suspended in Laromer-
solvent mixtures of different conductivities also showed smaller orientation at
low frequencies than at high frequencies [72], with a transition frequency given
by the reciprocal of the RC time for charging the EDL around the particle.
These CNTs were good conductors since they had electrical conductivities much
greater than the Laromer-solvent mixture.

In order to measure the electro-orientation of conducting nanowires two ap-
proaches have been pursued in the literature: measurement of the angular speed
[20, 72], and measurement of the degree of electrical alignment of nanowires in
competition with thermal (Brownian) forces [72, 73, 75]. The latter experimen-
tal technique requires lower voltages compared to the deterministic experiments.
This is particularly useful when the goal is to compare experiments with elec-
trokinetic theories, which are mainly developed for small voltage drops across the
EDL (A¢ < kpT/e ~ 25 mV). Another important benefit of these experiments
is that electrokinetic torques are determined independently of the rotational
friction coefficient, a parameter that is difficult to measure accurately.

As already mentioned, Janus spheres orient with their equatorial planes par-
allel to the electric field direction [45] due to a combination of ICEP and DEP
rotation. Interestingly, continuous rotation in a unidirectional field is possible

for assemblies of Janus spheres due to ICEP, as predicted in ref [42] (ever-
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rotating structures). It was shown that an assembly of three Janus particles
will rotate as a consequence of the individual ICEP motion of each Janus par-
ticle. This rotation can also happen with two Janus spheres, as observed in
[77] (see Figure 4c)). In these experiments, the composite particles rotated and
translated on a substrate and the unidirectional field was applied perpendicu-
larly to the substrate. The Janus spheres have about 5 micron diameter. The
motion can be understood qualitatively from the tendency of Janus particles to

move perpendicularly to the electric field towards the dielectric side in ICEP.

4.2. Rotating field

For a rotating electric field the torque on the induced dipole of the sphere is
(N) = —4relm|a] B2, where a = a®(—1+i@)/(2+i®) for a perfectly polarizable
sphere (eq. 14). Therefore, taking into account the viscous torque on a rotating

sphere, the angular velocity is

e 3w 4

Qpep = _%WEO (19)

with a maximum at @ = 2 equal to |[Qmaz| = 3¢E3/8n. From symmetry,
the ICEO slip velocity on a conducting sphere does not produce rotation and,
therefore, the sphere angular velocity is Q = Qpgp [65, 78]. ROT experiments
with metal spheres showed counter-field rotation and the angular velocity as a
function of frequency showed a single peak at the characteristic RC frequency
for charging the EDL [19, 65, 79]. The maximum angular velocity is close to
prediction (within an error smaller than 20%) when the effect of the wall on the
viscous and electrical torques is taken into account [65, 79]. A measurement of
the frequency for maximum angular rotation provides a means for measuring
the capacitance of the double layer. It was observed that for spheres with rough
surface the capacitance was greater than that predicted by the Debye-Huckel
theory e/Ap [65], but for Ti spheres with smooth surfaces the capacitance was
approximately close (Cpr ~ £/Ap) [79]. The experiments were made using
spheres with diameters ranging between 10 and 45 microns, much greater than

the Debye length of the electrolyte (around 30 nm or less) so that the thin
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double layer approximation was valid. Recently, theoretical work on the ROT of
metal spheres with arbitrary Debye length [78] shows that not only the electrical
torque, but also ICEP rotation has to be considered. While the former generates
counter-field rotation, the latter generates co-field rotation. It is found that for
very thick double layers the two contributions compensate each other and no
net particle rotation is expected.

According to theory [20, 71], when subjected to a rotating field, slender
conducting particles rotate due to ICEO flow around the particle and to the
torque on the induced dipole. The ICEP rotation is co-field while the DEP
rotation is counter-field and both behaviors exhibit a single maximum at the
angular frequency given by wre ~ o/Cprbln(a/b). Both mechanisms result
from the interaction of the out-of-phase induced charge with the applied electric
field. For very slender particles, the theoretical ROT angular velocity is

eE?  w/wgre

Q=(2A-1) I 17 (@/wnc)? (w/wnc)?

(20)

ROT experiments with metal rods have been reported [11, 80] and the angular
velocity as a function of frequency showed a single peak. ROT experiments
using Ag nanowires [80] show counterfield rotation that closely matches dipole
theory (see fig. 4d), indicating that ICEP rotation is again much smaller than
expected for an ideal double layer (A < 1). The measured frequencies of maxi-
mum rotation were close to the reciprocal of the RC time for charging the EDL
around the metal particle wreo. These experimentally measured Ag nanowires
were suspended in KCI aqueous solution with conductivity ranging between 1.5
mS/m and 15 mS/m. Figure 4d shows the rotation speed as a function of
non-dimensional frequency. The continuous line is a prediction of the velocity
of rotation obtained from the electrical torque. The EDL capacitance values
were obtained from the frequency of maximum rotation and, interestingly, ex-
perimental values were close to those predicted by the Debye-Huckel theory
Cpr = ¢/Ap (probably because the induced EDL voltages are small). Part of
the deviation between dipole theory and experiments could also be attributed

to the effect of the wall [76].

17



5. Electric-field induced assembly of metal particles

In previous sections we focused on the electrical manipulation of a single
metal particle immersed in a electrolyte. Several publications also describe the
behaviour of a collection of metal particles subjected to AC fields. In this case,
both electrical and hydrodynamic particle-particle interactions occur upon ap-
plication of an electric field. These interactions usually lead to reconfigurable
particle patterns with potential applications in microelectronics and sensing. In

the following section we review experiments on the assembly of metal particles.

5.1. Metal particle assembly on microelectrode structures

Electric fields in microdevices are usually generated using planar microelec-
trode structures fabricated on glass or other insulating substrates. Several pub-
lications describe experiments where metal nanocolloids dispersed in an elec-
trolyte move towards electrodes and thereby accumulate. This motion of metal
particles could be due to positive DEP at high frequencies, as described in sec-
tion 3.2, and/or by fluid flow induced on the electrodes at low frequencies, such
as AC electroosmosis [22]. For example, reference [3] shows that the dielec-
trophoresis of metal colloids can lead to the formation of microwires in the gaps
of planar electrodes, see figure 5a. This assembly is proposed as a quick method
to realize electrical connections to conductive islands or particles, as shown in
ref. [3] by a clear and abrupt change in the electrical current through the cell.
Since then, several works have extensively reported the use of metal nanopar-
ticles for bridging electrodes [81-88]. The influence of signal frequency on the
metal nanoparticle assembly in small gaps between electrodes was studied in
ref.[4], see figure 5b. It was shown that particle motion by ac electroosmosis
greatly influences the morphology of resultant nanoparticle assemblies.

A different approach to perform nanocontacts between electrodes is the use
of a single metal nanowire. For example, AC electric fields are used to bring

and place a nanowire between microelectrodes [10, 89], see figure 5c. Bridging of
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larger gaps between electrodes has also been reported by the dielectrophoretic
assembly of several metallic nanowires [69] or carbon nanotubes [90], see fig-
ure 5d. Electrical manipulation of metal nanowires has also been applied for
the fabrication of nanoelectromechanical resonators by assembling nanowires on
electrodes, as reported in [91]. A recent review on the assembly of nanostruc-

tures using electric fields can be found in ref. [92].

5.2. Chaining and self assembly of metal particles

As previously mentioned, particle-particle interactions occur upon applica-
tion of an electric field to an aqueous dispersion of metal particles. One of
these interactions is of electrical nature and has its origin in the polarization
of the particles. The force between particles can be described via dipole-dipole
interactions and higher-order multipoles [1]. The effects can be qualitatively
understood by considering the electrical dipoles induced on neighboring parti-
cles. For example, consider two metal spheres immersed in an electrolyte and
subjected to an homogeneous electric field. Attraction or repulsion between
spheres depends on the relative alignment of the two spheres with respect to
the electric field direction. As schematically depicted in figure 6a, if the par-
ticles are oriented with their line of centers parallel to the applied field, the
interaction between induced dipoles is attractive irrespective of the signal fre-
quency. On the other hand, if the particles alignment is perpendicular to the
field, the induced dipoles repel. Dipole-dipole attraction explains the ubiquous
observation of chains of metal particles along the direction of the electric fields, a
phenomenon commonly known as pearl chaining [1] (see for example the chains
in figure 5). Also, dipole-dipole interactions explain the formation of chains of
metallodielectric Janus spheres under an ambient AC field [5, 93] (see Figure
6b). Interestingly, by using controlled patchy metallodielectric spheres, complex
microstructures can be assembled by applying high frequency fields [6].

Chaining of metal nanowires has also been observed at high frequencies [14]

(see fig. 6d). For low frequencies, assembly into a different pattern was ob-
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served (see fig. 6¢). In this case the nanowires orient parallel to the field,
but form bands perpendicular to the direction of the electric field. This pattern
seems to be driven by the hydrodynamic interaction between particles that arises
from the ICEO flow around the nanowires. As observed in ref. [74], when two
nanowires are close they first align end-to-end, then slide next to one another,
and finally move apart from their centers. The wavy bands result because the
particles remain within a distance of a few microns, but the reason for this equi-
librium position is not clear at present. In all cases, the assembly is reversible
and takes a few seconds to reach equilibrium. The formation of bands takes
longer for increasing conductivity of the electrolyte [14]. This result is in agree-
ment with the general observation of decreasing ICEO velocities for increasing
electrolyte conductivity. Electrokinetic fabrication of vertically aligned carbon-
nanotube/polymer composites has been reported using electro-orientation at
low frequencies so that the ICEO flow favored individually aligned CNT's rather
than tip-to-tip chaining [72].

6. Conclusions and outlook

Electrical forces on conducting particles can lead to linear motion, rotation
and orientation, which can be used for particle alignment, separation and as-
sembly. Critical to exploiting these forces is a thorough understanding of the
fundamental principles and effects.  Several experimental observations have
recently shown the potential for using AC electric fields to precisely manipu-
late metal microspheres and metallic and semiconducting nanowires dispersed in
aqueous electrolytes. Controlled assembly onto or between microelectrodes and
self-assembly induced by AC electric fields have been demonstrated by several
groups. Particle dynamics can be explained from the action of the applied field
on the charges induced within the EDL. Theoretical work shows how to model
this action, and experimental results demonstrate that the particle motion can
be predicted from the action of the electrical forces on the particle plus a con-

tribution due to the ICEO flow around it. The observed translational motion
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of metal spheres in non-uniform fields is explained by the force on the induced
dipole (DEP), with negligible ICEP. The translational motion of Janus spheres
in uniform fields is only possible due to ICEP, and observed particle velocities
are smaller than for the ideal case. According to theory, the ROT of spheres
is only affected by the electrical torque on the dipole, and experiments are in
close agreement with theory. However, the theoretical analysis for the ROT of
nanowires predicts some influence of ICEP rotation. This influence could not
be observed in experiments, which showed that ROT of nanowires could be ex-
plained by the torque on the induced dipole. Electro-orientation theory predicts
that conducting nanowires should align with the applied field for all applied fre-
quencies. At low frequencies the electrical torque vanishes and the orientation
is due to ICEP, while at high frequencies the ICEP vanishes and EOr occurs
because of the electrical torque. Both mechanisms have been experimentally
demonstrated. Understanding the behaviour of metal nanowires is a very inter-
esting problem because ROT experiments provide a precise measurement of the
characteristic frequency wgre, while EOr allows experimental separation of the
two contributions, providing a relative measure of the two mechanisms.

For simplicity, the theoretical analysis has dealt with particles with thin
double layers. Theoretical work for arbitrary Debye length has been reported
and experimental validation of these predictions is required. These results will
shed light on the fundamental problem of induced-charge electrokinetics and
the induced zeta potential. Future work could focus on an improved analysis of
the effect of the wall on both the electrical and hydrodynamic problems.

ICEP velocities in experiments are often one order of magnitude smaller than
predicted by the simplest theory. An arbitrary constant A is used to account
for this discrepancy. Experiments with metal particles should shed light on
the reasons of these discrepancies. From a fundamental perspective, the AC
electrokinetics of conducting particles is a problem where the particle velocity
is measured for a known EDL potential. This implies that the zeta potential
can be measured for a controlled voltage drop across the double layer.

Finally, particle-particle interactions give rise to a rich complexity that de-
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mands further study. These phenomena could be interesting not only for fun-

damental reasons but for application in the control of reversible particle self-

assembly. Future work could lead to bottom-up methods for assembling a di-

verse range of nano-systems from simple building blocks. Exploiting electric and

hydrodynamic particle-particle interactions could be used for programmable as-

sembly or synthesis of large nano-scale structures.
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Figure 1: a) Left and right figures show the electric field lines for high frequencies of the AC
signal (f > frc) for a conducting sphere and for a conducting cylinder, respectively. In this
case the perturbation of the electric field is important for both the sphere and the cylinder.
b) Left and right figures show the electric field lines at low frequencies (f < frc = 27/trc).
Electric field lines surround the particles. In the case of a slender cylinder the electric field is

only very slightly perturbed and, consequently, the induced dipole is small.
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Figure 2
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Figure 2: a) Schematic representation of a metallodillectic (Janus) particle subjected to an
AC field. The metal-dielectric interface aligns with the field direction and ICEO flows appear
on the metal side. As a consequence of these flows, the Janus particle moves towards the
dielectric side (ICEP motion). b) Experimental ICEO streamlines for a Janus sphere with 50
micron diameter subjected to an electric field of 5 kV/m (reproduced from [64], Copyright
2014 American Physical Society).
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Figure 3: a) Nondimensional polarizability & as a function of nondimensional frequency @;

b) Schematic diagram of four-electrode array and applied voltages for ROT and DEP experi-

ments; ¢) DEP velocity as a function of frequency; d) ROT angular velocity as a function of

frequency, (Figs. ¢, d reproduced from [65], Copyright 2012 American Chemical Society )
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Figure 4: a)ICEO flows around a metal nanowire induce the orientation of the nanowire. The

upper part can be described as a metal particle undergoing electrophoresis to the right, while

the lower part moves to the left. b) Electro-orientation rates as a function of nondimensional

frequency for Ag nanowires. Applied field was about 10 kV/m. c¢)Rotation and translation of

a Janus doublet subjected to a unidirectional field. The applied field (13.4 kV/m and 1.5 kHz)

is perpendicular to the plane of view. d) Electro-rotation rates as a function of nondimensional
frequency for Ag nanowires. Applied field about 10 kV/m. (Figs. a, b, d reproduced from
[20], Copyright 2013 American Physical Society; fig. ¢ reproduced from [77], Copyright 2014

American Physical Society)
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Figure 5: a) Dielectrophoretic assembly of metal colloids to form a microwire. The forma-
tion is very quick and it can be used to bridge the gap between microelectrodes (applied
field &~ 250 V/cm). (Reproduced from [3], Copyright 2001 AAAS). b) Assembly of 15.5nm
gold nanoparticles on microelectrodes with 3 um gap. AC electroosmosis leads to assembly
patterns that strongly depend on the signal frequency. The figure shows that long chains
can be obtained for an AC signal with 7.5V and 10kHz. Reproduced from [4], Copyright
2007 Americal Chemical Society). c¢) Electrical manipulation of a single gold nanowire can
be used to perform nanocontacts by bringing and placing the nanowire between microelec-
trodes.(Reproduced from [10], Copyright 2000 AIP Publishing). d) Assembly of Ag nanowires
achieves electrical contact between microelectrodes with large gap (applied signal of 0.2 V and

100 kHz). (Reproduced from [69], Copyright 2006 AIP Publishing).
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Figure 6: a) Either at low or high frequencies, dipole-dipole interactions lead to chaining of
metal spheres. b) Pearl-chaining of Janus particles (Reproduced from [5], Copyright 2008
American Chemical Society). ¢) For low frequencies, silver nanowires form bands perpendicu-
lar to the direction of the applied field. d) At high frequencies, silver nanowires assemble into

chains (Reproduced from [14], Copyright 2015 AIP Publishing)
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Highlights
Experimental behavior and theory of metal microparticles are compared.

Particle motion is due to electrical forces on induced charges in the double
layer.

Characteristic time is the RC time for charging the metal/electrolyte double
layer.

Electric-field driven assembly of conducting particles is reviewed.



