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Orientation-dependent induced-charge
electrophoresis of magnetic metal-coated Janus

particles with different coating thicknesses+
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Orientation-dependent induced-charge electrophoresis (ICEP) behaviors are measured in magnetic metal-

coated Janus particles, where the orientation of the particle with respect to the electric field is controlled by

an external magnetic field. For a thin metallic coating (10 nm), the particle mainly moves normal to the
electric field without the magnetic field. The velocities of ICEP in different directions are measured under
the magnetic field and clear orientation-dependent velocities are observed. However, for a thick metallic

coating (70 nm), the particle mainly moves parallel to the electric field without the magnetic field and
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shows an opposite tendency for orientation-dependent velocities compared with the thin metallic

coated particles. We propose that the strength of the induced dipole of a Janus particle depends on the

DOI: 10.1039/c7ra08527¢

rsc.li/rsc-advances particle under electric fields.

1. Introduction

Active particles, which are known as particles that can convert
energy from the environment into self-propulsion, arouse
interest among scientists because of their interesting non-
equilibrium transport phenomena'® and potential applica-
tions, such as micro-swimmers and use in drug delivery.**
Especially, electrokinetics is widely used to drive flows and
manipulate colloids, including active particles, due to its
accuracy and flexibility.*** Bazant et al. describe the flows
resulting from the action of an applied electric field on its own
induced charges around a polarizable structure as “induced-
charge electro-osmosis” (ICEO), which is capable of driving
Janus particles, whose surfaces have two or more distinct
properties,”> under electric fields by “induced-charge electro-
phoresis” (ICEP).>**¢ Janus particles driven by ICEP and the
flow patterns of ICEO around the particles have been shown in
different studies and become a promising field for designing
small active components for different applications.>'">°
However, the directly experimental data of particle velocity for
ICEP and flow velocity for ICEO in orientation-dependence with
respect to electric fields are seldom investigated by scientists. It
would be useful if the properties of ICEP and ICEO can be
dynamically tuned by orientations of induced dipole on polar-
izable objects. Recently, several studies suggest that the motion
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thickness of the metallic coating, which results in different orientation-dependent velocities of the Janus

of magnetic Janus particles can be manipulated by coupling an
external magnetic field and the other physical field.*** We
propose that it should be possible to control the orientation of
magnetic Janus particles under an electric field by applying an
external magnetic field. In this study, we measure the
orientation-dependent ICEP of Janus particles with different
thicknesses of coating by applying both a parallel-coplanar
electric field and a magnetic field. The orientation-dependent
velocity of Janus particles in electric fields is experimentally
observed.

2. Experiment

To prepare magnetic metal-coated Janus particles, a monolayer
of 3 um superparamagnetic polystyrene (PS) particles contain-
ing iron oxide nanoparticles (cat#86055, Polysciences) is
prepared by a drying process (solvent evaporation) on the glass
slide which is set on a static magnet, as shown in Fig. S1.}>¢
Because of the close packing of particles, one hemisphere of the
particle is shaded, and only the other hemisphere is coated with
metal.””*® The magnetic dipole of a superparamagnetic PS
particle can be aligned by the static magnet. Subsequently, the
monolayer is putted into a sputter (JEOL, JFC-1100E) to coat
with gold. Thus, the polarity of magnetic Janus particles is
determined, which is N pole on the gold coated hemisphere and
S pole on the dielectric side, as shown in Fig. 1(a). The sputtered
gold thickness of Janus particles measured by an atomic force
microscope (AFM) is from 10 nm to 75 nm depending on
the sputtering time. A chamber containing a solution and
Janus particles is sandwiched by a coverslip (top) and a pair
of parallel-coplanar platinum electrodes (bottom) with

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) To prepare magnetic Janus particles, the magnetic dipoles
on the 3 um superparamagnetic PS particles are aligned with S pole
downward by an external magnetic field. After aligning, the monolayer
of PS particles is coated with gold. (b) Illustration of the experimental
apparatus. To generate a uniform AC electric field, a pair of electrodes
are connected to a function generation and high voltage amplifier. The
orientation studies are achieved by a permanent bipolar magnet
installed on a step motor, which is 3 cm far from the chamber. (c) Side
view of the experimental chamber. The particle suspension is placed in
the chamber with 120-180 um thickness, which consists of a pair of
platinum electrode and a coverslip. The distance between the elec-
trodes is 3 mm.

a 120-180 pm spacer. The platinum electrodes are fabricated by
sputtering. A tape with 3 mm width is attached on a glass slide
and this slide is putted into the sputter to coat platinum for
200 s. The conductive layer (platinum) coated on the side
measured by an AFM is about 35 nm. After coating process is
completed, the tape is removed to form a 3 mm gap between
a pair of electrodes. The electrodes are connected to a function
generator and high voltage amplifier to apply a uniform AC
electric field, the voltage of which varies from 20 to 200 Vrus
and the frequency is from 0.5 to 30 kHz, Fig. 1(b) and (c). A
magnet installed on a step motor is used to provide a magnetic
field (<10 mT) in the arbitrary direction for manipulating the
orientation of particles, Fig. 1(b). The two-dimensional trajec-
tories of particles in the chamber are recorded by a CCD camera
under an Olympus IX-70 inverted optical microscope through
an object lens (20x, NA 0.5).

3. Results and discussion
3.1 Thickness-dependency

To verify the coating thickness-dependent ICEP behavior of
Janus particles, the velocities of magnetic Janus particles with
different coating thicknesses are experimentally measured
under different strength of the electric field. The ICEP velocity
increases with the square of the field strength, which is
consistent with the previous studies,*>'** Fig. 2. In the case of
Janus particles with a thin coating (10-25 nm), the ICEP motion
of Janus particles is normal to the electric field with the
dielectric hemisphere forward because of this orientation
results in the largest induced dipole moment, which is aligned

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Velocity of the magnetic Janus particles with different coating
thicknesses varies with the squared of electric field strength at 1 kHz.
Insets: (bottom) for a thin metallic coating (10-25 nm), the particle
mainly moves normal to the electric field. (Top) for a thick metallic
coating (45-70 nm), the motion of the particle becomes parallel to the
electric field.

in the direction of the electric field.* However, by increasing the
coating thickness of Janus particles (45-70 nm), the ICEP
motion becomes parallel to the electric field and the velocity
also increasing with the coating thickness, as show in Fig. 2.
This result indicates that the coating thickness dominates ICEP
behavior resulting in different orientations of the ICEP motion.
The velocities of Janus particles are also measured under
distinct field frequencies. The velocities of Janus particles
decrease with the frequency (ICEP motion) and even reverse at
the high frequency region (>2 kHz), which is in accordance with
previous studies (see ESI Fig. S2}).***°

3.2 Orientation-dependency

To investigate the orientation-dependent ICEP behavior of
Janus particles, the velocities of magnetic Janus particles with
different coating thicknesses are experimentally measured in
the distinct azimuthal angle from 0° to 90° at field frequency of
1 kHz. When the polarity of the Janus particle directed from the
Au side to the dielectric side is normal (parallel) to the direction
of the electric field, the azimuthal angle is defined as 0° (90°),
the left inset of Fig. 3(a). In general, the ICEP motion of Janus
particles is normal to the electric field with the dielectric
hemisphere forward because of this orientation results in the
largest induced dipole moment, which is aligned in the direc-
tion of the electric field.® In our experiments, the orientations of
magnetic Janus particles are controlled by the external magnetic
field and the magnetic torque acting on the particles is given by,

T= mparticle x B (1)

where magnetic moment is Mpareicie = PV(Mo + XparticieB/to), B is
the strength of magnetic field, p is the density of the particle, V
is the volume of the particle, M, is the initial magnetization,
Xparticle 18 the initial magnetic susceptibility of the particle and
o is the permeability of vacuum.?” On the other hand, based on
the previous studies,>®*® a conducting sphere whose hemi-
sphere is coated with a dielectric layer, the ICEP velocity of
particles with the dielectric hemisphere forward is given as,
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Fig. 3 (a) The relation between velocity of the magnetic Janus parti-

cles with a thin metallic coating (10 nm) and azimuthal angle at the
field frequency of 1 kHz. Inset: (right) schematic drawing of induced
charges distribution of a Janus particle with the thin metallic coating
under an electric field. (Left) definition for the azimuthal angle. (b) The
relation between velocity of the magnetic Janus particles with a thick
metallic coating (70 nm) and azimuthal angle at the field frequency of
1 kHz. Inset: schematic drawing of induced charges distribution of
a Janus particle with the thick metallic coating under an electric field.
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where 6, = 7/2 for half-coating, aF is strength of electric field in
the 6 = 0 (or x) direction, BE is strength of electric field in the § =
/2, ¢ = 0 (or ) direction, ¢ is the permittivity, n is the viscosity
of fluid, a is the particle radius, and ¢ is the ratio of the differ-
ential capacitances of the compact and diffuse layers. Thus, the
ICEP velocity at the orientation which is normal to the field is
given as, u, = (9/64)(caE*/n(1 + 0)), and the velocity at the
orientation which is parallel to the field is given as, u; =
(3/32)(eaE?/n(1 + 6)), which is 33% less than that at the orien-
tation normal to the field. In the case of Janus particles with
a thin Au coating (10 nm), the polarity of the Janus particle
trends to align in the direction normal to the electric field. The
ICEP velocity gradually decreases with altering azimuthal angles
from 0° to 90° and is proportional to the square of field strength
(not shown in the data), as shown in Fig. 3(a). According to
previous studies, this tendency results from the variation of
induced-charge distribution with the orientation of particle
(from normal to the electric field to parallel to the field).*®
However, from Fig. 3(a), the velocity at the orientation parallel
to the field is 67% smaller than that at the orientation normal to
the field. This could suggest that present ICEP theory for
“dielectric coating” of the Janus particle can't satisfy the situa-
tion that a Janus particle made from a dielectric particle with
half Au coating, commonly used in the experiments, moves in
the direction parallel to the field due to lack of fully electric field
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screening ability comparing with the metal particle coated with
a dielectric layer.””

To further verify the effect of thickness of coating, the
motion Janus particles with a thick Au coating (70 nm) is
measured at different orientations, which is mainly parallel to
the electric field with the dielectric hemisphere forward without
an external magnetic field. This could be elucidated by that, in
the case of thick coating, the maximum induced dipole occurs
in the direction parallel to the electric field, § = 90°. By applying
the magnetic field, the ICEP velocity gradually decreases with
the azimuthal angle from 90° to 0°, as shown in Fig. 3(b). This
result indicates that the strength of the induced dipole is the
largest in the direction parallel to the electric field and decrease
with azimuthal angle from 0° to 90°.

The maximum ICEP velocity of a Janus particle with a thin
coating is at the orientation normal to the electric field.
However, in the case of thick coating, the maximum ICEP
velocity is at the orientation parallel to the electric field.
Therefore, the prevalent theory for ICEP couldn't adequately
describe the ICEP behaviors observed in our experiments. We
propose that the induced dipole of a Janus particle, depending
on the thickness of coating, dominates the ICEP behavior,
including the ICEO flow pattern around the particle. For
instance, the induced dipole of a Janus particle with a thin
coating is the largest at the orientation normal to the electric
field resulting in the maximum ICEP velocity and the symmetric
ICEO flow driving the motion of the particle with the dielectric
forward, as shown in the inset of Fig. 3(a). On the other hand, in
the case of thick coating, induced dipole is the largest at the
orientation parallel to the field and results in the maximum
ICEP velocity in the same direction, inset of Fig. 3(b).

Due to the hemispherical coating feature of Janus particles,
the length scale of coating thickness may become significant in
polarization, which is similar to modifying the length scale of
a different non-spherical object under an electric field. The
electrokinetics of metal nanowires (rods) is reported in the
previous studies.***' The induced dipole on a slender metal rod
can be decomposed into the long and short axes components.
The induced dipole along the long axis could be written as, p; =
(4meii’En/3)(iQ/(1 + iQ In(1/8))) and along the short axis could
be written as, p, = 4merh’E(iQ — 1)/(iQ + 1), where ¢ is the
permittivity of liquid, # is the half length of the long axis, Ej, and
E, are the electric field along the long axis and short axis
respectively, Q is the non-dimensional frequency Q = wCpy1/a, r
is the half length of short axis, w is the frequency of the electric
field, ¢ is the liquid conductivity, C is the capacitance of the
electrical double layer and ¢ = r/h.** The induced dipole on the
slender metal rod depends on its geometry. Although the
detailed analysis needs to be well constructed, the change of the
coating thickness of Janus particle should alter the induced
dipole and ICEP behavior of Janus particles.

3.3 Orientation-dependent ICEO

To investigate the dependence of ICEO flow pattern on the
induced dipole, we directly measure and analyze the variation of
the ICEO patterns around an immobilized particle with

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The schematic drawings (left) of induced charges distribution, color maps (middle) and flow patterns (right) of ICEO around an immo-
bilized 20 um Janus particle with 100 nm metallic coating at the electric field of 133.3 V cm~*and frequency of 1 kHz at different azimuthal angles
(orientations). (a) 0°, (b) 15°, and (c) 90°. Note that the density of the streamlines in the flow patterns (right) doesn't represent the flow rate, and it is

just for presenting the flow patterns of ICEO.

different orientations by a particle image velocimetry (PIV)
software (Matlab, PIVlab). The flow patterns of ICEO at the
orientation normal to and parallel to the electric fields have
been reported by Chenhui Peng et al.™” In a polar coordinate, the
velocity of ICEO is given as,®'®'¢ u, = (9a*/4n)(eaE*/1 + )
cos ¢ sin 0, on the metal side by Bazant et al. In our experiment,
when the azimuthal angle is 0°, the flow pattern of ICEO around
the particle is a pair of significant vortices near the Au hemi-
sphere. The velocity near the Au side is higher than that near the
dielectric side due to the higher polarizability of Au coating, as
shown in Fig. 4(a). By turning the azimuthal angle to 15°, the
up-down symmetry of ICEO is broken resulting in a stronger
vortex near the top of Au side, as shown in Fig. 4(b). Finally,
when the azimuthal angle is 90°, there are two pairs of vortices
appearing. One is near the Au side, which could drive the
particle with the dielectric forward, and the other is near the PS/
Au interface, which could against particle moving, Fig. 4(c). The
difference of the flow pattern results from the distinct distri-
butions of the induced charges at the different orientations, as

This journal is © The Royal Society of Chemistry 2017

shown in the schematic drawings of Fig. 4. Note that the charge
distributions in Fig. 4 are established based on the previous
studies' at different orientations of the Janus particle corre-
sponding to a fixed electric field. This result also agrees with
that the induced dipole dominates the ICEO flow around the
particles.

3.4 Trajectory control

To investigate the stability of orientation-dependent ICEP
motions, the magnet is place at the azimuthal angle 0° and 90°,
respectively. In the thin coating case, the ICEP motion of Janus
particles tends to normal to the electric field (along the
azimuthal angle 0°). Thus, the distribution of the ICEP moving
direction is more concentrated when the magnet is place at the
azimuthal angle 0°, as shown in Fig. 5(a) and (b). On the other
hand, in the thick coating case, the ICEP motion of Janus
particles tends to parallel to the electric field (along the
azimuthal angle 90°). The distribution of the ICEP moving

RSC Adv., 2017, 7, 46118-46123 | 46121
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Fig. 5 The distribution of the moving direction of Janus particle. In the thin coating (10 nm) case, the magnet is place at the azimuthal angle (a)
0°, (b) 90°. In the thick coating (70 nm) case, the magnet is place at the azimuthal angle (c) 0°, (d) 90°.

direction is more concentrated when the magnet is place at the
azimuthal angle 90°, as shown in Fig. 5(c) and (d). From Fig. 5,
the ICEP trajectories of Janus particles aren't perfectly along the
direction where the magnet is placed. This could result from the
competition between the induced electric dipole and magnet
dipole. Moreover, additional factors, such as surface roughness,
contamination, and interaction with chamber wall, could result
in the difference of the ICEP trajectory.'” The results from Fig. 5
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further verify that the ICEP motion of Janus particles depends
on the coating thickness of Janus particles.

Finally, we demonstrate that the trajectories of Janus parti-
cles under an electric field are controlled by a rotating magnetic
field. In the case of the thin Au coating, the trajectories are
controlled by a rotating magnetic field with different rotational
speeds at a constant strength of electric field of 530 Vecm ™" and
frequency of 1 kHz. The result is shown in Fig. 6(a). The

Position X (um)

E

Fig.6 (a) Trajectory control of the magnetic Janus particles with a thin metallic coating (10 nm) at the electric field of 530 V cm™ and frequency
of 1 kHz with different rotational speeds of a rotating magnetic field. (b) Trajectory control of the magnetic Janus particles with a thick metallic
coating (70 nm) at the rotating magnetic field of 0.486 rad s~* and frequency of 1 kHz with different strength of electric fields. (c) The trajectory of
“NTU" logo recorded from the motion of 4 particles chain. (Scale bar: 20 um).
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trajectories are horizontally elliptical and the lengths of the
trajectories are inversely proportional to rotational speed of the
magnetic field. This further confirms that the Janus particle
with the thin metal coating moves faster in the direction which
is normal to the electric field. In the case of the thick Au coating,
the trajectories are controlled with different strength of electric
fields at a constant rotational speed of the magnetic field of
0.486 rad s ' and frequency of 1 kHz. The trajectories are
vertically elliptical and the lengths of the trajectories are
proportional to the strength of electric field, which verifies that
the particle with thick metal coating move faster in the direction
which is parallel to the electric field, as shown in Fig. 6(b).
Moreover, this study provides a programmable method to
control the trajectory of magnetic Janus particles. A “NTU” logo
is demonstrated by controlling the direction of the magnetic
field, as shown in Fig. 6(c).

4. Conclusions

To conclude, we experimentally study the orientation-
dependent ICEP behavior of the magnetic Janus particles with
different coating thicknesses at the nanoscale, where the
orientation of the particles with respect to the electric field can
be dynamically tuned by an external magnetic field. According
to our observation, the ICEP motion of Janus particles with thin
coating is normal to the electric field. However, in the thick
coating case, the ICEP motion is parallel to the electric field. We
propose that the strength of induced dipole of a Janus particles,
depending on the thickness of metallic coating at the nanoscale
and orientation of a particle, dominates the behavior of ICEP.
This study may bring new insights for induced-charge electro-
kinetic phenomena on widely used metal coated Janus particles
and give a way to control and design active materials.
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