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Abstract: Dynamic bipolar self-regeneration is a new mechanism
that allows controlled motion of metallic microobjects to be
induced. This technique is based on the concept of bipolar
electrochemistry, in which different redox reactions occur at the
two extremities of a substrate under the influence of an external
electric field. To create the motion of a metallic object, one end
has to be the site of metal deposition and the other the site of
metal dissolution. Propulsion of zinc macro- and microswimmers
at speeds of up to 80 µm s-1 has been achieved.

The need for micro- and nanodevices that could move spontaneously
or in a controlled way in order to perform various tasks at a small
scale is increasing within the general frame of nanotechnology. Nature
offers some beautiful examples of biomotors, such as the flagellar
bacterian motor, kynesin, and dynein, that can be used to create motion
at the nanoscale,1,2 and since the early 1990s this has triggered a
growing interest in the design of artificial micro- and nanomotors with
precise control of their motion.3 Different approaches have been used
in order to induce the motion of these swimmers. Applying an external
field, which can be magnetic,4,5 electric,6,7 or also UV light,8 is one
way to generate motion. Another approach consists of injecting a fuel
that generates the motion by self-electrophoresis9 or bubble propul-
sion10 mechanisms. By this technique, micro- and nanoparticles such
as wires,11,12 rolled-up membranes,13 and spheres14,15 can undergo
propulsion when they are functionalized with some catalytically active
metal, enzyme,16,17 or enzyme mimic.18 Here, we report a new
approach for triggering particle motion at small scales that is based
on the dynamic bipolar self-regeneration of metal particles.

Bipolar electrochemistry on microobjects was first described by
Fleishmann et al.19 This appealing approach relies on the fact that
when a conducting object is placed in a strong electric field between
two electrodes, a polarization that is proportional to the electric field
and the characteristic dimensions of the object occurs. The arising
potential bias between the two ends of the substrate is given by the
equation

where E is the total external electric field and d is the particle size.
This potential difference can be used to drive localized redox reactions.
The concept has recently found applications in the elaboration of Janus
particles,20,21 as the driving force in electrochemiluminescent reac-
tions,22 as the detection mode in capillary electrophoresis,23 in
patterning,24,25 the creation of electrical contacts,26 and membrane pore
functionalization.27

In this communication, we demonstrate that bipolar electrochem-
istry can be used to propel macroscopic or microscopic metallic
objects by a dynamic self-regeneration process. This original
approach consists of the combination of material deposition at the
negatively charged end of the object and simultaneous dissolution
of the same material at the positively charged end, which leads to

linearly directed motion (Scheme 1) analogous to what has been
reported for immobilized particles.28

In order to carry out two redox reactions at opposite ends of the
object, the potential between the opposite ends of the object, ∆Vmin,
must to a first-order approximation be equal to the difference
between the formal potentials of the two redox reactions. Equation
1 illustrates the need for very high electric field values (which can
be on the order of 100 kV m-1) in order to achieve reduction and
oxidation using two different redox couples at opposite ends of a
micro- or nanoparticle.21 However, when the same fast redox couple
at both ends of an object (ZnII/Zn0 in our case) is employed, lower
electric field values are sufficient. In the present work, fields of up
to only 7 kV m-1 were needed.

As a proof of principle, first experiments were carried out at a
macroscopic level. Zinc, which grows electrochemically with a
dendritic morphology,29 was electrodeposited at the extremity of a
metallic wire inside a glass tube with an inner diameter of 0.6 mm
filled with a 0.1 M zinc sulfate solution. When a deposit of a few
millimeters length was obtained, the “swimmer” composed of zinc
dendrites was disconnected from the zinc cathode by pulling the
wire out of the capillary (Scheme 2). Finally, a potential difference
of 125 V between two external electrodes separated by 10 cm was
imposed, leading to an electric field with a value of 1.25 kV m-1.

The following reactions occurred:

at the negatively charged end of the swimmer (right side) and

∆Vmin ) Ed (1)

Scheme 1. Dynamic Bipolar Self-Regeneration Principle

Scheme 2. Experimental Process: (A) Dendrite Growth; (B)
Dendrite Detachment; (C) Dynamic Bipolar Self-Regeneration

ZnII(l) + 2e- f Zn0(s)

Zn0(s) f ZnII(l) + 2e-

Published on Web 10/21/2010

10.1021/ja107644x  2010 American Chemical Society15918 9 J. AM. CHEM. SOC. 2010, 132, 15918–15919



at the positively charged end (left side). As a consequence of these
simultaneous reactions, the swimmer was directed from left to right
at a speed of ∼60 µm s-1 [Figure 1 and video 1 in the Supporting
Information (SI)]. Because of the nonhomogeneous density of the
zinc object, its length varied during propulsion. Obviously, turning
off the electric field stopped the motion. In these pictures, depending
on the local pH conditions, the presence of a thin zinc oxide layer
behind the moving object can be noticed, suggesting that the
technique might be used for printing surfaces with a conducting or
semiconducting “ink” that could be engineered by adjusting the
swimmer composition.

This result encouraged us to perform analogous experiments at
a microscopic scale. As in the previous experiments, a zinc dendrite
was isolated in a capillary with an inner diameter of 100 µm filled
with a zinc sulfate solution whose pH was adjusted by the addition
of a small amount of acid in order to prevent zinc oxide formation
during the experiment. Next, the swimmer was exposed to an
external electric field of 7 kV m-1, which propelled it at ∼80 µm
s-1 (Figure 2 and video 2 in the SI).

The change of the swimmer morphology clearly shows that the
motion was induced by the dynamic bipolar self-regeneration
process and not by electrokinetic phenomena. Electroosmotic flow,
which definitely existed in the capillary, was oriented in the opposite
direction and therefore cannot explain the movement. We verified
that inert carbon particles indeed moved in the direction of the
electroosmotic flow. The dendrite could be propelled for several
minutes over distances in the centimeter range. Obviously, it is
possible to make this path longer by increasing the time of the
experiment, and the speed can also be controlled by tuning the
electric field value. The experiments shown here were carried out
in one dimension because of the use of a capillary, but we also

performed similar experiments under open conditions (no capillary),
in which the objects were more difficult to follow under the
microscope.

In summary, we have developed a new approach to propel objects
with a speed comparable to those reported in the literature for
existing methods. The process can be generalized to other metals,
as we have made similar observations using copper. We have shown
that it is possible to induce motion at the macro- and the microscale,
and it is straightforward to extend the same mechanism also to the
nanoscale, although in that case imaging of the motion becomes
more complicated. In the future, dynamic bipolar self-regeneration
could be used, for example, for wireless localized deposition,
making electrical contacts at the nanoscale, or surface patterning,
as the process is very robust with respect to changes in experimental
conditions.
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Supporting Information Available: Two videos (AVI) showing
the motions of (1) the zinc macroswimmer in a glass tube filled with
a zinc sulfate solution and (2) the zinc dendrite in a capillary filled
with a zinc sulfate solution with adjusted pH. This material is available
free of charge via the Internet at http://pubs.acs.org.
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(22) Mavré, F.; Chow, K.-F.; Sheridan, E.; Chang, B.-Y.; Crooks, J. A.; Crooks,
R. M. Anal. Chem. 2009, 81, 6218–6225.

(23) Ordeig, O.; Godino, N.; Del Campo, J.; Muñoz, F. X.; Nikolajeff, F.;
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Figure 1. Pictures of a zinc macroswimmer in a glass tube filled with a
zinc sulfate solution under the influence of an external electrical field,
recorded at various times (also see video 1 in the SI).

Figure 2. Optical micrographs of a zinc dendrite in a glass capillary filled
with a zinc sulfate solution at pH ≈ 5 under the influence of an external
electric field (also see video 2 in the SI).
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