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Bipolar Electrochemistry

A bipolar electrode (BPE) is an electrically conductive material that
promotes electrochemical reactions at its extremities (poles) even in the
absence of a direct ohmic contact. More specifically, when sufficient
voltage is applied to an electrolyte solution in which a BPE is
immersed, the potential difference between the BPE and the solution
drives oxidation and reduction reactions. Because no direct electrical
connection is required to activate redox reactions, large arrays of
electrodes can be controlled with just a single DC power supply or
even a battery. The wireless aspect of BPEs also makes it possible to
electrosynthesize and screen novel materials for a wide variety of ap-
plications. Finally, bipolar electrochemistry enables mobile electrodes,
dubbed microswimmers, that are able to move freely in solution.

1. Introduction

The objective of this Review is to introduce biological and
physical scientists to the concept of bipolar electrochemistry
with a view toward expanding its scope in new and interesting
directions. This is a worthwhile goal, because the broad
adoption of electrochemical methods by those working in
other subdisciplines of science in recent years has under-
scored some shortcomings of existing techniques, apparatuses,
and theory. These include the difficulty of making direct
electrical contact to nanoscale electrodes, maintaining control
over and reading out very large arrays of electrodes simulta-
neously, controlling electrodes that are mobile in solution,
maintaining a non-uniform potential difference over the
surface of an electrode, and using electrodes to control local
solution potentials. In this Review, we will show that all of
these aspects of electrochemistry can be addressed, at least
partially, using bipolar electrodes (BPEs).

A more detailed summary of the principles underpinning
bipolar electrochemistry will be presented in Section 2, but it
is instructive to provide a very brief overview now. Scheme 1
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shows a typical experimental configuration used for carrying
out bipolar electrochemistry. Here, the driving electrodes
apply a uniform electric field across the electrolyte solution,
and the resulting faradaic electrochemical reactions at the
BPE are shown occurring at the anodic (blue arrow) and
cathodic (red arrow) poles of the BPE. As discussed later, the
interfacial potential difference between the solution and BPE
is highest at the ends of the electrode, so faradaic processes
are always observed there first.

Consider the following simple thought experiment based
on the electrochemical cell shown in Scheme 1, a platinum
BPE, and an aqueous solution containing a dilute, inert
electrolyte. When the power supply is turned on to, for
example, 1 V, no faradaic reactions are observed at either the
driving electrodes or the BPE. However, at a critical voltage
that depends on a number of experimental factors, bubbles
are observed at the poles of the BPE. Analysis would show
that those at the cathodic pole are hydrogen and those at the
anodic pole are oxygen. In other words, even though the BPE
is an equipotential surface (or nearly so), the electrolysis of
water is occurring at its two poles. Importantly, charge must
be conserved at the BPE, and therefore the rates of formation
of 1,0, and H, are the same. Faradaic reactions might also
occur at the driving electrodes, but although this is usually
a nuisance it does not directly affect the BPE. We wish to
emphasize that this is an oversimplified version of bipolar
electrochemistry, but more details and experimental nuances
will be discussed later.

The main focus of the present article is on interesting
fundamentals and applications of bipolar electrochemistry
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that have emerged since about the year 2000, but it is
important to note that bipolar electrochemistry has been
around for many years. Beginning in the 1960s, Fleischmann,
Goodridge, Wright, and co-workers described fluidized bed
electrodes, where a voltage applied between two driving
electrodes enables electrochemical reactions at discrete
conductive particles.'® Since these early studies, bipolar
fluidized bed electrodes have been used in applications
ranging from improving the efficiency of electrosyntheses,"!
photoelectrochemical cells,'*!"! and even batteries.'”! Bipolar
plate technology is critical for polymeric electrolyte mem-
brane (PEM) fuel cells where the plates form a series of
BPEs.'>% Additionally, neuronal behavior can also be
mimicked using short-circuited microbands which act as
a BPE, forming logic gates."”!

During the past 15 years or so, many interesting bipolar
electrochemical experiments have been presented in the
literature, and some of these are discussed in a recently
published review article."* Our own group has explored
a number of fundamental aspects and applications of bipolar
electrochemistry. For example, Figure 1a is an optical micro-
graph of a microfabricated BPE array consisting of 1000
electrodes.'® When a sufficiently large driving voltage is
applied to the array, electrogenerated chemiluminescence
(ECL) is produced at the anodic pole of each BPE (Fig-
ure 1b). The important result of this experiment is that the
wireless capabilities of BPEs allow arbitrarily large arrays of
electrodes to be powered in a very simple setup.

A number of groups have shown that bipolar electro-
chemical reactions can be used to induce motion in
objects.'” An illustrative example from Kuhn’s group is
shown in Figure 2.2 Here, bubbles produced by electro-
chemical reactions (i.e., H, or O,) generate sufficient
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propulsion to induce the movement of small BPEs. Composi-
tional or chemical gradients can be synthesized on BPEs, as
has been elegantly demonstrated by Inagi, Fuchigami, and co-
workers, who carried out position-dependent doping of
electroactive polymers (Figure 3).2*%! Qur group has also
investigated BPEs as a means of enriching and separating
charged species electrokinetically. In Figure 4, a single Au
BPE is used to locally enrich several different charged
markers in a single microchannel.’® This approach makes it
possible to concentrate analytes up to 500000-fold in a highly
controlled zone.” Finally, arrays of BPEs can be used for
a variety of sensing and screening applications,"®***! which
we will discuss in Section 4. Further explanation and dis-
cussion of these types of bipolar electrochemical experiments
are included in later sections.

2. Fundamentals of Bipolar Electrochemistry
2.1. Relationship Between Driving Electrodes and a BPE

A key point for understanding wireless bipolar electro-
chemistry is that the poles of a BPE are oriented in the
opposite polarity of the driving electrodes (Scheme 2 a). This
was clearly demonstrated by Manz and co-workers who
placed a Pt wire in a weighing boat filled with a pH indicator
solution. As shown in Figure 5a, application of 30V
between the red and blue wires (driving electrodes) causes
the pH of the solution at the positive driving electrode
(anode, red) to decrease (orange color) due to water
oxidation and concomitant production of H'. Likewise,
water reduction at the negative driving electrode (cathode,
blue) leads to formation of OH™, an increase in pH, and the
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Figure 1. a) Optical micrograph of an array of 1000 Au BPEs. Each BPE
is 500 um long and 50 um wide, and the electrodes are spaced by

50 pum vertically and 200 pm horizontally. b) Luminescence micrograph
showing the ECL response of 5 mm [Ru(bpy),]*" and 25 mM tri-n-
propylamine (TPrA) in 0.10 m phosphate buffer (pH 6.9) when
E.+=385.0 V. ¢) Photograph of the bipolar electrochemical cell showing
the BPE array immersed in electrolyte solution contained within

a poly(dimethylsiloxane) (PDMS) reservoir. The two alligator clips are
attached to stainless steel driving electrodes that span the array.

d) Plot of ECL intensity vs. pixel number showing the uniformity of the
ECL response over the rows of BPEs indicated by the white arrows in
(b). The ECL intensity varies by no more than 10%, indicating that
AE,. is uniform over the entire array. Reprinted (adapted) with
permission from Ref. [16]. Copyright 2008 American Chemical Society.
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Figure 2. a) Schematic illustration of bipolar electrochemical water
splitting on a conductive microbead. b) Optical micrograph of a 1 mm
diameter stainless steel bead experiencing an electric field of

1.6 Vmm™" in 24 mm H,SO,. The cathodic pole is located on the left
side of the bead and the scale bar indicates 250 um. c) Motion of

a 285 um diameter glassy carbon microbead in a microchannel
exposed to a 5.3 Vmm™' electric field in 7 mm H,SO, (scale
bar=100 pm). d) Scheme showing proton reduction and hydroqui-
none oxidation on a BPE sphere. €) Motion of a 1 mm diameter
stainless steel bead exposed to a 1.3 Vmm™' electric field in 24 mm
HCl and 48 mm hydroquinone (scale bar=1 mm). f) Motion of

a 275 um diameter glassy carbon microbead in a microchannel with
a4.3Vmm™' electric field in 7 mm HCl and 14 mm hydroquinone
(scale bar=100 pm). Reprinted by permission from Macmillan Pub-
lishers Ltd, Nature Communications, Ref. [21], copyright 2011.

observed purple color of the indicator. In Figure 5b, a U-
shaped Pt wire (BPE) has been inserted between the driving
electrodes, and the change in color of the indicator demon-
strates that water electrolysis occurs at its ends, even though it
is not in direct electrical contact with the power supply.
Moreover, the relative positions of the colors reveal the poles
of the BPE are oriented in the opposite polarity of the driving
electrodes.
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Figure 3. Gradient doping of conducting polymers. a) Poly(3-methyl-
thiophene) (P3MT), b) poly(3,4-ethylenedioxythiophene) (PEDOT), and
c) poly(aniline) (PANI). Adapted with permission from Ref. [25]. Copy-
right 2011 American Chemical Society.
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Figure 4. a) Optical micrograph of a 500 um long Au BPE in a micro-
fluidic channel. b) Fluorescence micrograph demonstrating simultane-
ous enrichment and separation of the anionic tracers 4,4-difluoro-
1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene-2,6-disulfonic acid
(BODIPY?") and 8-methoxypyrene-1,3,6-trisulfonic acid (MPTS®") 200 s
after application of E,,;=40 V. The white dashed lines indicate the
edges of the BPE, and the gray dotted lines indicate the walls of the
microchannel. (c) Fluorescence micrographs showing the enrichment
and separation of MPTS®™ and 1,3,6,8-pyrene tetrasulfonic acid (PTS*")
400 s after the application of E,,=60 V. Adapted with permission from
Ref. [26]. Copyright 2009 American Chemical Society.

Figure 5. a) A plastic weighing boat outfitted with two Pt driving
electrodes embedded in its walls and filled with a universal pH
indicator solution. 30 V was applied between the two driving electro-
des and the indicator solution shows the changes in local pH due to
the water oxidation (left) and water reduction (right). b) When a U-
shaped Pt wire is added to the weighing boat it acts as a BPE, and
faradaic reactions occur at its surface. The positive driving electrode
(red) induces a cathode at the nearest pole of the BPE and the
negative driving electrode (blue) induces an anode. Adapted with
permission from Ref. [45]. Copyright 2001 American Chemical Society.
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2.2. Potential Differences in Bipolar Electrochemistry

Cells for carrying out bipolar electrochemistry can be
configured to accommodate a range of applications from
preparative-scale electrosynthesis to microanalysis. For exam-
ple, Scheme 2a is an illustration showing a simple microscale
cell design used by our group. In this case, a BPE, or an array
consisting of multiple BPEs, is embedded within a microfluidic
channel that has a height of tens of microns, a width of
hundreds of microns, and a length of perhaps a centimeter.
Potential contaminants electrogenerated at the driving elec-
trodes do not interfere with the BPE in this design, because of
the macroscale length of the channel.

The voltage applied between the two driving electrodes
(E) results in an electric field in solution that causes the
BPE to float to an equilibrium potential (E.,.) that depends
on its position in the field and the composition of the
electrolyte solution. Because the electrode is a conductor, its
potential (E,.) is the same (or nearly so) everywhere on its
surface. However, the interfacial potential difference between
the BPE and the solution varies along its length due to the
presence of an electric field in solution. It is these anodic and
cathodic overpotentials,*®l ,, and 7, respectively, that drive
electrochemical reactions at the poles of a BPE. Scheme 2b
shows that the magnitudes of the overpotentials depend on
just two experimental variables: the magnitude of E, and the
length of the BPE. The location on the BPE that defines the
boundary between its two poles, and therefore itself has zero
overpotential with respect to the solution, is defined as x,.
Although x, is represented as being at the center of the BPE
in Scheme 2D, its actual location depends on the nature of the
faradaic processes occurring at the poles.F!

As mentioned earlier, the magnitudes of the overpoten-
tials vary along the length of the BPEs, with the highest
overpotentials occurring at its extremities. This is in contrast
to the working electrode in a traditional three-electrode cell
configuration, wherein the interfacial potential difference is
generally considered to be uniform (although this depends on
how the cell is designed, the placement of the three electrodes
relative to one another, and the resistivity of the electrolyte
solution).*! In either case, however, it is this interfacial
potential difference that drives electrochemical reactions.”
Importantly, the non-uniformity of the interfacial potential
differences along the length of a BPE can be quite beneficial.
For example, as we will show later, it can be used to
simultaneously drive reactions at different rates or to
synthesize materials and thin films having a graded compo-
sition or density.

2.3. Controlling the Electric Field and Current Paths

The electric field that powers bipolar electrochemistry is
typically applied by a pair (or more) of driving electrodes,
which can be metallic (e.g., Au, Ag, Pt, or stainless steel),
carbonaceous (e.g., glassy carbon or graphite), or nonpolar-
izable (e.g., Ag/AgCl reference electrode). The nature of the
electric field formed between the driving electrodes depends
on the cell geometry and the conductivity of the electrolyte

Angew. Chem. Int. Ed. 2013, 52, 10438 —10456
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solution. In some cases a linear electric field is generated by
restricting the cross-sectional area of the solution between the
driving electrodes, thereby increasing its resistance. This can
be achieved by embedding the BPE in a microchannel having
a small cross-sectional area (e.g., Scheme 2a) or by limiting
the volume of electrolyte solution over a BPE in an open
channel. We,***! along with Duval and co-workers, have
discussed many of the parameters that control bipolar
electrochemical processes.”*** As alluded to earlier, these
parameters include E,,, the distance separating the driving
electrodes, /e, and the length of the BPE, /... The fraction
of E that is dropped over a BPE, which we refer to as AE,,
can be estimated using Equation (1).5+*74

AE‘elec = Elo(( lC]CC ) (])

lchannel

The value of AE,.. is a critical parameter for analyzing
electrochemical processes at BPEs. The simple relationship
expressed in Equation (1) incorporates a number of assump-
tions that may be possible to ignore for a particular system,
but not others. For example, it assumes that an active BPE
does not significantly affect the electric field in the solution,
which is often not the case.

The foregoing point can be understood in terms of the
equivalent circuits shown in Scheme 3, which are reasonably

a) E, N No BPE b) E BPE Present

Rs

Scheme 3.

good approximations of the resistances present in the type of
cell shown in Scheme 2 a. In the absence of a BPE, the current
flowing between the driving electrodes is entirely ionic
(Scheme 3 ).’ The magnitude of the ionic current moving
through the electrolyte is then governed by the magnitude of
the applied potential (E,,) and the resistance of the solution
(Rs). When faradaic reactions occur at a BPE, a second path
for current, in the form of electrons moving through the BPE,
is available (Scheme 3b). We now define the parameter R,
which is the total resistance to electronic current posed by the
BPE, hence, incorporating the charge transfer resistance
(R.)P*¥ and relevant aspects of mass transfer. If the resistance
of the solution above the BPE (Rg,) is much lower than R,
then most of the current in the cell passes through the solution
rather than the BPE. In this case, the electric field is not
significantly perturbed by the BPE. However, when Rg, >

Angew. Chem. Int. Ed. 2013, 52, 10438 —10456

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

R, Which can be achieved by lowering the concentration
of the electrolyte, substantial current flows through the BPE.
This can cause either an increase or decrease in the local
electric field strength in solution, which is proportional to
it Rsy (i is the total current flowing in the cell), thus
resulting in a nonlinear electric field in the solution above the
BPE. Duval and co-workers call this effect faradaic depola-
rization, and its magnitude depends on the strength of the
electric field, the concentration of the supporting electrolyte,
and the electrochemical properties of the electroactive
species in the system."* It is also important to note that
Equation (1) does not account for any potential dropping at
the driving electrodes. The fractional loss of E,, within the
electrochemical double layers can, under some circumstances,
be substantial.®® Other electrochemical process can also
mitigate Equation (1), but these are far more minor than the
two discussed here and are, therefore, beyond the scope of
this Review.

2.4. Open and Closed BPEs

The majority of this Review focuses on the use of “open”
BPEs, where current can flow through both the electrolyte
and the BPE. As discussed in Section 2.3, these types of
devices are defined by the existence of two possible current
paths: electronic and ionic. However, several interesting
reports describe the use of “closed” BPEs (Scheme 4a).>>)
In a closed BPE system, the solutions contacting the BPE
anode and cathode are physically separated from one
another, and the only current path between the two half
cells is through a BPE (Scheme 4b).

a) Eo| b)  Ea

| O |insulator | ~O" |

y

A R’ RS1 Relec RS3

Scheme 4.

One very interesting example of closed BPEs was recently
demonstrated by Zhang and co-workers.”®*! They showed
that certain types of carbon microfiber electrodes, which are
commonly used in several subfields of bioelectrochemistry,
actually function as closed BPEs. This was an important
discovery, because it accounts for numerous measurement
artifacts that have been observed over the last 30 years.

2.5. Split and Continuous BPEs

Most bipolar electrodes are continuous, meaning that the
electrode is comprised of a single conductor like that shown in
Scheme 1. However, it is also possible to connect two or more

separate electrodes to create a BPE. We call these “split”
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BPEs, and they are particularly useful because the poles can
be connected to an ammeter or voltmeter exterior to the
fluidic space. This means that the current and voltage can be
measured in situ. Split BPEs will be discussed in greater detail
in Sections 4.2 and 5.3.

With this fundamental background, we now turn to
a discussion of several interesting applications of bipolar
electrochemistry. These include the selective preparation of
unique materials, the creation of BPE-based sensing plat-
forms, the enrichment of charged molecules, and the develop-
ment of electrochemically powered micro- and nanomotors.
We also provide an outlook for the future of BPEs as
a flexible platform for probing and manipulating chemical
systems.

3. Materials Preparation and Fabrication

Bipolar electrochemistry is a versatile approach that
simplifies some of the complications associated with micro-
and nanofabrication. In most cases, where the primary focus is
electrodissolution and/or electrodeposition of materials at the
poles of BPEs, the only requirement is the application of
a driving voltage. The inherent advantage of bipolar electro-
chemistry is that many electrodes can be modified simulta-
neously without a direct electrical connection. By carefully
selecting the experimental parameters, electrochemical reac-
tions can be easily controlled. As such, bipolar electrochem-
istry has advantages over other techniques, because it is
capable of producing gradients of electrodeposited materials
as well as providing a means for site-selective deposition.

3.1. Wire Formation

A direct electrical connection between physically sepa-
rated BPEs can be achieved using bipolar electrochemistry.
Scheme 5a shows that if AE,. is sufficiently high, then
a metallic BPE can undergo electrodissolution at its anodic
pole, thereby producing metal cations that can subsequently
be electrodeposited on the cathodic pole of a second, nearby
BPE. In a very early demonstration of this principle, Bradley
and co-workers showed that two separated Cu particles could
be brought into electrical contact by directional growth of Cu
microwires (Figure 6).1°%! Initially, the faradaic processes at
both particles were electrodissolution of Cu at the anodic
poles and water reduction at the cathodic poles (Scheme 5a).
However, when electrogenerated Cu”* reached the cathodic
pole of the particle to the left, electrodeposition of Cu
competed with water reduction and the formation of Cu
dendrites was observed (Figure 6a). The important point is
that the two objects were electrically connected (Figure 6b)
without using photolithographic methods and without having
to make an ohmic contact to either object. In a related
experiment, Bradley etal. were able to obtain electrical
contacts between a Si semiconductor plate sandwiched by two
Cu rings.*! By switching the direction of the electric field,
wire connections were formed between each Cu ring and the
Si plate in the middle, leading to structures that functioned as

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Formation of Cu wires between Cu particles by simultaneous
electrodeposition and electrodissolution via bipolar electrochemistry.
Two ca. 1 mm-diameter Cu particles were suspended in an aqueous
solution and oriented between a pair of Pt driving electrodes. Cu
deposits formed after a) 10 s and b) 29 s with an applied potential bias
of 45.5 V. Adapted with permission from Macmillan Publishers Ltd,
Nature, Ref. [60], copyright 1997.

diodes. Because many such contacts can be established
simultaneously, and because the method easily translates to
the nanoscale, it seems reasonable to expect that this
approach will eventually find commercial applications.

Bradley and co-workers also used bipolar electrochemis-
try to prepare heterogeneous catalysts. For example, they
investigated the electrodeposition of Pd onto graphite
particles embedded within paper substrates.””! They also
electrodeposited Pd onto carbon nanotubes (CNTs) and
nanofiber tips.[! These are interesting examples of nanoscale
modification of carbon materials and mark a novel method
for preparing heterogeneous catalysts.

Angew. Chem. Int. Ed. 2013, 52, 10438 —10456
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3.2. Asymmetric Modification of Materials

Kuhn and co-workers have greatly expanded upon the
pioneering electrodeposition studies of Bradley’s group. For
example, they showed that electrochemistry could be carried
out on nanoscale BPEs. This is a significant advance because,
according to Equation (1), bipolar electrodeposition onto
nanoscale objects requires very high electric fields to achieve
a sufficient AE,,. to drive electrochemical reactions. Kuhn
solved this problem by using a capillary electrophoresis (CE)
setup to apply the field. The technique is called capillary
assisted bipolar electrodeposition (CABED). The experi-
mental arrangement consists of a small-bore capillary filled
with an aqueous solution containing the CNTs and a salt of
the metal to be deposited onto them (Scheme 5b).1*! Just as in
CE, the ends of this capillary are placed into compartments
housing driving electrodes connected to a high voltage power
supply. The resulting electric field leads to electroosmotic
flow (EOF) from the anodic to the cathodic compartments. In
one example from Kuhn’s group, mobile CNTs acted as the
BPEs, and as they moved toward the cathodic compartment,
water was oxidized at their anodic poles and Au’" was
reduced to Au’ at their cathodic poles. This resulted in
electrodeposition of Au at just one end of the CNTs
(Figure 7). Other metals, including Cu and Ni, were also

CNT

.

Au/v

100 nm -
Figure 7. Transmission electron micrograph of a 500 nm CNT and the
asymmetric deposition of Au via CABED. The CNTs were placed in
a 45 cm long capillary containing aqueous 1.0 mm HAuCl,. Upon the
application of 30 kV, Au deposited at the cathodic pole of the CNT.
Adapted with permission from Ref. [69]. Copyright 2008 American
Chemical Society.

electrodeposited using the same method, with the latter
composite having magnetic properties.””) Non-metallic mate-
rials, such as conductive polymers, can also be deposited using
CABED."! For example, Janus-type objects were created by
oxidizing pyrrole at one end of a CNT, to produce poly-
(pyrrole), and reducing Cu®" at the other end.

While Kuhn’s initial studies focused on capillary-based
techniques, they showed that similar results could be achieved
in simpler bipolar electrochemical cells. Specifically, the
limitation on the number of particles that could be modified
in the capillary was alleviated by a clever cell design where
a pair of polymer or sintered glass membranes were employed
to separate the BPEs and reactants from the driving electro-
des and an inert electrolyte solution.” They demonstrated
the utility of this approach by electrodepositing Cu,”! Au,™
and Pt onto dispersions of carbon microtubes and glassy
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carbon beads. Kuhn and co-workers also used this type of cell
to modify carbon microbeads using an indirect electrochem-
ical approach in which a pH gradient was generated at the
poles of a BPE to selectively precipitate inorganic and
polymeric layers.™ For example, silica, TiO,, and electro-
phoretic deposition paints were prepared site-selectively
using this method. Kuhn and co-workers have also demon-
strated the bipolar electrodeposition of Prussian blue on
graphite rods, which can be used to generate luminol
chemiluminescence.””

Bipolar electrochemistry can also be combined with other
methods to achieve interesting results. For instance, Nelson
and co-workers developed a technique, which they call
floating-electrode dielectrophoresis, for BPE-aided dielectro-
phoretic assembly of CNTs."® Here, BPEs smooth the electric
field and allow for more precise and predictable deposition of
CNTs at desired locations.

3.3. Generation of Compositional Gradients

As mentioned earlier, the highest overpotentials are
generated at the outermost edges of a BPE and they gradually
decrease until reaching x, (Scheme 5c). It is possible to take
advantage of this property of BPEs to prepare gradients of
materials. For example, Bjorefors and co-workers showed that
gradients of thiol-based self-assembled monolayers (SAMs)
could be prepared by controlled potential desorption or
deposition onto Au BPEs.””! In this case, the surface density
of thiols is controlled by the variable interfacial potential
difference along the BPE (Scheme 5c). The same group used
surface plasmon resonance to show that electrochemical
gradients of [Fe(CN)¢]*~ and [Fe(CN),]*~ could be prepared
in a solution in contact with a Au BPE (Figure 8).

When two or more different electroactive materials
having different standard potentials (E°) are present in
solution, a compositional gradient can be formed along the
length of a BPE. In this case, the materials having the least
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Figure 8. Surface plasmon resonance image of the gradient oxidation
of [Fe(CN)¢]* to [Fe(CN)¢]>~ at the anodic pole of a BPE as a function
of the indicated total currents. The voltage was applied through

a 200 mm [Fe(CN)]*~ solution via two stainless steel driving electro-

des.
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negative E° (requiring the least overpotential) are deposited
closest to x, while those having the most negative E°
(requiring the highest overpotential) are only deposited at
the ends of the BPE (Scheme 5c¢). Shannon and Rama-
krishnan demonstrated this principle by electrodepositing
a compositional gradient of CdS on a Au BPE.” The
composition of the gradient was analyzed by surface
enhanced Raman spectroscopy and found to be consistent
with the E° values required to deposit the individual
materials. In other words, the gradient was well-defined and
predictable. The same technique was used to synthesize
gradients of Ag-Au alloys on stainless steel BPEs.””!

Inagi, Fuchigami, and co-workers showed that conductiv-
ity gradients of conductive polymers can be prepared on
BPEs by position-dependent doping and undoping in non-
aqueous solvents.?*?%52 For instance, a poly(3-methylthio-
phene) (P3MT) film on an ITO support was anodically doped
with PF,~, changing its color from dark red to blue (Fig-
ure 3a).?* Other dopants (e.g., Cl7) and conductive polymers
(e.g., poly(aniline) and poly(3,4-ethylenethiophene)) were
manipulated in a similar way,”! more localized doping was
achieved by manipulating the experimental set-up,® and
electro-click reactions were also proposed for selective
modification of electrode surfaces.

4. Sensing and Screening Applications
4.1. Principles of BPE-based Sensing

BPEs have only recently been used as electroanalytical
sensors, probably because it is not easy to directly measure the
current flowing through them. However, our group recently
solved this problem. Consequently, the advantages of using
BPEs for sensing and screening applications have become
more compelling. Within the context of sensing and screening,
these advantages include: 1) no direct electrical connection is
required; 2) many electrodes can be controlled simultane-
ously with a single DC power supply; 3) the sensing electro-
des can have micron-scale, or even nanoscale, dimensions.

The basic operating principle of BPE sensing and screen-
ing devices relies on electrical coupling between the sensing
and the reporting poles (the reporting pole is the end of the
BPE signaling the state of the sensing pole). In other words,
the current passing through the two poles of the BPE must be
equal (i.e., g4 =—I,). For example, and as shown in
Scheme 6a, if the sensing reaction is an electrochemical
reduction, then the electrons required at the cathodic pole
originate from a proportional oxidative reporting reaction at
the anodic pole. In the absence of the analytical target species,
no oxidation occurs. Most reporting reactions that have been
discussed in the literature are oxidations that generate an
easily observable optical signal at the anodic pole of a BPE.
Optical readouts include ECL, fluorescence, and anodic
dissolution (or change in refractive index) of a metal film.
The advantage of these approaches is that they are easily
implemented in parallel and are thus amenable to simulta-
neous readout of large arrays of BPEs. When employing these
arrays, it is important to consider that sensing and screening
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experiments typically require each electrode to act independ-
ently of others, and therefore the amount of diffusion layer
overlap between electrodes and the extent of faradaic
depolarization should be minimized.

4.2. Amperometric Detection using Split Microband BPEs

It is also possible to directly measure the current passing
through a BPE by inserting an ammeter between its poles
(Scheme 6b). This method is useful for calibrating optical
signals for a small number of BPEs, but it is impractical for
large arrays because an ammeter would be required for each
electrode. An early demonstration of directly measuring the
current flowing through a BPE was introduced by Nyholm
and Klett, who used BPEs for amperometric detection in
CE.®I For this purpose, they used the split BPE configuration
shown in Scheme 6b, which consists of two separated poles
connected external to the capillary with an ammeter. By
taking advantage of the electric field inherent to CE, this
approach avoids the need for a potentiostat. Note, this high
field is a nuisance when one tries to integrate traditional
three-electrode electrochemical detection into CE.’ The
authors demonstrated that a split BPE produces results
similar to those obtained using cyclic voltammetry. Nyholm
and co-workers later expanded this work to include an array
of 20 Au microbands so that analytes with different £° values
could be detected simultaneously.’®”

4.3. Sensing and Reporting by ECL at a Single BPE Pole

To avoid making a direct electrical contact to the BPE,
Manz and co-workers introduced ECL as an optical signal
transduction method (Scheme 6¢).*! Briefly, ECL occurs

when an excited state molecule, generated from a series of
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charge-transfer reactions, relaxes to the ground state and
emits a photon.®™ ECL is highly sensitive, with near zero-
background signal, because no excitation light source is
required to drive it. One of the most effective and widely used
ECL reactions involves the co-oxidation of tris(bipyridine)r-
uthenium(II) ([Ru(bpy);]*") and tri-n-propylamine (TPrA).
Manz and co-workers used this type of ECL reaction to detect
[Ru(phen);]** and [Ru(bpy);]*" following electrophoretic
separation. In this case, TPrA was present in the separation
column, and the electric field required for CE separations
energized the BPE. When both detection and readout occur
at the same pole of the BPE, as in this example, then the
accessible analytes are limited to species that participate or
compete with the ECL-producing reaction. A competition
reaction was recently demonstrated in which mRNA sequen-
ces associated with breast cancer cells displaced a second
strand labeled with a [Ru(bpy);]*"-laden silica particle
resulting in a reduction in ECL intensity."®"!

4.4. Electrically Coupled Sensing using ECL

Our group introduced a sensing scheme in which the
reporting and sensing reactions occur on different poles. The
important innovation here is that the sensing and reporting
poles are decoupled, but their electrochemical relationship is
preserved via conservation of charge (Scheme 6). This new
approach eliminated the previous requirement that analytes
be capable of direct participation in the ECL reaction
sequence, and hence opened the door to BPE sensing of
a wide variety of analytes.

In our initial study, we showed that the detection of benzyl
viologen (BV?") at the BPE cathode was electrically coupled
to ECL emission occurring at the anode (Scheme 6¢). More-
over, the effect of electrode length and geometry on ECL
emission were investigated.® With Duval’s work as a foun-
dation, we described a semi-empirical approach for predicting
E,.., in addition to AE,, as a function of E,., and we showed
that the intensity of ECL emission can be directly correlated
to the magnitude of current flowing through the BPE.F!
During a sensing or screening experiment using BPEs as
illustrated in Scheme 6, which we refer to as “open” BPEs, it
is critical that each electrode experiences a uniform electric
field. As alluded to earlier, this means that only a small
fraction of the total current, typically less than 1%, is
permitted to pass through the BPE with the remainder
traversing the solution as an ionic flux (Scheme 3b).5! Closed
BPEs do not have this requirement because the only path for
current flow between driving electrodes is via electron
transfer through the BPEs (Scheme 4).

On the basis of these simple operating principles, BPE
sensors have been employed to detect myriad analytes. For
example, our group demonstrated a DNA sensor with ECL
readout following a design similar to that shown in Sche-
me 6¢, except the cathodic pole of a Au BPE was modified
with a thiol-terminated probe single-stranded DNA (ssDNA)
sequence.” In a control experiment, with E,,=22.0V, no
ECL was observed because AFE,,. was insufficient to drive
significant faradaic reactions at the modified Au BPE.
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However, when the target ssDNA labeled with a Pt nano-
particle (NP) hybridized with the electrode, E,,,=22.0 V was
sufficient to drive the oxygen reduction reaction (ORR) at
the Pt NP surface. The lowering of the required #,,, and thus
AE,.. by the Pt catalyst then activated ECL emission at the
anode. This experiment also clearly demonstrated a basic
principle of many BPE sensing platforms: the sensing
reaction must facilitate or catalyze a reaction to enhance
the current flowing through the BPE.

As previously mentioned, one of the main virtues of
bipolar electrochemistry is that many BPEs can be driven
simultaneously using a single power supply and two driving
electrodes. Figure 1a is an optical micrograph of a device that
incorporates 1000 BPEs.") When a sufficiently high E,, is
applied through the two driving electrodes spanning the array,
red ECL emission is observed at the anode of each of the
electrodes (Figure 1b). As shown in Figure 1c¢, the config-
uration of this device is extremely simple. The most important
design rule for large arrays of this sort is that the potential
dropped over each electrode (AE,.) be the same. In the
present case, this is demonstrated by the remarkable uni-
formity of the ECL line scans shown in Figure 1d. In this
particular experiment, no sensing chemistry was placed on the
cathodic poles of the BPEs, but clearly this can be accom-
plished using a robotic spotter, as we will discuss later in
Section 4.6, to yield massively parallel sensing arrays.

In some cases, the solution conditions required for sensing
and reporting reactions may be incompatible with one-
another, and hence it is necessary to place the anodic and
cathodic poles of the electrodes into spatially isolated
compartments. To address this requirement, we developed
a bipolar electrochemical cell in which a BPE, or multiple
BPEs, span two microchannels.””) When the same E,, is
applied across the two channels, the sensing and reporting
reactions are electrically coupled through the BPE but remain
otherwise separated. This approach has been used to follow
ECL emission coupled to the reduction of [Fe(CN)¢]*~, which
can be used for the indirect detection of glycated hemoglo-
bin.®! Chen and co-workers recently used a similar two-
channel design to detect prostate-specific antigen (PSA). In
their approach, PSA guides the deposition of Ag NPs to the
space between two microbands. Eventually the two micro-
bands become electrically connected, and the resulting BPE
has sufficient length to generated ECL at the applied value of
Ej™

Interestingly, new functionality has been introduced to
ECL reporting by changing either the electrochemical cell or
the shape of the BPE. In the former case, we showed that
when a single BPE is present at the intersection of two
microchannels, four driving electrodes can be used to control
the electric field in such a way that electrochemical reactions
can be localized at specific points on the BPE surface.[*! In
the latter case, the shape of the BPE was changed from
a simple rectangle to a triangle. A single triangle acts just like
an array of individual BPEs having different lengths, which
means that each location on the edge of a triangular BPE
experiences a different overpotential. Hence, a single lumi-
nescence micrograph can be used to extract kinetic informa-
tion using a technique we call “snapshot voltammetry”.*l We
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have also shown that multiple channels and BPEs can be
configured to yield logic functions like NOR, OR, and NAND
with optical readout.’”-®] These could eventually be useful for
sensing and signaling applications. Foret, Manz, and co-
workers recently demonstrated that floating Au platelets can
act as BPEs in a CE separation, where ECL might be used to
follow a cathodic sensing reaction.”” The important result is
that the platelets are easily replaced because they move in the
separation volume.

4.5. Detection using the Anodic Dissolution of a Metal Film

In addition to ECL readout, our group has pioneered the
use of metal film electrodissolution as a reporting reaction for
bipolar electrochemistry.®® When E,, is applied, the electro-
dissolution of thermally deposited Ag is electrically coupled
to a reduction reaction occurring at the cathodic pole of the
BPE (Scheme 6d). Because 7,, is highest at the extreme edge
of the BPE anode, Ag first begins to dissolve at the distal edge
of the electrode and then continues to dissolve toward x,. The
dissolution will continue until it reaches a critical point, where
AE,.. cannot drive the two types of faradaic processes. This
approach has a number of advantages over the ECL signaling
method. First, it eliminates the need for detection of light,
because the change in length of the electrode can be read with
the naked eye. Second, it eliminates the need for solution-
phase reagents like [Ru(bpy);]*". Third, the amount of charge
stored in the Ag as a function of its length depends only on the
thickness of the film, and therefore a very broad dynamic
range of sensitivities is available for sensing applications.
Fourth, Ag dissolution is associated with a single redox
process, whereas ECL relies on two redox processes which
can compromise the limit of detection for sensing applica-
tions.[%!

We demonstrated the idea of using the Ag electrodisso-
lution reaction for chemical sensing by immobilizing a probe
ssDNA sequence on the cathodic pole of a BPE.*®l When
a target sequence labeled with horseradish peroxidase (HRP)
hybridized to the probe, the HRP catalyzed the reduction of
H,O, to water via a mediator. The presence of the mediator,
and hence the ssDNA target, was then signaled by a change in
the length of the Ag thin film at the anodic pole of the BPE. In
the absence of the target, no change was observed.

Interestingly, a BPE can be activated without any external
power source. This type of device, which is shown in
Figure 9a, is powered by a phenomenon called streaming
potential, which is essentially the opposite of electroosmosis
because it is initiated by simply pushing an electrolyte
solution through a microchannel having charged walls.*!!
Streaming potentials used for the experiment shown in
Figure 9 resulted from the movement of counterions in the
electrical double layer at the interface between the electrolyte
solution and the charged walls of a poly(dimethylsiloxane)
(PDMS)/glass microchannel. When the resistivity of the
electrolyte solution is kept high (=MQcm™), streaming
potentials of up to 8 V can be achieved. As a proof of concept,
benzoquinone was detected using Ag electrodissolution as
a reporting mechanism (Figure 9b,c). By eliminating the need

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R. M. Crooks et al.

\athod: 500 pm

split BPE

a-anode/

; s
microchannel

flow
—

Figure 9. a) Optical micrograph of a microfluidic channel that incorpo-
rates a split BPE for streaming potential experiments. The channel was
6 mm long and the BPE consisted of two Au microbands making
lec=4.5 mm. b) An optical micrograph of the BPE anode, which was
modified with a 20 nm thick layer of Ag over 5 nm of Cr. The channel
contained an aqueous 1.0 mM benzoquinone solution. At t=0s, the
two poles of the BPE were connected externally. c) After 1400 s, the Ag
film was completely oxidized. Adapted with permission from Ref. [41].
Copyright 2011 American Chemical Society.

for a power source, this type of detection scheme opens up the
possibility to perform point-of-care sensing applications in
resource-limited settings.

4.6. Electrocatalyst Screening

In addition to using metal film dissolution for sensing
applications, it can also be used for the rapid screening of
electrocatalysts. In one recent example from our group, the
cathodic poles of an array of BPEs were spotted with catalyst
candidates for the ORR.[*” When a voltage was applied across
the array by a pair of driving electrodes, electrodissolution of
Ag microbands was initiated. The key point is that the
number of bands dissolved depends on the efficiency of the
associated electrocatalyst. This concept is illustrated sche-
matically in Figure 10.

This method relies on the fact that the overpotential
between the BPE and the solution varies laterally along the
BPE (Scheme 5c). The most effective electrocatalyst requires
the lowest AE,. for dissolution of Ag, and therefore, the
overall length of the BPE associated with that catalyst will be
the shortest at equilibrium. In other words, as the bands begin
to dissolve, the effective length of the electrode (Zy..)
decreases, which in turn decreases AE,. [Eq.(1)]. The
bands stop dissolving once this driving force becomes
insufficient to simultaneously drive Ag oxidation and the
ORR. Figure 10c shows the screening device prior to the
application of E,, and Figure 10d shows the result of the
experiment. The readout of this device is simple: the more Ag
bands that dissolve, the better the electrocatalyst. We have
recently expanded and improved our BPE electrocatalyst
screening platform by increasing the size of the array by an
order of magnitude, changing the identity of the anodic
reporter to Cr (which oxidizes near the thermodynamic
potential of the ORR), and implementing piezodispensing as
a method of introducing compositionally varied electrocata-
lyst candidates.™! This setup was used to evaluate three
bimetallic systems for the ORR: Pd-Au, Pd-Co, and Pd-W.
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Figure 10. a) Top: schematic illustration of three BPEs having different
electrocatalyst candidates for the ORR immobilized on their cathodic
poles. The functional anodes of the BPEs consist of an array of 25 Ag
microbands. The red line indicates the potential, which is initially
uniform, dropped over each electrode. Bottom: When E,, is applied
and some Ag bands dissolve, the effective length of each BPE
decreases. This results in a lowering of AE,,. until it reaches a value
that is insufficient to drive additional faradaic reactions. b) Side view
of one BPE showing the electrochemical processes at the anodic and
cathodic poles. c) Optical micrograph of an array of three BPEs
modified with the indicated catalyst candidates prior to application of
E.o. The ITO support has been outlined using the gray dashed lines.
d) Optical micrograph of the same BPE array after application of E,.
The change in the number of Ag microbands reveals the relative
activity of each catalyst candidate. Adapted with permission from

Ref. [42]. Copyright 2012 American Chemical Society.

Following our original work relating to catalyst screening
using open BPEs, two interesting reports recently appeared
describing similar results but using closed BPEs. In the first
example, several Pt nanomaterials were dropcast onto glassy
carbon electrodes that were placed into cells containing air-
saturated 0.5M H,SO,. The electrodes were electrically
connected to Pt microdisk electrodes immersed in a solution
containing the ECL reactants. Using this setup, Chen and co-
workers report that the ECL at the Pt microdisks is directly
correlated to the ORR occurring at the Pt catalyst candidates,
which provides a simple means for high throughput screen-
ing.’!l In the second example, Zhang and co-workers intro-
duced a method they call fluorescence enabled electrochem-
ical microscopy (FEEM)."” In this experiment, they prepared
large arrays of micron-scale carbon-fiber (CF) BPEs, and then
patterned Pt films on one side of this array using bipolar
electrodeposition. During the screening experiment, the Pt-
modified BPE anodes catalyzed the oxidation of H,0, to O,,
while a non-fluorescent species was reduced to a fluorescent
species at the BPE cathode. In regions of the array not
patterned with Pt, no fluorescence was observed. This
approach shows great promise for large-scale, electrochem-
ical imaging.
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5. Bipolar Electrode Focusing
5.1. Principles of BPE Focusing

Due to small sample volumes and low absolute numbers
of molecules present within microfluidic devices, the detec-
tion of analytes in such systems often requires a preconcen-
tration step prior to analysis. Our group, together with our
collaborators Prof. Ulrich Tallarek and Dr. Dzmitry Hlush-
kou from Philipps-Universitdit Marburg in Germany, have
shown that BPEs can be employed to address this issue by
enriching charged analytes along a locally generated electric
field gradient.” We call this method BPE focusing, and it is
a member of a family of analyte enrichment techniques based
on the principle of electrokinetic equilibrium. More specifi-
cally, BPE focusing is a counter-flow gradient focusing
technique in which charged analytes enrich when electro-
migration (EM) is balanced against convection.*¥

The key to this technique involves generation of a local
electric field gradient near a BPE. When a sufficiently high
potential bias is applied across a microchannel having an
embedded BPE (Scheme 7a), water electrolysis may proceed
at the BPE poles following Equations (2) and (3), respec-

2H,0 =0, +4H" +4¢ @)
2H,0 +2e =H, +20H" 3)
tively.

TrisH" + OH™ = Tris + H,O (4)

For anionic enrichment, electrogenerated OH™ at the BPE
cathode (Scheme 7b) may neutralize a positively charged
buffer cation, such as the protonated form of tris(hydrox-
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a single microchannel, Ry, is kept high, thereby
diverting the current through R,.. Other groups
have also reported the use of BPEs for enrichment
by either generating pH gradients or non-uniform
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Figure 11. a) Plot of enrichment factor vs. axial distance from the BPE cathode
showing the enrichment and separation of BODIPY?", MPTS?", and PTS*" in
5.0 mm TrisH" with E,,,=40.0 V in a 12 mm-long, Pluronic-coated channel.
Adapted with permission from Ref. [26]. Copyright 2009 American Chemical

Society. b) Comparison of the enrichment factor as a function of time for
BODIPY?™ at split and continuous BPEs with E,,=35.0V in 5.0 mm TrisH*.

5.2. Electrokinetics and Mass Transport

Adapted with permission from Ref. [27]. Copyright 2009 American Chemical

Society. c) Experimentally determined local axial electric field strength as a function

The transport of charged analytes during a BPE
focusing experiment is controlled by convection and
EM. A cathodic EOF develops when a potential bias
is applied across the negatively charged walls of
a PDMS/glass microchannel. In addition to EOF,
bulk solution flow can be controlled in either
direction by pressure-driven flow (PDF), which is
initiated by creating a solution height differential in the
reservoirs at the channel ends by simply adding or removing
solution.

The electrophoretic (EP) velocity of a charged analyte
(1) in an electric field is dictated by Equation (5), where u,,

Uep = Hep Vi (5)

is the EP mobility and V; is the local electric field strength.

Consequently, as anions enter the microchannel and approach
the BPE, they experience an increasing i, as the electric field
strength increases. Enrichment occurs when the velocities due
to EM and convection are equal in magnitude and opposite in
direction (Scheme 7c). Because the location of enrichment
depends on u., [Eq.(5)], analytes having different EP
mobilities may be simultaneously separated and enriched at
different locations in the channel. Figure 11a shows the
separation and enrichment of three negatively charged tracers
having different 4, as a plot of enrichment factor (EF, ratio of
the concentration in the enriched band to the initial concen-
tration) vs. distance from the BPE.”

5.3. Guidelines for Enrichment

The formation and stability of the electric field gradient
near a BPE has been investigated in several fundamental
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of position and time with E,,,=35.0 V in 5.0 mm TrisH*. Adapted with permission
from Ref. [28]. Copyright 2011 The Royal Society of Chemistry. d) Plot of enrich-
ment factor vs. time for 10.0 pm (circles) and 1.0 nm (triangles) BODIPY* in

pH 8.1, 100 mm TrisH™. Initially, E,,, =200V, but it was periodically raised at the
indicated times. Adapted with permission from Ref. [29]. Copyright 2011 American
Chemical Society.

studies. For example, we measured the current flowing
through a split BPE to show that a significant change to the
local electric field gradient results only after a large percent-
age (ca. 80%) of the total current passes through the BPE
(Scheme 3b).2 In other words, only when there is a signifi-
cant degree of faradaic depolarization is a locally enhanced
electric field observed. There are three additional aspects of
BPE focusing worth mentioning here. First, split and con-
tinuous BPEs lead to local electric fields having similar
characteristics, and hence result in the same degree of
enrichment (Figure 11b).”"! Second, an array of microband
electrodes embedded within a microchannel can be used to
directly measure the axial electric field, and this type of
experiment (Figure 11c) confirms the shape of the local
electric field illustrated in Scheme 7 c. Third, the electric field
gradient has been shown to be stable for > 2.5 h.?%*]

To better understand the interplay between forces neces-
sary for BPE focusing, our collaborators have performed
simulations,?*2%*-97%] and we have used these to optimize the
extent and rate of enrichment. As a general guiding principle,
steeper electric field gradients lead to more compact and
highly enriched bands, although shallower gradients are
better for separating mixtures of charged analytes. Steeper
gradients are achieved by using higher ionic strength buffers,
because this leads to a larger difference in electrolyte
concentration between the ion depletion zone and the bulk
concentration of the buffer. As discussed earlier, however,
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lowering Rg decreases the current flowing through the BPE,
which adversely affects the ion depletion zone. Fortunately,
this seeming contradiction can be resolved by reducing the
cross-sectional area of the fluidic channel.”! The bottom line
is that high buffer concentrations and small cross-sectional
areas lead to EFs of > 500000 (Figure 11d).)

Another important fact about BPE focusing is that lower
initial analyte concentrations typically lead to higher EFs.
This is because enrichment of the analyte occurs within the
ion depletion layer, and because the analyte itself is a charge
carrier it increases the local conductivity of the solution. As
the concentration of the enriched band approaches that of the
background buffer, enrichment ceases.””

Although many analytical methods have been described
in the literature for enriching anions, far fewer are available
for cations. This is because cationic enrichment often requires
an anodic EOF. BPE focusing can be adapted to enrich
cations by coating the microchannel walls with a positively
charged polymer, thereby reversing the direction of EOF
from cathodic to anodic.*® In addition, the positively charged
buffer used for anion enrichment must be replaced with one
that is negatively charged such as HCO; . The latter is
neutralized by H" produced at the BPE anode, and therefore
enrichment of cations occurs at the anodic pole of the BPE,
rather than at the cathodic pole.”!

5.4. Applications of BPE Focusing

Beyond enrichment and separation, we have also shown
that manipulating the local electric field gradient with a BPE
is useful for a variety of other applications.*” For example, it
can be used to concentrate and direct the flow of charged
analytes.’” As previously discussed, enrichment occurs when
EM balances convection. This means that the forward
movement of an analyte ceases when its EP velocity is
greater than or equal to the opposing convective velocity.
Using these principles, we have demonstrated the controlled
transport and selective delivery of two charged analytes by
employing a microfluidic design having two microband BPEs
embedded near the split of a Y-shaped microchannel
(Scheme 8). In this configuration, the BPEs act as on/off
switches for an electric field gradient. Specifically, when both
BPEs are activated using an external switch, the local electric
field strength is high and the analytes enrich and separate in
the main channel (Scheme 8a) as discussed earlier in the
context of Figure 11a. Then, when one BPE is disconnected
and the PDF is increased from right to left (Scheme 8b), both
enriched bands move toward the intersection. By carefully
controlling when the gating BPEs are active, the anionic
fluorescent tracer closest to the intersection (BODIPY?,
represented by the black ball) is delivered into the lower
secondary channel. This occurs because the local electric field
in this region of the channel has been lowered, leading to
a lower EP velocity and the dominance of PDFE. After this
delivery, the first BPE is reconnected and the second one is
disconnected, thus allowing the other fluorescent tracer
(MPTS?"), represented by the gray ball, to be delivered into
the upper secondary channel by PDF (Scheme 8c).
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5.5. Dual-Channel BPE Focusing

Thus far, we have only discussed BPE focusing studies in
which the BPE is embedded within a single channel (Sche-
me 7a and 8). Recently, however, we have shown that there
are some compelling reasons to consider the dual-channel
configuration illustrated in Scheme 9a.?** The basic operat-
ing principles of the dual-channel approach are analogous to
those of a single-channel device. Specifically, AE,. must

a) Top channel
cathode
-_— n +
T
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' zone zone
1
— Mo Eln ’ —
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Scheme 9.
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exceed the potential required for water oxidation and
reduction. If this condition is met, water oxidation [Eq. (2)]
will lead to H* formation at the anodic pole of the BPE in the
bottom channel, while water reduction [Eq. (3)] generates
OH™ at the cathodic pole in the top channel. If an
appropriately charged buffer capable of being neutralized
by the products of water electrolysis is placed in either
channel, an ion depletion zone, and thus an electric field
gradient, results. For example, in the top channel, TrisH" may
be neutralized by OH™, or, in the bottom channel, acetate
buffer may be neutralized by H" (Scheme 9b) to produce an
electric field gradient that is suitable for enrichment.

Using the dual-channel device, we have achieved EFs of
up to 142000-fold at rates as high as 71-fold/s. These excellent
figures of merit are achievable because this configuration
decouples E, and AE,,... This means that higher values of E,,
may be applied without generating gas bubbles at the BPE.
Moreover, higher E, values increase the rate at which the
analyte is transported from the channel reservoirs to the
enrichment zone, while simultaneously steepening the local
electric field gradient. As discussed in Section 5.3, the latter
situation leads to a narrower and more highly enriched
analyte band.

A combination of interesting electric field gradients and
mass transport conditions can be achieved using the dual-
channel configuration, and one of these is illustrated in
Figure 12a. This type of gradient results in the simultaneous
separation and enrichment of anions and cations in the

— Electromigration
—— Convection (PDF)
— Net Velocity

ti --—BPE Inactive
cation :
enrichment — BPE Active

Local Electric Field Strength

BPE a;ode

Axial Position

Figure 12. a) Schematic illustration showing the direction of convec-
tion, EM, and the net velocity of tracers in the bottom channel of

a two-channel microfluidic device. b) Fluorescence micrograph,
obtained using a filter set capable of detecting both tracers, showing
the location of the enriched bands of BODIPY?" and [Ru(bpy),]*" in
the bottom channel. The location of the BPE is indicated by dashed
white lines and the dotted gray lines show the microchannel walls.
E..=30V was applied to the positive reservoir (Scheme 9) and the
others were at ground. The solution was 40.0 mm acetate buffer.

c) Fluorescence micrograph collected 3 s after (b) using a filter set
sensitive only to BODIPY?". Adapted with permission from Ref. [31].
Copyright 2012 The Royal Society of Chemistry.
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bottom channel. Here, PDF is directed from left to right,
while the direction of EM depends on the charge on the
tracer. At the channel center, where there is no electric field
strength, ions experience no EM; therefore, their net velocity
is dictated exclusively by convection. To the left of the BPE
anode, anions move toward the channel center by both EM
and PDF. In the same region, cations also experience PDF
toward the channel center, but EM is in the opposite
direction. When the forces of EM and PDF balance one
another, the net velocity of the cations is zero and they enrich.
An analogous argument applies to the right side of the BPE
anode for anion enrichment. For example, in Figure 12b PDF
is directed from left to right in the bottom channel. To the left
of the BPE anode (indicated by dashed lines), [Ru(bpy);]*"
enriches while BODIPY?~ enriches to its right. This fluores-
cence micrograph was collected using a filter set capable of
detecting both BODIPY?" and [Ru(bpy),]*". Three seconds
after Figure 12b was collected, another fluorescence micro-
graph (Figure 12¢) was recorded using a filter set that only
detects BODIPY*". In this micrograph, only BODIPY*"
enrichment is observed, thereby confirming the identity of
the two enriched bands.

Finally, we have very recently shown that a dual-channel
BPE configuration can be used to partially desalinate sea-
water.'”! In this case, Cl~, present at high concentration in
seawater, is oxidized to neutral Cl, at the BPE anode. This
local reduction in the number of ions results in an electric
field gradient that shunts other ions into a nearby third
channel. Using this approach, it is possible to remove ca. 25 %
of the ions from seawater with high energy efficiency. Recent
simulations suggest that slight changes to the experimental
configuration could lead to a much higher degree of
desalination.

6. Microswimmers

In recent years there have been a number of truly
remarkable reports of mobile BPEs, sometimes called micro-
swimmers, that exhibit a function not so different from the
miniature submarine in the classic 1966 movie “Fantastic
Voyage”.*"! Mobility is possible because of one of the key
attributes of BPEs mentioned in Section2: no external
connection is required for their operation. Particular func-
tions of mobile BPEs are achieved by changing the compo-
sition of the BPE itself, the solution, or the applied electric
field. Though the idea of autonomous moving objects and
motors has been discussed for many years, recent develop-
ments using BPEs have provided a means for implementa-
tion.[*”)

6.1. Self-Powered, Mobile BPEs

Mallouk, Sen, and co-workers were the first to use self-
powered BPEs as nanomotors.'”! The early nanomotors were
bimetallic rods having lengths of ca. 1 um and diameters of ca.
400 nm with different metals, such as Au and Pt,l' at their
ends. Initially, it was believed that the motion of the rods was
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due to the evolution of O,, arising from the catalytic
decomposition of H,O, at the Pt end. This was thought to
disturb the interfacial tension of the water near the rods,
causing them to move in the direction of the Pt end.['”-18:%-102]
However, the movement of the nanorods was later attributed
to bipolar electrochemistry.'”” The basic idea is that electrons
generated from the electrocatalytic oxidation of H,O, at the
anodic pole are used for a reduction reaction, such as the
ORR, at the cathodic pole. This hypothesis was confirmed by
synthesizing a series of nanorods consisting of various metals
having different electrocatalytic properties."™ Moreover, the
addition of an insulating layer between the anodic and
cathodic poles of the BPE blocked the flow of electrons and
rendered the nanorods immobile. Finally, by introducing
magnetic segments to the nanorods, the direction of their
motion could be controlled, thereby enhancing their techno-
logical versatility.'*!

Wang and co-workers have also played an important role
in the field of BPE nanomotors.'”) They reported improved
efficiencies and achieved speeds of 94 pms™" by introducing
CNTs to the Pt end and adding hydrazine to the solution.'*"
By incorporating other metal pairs and alloys, speeds could be
further enhanced.'®1%! Wang and co-workers also reported
that mobile BPEs could be used for sensors. For example, they
detected Ag* in a H,O, solution using Au-Pt nanomotors.['"”)
This function arises, because Ag* is easier to reduce than O,.
The same group later reported similar methods for the
capture and isolation of biologically relevant species (e.g.
cancer cells, DNA, and RNA),'%11% o] droplets in water,['!]
and other species.''>'"% They used nanomotors to “write” on
a surfaces.'¥

6.2. BPE Swimmers Powered by an External Electric Field

Kuhn and Loget used bipolar electrochemistry for the
directed linear motion of metallic objects by a process they
called self-regeneration.""” This approach is based on the
simultaneous dissolution of a BPE at its anodic pole and
subsequent deposition of the same metal onto the cathodic
pole in an externally applied electric field. Conceptually, the
principle is similar to that reported earlier by Bradley and co-
workers (Scheme Sa and 10a).*! In the present case, a Zn
BPE filament produced in a capillary was electrochemically
dissolved at the anodic pole and redeposited at the cathodic
pole. This resulted in an effective speed of ca. 60 ums™
(Figure 13).

In addition to self-regeneration, other bipolar electro-
chemical processes can also trigger BPE movement in an
electric field. For example, Kuhn and Loget designed
a method for linear and rotational movement of BPEs in
solution.”" In this case, the BPE—a metallic bead—moves
due to the formation of O, and H, bubbles arising from water
oxidation and hydrogen evolution, respectively, at opposite
sides of the sphere (Scheme 10b and Figure 2a). Because the
volume of H, produced is twice as high as the amount of O,,
the BPE is propelled toward the negative driving electrode.
The speed of the BPE could be increased by suppressing O,
evolution at the anodic pole, which reduces the degree of
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Figure 13. Optical micrographs as a function of time illustrating the
concept of self-regeneration. A Zn wire was formed at an electrode by
electrodeposition of Zn" inside a glass capillary. The Zn wire was
freed by removing the electrode from the solution. E,,, =125V was
applied between driving electrodes at the ends of the capillary. This
resulted in oxidation of Zn at the BPE anode and deposition at its
cathode. This process results in apparent movement of the Zn wire.
Reprinted with permission from Ref. [115]. Copyright 2010 American
Chemical Society.

thrust arising from O, bubbles (Figure 2b).”!! This was
accomplished by adding hydroquinone, which is more easily
oxidized than water, to the solution. Kuhn and co-workers
used this same approach to achieve vertical and horizontal
rotation of a BPE by modifying its shape,”?'! as well as vertical
movement of the BPEs in capillaries.””

As discussed in Section 3.2, the same group was able to
produce Janus-type carbon microtube BPEs modified with Pt
at just one pole. These BPEs were later used as micro-
swimmers, which were propelled by H,0, decomposition at
the Pt end."® Linear and rotational movement of the
microswimmers was also possible by controlling the place-
ment of the Pt deposition on the BPE, and their motion could
be turned off and on by manipulation of the external electric
field.""”

Sojic, Kuhn, and co-workers also demonstrated that BPE
swimmers are capable of generating ECL emission when the
oxidation that triggers ECL is coupled to water reduction at
the cathodic pole of a carbon bead BPE.*! Along these same
lines, Kuhn, Bouffier, and co-workers showed that BPEs can
operate as a wireless electrochemical globe valve, where
electrogenerated H, bubbles cause the valve to lift and
open.['®]
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7. Summary and Outlook

The objective of this Review is to stimulate additional
interest in bipolar electrochemistry, especially in subdisci-
plines of science that are able to utilize its particular
characteristics. The latter are represented by the examples
in the foregoing discussion, but the principal attribute is that
BPEs can be activated in the absence of an ohmic contact.
The low cost, ease of operation, and simple instrumentation
required for bipolar electrochemistry have their origin in this
wireless-contact principle.

One consequence of wireless operation, which our group
introduced several years ago, is that thousands of electrodes
can be controlled simultaneously (Figure 1) with just a battery
or a DC power supply. Looking to the future, it seems obvious
that BPEs will find more applications to chemical and
biological sensing due to the extreme simplicity of the
method. For example, we are presently investigating the
integration of BPEs into low-cost paper microfluidic devi-
ces!™™ for point-of-care applications and other situations in
which complicated instrumentation is not desirable.l1?!]

The quick and simple screening capabilities of BPEs,
which were discussed in Section 4.6 in the context of electro-
catalysis, will also be adapted to other types of screening and
selection processes in the future. For example, applications to
DNA, protein, and glycan arrays are certainly worth inves-
tigating. A specific case in which BPEs could possibly provide
benefit is enabling the type of site-selective electrochemical
reaction screening method used by Moeller and co-work-
ers.1?

The principle of wireless contact also makes it possible to
carry out electrochemical experiments on mobile electrodes.
The potential of these microswimmers are embodied in the
work of Mallouk, Sen, Kuhn, and Wang discussed earlier, but
we believe that many more interesting applications will
evolve in future years in the fields of medicine, electronics,
and chemical sensing. For example, one could imagine self-
assembling electronic circuits using this approach, or perhaps
search a solution for a small number of target molecules.

As discussed in the Review, Kuhn and others have
pioneered applications of BPEs to materials science and
materials chemistry, and it is very likely that even more
significant types of structures and synthetic approaches, which
are difficult or impossible to prepare by other means, are just
around the corner.

Another surprising fact is that bipolar electrochemistry
plays a key role in certain widespread applications, even
though the bipolar contribution has only recently been
discovered. For example, Amatore and co-workers have
shown that bipolar electrochemistry is associated with feed-
back behavior in scanning electrochemical microscopy
(SECM).'”l Of even more significance, Zhang and his
colleagues demonstrated that the behavior of the types of
carbon fiber electrodes used to study biological cells are often
dominated by bipolar electrochemical principles.’®! No doubt
there are other examples like these in which the hidden hand
of BPEs will eventually be revealed.
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Glossary and Symbols

BPE bipolar electrode

CNT carbon nanotube

CE capillary electrophoresis

E° standard potential

AE . potential difference between the bipolar
electrode poles

E, .. potential of the floating bipolar electrode

E. externally applied potential bias between
driving electrodes

ECL electrogenerated chemiluminescence

EOF electroosmotic flow

EM electromigration

EF enrichment factor

Letee length of the bipolar electrode

Lehannel length of the channel or between driving
electrodes

Nan anodic overpotential

Neat cathodic overpotential

Lot total current

Ian anodic current

Leat cathodic current

Rq solution resistance

R.ec sum of electrode resistances

NP nanoparticle

ORR oxygen reduction reaction

PDMS poly(dimethylsiloxane)

Uep electrophoretic velocity

Hep electrophoretic mobility

Vi local electric field strength

PDF pressure-driven flow
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