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Abstract: Several new forms of magnetohydrodynamic (MHD) flow occurring in the solution gap between
two 250-µm-diameter Pt microdisk electrodes, oriented in a face-to-face geometry and immersed in a uniform
magnetic field (1 T), are described. The MHD flow results from the Lorentz force generated by diffusion of
electrochemically generated molecular ions through the magnetic field. Individual microscopic flow tubes
(∼50-µm radius) spanning the gap between the face-to-face electrodes are observed during the 1-e-

reduction of nitrobenzene in acetonitrile solutions. The flow tubes extend up to ∼2 cm in length and are
stable for indefinite periods. Directional transport of the electrogenerated nitrobenzene radical anion over
macroscopic distances within the flow tubes, with minimal diffusional broadening, is demonstrated using
an ultramicroelectrode probe to map the convective flux of redox species. Pulsed MHD transport of small
packets of molecules and the formation of large area (∼3 cm2), microscopically thin (25 µm) rotating sheets
of solution are also demonstrated. The results suggest that electrochemical methods, in combination with
magnetohydrodynamic principles, may be useful for external field-controlled microfluidic systems.

Introduction

We wish to report the use of magnetic fields for confinement
and directional transport of molecules in a condensed fluid
phase. Confinement and acceleration of ions using magnetic
and/or electric fields has a long history of application in physics
and chemistry and forms the basis for several methods of gas-
phase chemical analysis (e.g., ion cyclotron resonance mass
spectrometry1). In liquids, short-range interactions between
neighboring molecules prohibit the acceleration of individual
molecules over significant distances before collisions randomize
the direction of motion.2 Directional transport of molecular
species in liquids is thus accomplished by the use of rigid
confining surfaces, such as microfluidic channels that are under
current study in chemical synthesis3,4 and microanalysis.5-7 Our
objective here is to illustrate a new fundamental approach for
transport of molecules over macroscopic length scales in viscous
liquids, using an external magnetic field to prevent diffusional
broadening.

The strategy reported herein involves magnetohydrodynamic
(MHD) solution flow engendered by the diffusion of electro-
chemically generated molecules through an externally applied
and uniform magnetic field. Earlier reports from this laboratory

have demonstrated the ability to establish well-defined MHD
flows within nanoliter volumes of solution adjacent to electrodes
of micrometer and submicrometer diameters.8-15 Significant
enhancement in the transport-controlled electrochemical currents
(up to 400% increase11) can be induced by local MHD flow, a
result of rapid convective transport of the redox reactant to the
microelectrode surface.

MHD flow in solution results from the Lorentz force acting
on ions as they move through the magnetic field, similar to the
force experienced by an electron or ion moving through a
magnetic field in a vacuum.16,17 In the absence of electrical
fields, the Lorentz force is given byF ) q(W × B), whereq is
the charge on the ion,W is the velocity, andB is the externally
applied magnetic field. Numerous examples of MHD flow
driven by electrochemical currents atmacroscopicelectrodes
have been reported in the literature.18-41 Since a large ensemble
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of ions is in motion in electrochemical systems, including both
the redox-active molecules and inert electrolyte ions, the driving
force for MHD flow may be more conveniently expressed as a
force density,17 FMHD (N/m3), acting on an infinitesimal volume
of the solution. In eq 1,J (C/m2s) is the local net flux of current-

carrying species. Transfer of momentum from the field-
accelerated ions to the solution by viscous interactions gives
rise to MHD flow, as described by the Navier-Stokes equation
(vide infra).20,42

In a uniform field (i.e.,B constant), eq 1 indicates that the
direction of the magnetic force,FMHD, and, thus, the resulting
MHD flow are determined solely by the magnitude and direction
of the net flux of current-carrying species. This relationship is
key to our strategy for creating novel MHD flow patterns, since
the current density distribution at microelectrodes can be varied
in a nearly arbitrary fashion by varying the shape and size of
the electrode.43,44In addition, and most importantly, two or more
microelectrodes can be placed close to one another using
micropositioning techniques, creating novel MHD flows that
are not obtainable with an individual electrode.

Herein, we demonstrate that microscopic MHD flow tubes,
generated in a dual-electrode configuration, can be used to
transport molecules over macroscopic distances in a condensed
phase without significant loss due to diffusional broadening or
convective mixing. Analogous “liquid beams” prepared by
continuous pressure-driven flow of liquid through a small nozzle
into a vacuum have been recently reported by Kohno and co-
workers.45,46 In addition to the MHD flow tubes, we also
described pulsed MHD transport, in which a small number of

molecules are generated and transported as a packet across the
solution, and an example of free-standing MHD sheet flow. Our
results illustrate the variety of novel MHD flows that can be
engineered using microelectrode techniques.

Experimental Section

Chemicals.Tetra-n-butylammonium hexafluorophosphate, [n-Bu4N]-
PF6 (Sigma), was recrystallized three times from ethylacetate/ethanol
and dried under a vacuum. Nitrobenzene (NB, Aldrich, 99%) and aceto-
nitrile (CH3CN, Fisher Scientific, HPLC grade) were stored over 4-Å
molecular sieves. 2-Allylphenol (Aldrich), 2-butoxyethanol (Aldrich),
and ammonium hydroxide (Mallinckrodt AR) were used as received.

Electrochemical Measurements.Inlaid-disk Pt microelectrodes
were prepared by sealing one end of a 250-µm-radius Pt wire (Alfa
AESAR, 99.998%) in a 5-mm-o.d. glass tube using a H2/O2 torch. The
sealed end was sanded flat to expose a disk-shaped Pt surface shrouded
in glass. Electrodes were polished with 1.5, 0.3, and 0.01µm alumina,
rinsed with water, and briefly sonicated in methanol to remove polishing
debris.

MHD flow in the gap between two 250-µm-radius microdisk
electrodes was characterized using a 25-µm-radius Pt microprobe
electrode to measure the spatial distributions of the electrochemical
reactant and product. The microprobe electrode was constructed using
a polymer coating procedure developed by Potje-Kamloth et al.47 An
8-mm length of a 25-µm-radius Pt wire (Alfa Aesar 99.9995%) was
connected to a Cu wire and sealed in 2.0-mm-o.d. glass tubing, leaving
3-4 mm of the wire exposed. An insulating film of polyphenylene
oxide was electrodeposited onto the exposed metal surface by biasing
the electrode for 30 min at a potential of 4.0 V vs Ag/AgCl in a
methanol/water (50:50) solution of 0.4 M 2-allylphenol, 0.4 M
2-butoxyethanol, and 0.4 M ammonium hydroxide. The polymer film
was initially cured at 110°C for 75 min and then at 170°C for 5 h.
The insulating properties of the polymer coating were tested by
recording the voltammetric response of the coated wire in an CH3CN
solution containing 2.0 mM ferrocene. No measurable currents were
observed, indicating that the thin polymer film effectively insulates
the Pt surface. The end of the wire was then cut to expose a quasi-
disk-shaped Pt surface. A sigmoid-shaped voltammogram was observed
in the CH3CN/ferrocene solution after the wire was cut, consistent with
the expected microdisk geometry.

Voltammetric measurements were performed using a three-neck glass
cell (open to air). Potentials of the 250-µm-radius Pt electrodes were
controlled using a Pine Instrument Co. RDE4 bipotentiostat. Voltam-
metric data at the smaller microprobe Pt electrode were obtained using
a Bioanalytical Systems CV-27 potentiostat. The Ag/AgxO quasi-ref-
erence electrode used in this study was prepared before each experiment
by dipping a clean Ag wire in concentrated nitric acid for∼5 s, rinsing
with H2O, and drying at 110°C. All electrode potentials are reported
versus the Ag/AgxO electrode, which was measured to be∼ -0.13 V
vs a saturated calomel reference electrode. The auxiliary electrode was
a Pt wire. Voltammetric data were recorded by use of virtual
instrumentation software written with National Instruments LabVIEW.

Magnetohydrodynamic Flow Experiments.A benchtop electro-
magnet with 7.6-cm diameter poles separated by∼2 cm (GMW
Associates model 5403) was employed to generate a uniform 1.0-T
magnetic field across the electrochemical cell. The electromagnet, field
uniformity, and applications in electrochemical investigations have been
described elsewhere in detail.13,14The magnetic field strength was varied
between 0 and 1 T byadjusting the current to the electromagnet. Field
strengths were measured using a gauss meter (F. W. Bell, model 4048).

Positioning of the two 250-µm-radius microdisk electrodes and the
25-µm-radius microprobe electrode with∼1-µm precision was per-
formed by use of one-dimensional axis modular translation stages and
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vernier micrometers (Newport). Video images of flow patterns were
recorded by a Panasonic WCP230 color video camera and converted
to digital files by use of Ulead Systems MediaStudio Pro software.

Results and Discussion

We report observations of MHD flow tubes, pulsed flow, and
circular sheet flow that occur within the gap defined by two Pt
microdisk electrodes oriented in a face-to-face configuration.
These new forms of MHD flow are driven by magnetic forces
that are generated by the passage of Faradaic current at the sur-
faces of the two microdisk electrodes. Section I describes the
origin of the magnetic forces and vortex flow at a single micro-
disk electrode. The description of different types of MHD flow
in the dual-electrode configuration is presented in sections II
and III.

I. Magnetic Forces and Vortex Flow at a Single Pt
Microdisk. The steady-state voltammetric response of a 250-
µm-radius Pt microdisk in a CH3CN solution containing 0.5 M
nitrobenzene (NB) and supporting electrolyte (0.2 M [n-Bu4N]-
PF6) is shown in Figure 1A. Sigmoid-shaped voltammograms
with limiting currentsi lim and iB, respectively, are obtained in
the absence and presence of a 1-T magnetic field, applied
orthogonal to the electrode surface. The voltammetric response
arises from the 1-e- reduction of NB, yielding the brightly
orange-red radical anion, eq 2. In a dilute solution of the redox-

active species and in the absence of a magnetic field, the steady-
state limiting current at an inlaid microdisk electrode is given
by eq 3, wheren is the number of electrons transferred per

molecule,F is Faraday’s constant (C/mol),D (cm2/s) andC*
(mol/cm3) are the diffusion coefficient and concentration of the
redox species, respectively, anda is the electrode radius.48 Equa-
tion 3 describes the rate at which NB is transported by diffusion
from the bulk solution to the electrode surface. As previously
shown,49 the transport-limited current measured at inlaid micro-

disk electrodes also contains a significant contribution from
natural convection whenever the redox species is present in rela-
tively high concentrations, as is the case here for experiments
in 0.5 M NB solution. Video-enhanced images of the transport
of the orange-red NB anion in the solution adjacent to the Pt
microdisk allow flow patterns due to natural convection (atB
) 0, Figure 1B) and the magnetic-induced flow (atB ) 1 T,
Figure 1C) to be easily observed. As demonstrated by Figure
1B, natural convection by itself results in a steady upward flow
of solution across the microelectrode surface. The natural con-
vection is due to the density of the depletion layer created by
the Faradaic reaction being slightly less than that of the bulk
solution, resulting in the solution rising under the influence of
gravity. The upward flow increases the rate of transport of NB
from the bulk solution to the electrode surface, resulting in a
mass-transfer-limited current greater than that predicted by eq
3.

When the 1-T magnetic field is applied orthogonal to the
electrode surface, Figure 1C, the electrogenerated NB•- is
transported away from the electrode in a spiral path along the
surface of a vortex. This unusual transport phenomenon arises
from rotational flow localized along the circumferenceof the
inlaid disk. To understand the origin of this flow, consider the
time-independent Navier-Stokes equation, eq 4, describing
velocity of a fluid element as a function of external forces. In

eq 4,F andη are the local density and viscosity of the fluid,W
is the velocity,P is the pressure, andg is the gravitational
acceleration constant.49,50-52 In the experiments reported here,
∇P can be ignored since there are no pressure gradients in the
vicinity of the electrode. When the magnetic force is much
smaller than the gravitational force (i.e,Fg . J × B), convective
mass transport will be dominated by natural convection and the
viscous restoring force,η∇2W. The fluid motion will be parallel
or antiparallel tog, depending on the density of the solution in
the depletion layer relative to that of the bulk solution. On the
other hand, ifFg , J × B, then eq 4 predicts that the magnetic
force will induce a rotational flow in which the local direction
of flow is orthogonal to bothJ andB.

Figure 2 schematically depicts the interaction ofB andJ at
the inlaid disk electrode. Linear transport of NB•- occurs across
the central region of the electrode, while a radial flux is
maintained at the disk edges, Figure 2A. In this situation,FMHD

vanishes over much of the central region of the electrode, since
B andJ are parallel, Figure 2B. Near the edge of the electrode,
the radial outward flux of NB•- through the uniform field
requires thatFMHD remain finite. Using the right-hand rule to
evaluate the vector cross product ofJ and B, it is readily
demonstrated thatFMHD is tangential to the electrode circumfer-
ence, resulting in localized rotational flow along the edge of
the electrode, Figure 2C.

Although not apparent in the image of Figure 1C, real-time
video imaging of the depletion layer regions clearly reveals that
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Figure 1. (A) Voltammetric response corresponding to the 1-e- reduction
of NB at a 250-µm-radius Pt disk electrode in a CH3CN/0.2 M [n-Bu4N]-
PF6 solution containing 0.5 M NB. The steady-state voltammetric limiting
currents in the absence (i lim) and presence (iB) of a 1.0-T magnetic field
are indicated on the curve. The corresponding flow patterns are shown in
the video-enhanced images: (B) natural convection in absence of the mag-
netic field and (C) magnetic field-induced vortex flow. The orange-red color
corresponds to the radical anion, NB•-, generated at the electrode surface.

NB + e- h NB•- (2)

i lim ) 4nFDC*a (3)

F(W‚∇)W ) η∇2W + Fg + ∇P + J × B (4)
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solution flow occurs from the bulk solution to the electrode
along streamlines centered through the middle of the vortex, as
depicted in Figure 2C. The inward flow through the center of
the vortex balances the outward flow originating at the electrode
circumference, bringing fresh solution to the electrode surface.
This inward-directed flux through the center of the vortex is
responsible for the enhanced current at the microdisk in the
presence of the magnetic field.

To obtain a semiquantitative description of the vortex flow,
we have used a small Pt microprobe electrode (radius) 25
µm) to map the convective flux of NB and NB•-. In these
experiments, a steady-state vortex flow is first established at
the larger Pt microdisk electrode, and the microprobe electrode
is then slowly scanned through the flow field while held at a
potential to either oxidize NB•- (E ) -0.5 V) or reduce NB
(E ) -1.5 V) at the mass-transfer-limited rate. The experiment
is similar to a classic rotating ring-disk electrode experiment,
in which the outer ring is used to collect products generated at
the inner disk.

Figure 3A shows plots of the microprobe current,it, as the
microprobe is scanned through the vortex in a direction parallel
to the Pt microdisk surface (the dashed arrow in Figure 3A
shows the path of the microprobe). Figure 3B shows a plot of
it vs position,z, as the microprobe is scanned at a distance of
∼0.3 mm away from the microdisk surface, while biased atE
) -0.5 V in order to oxidize NB•- that is generated at the Pt
microdisk. The plot ofit vs z displays sharp peaks in theit vs
z plot atz ) 150 and 700µm, each corresponding to a distance
of ∼250 µm away from the center of the microdisk (located
approximately atz ) 400 µm). The appearance of the peaks
indicates that NB•- is confined to the edges of the vortex. More
precisely, the increase init results from the convective transport
of NB•-, which is expressed asCW, where C and W are,
respectively, the local concentration of NB•- and the local fluid
velocity. The width of the peaks in theit vs z plot indicates that
the thickness of the vortex wall, defined by regions whereCW
is finite, is less than 50µm. Smaller peaks in the plot ofit vs
z (Figure 3b) are present at ca. 75µm from the center of each

of the larger peaks, suggesting that the structure of the vortex
wall is more complex than a single layer of rotating fluid.

Figure 3C presents the map of the convective flux of the
reactant, NB, along the same path in Figure 3A. Here, the
baseline current, measured far from the microdisk surface, has
a nonzero value (∼ -40 µA), since the species being detected
(NB) is present in the bulk solution. There are several interesting
features in the plot ofit vs z, Figure 3C. First, sharp decreases
in it at z ) 150 and 700µm, corresponding to a decrease in the
convective flux of NB, are observedwithin the wallsof the
vortex. Since the fluid velocity is higher in this region than in
the bulk, the result demonstrates that the concentration of NB
in the vortex walls is significantly lower than in the bulk; i.e.,
the vortex walls are depleted of the electrochemical reactant.
This is not altogether unexpected since the fluid in this region
originates at the electrode surface where NB is reduced. Second,
it is approximately three times larger at the center of the vortex
than in the bulk solution. Since the concentration of NB in the
region cannot be larger than that in the bulk, the result suggests
that the increase in current is due to convective flow. The nature
of this convective flow is described in the following section.

II. MHD Flow Tubes. To obtain a more quantitative
description of the flow profile inside the vortex, experiments

Figure 2. Schematic drawing depicting (A) the magnetic field (B) and the
flux (J) of positive current (side view), (B) the resulting magnetic force
(FMHD ) J × B) (top view), and (C) the resulting flow of solution. At
steady state, the inward flow of solution from the bulk to the electrode
surface balances the outward-directed vortex flow.

Figure 3. (A) Video micrograph of the vortex flow pattern at a 250-µm-
radius Pt disk electrode that is oriented orthogonal to a 1.0-T field. (B)
Current (it) vs position (z) corresponding to the detection of NB•- at the Pt
microprobe electrode, biased at-0.5 V vs Ag/AgxO, to oxidizeelectro-
generated NB•-. The dashed arrow in (A) shows the path of the microprobe
electrode during collection of data presented in (B). Peaks init at z ) 180
and 720µm correspond to the vortex edge where the concentration of NB•-

is high. (C) Current (it) vs position (z) for thereductionof NB at the micro-
probe electrode, biased at a potential of-1.5 V. Increase in cathodic current
atz) 400µm is due to inward MHD flow of bulk solution, which increases
the rate of molecular transport of NB to the Pt microprobe electrode. The
dashed line in (C) corresponds to baseline current (it ) ∼33 µA) at the
microprobe electrode in the bulk solution, far from the surface of the Pt
disk.
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were performed in which a second Pt microdisk electrode (radius
) 250 µm) was positioned several millimeters in front of the
first microdisk, such that the electrode surfaces are facing one
another. The purpose of the second Pt microdisk is to act as a
source of the highly colored NB•-, which serves as a marker to
image the flow pattern inside the vortex of the opposing
electrode. Figure 4A shows the face-to-face dual-electrode
geometry and the distribution of NB•- in the absence of the
magnetic field. As with a single electrode, natural convection
results in an upward flow of the depletion layer solution. When
a magnetic field of 1 T is applied orthogonal to the electrode
surfaces, Figure 4B, a flow tube is observed that spans the gap
between the two electrodes. In this specific example, the flow
originates at the left-side electrode and passes through the center
of the vortex to the right-side electrode. The direction of the
flow, and the electrode at which vortex flow occurs, can be
reversed. For instance, if the right-hand electrode is discon-
nected, the flow tube will disappear, and a vortex flow pattern
will spontaneously occur at the left-side electrode. Reconnecting
the ride-side electrode will result in a flow tube, with the
direction of flow the opposite of that shown in Figure 3B. The
flow tubes have diameters ranging from 25 to 100µm and can
span the gap of electrodes separated by distances as large as 2
cm. By imaging the motion of particles trapped in the flow tube,
we have estimated the fluid velocity to be∼2.5 cm/s. The flow
tubes are not unique to the NB system. Similar flow tubes in

the dual-electrode geometry have also been observed in aqueous
solutions during the oxidization of Br-. In these experiments,
electrogenerated Br2 is transported between the electrodes within
the flow tube. In principle, the phenomena reported here can
be obtained with any redox system, sinceFMHD (eq 1) does not
depend on the chemical nature of the redox species.53

The convective flux inside the flow tube was characterized
in a series of experiments using the small Pt microprobe to map
the distributions of NB and NB•-. Figure 5A shows an image
of the Pt microprobe positioned inside a flow tube between the
two Pt microdisks separated by∼0.35 cm. The voltammetric
response of the microprobe electrode, Figure 5B, shows both
cathodic and anodic currents, corresponding to the reduction
and oxidation, respectively, of NB and NB•-. The latter species
is generated at the left-side microdisk electrode and transported
to the microprobe electrode, where it is detected.

The width of the flow tube can be precisely measured by
scanning the microprobe electrode through the tube. Figure 5C
shows a plot ofit vs y for the oxidation of NB•-, obtained by
scanning the microprobe through the waist of the flow tube (see
x, y, zcoordinate system defined in Figure 5A). The microprobe
current increases sharply from a negligibly small background
value to∼100µA as the microprobe enters the tube, indicating
a very sharp boundary (<10 µm) between the stagnant solution
and the solution flowing inside the tube. From the plot ofit vs
y, the width of the flow tube shown in Figure 5 is measured to
be ca. 95µm. The ability to transport chemical species inside
the flow tube without losses to diffusion or turbulent mixing
with the surrounding fluid was quantified by scanning the
microprobe in thex-direction along the length of the tube, Figure
5D. Although there is a drop in anodic current as the electrode
initially moves away from the left-side electrode surface (atx

(53) In eq 1, the force is proportional to the current flux (J) that is carried
primarily by supporting electrolyte ions. Thus, a magnetic force is generated
even if both the redox reactant and product are uncharged.

Figure 4. Video micrographs of flow patterns between two 250-µm-radius
Pt disk electrodes in a dual-electrode configuration. (A) Gravity-driven flow
in the absence of a magnetic field (B ) 0). (B) MHD flow at B ) 1.0 T.
In (B), NB•- that is electrogenerated at the left-side electrode flows across
the gap in a flow tube, driven by the vortex flow of the ride-side electrode.
Measurements were performed in a CH3CN/0.2 M [n-Bu4N]PF6 solution
containing 1.0 M NB, with both electrodes biased at-2.5 V vs Ag/AgxO.

Figure 5. (A) Video micrograph of the Pt microprobe electrode (indicated
by the arrow) positioned in the focused beam (experimental conditions the
same as in Figure 4). (B) Steady-state voltammogram at the Pt microprobe
within the flow tube (cathodic and anodic currents corresponding, respec-
tively, to the reduction of NB and oxidation of NB•-). (C) Current (it) vs
position (y) as the Pt microprobe electrode is scanned across the waist of
the flow tube while held at a potential of-0.5 V in order to detect NB•-.
(D) Current (it) vs position (x) along the length of the flow tube, wherex
) 0 corresponds to the surface of the left-side electrode.
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) 0), the magnitude ofit at larger distances remains relatively
constant. This finding suggests that the flow tube system can
be used toquantitatiVely transfer molecules over macroscopic
lengths through a condensed phase.

The molecular beam can be focused in a variety of directions,
depending on the relative position of the facing Pt electrodes.
Figure 6, parts A and B, shows the downward and upward trans-
port of NB•-, respectively, between two Pt electrodes. The di-
rection of the flow tube in these experiments is determined solely
by the relative positions of the two Pt microdisk electrodes.

III. Pulsed Transport and Rotating Sheets of Fluid.
“Packets” of NB•- may also be transported through the solution
in pulsed flow. Figure 7 shows a time sequence of images (0.25
s elapsed time between each image) in which a small quantity
of NB•- is transported from the right-side electrode through
the vortex to the left-side electrode. Here, NB•- was electro-
generated by stepping the potential of the right electrode from
0.0 to-2.5 V for 5 ms, generating∼2 × 10-11 mol of NB•-.
The sequence of images shows that the molecules reach the
opposing electrode surface in∼0.75 s, corresponding to an
average fluid velocity of 2 mm/s.

Other interesting flow patterns can be established by control-
ling the electrode potential. For instance, when the potential of
each microelectrode is simultaneously applied, the flow vortices
from each electrode intersect at the middle of the gap, creating
a thin rotating sheet of solution. Figure 8 shows a∼20-µm-
thick, ∼2-cm-diameter sheet of fluid created between the
surfaces of two 250-µm-radius electrodes. From video images,
the frequency of the sheet rotation is estimated to be 0.08 s-1

at a field strength of 1 T. The rotational frequency can be con-
trolled by adjusting the external field, with larger fields produ-
cing higher rotational rates. Magnetic fields as low as 0.25 T
have been used to maintain sheet flow for periods of up to 4 h.

Conclusion

The results reported here demonstrate the controlled transport
of molecules through a liquid phase in microscopic flow patterns
that are defined using an external magnetic field. While the
examples of tube flow and pulsed flow have no immediate
practical application, there is presently considerable interest in
microfluidic systems for controlled delivery of small quantities
of chemicals. Our work establishes that fundamental principles
learned from electrochemistry and the study of macroscopic
MHD flows can be applied in a much smaller spatial regime to
generate new types of flow capable of transporting molecular
species across macroscopic distances in a free solution (no
surfaces).
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Figure 6. Video micrographs of a flow tube oriented (A) downward and
(B) upward by varying the positions of the electrodes. Other conditions are
the same as in Figure 4.

Figure 7. Video micrographs showing the transient transport of ca. 10-11

mol of NB•- across the electrode gap at (A) 0.0, (B) 0.25, (C) 0.5, and (D)
0.75 s following a 5-ms pulse between-0.5 and-2.5 V at the left-side
electrode. Other conditions are the same as in Figure 4.

Figure 8. Video micrograph of a steady-state rotating circular sheet of
solution (20µm thick and 1 cm wide, rotating atf ) 0.08 s-1) between the
two Pt microdisk electrodes. Electrode potentials were set to a value on
the limiting current plateau. Other conditions are the same as in Figure 4.
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