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Poly(3,4-ethylenedioxythiophene) (PEDOT) Films for Enhanced
and Sustained Microfluidics Using
DC-Redox-Magnetohydrodynamics
Foysal Z. Khan and Ingrid Fritsch ∗,z

Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas 72701, USA

Redox-magnetohydrodynamics (R-MHD) microfluidics precisely manipulates fluid flow through strategic placement/activation
of electrodes and magnetic fields. This paper evaluates various conditions of potentiodynamic electrodeposition of poly(3,4-
ethylenedioxythiophene) (PEDOT) films on chip-based, gold electrodes to attain maximum current and charge density, which
correlate directly to R-MHD pumping speed and duration in a single direction, respectively. Electrodeposition of PEDOT was
controlled by cyclic voltammetry (CV) (5, 50, and 100 mV/s) in propylene carbonate (PC) solutions of monomer and TBAPF6
or LiClO4 electrolyte. The maximum charge is directly proportional to cycle number and inversely proportional to scan rate (i.e.
time spent oxidizing monomer). Thicker and rougher films formed from PC:TBAPF6, compared to PC:LiClO4. CV, chronoam-
perometry (CA), chronopotentiometry, and impedance spectroscopy assessed the electrochemical performance of films in aqueous
electrolytes. The maximum current during CA in a given aqueous electrolyte for PEDOT films was independent of electrodeposition
parameters and thickness and increased linearly with ionic strength. A three-stage model describes the oxidative response of thick
PEDOT films. R-MHD fluid speeds and pumping durations at 0.37 T in 780-μm-deep phosphate-buffered saline were 50 μm/s
and 210 s at 50 μA and 820 μm/s and 9 s at 800 μA, respectively, between parallel-band-electrodes, modified with the thickest
films.
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Microfluidic devices are of interest in chemical analysis because
they use small sample volumes, perform multiple steps, and offer low
cost, portability, and short analysis times. 1 They have been used suc-
cessfully in biological cell analysis with functions like trapping, sort-
ing, and transport. They also have applicability in proteomics and
drug discovery.2–5 Other applications include chemical synthesis and
materials applications.6–9

Different pumping systems have been used to handle the fluids such
as electrokinetic and mechanical approaches.10–12 Mechanical pump-
ing (pressure driven) is complex to miniaturize, produces a parabolic
flow profile, and requires a channel and valves to direct and reverse the
flow. The nonmechanical approach of electroosmosis provides a flat
profile, but it is sensitive to physicochemical properties of the chan-
nel walls and the fluid, requires high voltages, and can generate heat
and bubbles in the pumping solution.13,14 Microfluidics with magnetic
fields, specifically with redox-magnetohydrodynamics (R-MHD) and
magnetic field gradients, is a more recent approach that can control
flow profiles and paths without necessitating channels and valves.15,16

MHD in particular allows flexibility in device design and size, pumps
in a loop, and offers tunable flow speed, duration, and direction, and
thereby opens new opportunities for lab-on-a-chip applications.17–21

MHD microfluidic pumping is governed by the right hand rule,
FB = j × B (the magnetic part of the Lorentz force), where the body
force (FB) is generated by the perpendicular interaction of a mag-
netic field (B (T)), and an ionic current (j (C/(s m2)), produced be-
tween active electrodes.22 To miniaturize and pump small volumes of
fluid, small permanent magnets and electromagnets have been used
to produce B, and individually-addressable microelectrodes that are
patterned on a chip have been used to generate j. It is through strate-
gic placement and programmed activation of the electrodes and/or the
magnetic fields and applied knowledge of the right hand rule that the
fluid flow can be precisely manipulated.17–19,23

The introduction of redox species (either immobilized at the elec-
trode surface or dissolved in solution) to convert electronic current into
ionic current by known reactions has made it possible to avoid bubble
formation and electrode corrosion. The addition of solubilized redox
species (e,g. [Fe(CN)6]3−/ [Fe(CN)6]4−), however, raises concerns due
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to reactions with analytes, interference with detection, and additional
natural convection.24 Redox species that are integrated into a material,
such as a conducting polymer, which can be electrodeposited onto
electrodes, avoid the drawbacks involving redox species in solution.19

Figure 1 illustrates the main concept where the conducting polymer is
poly(3,4-ethylenedioxythiophene) (PEDOT) in the form of films coat-
ing two metal electrodes, where one serves as the anode and the other
serves as the cathode, in a chamber of supporting electrolyte placed
on a magnet. The resulting j directed from the anode to the cathode
and perpendicular to B produces FB that causes fluid to flow between
and parallel to the electrodes.

PEDOT has suitable electrochemical properties for R-MHD and
has been investigated for use in a variety of other applications. These

Figure 1. Illustration of how MHD fluid flow is generated using PEDOT-
modified electrodes, which produce j between anode and cathode upon appli-
cation of an electronic current, and in a chamber containing electrolyte of M+
and X− ions, over a permanent magnet, which providesB. TheM+ and X− are
generic representations of cations and anions, respectively, where in this work
M+ is H+, Na+ or K+ and X− is OH−, Cl−, H2PO4

−, HPO4
2−, or PO4

3−.
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include capacitors, sensors, antistatic coatings, field effect transistors,
acoustic energy harvesters, electrochromic devices, deep brain stim-
ulating microelectrodes, and photovoltaic cells.25–30 When a PEDOT-
modified electrode undergoes oxidation, it is coupledwithmigration of
electrolyte ions into and out of the film to satisfy charge neutrality.31,32

A cathodic current returns the oxidized PEDOT to its original state,
inducing the reverse ionic transport. In an R-MHD setup, this process
generates a net ionic current for a given applied electronic current ap-
plied between an anode/cathode pair of PEDOT-modified electrodes,
completing the circuit. The ionic current density, j, is further deter-
mined by the cross section between the active electrodes. In addition
to confining the faradaic chemistry to the electrodes so that native
electrolyte in the surrounding solution supports the ionic current for
R-MHD, the concentrated redox sites in the PEDOT films achieve a
higher current than the more dilute, solubilized redox species in solu-
tion that have lowerflux.19 All of that immediately-accessible charge in
the PEDOT film, however, can also be rapidly exhausted and R-MHD
pumping stops. Thus, there is a need to optimize the maximum cur-
rent while simultaneously increasing the amount of available charge
in the PEDOT films for R-MHD microfluidics, which is a focus here.
Even a small extension to the pumping duration is important. For ex-
ample, it will allow for a slower repetitive reversal of microfluidics
flow–forward (discharging of PEDOT) and backward (recharging of
PEDOT)–such as for coupling R-MHD with epitaxial light sheet con-
focal microscopy for image cytometry of white blood cells.20 Also,
lower alternating frequencies would be required in AC-MHD, which
would diminish inductive heating when synchronizing a sinusoidally
varyingmagnetic field of an electromagnet with a sinusoidally varying
current at the PEDOT-modified electrodes to pump fluid indefinitely
in a single direction.33

Electropolymerization of a conducting polymer can provide con-
trolled growth with good adhesion to the substrate and allows trans-
port of dopant ions during monomer oxidation and reduction, af-
fecting film morphology, charge compensation dynamics and charge
capacity.26 PEDOT can be electrodeposited with potentiodynamic
(e.g. cyclic voltammetry, CV), potentiostatic (e.g. chronoamperom-
etry, CA), galvanostatic (e.g. chronopotentiometry, CP), and pulse
techniques. CV is particularly beneficial because it allows in situ di-
agnosis of the polymer’s evolving electrochemical properties while
it produces electronically- and ionically-conducting films with mass
and thickness that are relatively proportional to increasing number of
deposition cycles.34 Organic solutions are usually used because they
dissolve the monomer EDOT better than their aqueous counterparts,35

producing packed and uniform films with higher electronic
conductivity.36

Here, we report the properties of PEDOT films that are electrode-
posited by CV with a series of scan rates from solutions of propy-
lene carbonate (PC) and two different electrolytes (lithium perchlorate
(LiClO4) and tetrabutylammonium hexafluorophosphate (TBAPF6).
These particular electrolytes and solvent were chosen because they are
most commonly used for electropolymerization of thiophene.26,36,37

PEDOT for use in R-MHD microfluidics was electrodeposited by us
previously using CV, but only from LiClO4 in PC with a slow scan
rate (5 mV/s for 12 cycles).20 The films resulting from the different
electrodeposition parameters are compared in various aqueous solu-
tions to determine the best performers in terms of their maximum cur-
rent and charge densities. These two electrochemical characteristics
correspond directly to two important features of MHD microfluidics:
maximum fluid speed and pumping duration in a single direction, re-
spectively. The types of aqueous electrolytes and their different ionic
strengths in which electrochemical characterization are carried out
were chosen because of their suitability for pumping biological sam-
ples and to establish whether further improvements to MHD fluid
flow are possible simply through selecting a particular composition of
pumping fluid. MHD microfluidic pumping is then evaluated on sil-
icon chips containing microfabricated band electrodes modified with
the best-performing PEDOT films, placed over a NdFeB permanent
magnet, and activated using a galvanostat/potentiostat for applying
current between them.

Experimental

Chemicals and materials.—Electrolyte solutions were prepared
with reagent grade, 18 M�.cm, deionized water from Ricca Chemi-
cal Company (Arlington, TX), and PURELAB Ultra (18.2 MΩ.cm
resistivity, Lowell, MA). Propylene carbonate (anhydrous 99.7%),
3, 4-ethylenedioxythiophene (EDOT), tetrabutylammonium hexaflu-
orophosphate (TBAPF6), and phosphate buffered saline (PBS) tablets
were acquired from Sigma-Aldrich (St. Louis, MO). Glycerol (pro-
teomics grade, ≥99.00%) was purchased from AMRESCO LLC
(Solon, OH). Lithium perchlorate (ACS grade 95%) and polystyrene
latex microspheres, 10 μm diameter (2.5 wt% dispersion in water)
were purchased from Alfa Aeser (Ward Hill, MA). Potassium ferri-
cyanide and potassium ferrocyanide were obtained from EM Science,
Gibbstown, NJ and J.T. Baker, Phillipsburg, NJ, respectively. Potas-
sium chloride (99%) and pre-cleaned micro cover glass (24 mm ×
50mm)were purchased fromVWR International, LLC (West Chester,
PA). The nickel-coated NdFeB permanent magnet (3.5 cm diameter
and 1.27 cm height, grade N40) was acquired fromAmazingMagnets,
Irvine, CA.

Silicon wafers (125 mm diameter, 600−650-μm thickness with
2 μm of thermally grown SiO2 on the surface) were purchased from
Silicon Quest International (Santa Clara, CA). A chromium-plated
tungsten rod (Kurt J. Lesker Company, Clairton, PA) and gold pieces
cut from a coin (Canadian Maple Leaf, 99.99%) placed on a molyb-
denum boat (Kurt J. Leskar Company, Pittsburgh, PA) were used for
thermal metal vapor deposition on the wafer (Edwards E306A coating
system). Photo plot masks that defined electrode and insulating layer
featureswere obtained fromFineLine Imaging, Inc.ColoradoSprings,
CO. Photoresist AZ 4330 was used in the photolithography process of
the electrodes, and tetramethylammonium hydroxide (TMAH) served
as the developer. Gold etchant (Transene, GE8148) and chromium
etchant (HTA enterprise, CEP200) were used as received. Benzocy-
clobutene (Cyclotene 4024-40, insulator over the electrode leads) was
obtained from Dow Corning Company, Midland, MI.

Edge connectors (solder contact, 20/40 position, and 0.05 in. pitch)
were acquired from Sullins Electronics Corp. (San Marcos, CA). For
Poly (dimethylsiloxane) (PDMS) fabrication, Sylgard184 silicon elas-
tomer base, Sylgard 184 silicon elastomer curing agent andOS-30 sol-
vent were purchased from Ellsworth Adhesives, Milwaukee, WI.

Electrochemical instrumentation.—A model 760B galvanos-
tat/potentiostat from CH Instruments, Inc. (Austin, TX) was used to
perform all investigations involving electrochemistry. CV was used
for electrodeposition of PEDOT from PC solutions. CV, CA, CP, and
electrochemical impedance spectroscopy (EIS) were used to charac-
terize the PEDOTfilms in aqueous solutions. CV and EISwere used to
characterize the bare electrodes.All the characterization investigations
involved a “three-electrode” setup using a Ag/AgCl (saturated KCl)
reference electrode and Pt foil counter electrode. In MHD-pumping
studies, a constant current was applied using CP and a “two-electrode”
arrangement was used. The two-electrode configuration consisted of
one PEDOT-modified band on the chip serving as the working elec-
trode and an adjacent coplanar, PEDOT-modified band as a combined
counter/quasi-reference electrode.

Electrode preparation and modification.—A detailed procedure
to fabricate chips with patterned gold electrodes on a silicon wafer
has been reported by us previously.17 Each fabricated silicon wafer
was diced into 1 in. × 2 in. (2.5 cm × 5.0 cm) chips. Afterwards,
each chip was rinsed with deionized water for about a minute to wash
away any remaining particulates produced from the sawing process.
After drying at room temperature the chips were plasma cleaned in
oxygen plasma (Harrick Plasma Cleaner PDC -32G, Ithaka, NY) for
20 min at 60 mTorr pressure and 6.8W of power applied to the RF coil
for removing organic residue originating from the fabrication process.
Figure S-1 shows a chip schematic consisting of four, parallel and
coplanar band electrodes (nominally 1.5 cm long, 650 μm wide, and
250 nm thick). The end of one of these electrodes is shown in Figure 2.
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Figure 2. (a) and (b) show CV responses during electropolymerization of PE-
DOT at 5 mV/s for 12 consecutive cycles in monomer solutions containing
0.010MEDOT in PCwith electrolyte of (a) 0.100MTBAPF6 and (b) 0.100M
LiClO4. The oxidation of monomer occurs at a potential >1.00 V vs Ag/AgCl
(saturated KCl). The insets show the current increment as more cycles build up.
Microscope images in (c) show that dark PEDOT films are formed on a bare
electrode (left) after 12 cycles of successive deposition in both PC:TBAPF6
(middle) and PC:LiClO4 (right). (d) and (e) show the linear dependency of area
normalized capacitance at 100, 50 and 5 mV/s deposition scan rates with num-
ber of deposition cycles obtained during electrodeposition in PC:TBAPF6 and
PC:LiClO4, respectively. The least squares line fit and R2 values for different
deposition scan rates in PC:TBAPF6 are: |C at 5 mV/s| = (12.33 ± 0.25 mF
cm−2) |n| - (10.54 ± 1.71 mF cm−2), R2 = 0.9962; |C at 50 mV/s| = (1.218 ±
0.006 mF cm−2) |n| - (0.61 ± 0.04 mF cm−2), R2 = 0.9998; |C at 100 mV/s| =
(0.647± 0.007mF cm−2) |n| - (0.48± 0.05mF cm−2), R2 = 0.9989. Those for
PC:LiClO4 are: |C at 5 mV/s| = (7.67 ± 0.20 mF cm−2) |n| - (6.98 ± 1.37 mF
cm−2), R2 = 0.9938;|C at 50 mV/s| = (0.75 ± 0.01 mF cm−2) |n| - (0.75 ±
0.10 mF cm−2), R2 = 0.9968; |C at 100 mV/s| = (0.34 ± 0.01 mF cm−2) |n| -
(0.37 ± 0.06 mF cm−2), R2 = 0.9926. (Bare electrode capacitances were not
included in the least squares analysis, but are shown in the plots.)

These electrodes were used for both PEDOT deposition studies and
MHD flow generation. Each outermost electrode is separated from the
adjacent, inner electrode by 0.30 cm. These electrode pairs were used
for MHD pumping investigations. The distance between the two inner
electrodes is 0.47 cm.

EDOTwas electropolymerized on gold band electrodes by cycling
the potential at 5, 50, and 100, mV/s for 12 cycles between −0.455
and either +1.40 V or +1.30 vs Ag/AgCl (saturated KCl). Monomer
solutions containing 0.010 M EDOT and 0.100 M TBAPF6 or LiClO4

electrolyte, respectively, in PC were used for electrodeposition. The
resulting PEDOT films were dark blue. Before electrodeposition, the
chips were plasma cleaned again in an oxygen plasma to remove or-
ganic residues from the electrode surfaces with the same parameters as
given above. After electrodeposition, the films were cycled at 50 mV/s
at least five times in monomer-free electrolyte solution in PC to sta-
bilize them and improve electrochemical performance.38 After stabi-
lization, the chips were rinsed 2–3 times with propylene carbonate to
remove excess electrolyte, and this was followed by a rinse with DI
water (for about a minute). The rinsed chips were stored in 50 mL
capped polypropylene centrifuge tubes filled with DI water until fur-
ther characterization in aqueous electrolyte solution.

The approximate time spent on the deposition of PEDOT for each
cycle is reported in Table S-1 in Supporting Information. These values
were estimated by dividing twice the difference between onset of oxi-
dation potential and the anodic switching potential with the respective
deposition scan rate. The first cycle is usually different in terms of on-
set potential than other cycles as it usually occurs at a higher potential.
Therefore, the deposition time for each cyclewas calculated separately
and added together for a total estimated time of deposition for the 12
cycles. In the case of PEDOT deposition at 5 mV/s in PC:TBAPF6,
the usual onset potential for oxidation is 0.8 V and switching potential
is 1.4 V. Therefore, the time for that cycle is 2 × (1.4-0.8 V)/0.005 V
s−1 = 240 s.

PEDOT film thickness measurements.—The chips with electro-
deposited PEDOT films were dried in a desiccator for three days be-
fore measuring the thickness with a profilometer (Dektak 3030, Veeco
Instruments Inc, Plainview, NY). The chip was placed on the mea-
surement stage and positioned for scanning with a video camera. Ini-
tially, leveling and zero referencing were done on bare silicon that was
outside of the film’s edge. Then a single scan with a 2.5 μm radius
diamond tip stylus was performed laterally across the film width, for
a distance of 1 mm and with a contact force. The scan ended on the
bare silicon on the other side of the electrode. Thickness profiling was
performed on a single chip for films formed from a given solvent –
electrolyte couple, where the PEDOT was electrodeposited on three
electrodes, each at one of the three different scan rates. Each film was
measured three times on three different positions across the length of
the electrode and the final thickness was reported as an average value
of these three measurements. All the measurements included the gold
thickness (∼250 nm).

Scanning electron microscopy.—After complete electrochemical
characterization in aqueous solution, chips with PEDOT films were
rinsedwithDIwater for about aminute to remove any absorbed species
and kept in a desiccator for a week to dry before evaluating surface
topography by an Environmental Scanning Electron Microscope (E-
SEM, Philips XL30 ESEM). Surface images were taken at 1000 ×
magnification using a secondary electron detector, 10 kV acceleration
voltage, and pressure of 0.4 to 1.1 Torr.

Electrochemical characterization of bare electrodes and PEDOT
films.—The bare electrodes on the cleaned chips were characterized
using CV between 0 V and+0.500 V at 50 mV/s in a solution of aque-
ous 0.0010 M K3Fe(CN)6 and 0.100 M KCl, as well as 0.100 M KCl
alone (not shown). Before and after film deposition electrodes were
characterized in 0.100MNaCl by CV at 50mV/s with a potential win-
dow of 0 to 0.500 V. PEDOT-modified electrodes were characterized
using CA in three different electrolytes of increasing ionic strength,
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μ: 0.100 M NaCl (μ = 0.100 M), 0.01 M PBS (μ = 0.16 M), and
0.1 M PBS (μ = 1.6 M). The μ values were determine by

μ = (1/2)�(cizi
2 )

where ci is the concentration and zi is the charge of the ith species
in the solution. For PBS solutions, the concentrations at equilibrium
at the manufacturer’s stated pH of 7.4 were taken into account. (see
Supporting Information for details).

The “0.01 M PBS” solution was prepared by dissolving one PBS
tablet in 200 mL of DI water, which results in a buffer containing
0.01M phosphate, 0.0027M potassium chloride, and 0.137M sodium
chloride, pH 7.4 at 25°C (application procedure according to Sigma-
Aldrich).39 The “0.1 M PBS” solution is made by dissolving one PBS
tablet into only 20 mL DI water.

The potential was held first at −0.800 V for 20 s (quiet time) to
charge up the polymer, and then stepped to +0.800 V and held for
another 20 s. The maximum current was measured at 0.001 s of the
CA response and was normalized to the geometric area of the bare
electrode to obtain the maximum current density for each deposited
film. The available charge in the film was obtained by integrating the
CA data. This was also normalized to the geometric electrode area to
get the charge density for the 20-s period.

EIS was also performed on bare and PEDOT-modified electrodes.
A sinusoidal perturbation around a DC potential of 0.00 Vwas applied
with an amplitude of 0.015 V and frequency range of 0.1–105 Hz.
Nyquist and Bode plots were extracted from the current responses.
Cell resistance, R�, charge transfer resistance, Rct, and capacitance,
C, valueswere obtained by the simple analysis of using the x-intercepts
of the semicircles in the Nyquist plots, which are R� and Rct + R�,
and the frequency at the maximum real impedance of the semicircle,
where ω = 1/RctC.

MHD pumping studies.—Figure 3 shows the schematic of the
experimental setup for MHD and fluid path between and around an
activated pair of band electrodes. The chipwith PEDOT-modified elec-
trodes was inserted into an edge connector to provide an electrical in-
terface between the galvanostat and the electrodes. A PDMS gasket of
781 ± 7 μm thickness with a rectangular opening (3.5 cm × 2 cm) to
expose electrodes of interest and define the cell chamber dimensions
was placed on the chip. The chip-gasket-edge connector assembly was
carefully positioned flat (without tilt) on a permanent NdFeB magnet.
The magnetic flux density was measured with a dc magnetometer (Al-
faLab, Inc., Salt Lake City, UT). The average of measurements made
at the surface of the magnet and at lateral locations along the entire
length of the gap between the active electrodes from one end to the
other was 0.372 ± 0.004 T. The center of the gap between PEDOT-
modified anode and cathode was shifted about 5 mm away to the side
of the center of the magnet.

The chamber formed by the rectangular cutout of the PDMS gasket
could hold 450 μL of the “buffer/glycerol/bead solution” (described
below). A glass coverslip was placed on the solution-filled chamber to
limit the solution loss from evaporation. Special attention was paid to
prevent air bubbles from getting trapped in the MHD chamber during
assembly.

The “buffer/glycerol/bead solution” was prepared by mixing
1000 μL of a “buffer/glycerol” solution with 40 μL of the as-received
polystyrene latex microspheres. The “buffer/glycerol” consisted of
30:70 v/v of a glycerol solution (1:1 ratio of pure glycerol (>99%)
and water) added to 0.01 M PBS (described above). Thus, the pure
glycerol content of the final solution was 15% by volume. The glyc-
erol was added to increase the density of the solution to match that of
the beads, and thus prolong the buoyancy of the beads.

A repeating double-step CP technique was used to apply current
for MHD pumping and to monitor the potential response. The current
ranged from±50 μA to±800 μA, in a “two-electrode” configuration
involving two PEDOT-modified electrodes, where one served as the
working electrode and the other served as the combined counter/quasi-
reference electrode. The current reversed from anodic to cathodic, and
vice versa, when the potential reached the preset limits of+1.10V and

Figure 3. (a) Schematic of simplified MHD setup where electrodes on chip
are modified with PEDOT films. The PDMS gasket on the chip holds the
electrolyte solution and a glass coverslip functions as a lid. The chip, inserted
into an edge connector, is placed upon a permanent magnet, and the whole
MHD assembly is then placed under microscope to observe fluid movement by
monitoring microbeads that have been added to the solution. (b) The expanded
schematic of a top-down view shows the linear fluid path pumped by MHD
between the active electrodes and the return flow around the outside of the
electrodes resulting from fluid dynamics in the MHD-free region.

−1.00V, respectively. The sign convention for the electronic current is
non-IUPAC—negative current represents oxidation and positive cur-
rent represents reduction when the working electrode serves as anode
and cathode, respectively. The negative limiting potential was chosen
to avoid the non-conductive range of the film and the positive limiting
potential was chosen to prevent its over-oxidation.

To visualize the resulting MHD fluid flow, movement of the
polystyrene beads was recorded using a Sony Handycam camera that
was interfaced with the microscope. Adjustment of the microscope
stage determined where fluid flow was measured: the horizontal posi-
tion over the chip between activated electrodes (using the x-y transla-
tion) and the vertical position in the chamber (using the z translation
to focus on beads at 320 μm above the chip surface). The flow speed
at each applied current was determined by analyzing the videos of
bead motion using Tracker (V 4.87, www.opensourcephysics.com)
software. The start frame, step size (n, every nth frame was used) and
end frame were selected for each flow video. A focused bead in the
video was selected as a point mass, and the velocity of that bead was
evaluated from the position-time data using the Finite Difference al-
gorithm. Currents were applied in low to high, high to low and random
fashions, generating three videos for each of five current magnitudes,
and totaling fifteen videos. Two focused beads were tracked for each
video and a total of six individual beads were analyzed for each ap-
plied current. Bead speed was measured from the anodic excursion
and flow duration was determined from the cathodic excursion for
each CP cycle.
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Results and Discussion

Electrodeposition characteristics.—Figures 2a and 2b show repre-
sentative CV responses for each of the 12 sequential deposition cycles
at 5 mV/s for solutions containing EDOT in TBAPF6 and LiClO4

in PC, respectively. CV responses for deposition at 50 mV/s and
100mV/s scan rates in each of the two solutions exhibit similar trends,
but with a small anodic shift in the oxidation wave, as can be seen in
Figure S-2 (a), (b), (d), and (e) in the Supporting Information. The
first deposition cycle is distinctly different than the rest of the cy-
cles at all scan rates and in both solutions. The isolated first cycles
for depositions at 5 mV/s are shown in Figure S-2 (c) and (f) of the
Supporting Information. In the forward sweep of that first cycle, the
monomer oxidizes at the bare gold electrode at 1.26 V for PC:TBAPF6

and 1.19 V for PC:LiClO4 in an initial monomer nucleation process,
forming initial products (dimers, oligomers, and bipolarons), and with
a rapid increase in anodic current. The reverse scan crosses the forward
scan as these products are easier to oxidize further and the oxidation
potential shifts to lower values for subsequent deposition cycles.40

The polymer continues to growwith each cycle. Startingwith cycle
2 in the PC:TBAPF6, an anodic peak appears at 1.34 V in the forward
sweep (Figure 2a) that suggests diffusion controlled oxidative poly-
merization of EDOT. During deposition in PC:LiClO4 (Figure 2b),
there is also a peak in cycle 2, but at 1.29 V and is very close to the
1.30 V switching potential, explaining why an oxidation peak is not
well resolved. This switching potential is 0.10 V short of that used in
the TBAPF6 case, which leads to less polymerization time, and there-
fore, diminished film properties as described further below. At the
faster scan rates of 100 mV/s and 50 mV/s for both electrolyte con-
ditions, however, (see Figure S-2 (a), (b), (d), and (e), in Supporting
Information), an anodic maximum is no longer observed within the
potential window. This may be explained by a larger voltage drop in
solution due to higher currents for a given uncompensated resistance
or kinetic limitations where increased overpotentials are needed for
oxidation at the shorter time scales.

Measurement of the charging current can be used to follow the
polymer deposition. As the potential sweeps back to −0.455 V in the
first deposition cycle, the PEDOT films exhibit a cathodic background
current that is 21× that of the bare electrode. Upon the forward sweep
of the subsequent cycles, the anodic background current is also larger
than that in the previous cycle. The insets of Figures 2a and 2b provide
an expanded view of the current from 0.4 to 0.5 V, illustrating this
point. This behavior is much like that of the charging of a capacitor
and is consistent with reports of the electrochemistry of PEDOT by
other investigators.20,28,41,42 The increasing charging current suggests
that an additional layer of PEDOT is deposited with each cycle, and
therefore a thicker film is formed. A plot of charging current obtained
during deposition as a function of the cycle number (Figure S-3 in
Supporting Information) is fairly linear with an R2 values of 0.981 to
0.990, suggesting that similar amounts of polymer are deposited with
each iteration for a given scan rate. The linear equations resulting
from the least squares fit of the plots at all scan rates for an electrolyte
solution are similar. The reason for the similarity is that less time is
spent during the oxidation part of eachCVcycle at the faster scan rates,
and therefore thinner polymer films are deposited. The lower charge
in the film is offset by a faster scan rate that yields a proportionally
higher charging current. Another presentation of these data is to divide
the charging current by the scan rate to attain the film capacitance
and generate the plots in Figures 2d and 2e. The data show that each
deposition cycle produces a new layer where virtually all of the charge
from the previous cycle appears to remain accessible. The plots also
confirm that deposition of PEDOT at faster scan rates produces thinner
films with proportionally lower overall capacitance. For example, for
TBAPF6 in Figure 2d, the R2 values are 0.9937, 0.9970 and 0.9917 for
deposition scan rates of 5 mV/s, 50 mV/s, and 100 mV/s, respectively.
The slopes at 5mV/s and 50mV/s are a factor of 18.6 and 1.9 compared
to that for 100 mV/s, and correlate well to factors of 20 and 2 of the
deposition times when compared to the time for 100 mV/s. Similarly,
for capacitances of films deposited in PC:LiClO4 (Figure 2e) the slopes

at 5 mV/s and 50 mV/s are 23.8 and 2.2 times that for 100 mV/s,
respectively. Overall however, the films deposited in TBAPF6 have
higher capacitances than those from LiClO4, at least partly due to
longer oxidation times from the later switching potential that deposit
more material. Estimates of times during deposition by CV based on
the onset of monomer oxidation and switching potential are provided
in Table S-1. Specifically, the ratio of the slopes from Figures 2d and
2e, which is the change in capacitance per cycle, between the two
electrolyte systems at 5 mV/s, 50 mV/s, and 100 mV/s deposition
scan rates are quite similar at all three scan rates: at 1.61 ± 0.05, 1.62
± 0.02, and 1.91 ± 0.05 mF cm−2 per cycle, respectively.

Films with different thicknesses can be observed by eye and were
measured. After 12 cycles at the slowest scan rate of 5 mV/s for both
electrolyte solutions, the PEDOT film has overgrown the electrode
edges and formed fingerlike projections as shown in Figure 2c. At
the shorter deposition times manifested by faster scan rates, however,
thinner films are produced and have less overgrowth (see Figure S-4
(c) and (f) and Figure S-5 (c) and (f) in Supporting Information), as
expected. Measurements of the total film thickness after 12 cycles are
provided in Table S-1 and plotted in Figure S-6 in the Supporting Infor-
mation as a function of the inverse of the scan rate (i.e. approximately
proportional to the duration of oxidation) and are also linear, with
R2 values of 0.999. Because of these linear dependences of thickness
and capacitance on inverse scan rate and of capacitance on number
of cycles, control of these parameters allow the electrodeposition of
PEDOT to be quantitative and highly predictable.

The charge passed during the oxidative deposition of the PEDOT
was also obtained to determine whether the polymer properties are
more closely related to the quantity of monomer deposited rather than
the nature of the electrolyte composition of the monomer solution.
The deposition charge was obtained by integrating the anodic faradaic
current in the electropolymerization portion of theCV response in both
the forward and reverse sweeps for each cycle, for a given deposition
scan rate, and for each electrolyte. For example, the anodic faradaic
current in the forward sweep for films formed in PC:TBAPF6 was
obtainedby subtracting the background currentmeasured at 0.8V from
the total current across the electrodeposition region of that sweep (from
0.8 V to 1.4 V). The anodic faradaic current in the reverse sweep was
determined in a similar fashion, where the background current at 0.8 V
in the reverse sweepwas subtracted from the total current of that sweep
across the range from 1.4 V to 0.8 V. After integrating the faradaic
current in each sweep and dividing by the scan rate, the absolute values
of the resulting forward and reverse chargewere combined. The results
are shown in Figure S-7 in the Supporting Information. This approach
to estimate the amount of monomer incorporated into the polymer is
only qualitative because it is challenging to accurately subtract the
charging current that dynamically adds while the polymer forms. The
overall trend is the same for films deposited from both electrolytes and
at all scan rates: the deposition charge increases rapidly over the first
three cycles, and then starts to roll over with subsequent cycles. The
charge deposited in each cycle never becomes constant, however, as
would be expected if each additional polymer layer were identical to
the previous one. This could be due to a polymer film that continues
to spread outward, increasing its geometric and surface areas, and
therefore accessing more monomer to deposit on the next cycle. This
effect is less dramatic at the faster deposition scan rates because the
growth and therefore the change in geometric area with each cycle
are also smaller. Nonetheless, the integrated oxidative current for a
given cycle is inversely proportional to the scan rate for each of the
electrolyte compositions, just as the capacitance of the films depends
on the inverse of the deposition scan rate, which suggests that the
amount of PEDOT formed is indeed due to the time of oxidation,
which decreases with increasing scan rate.

There are also consistencies between the two electrolyte systems
at each of the different scan rates when considering the total ox-
idative charge accumulated over the 12 deposition cycles, which is
related to the total amount of monomer polymerized into a film,
and the final film capacitances. This further supports the notion that
the quantity of monomer that polymerizes remains accessible and
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Figure 4. SEMimageswere taken at 1000Xmagnification. (a) – (c) showSEM
images of films deposited from a monomer solution containing PC:TBAPF6 at
100 mV/s, 50 mV/s, and 5 mV/s scan rate for 12 cycles, respectively. (d) – (f)
show images with same deposition parameters but with PC:LiClO4 electrolyte.
Table S-1 in Supporting Information provides estimates of total deposition
times for each.

contributes proportionally toward the film’s capacitance. For exam-
ple, the accumulated oxidative charge is 144± 14mC in PC:TBAPF6,
which is 1.4 times that of 100. 6 ± 1.2 mC in PC:LiClO4. The final
capacitances are 128.5± 10.5 mF/cm2 and 80.6 ± 1.6 mF/cm2, re-
spectively (Figures 2d and 2e), yielding a ratio of 1.6, which is similar
to the ratio of the accumulated charge. For deposition scan rates of
50 mV/s and 100 mV/s, the accumulated charge is 16.7 ± 0.7 mC
and 7.7 ± 0.7 mC in PC:TBAPF6 and 8.80 ± 0.9 and 3.95 ± 0.2 mC
in PC:LiClO4, respectively, yielding a corresponding ratio of 1.9 be-
tween the two electrolyte systems at both deposition scan rates. The
final capacitances of the films formed at the two deposition scan rates
are 12.8± 1.2 and 6.8± 0.7mF/cm2 in PC:TBAPF6 and 7.7± 0.5 and
3.4 ± 0.1 mF/cm2 in PC:LiClO4, yielding ratios of 1.7 and 2 for the
two electrolytes, respectively. These capacitance ratios are consistent
with the relative amounts of polymerized monomer.

The ratio of the final film thicknesses for the two electrolyte condi-
tions, however, is 2.3 (obtained from the ratio of the slopes in Figure
S-6), somewhat higher than the ratio of deposition charge and total
capacitance, especially for the longest deposition times at 5 mV/s.
This appears to be a consequence of the different morphologies of the
films that result from deposition in the different electrolytes, and is
described in more detail below.

Scanning electron microscopy (SEM) analysis of PEDOT
films.—SEM images at the center of PEDOT films deposited for
12 cycles under the six different conditions are given in Figure 4.
They suggest that the type of electrolyte in the deposition solution
has a significant effect on film morphology. For both PC:TBAPF6 and
PC:LiClO4 solutions, the PEDOT films become rougher with decreas-
ing scan rates (increasing deposition time). However, the films formed
inPC:TBAPF6 (Figures 4a, 4b, 4c) exhibit even rougher structures than
those formed in PC: LiClO4 (Figures 4d, 4e and 4f).

Further comparisons of morphologies are provided in Figures S-4
and S-5 in Supporting Information. There, SEM images at the center
of PEDOT-modified electrodes are compared to those at the electrode
edges and with the optical images for depositions from PC:TBAPF6

and PC:LiClO4. Figure S-4 (h) and (i) show the extended finger-like
projections for PC:TBAPF6 film beyond the electrode boundary, while
PC:LiClO4 shows smaller projections (Figure S-5 (h) and (i)).

These trends in roughness for the two electrolyte systems and
across the three scan rates are consistent with the film thickness mea-
surements in Table S-1 in Supporting Information. For a given elec-
trolyte system, the increasing deposition time that occurswith decreas-
ing scan rate clearly explains the increasing film thicknesses and yields
a linear relationship in Figure S-6 of Supporting Information. How-
ever, for a given scan rate, the different times spent during monomer
oxidation cannot alone explain the varied film roughness and thick-
nesses for the two different electrolytes. For example, PC: LiClO4

films are deposited for shorter times at a given scan rate than for PC:
TBAPF6 films owing to an anodic switching potential that is 0.100 V
less. Table S-1 in the Supporting Information lists those estimated
deposition times. However, the thickness and roughness of films de-
posited for amore similar time, for example about half for PC:TBAPF6

(at 100 mV/s, for 115 s) in comparison to that from PC:LiClO4 (at
50 mV/s for 216 s), still exhibit greater roughness (Figures 4a vs 3e)
and thickness (1.77 ± 0.05 μm vs 1.55 ± 0.01 μm).

The rougher structure of the film formed in PC: TBAPF6 must be
due to differences in ion inclusion and trapping in the film, compared
to PC: LiClO4. The potentiodynamic method of deposition allows cy-
cling of oxidation and reduction and therefore cycling of the transport
of electrolytes and solvent through the freshly deposited film.43 Thus,
it is expected that variation of ion size and shape in the electrolyte so-
lution will affect the morphology of the polymer.25 For example, the
slightly larger PF6

− with an ionic radius of 0.254 nm might help form
amore expanded structure than the smaller ClO4

− with an ionic radius
of 0.237 nm.44 The much larger and hydrophobic cation TBA+, com-
pared to Li+, may also contribute to a more expanded film, especially
if it becomes trapped within the PEDOT.

In the next section, the available charge of these PEDOT films in
aqueous electrolytes is compared. These correlate more closely with
the time of deposition than with the thickness of the films. This fur-
ther supports the idea that film morphology is linked to the type of
electrolyte used during deposition, and that both structures are suffi-
ciently open for ions to access most of the film during its oxidation
and reduction.

Electrochemical characterization of PEDOT films in aqueous
electrolyte to predict R-MHD performance: maximum current and
charge density.—Performance of PEDOT-modified electrodes for
redox-MHD pumping may be characterized by the maximum achiev-
able current and the total charge, which are proportional to the maxi-
mum attainable fluid speed and pumping duration in a single direction,
respectively. These two features also describe the facility of ions to per-
meate and compensate for oxidation and reduction and the quantity of
charge that is accessible in the film. Such electrochemical responses of
the PEDOT films are compared here in three aqueous electrolytes that
are compatible with many biological analytes in microfluidic systems
(0.100 M NaCl, 0.01 M PBS, and 0.1 M PBS).

Figure S-8 in Supporting Information shows diagnostic CV re-
sponses in aqueous 0.100 M NaCl at a single scan rate of 50 mV/s for
PEDOTfilms thatwere formed frommonomer in both electrolyte solu-
tions at the three deposition scan rates. The shapes of the CV responses
look like those for capacitors, and are consistent with the capacitor-
like behavior observed during film deposition described above and in
Figures 2a, 2b, and S-2. The charging currents fromCV in the aqueous
solutions of the PEDOT films deposited from both electrolytes at 5,
50, and 100 mV/s are nearly 1400, 125, and 70 times more than at
a bare electrode, respectively, confirming the advantage of PEDOT-
modified electrodes over unmodified ones for R-MHDpumping. Also,
this charging current is approximately inversely proportional to the
scan rate that was used for the film deposition. This can be explained
by a greater available charge when PEDOT is deposited at longer
times (slower deposition scan rates) and is consistent with the analy-
sis of individual deposition cycles with scan rate in Figures 2d, 2e, and
S-3. Therefore, the facility to access the charge in a solution of a given
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ionic strength is independent of film thicknesses. This and the total
available charge are further quantified with CA.

Figure 5 shows examples of CA responses in aqueous 0.100 M
NaCl over a 20 s step at +0.800 V vs. Ag/AgCl (saturated KCl)
(after charging for 20 s at −0.800 V) and their integration for
PEDOT films formed from the two deposition electrolytes in PC
at the three scan rates. The area-normalized maximum current at
0.001 s and total charge over 20 s for 0.100 M NaCl, 0.01 M PBS
and 0.1 M PBS are tabulated in Tables S-2 and S-3 in Supporting
Information.

Initially, the CA current changes rapidly with time, and the de-
pendence is expected to be exponential for RC circuits. However, the
expanded view of the CA response for the thickest film (deposited at
5 mV/s), shows three distinctively different current regions: an initial
drop in the absolute anodic current, then a noticeable increase, which
is followed by a second drop.We attribute this behavior to at least three
stages of expansion as the film receives more anions upon oxidation.
As the EIS studies show (described below), all three stages are also
present in the films formed at 50 and 100mV/s, but only the third stage
is observed here in the CA experiment for those thinner films, because
the first two stages are too short-lived for its temporal resolution. See
an illustration of the proposed three-stage model in Figure 6.

One stage involves a reduced and compressed structure that re-
ceives an initial rush of counter anions within the first 0.01 s due
to migration to charge the polymer/solution interface. As the poly-
mer begins to expand upon receiving additional anions, from 0.01 s
to 0.03 s for films formed in PC: LiClO4 and to 0.08 s for films
formed in PC:TBAPF6, it exposes an increasing area of the poly-
mer/electrolyte interface, leading to an increase in the anodic current.
We have observed physical expansion and contraction of other thick
PEDOT films by optical microscopy during electrochemistry. Once
the polymer achieves its most expanded form at about 0.03 s or 0.08 s,
respectively, the current becomes limited by the mass transport of
the ions into the film’s deeper and more compact regions. Electro-
static repulsions may also play a role. As positive charges redistribute
themselves throughout the polymer network, counter anions that are
already associated with the film could be drawn even further into it.
As discussed below, EIS data further confirm these stages: >100 Hz
(determined from 1/0.01 s), between 13 (1/0.08 s) or 33 Hz (1/0.03 s)
and 100 Hz, and between 0.1 Hz and 13 or 33 Hz. These stages would
be expected to shift to higher frequencies for thinner films deposited
at 50 and 100 mV/s.

The maximum current density for a given PEDOT film exhibits a
linear relationship with increasing ionic strength of the surrounding
aqueous electrolytes (0.100 M NaCl (μ = 0.10 M) < 0.01 M PBS
(μ = 0.16 M) < 0.1 M PBS (μ = 1.6 M)) as depicted in Figure S-9 in
Supporting Information. For example, films that were deposited from
PC:TBAPF6 and PC:LiClO4 at 5 mV/s exhibit a maximum current
density, y, that depends on the ionic strength, x, of the surrounding
solution as follows: y = (485 ± 22 mA cm−2 mol−1 L) x + (156 ±
21 mA cm−2), R2 = 0.9979, and y = (457 ± 17 mA cm−2 mol−1 L)
x + (151 ± 16 mA cm−2), R2 = 0.9986, respectively. Therefore, the
maximum R-MHD pumping speed can be enhanced in a predictable
manner by increasing the ionic strength of the fluid. This is expected
for highly reversible charge-discharge processes, when the internal
resistance of the film diminishes with an increase of the conductance
of the permeating electrolyte.45 (The conductance of an electrolyte
depends on the ion concentration and mobility.) Also at the initial
potential step, the number of charging centers must be sufficiently
higher than the number of available compensating ions in solution. At
the 95%confidence level, the slopes for PEDOTfilms formed fromPC:
TBAPF6 at a given deposition scan rate are significantly higher and
therefore show a stronger dependency of maximum current density
on ionic strength than films formed from PC: LiClO4 for the same
deposition scan rate.

Interestingly however, the maximum current densities of PEDOT
in a given aqueous electrolyte are statistically the same (at 95% con-
fidence) for all films formed from a given deposition electrolyte in
PC, regardless of the deposition scan rate, as shown in Figure 7. This

Figure 5. Current responses for CA in 0.100 M NaCl solution for films of
PEDOT deposited at 5, 10, 100 mV/s for 12 cycles from EDOT monomer
solutions in (a) PC:TBAPF6 and (c) PC:LiClO4. A three-electrode system
was used with a Ag/AgCl (saturated KCl) reference electrode and Pt counter
electrode in a 20mLglass beaker. Themaximumcurrent responsewas obtained
at 0.001 s after stepping the potential from−0.800 to 0.800V. The potential was
held at−0.800 V for a quiet time of 20 s prior to the step, and the potential was
held at 0.800 V for 20 s after the step. By integrating the current in (a) and (c),
the charge responses were obtained and are shown in (b) and (d), respectively.
The total charge was measured at the end of 20 s.
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Figure 6. Model depicting three stages of PEDOT transformation during ox-
idation. (a) Initial charging at the solution/polymer interface. (b) Expansion
with further oxidation, exposing additional polymer surface area to the solu-
tion, and thereby increasing the current. (c) Permeation of ions more deeply
into the polymer, when the nature of the ions (e.g. size and chemical properties)
becomes important. This latter stage could also be viewed as transport through
regions that are relatively more compact and areas increasingly affected by
electrostatic repulsions.

Figure 7. Maximum current densities of PEDOT films obtained for different
ionic strengths of aqueous electrolyte and as a function of different thick-
nesses as expressed as 1/ scan rate used for deposition. Where: 0.100 M NaCl
(μ = 0.10 M) < 0.01 M PBS (μ = 0.16 M) < 0.1 M PBS (μ = 1.6 M).
The least squares fit and corresponding R2 values of maximum current density
as a function of ionic strength for films formed in PC:TBAPF6 at 5, 50, and
100 mV/s are: y = (309 ± 8 mA cm−2 mol−1 L) x + (166 ± 11 mA cm−2),
R2 = 0.9994; y = (343 ± 8 mA cm−2 mol−1 L) x + (166 ± 12 mA cm−2),
R2 = 0.9994; and y = (282 ± 10. mA cm−2 mol−1 L) x + (176 ± 15 mA
cm−2), R2 = 0.9987. Those for films formed in PC:LiClO4 are: y = (291 ±
5 mA cm−2 mol−1 L) x + (160 ± 8 mA cm−2), R2 = 0.9997; y = (303 ±
12 mA cm−2 mol−1 L) x + (181 ± 17 mA cm−2), R2 = 0.9986; and y = (256
± 10, mA cm−2 mol−1 L) x + (176 ± 14 mA cm−2), R2 = 0.9985.

result further supports conclusions from theCVdata that themaximum
R-MHD pumping speed will be similar for all film thicknesses.

Unlike the maximum current density, the total charge density,
which was also obtained by characterization with CA in aqueous
electrolyte, is proportional to how much PEDOT had been electro-
deposited. Thus, charge density of a film increases linearly with its de-
position time or with the inverse of the deposition scan rate (100 mV/s
< 50 mV/s < 5 mV/s) (Figures 8a and 8b). Also in contrast to the
maximum current density, the magnitude of the charge density is es-
sentially the same in two of the three aqueous electrolytes in which the
measurement was performed, increasing only by 1.3% from 0.100 M
NaCl (μ = 0.10M) to 0.010M PBS (μ = 0.16M) based on the slopes
of the least squares fit to the data in Figure 8. Therefore, these two
electrolytes must be accessing a given PEDOT film to the same extent,
despite the fact that one of them (0.010 M PBS) does this 1.6 times
faster (higher current density) than the other (0.100 M NaCl). A com-
parison of one type of electrolyte at two different ionic strengths, how-
ever, when 0.100 M PBS is at ten times the ionic strength of 0.010 M
PBS, an additional 36% of the film’s charge is accessible, which can
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Figure 8. Total charge densities of PEDOT films obtained for different ionic
strengths of aqueous electrolyte and as a function of different thicknesses as
expressed as 1/scan rate. Where: 0.100 M NaCl (μ = 0.10 M) < 0.01 M PBS
(μ= 0.16M)< 0.1MPBS (μ= 1.6M). The least squares fit and corresponding
R2 values of maximum charge density of PC:TBAPF6 film in 0.10 M NaCl,
0.01 M PBS, and 0.10 M PBS are: y = (961 ± 4 mC cm−2 mV s−1) x - (0.48
± 0.48 mC cm−2), R2 = 0.9994; y = (948 ± 12 mC cm−2 mV s−1) x + (1.7
± 1.4 mC cm−2), R2 = 0.9998; and y = (1291 ± 42 mC cm−2 mV s−1) x +
(22.4 ± 4.9 mC cm−2), R2 = 0.9989, respectively. Those for films formed in
PC:LiClO4 are y = (675 ± 6 mC cm−2 mV s−1) x - (3.40 ± 0.73 mC cm−2),
R2 = 0.9999; y = (657 ± 12 mC cm−2 mV s−1) x - (1.4 ± 1.4 mC cm−2),
R2 = 0.9997; and y = (916 ± 42 mC cm−2 mV s−1) x + (12.5 ± 4.9 mC
cm−2), R2 = 0.9979, respectively.

translate to increasing the MHD pumping time by 36%. This effect
is consistent with the expanding charging model of PEDOT that is
used to explain the CA behavior for the thickest film. While the ini-
tial current depends on charging at the polymer/electrolyte interface
and therefore on the ionic strength of the surrounding electrolyte, the
type of electrolyte becomes more important at later times when ions
must permeate more deeply through the polymer to compensate for
additional PEDOT oxidation. Therefore, more charge can be extracted
from a filmwhen a given electrolyte is more concentrated, and thereby
extend the time that MHD can pump fluid in a single direction.46

Electrochemical impedance spectroscopy investigations on the
different PEDOT films.—Bode magnitude plots are shown in Fig-
ure 9 and the Bode phase and Nyquist (complex-plane impedance)
plots from EIS measurements are provided in Figure S-10 in Support-
ing Information. These were obtained in 0.100 M NaCl for bare and
PEDOT-modified electrodes, where the films had been deposited from
the two electrolytes in PC and at the three scan rates. The potential was
set at 0.0 V vs. Ag/AgCl (saturated KCl) which is in a region where

Figure 9. Bode phase plots from EIS of PEDOT-modified electrodes char-
acterized in 0.100 M NaCl, using a three-electrode setup with a Ag/AgCl
(saturated KCl) reference electrode. The films were deposited at 5, 50, and
100 mV/s from PC:TBAPF6 (a) and from PC:LiClO4 (b). The chip was placed
vertically in a 20 mL solution of 0.10 M NaCl containing Ag/AgCl (saturated
KCl) reference and Pt flag counter electrodes. EIS parameters: DC potential of
0 V, AC amplitude of 0.015 V, and frequency range of 0.1–105 Hz.

the current response during CV is relatively flat and featureless (see
Figure S-8 in Supporting Information). A typical equivalent circuit
model to explain EIS of PEDOT films is that of a transmission line
of capacitance and faradaic resistance connected with pore resistance
elements with constant phase and faradaic leakage pathways.45 This
has been further modified as a hybrid with an intercalation model and
a morphological explanation for domination of the ohmic range by so-
lution electrolyte ions in the porous paths of the film.31 The EIS results
show that all PEDOT films dynamically change during electrochem-
ical response to a sinusoidal perturbation potential of ±15 mV, and
are consistent with the three stage model described in Figure 6. The
truncated Nyquist plots in Figure S-10 (a) and (b) show two regimes at
the higher frequencies (>300 Hz), one with a semicircle and the start
of a mass transfer branch. Note that this time scale for the thinnest
films (>1000 Hz) is faster than the temporal resolution of the CA
data described above and explains why the dynamics were not fully
observable by CA. Values of R�, Rct, and C are listed in Table S-4 in
Supporting Information for the PEDOT films. They are all within an
order of magnitude of each other and are consistent with films in the
first stage of themodel. The high frequency intersection of the Nyquist
plot at the real Z axis, yields values of R� 4.0–5.4 � for all films and
the bare electrode, providing information about solution and cell re-
sistance, and is consistent with a cell that was set up reproducibly. The
Rct is just slightly lower for PEDOT deposited at 100mV/s (75.1� for
both electrolytes) compared to films depositedmore slowly at 50mV/s
(80.4 and 81.0 �, from TBAPF6 and LiClO4, respectively). These re-
sults suggest that there is only a slightly higher resistance for ions to
compensate for polymer oxidation with the thicker films (deeper paths
where the polymer interfaces with the solution). Larger semicircles for
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the thicker films usually demonstrate higher interfacial resistance with
poorer charge propagation.47 However, the thickest films prepared at
5 mV/s in both types of PC electrolytes, have slightly smaller Rct val-
ues of 62.0 and 69.3 �, respectively. The charge transfer resistance
may be facilitated with the rougher polymer morphology, as observed
by SEM and optical microscopy, that gives ions access to larger areas.

The capacitance values determined from the frequency at the apex
of the semicircle in the Nyquist plots usually corresponds to double
layer capacitance, are also relatively similar among all of the polymer
films deposited from both PC electrolytes at all three scan rates. They
range from 3.2 × 10−4 mF (3.3 × 10−3 mF/cm2) to 7.0 × 10−4 mF
(7.2 × 10−3 mF/cm2), and are generally higher (1.2 to 1.8 times) for
the films deposited from TBAPF6 at a given scan rate as compared
to deposition from LiClO4 and for the thickest films compared to
the thinnest films. A higher surface area of polymer can explain these
variations. These areal capacitances are about a factor of ten lower than
that for a bare electrode in similar electrolytes (∼5 × 10−2 mF/cm2 in
0.100MNaCl). At these time scales, therefore, the PEDOT appears to
behave like a partially blocked or contaminated electrode and would
not be advantageous over a flat, bare electrode for providing the charge
needed to sustain MHD pumping.

The beginning of the mass transfer branch at lower frequencies are
where faradaic processes and charge compensation by ions permeat-
ing the films start to become important. The features in Figure S-10
(a) and (b) for the two thinner films (formed at 50 and 100 mV/s) in
a given deposition electrolyte are rather typical, with the thinnest of
the two exhibiting a shorter mass transport arm, because the thinner
polymer film is more limiting to the faradaic process. The more ver-
tical portion beyond the mass transfer region suggests better charge
propagation behavior with ideal super capacitive performance. The
branch for the thickest films is unusual. It is longer than that for the
thinnest films deposited at 100 mV/s and shorter than those deposited
at 50 mV/s. Beyond this region toward even lower frequencies, the re-
sponse reverses and is consistent with an expanding film morphology
(stage 2) that further diminishes Rct and increases C. Nyquist plots
and the inserts in Figure S-10 (c) and (d) show that this behavior is
observed with the two thinner films, as well, but at higher frequencies.
The thinner films cannot expand as far because there is less material
and because of the shorter distance to the gold electrodes to which
they are tethered. The Nyquist plots for the two thinner films begin
to exhibit behavior like that of the bare electrode at the lowest fre-
quencies as the films can no longer expand and ions experience more
resistance in entering the polymer (stage 3). This latter stage is not
clearly observed for the thickest films under these EIS conditions, but
the shape of the Nyquist plot suggests that at even lower frequencies,
even the thickest film is expected to have similar behavior as those
thin films.

A look at the Bode magnitude plots of the EIS data in Figure 9,
further clarify the polymer behavior. The trends of total impedance
with frequency are similar for all films for the majority of the frequen-
cies studied. At high frequencies, the electrochemical behavior of a
bare electrode, where double layer charging dominates and the cell is
typically represented by an RuC equivalent circuit, is essentially indis-
tinguishable from that of the films from105 to 4000 Hz and from 105

to 6000 Hz for PEDOT deposited from PC:TBAPF6 and PC:LiClO4,
respectively. The unique electrochemistry of PEDOT films becomes
evident when the total impedance becomes constant at a value of about
100 � (mostly due to faradaic processes) across the range of 4000 to
∼25 Hz for PC:TBAPF6 and of 6000 Hz to ∼60 Hz for PC:LiClO4.
This region coincides with a phase angle (Figure S-10 (e) and (f)) that
has returned to zero, confirming the dominance of faradaic processes.
This ohmic region is consistent with what Rubinson and co-workers
describe as being shortened or extended based on the thickness of the
porous layer.48 Thus, the thinner PEDOT films begin to exhibit in-
creasing total impedance with a further decrease in frequency, where
the thinnest films (formed at 100 mV/s) deviate before the thicker
ones (formed at 50 mV/s), representing the relative time scales when
consumption of faradaic sites takes place. The Bode phase plots show
a corresponding transition toward −90° in these regions. Finally, at

0.6Hz for PC:TBAPF6 and 1Hz for PC:LiClO4, the total impedance of
the thickest PEDOT films (formed at 5 mV/s), which have the largest
quantity of redox sites, increases as the phase angle returns to −90°.
This transition could be attributed to stage 2 in Figure 5. At even
lower frequencies, the phase angle remains at −90°C and the total
impedance continues to rise for all films and can represent stage 3,
where the capacitive behavior dominates the impedance magnitude.

In conclusion, our model is only partly consistent with morpho-
logical effects in a porous layer and compact layer as described by
Rubinson and co-workers.31 However, because of the greater thick-
nesses of our films there are additional features that appear in the EIS
and CA responses that we explain by a film that dynamically changes
its morphology. Our model in Figure 6 attempts to combine these con-
cepts and considers the association of the counter ions. Because of the
complexity of the dynamic morphology of our model, further extrac-
tion of a more specific equivalent circuit representation that includes
these changes has not been developed here.

Magnetohydrodynamic (MHD) fluid flow with PEDOT-Modified
electrodes under controlled current conditions.—Because MHD
pumping produces a fluid speed that scales proportionally with ionic
current density in the presence of a constant magnetic flux density, it
can be more easily tuned by directly controlling the electronic cur-
rent between electrodes than indirectly by applying a potential.17,19,49

We used chronopotentiometry (CP) with a galvanostat to achieve cur-
rent control because it simultaneously monitors the potential and can
be programmed to automatically reverse the current when the poten-
tial reaches set limits that avoid overoxidation of the polymer and
conversion into its undoped form. Shown in Figure S-11 in the Sup-
porting Information are examples of the double step function of cur-
rent (from open circuit to −50 and then to +50 μA, and from open
circuit to −200 and then to +200 μA) applied between a pair of
PEDOT-modified electrodes and the corresponding triangular-like CP
response in “buffer/glycerol/bead” solution for a PEDOTfilm that was
deposited from PC:TBAPF6 at 5 mV/s.

The fluid speed, v, in the x-y plane produced byMHD in themiddle
of the gap, was monitored by tracking beads in the solution using a
setup like that in Figure 3. As represented by the expanded view in
Figure 3, MHD pumps the solution in a straight line between the elec-
trode pair, from one end to the other. The solution pushes outward at
one end of the electrodes, moves around the outside of the electrodes,
and returns back to the entrance because of viscous forces and the dy-
namics of the incompressible fluid. Details of the setup in Figure S-12
of the Supporting Information show that the horizontal flow profile
at a vertical position of 320 μm in the chamber is uniform between
and parallel to the active electrodes. The MHD flow was generated by
performing CP at five different currents in the “buffer/glycerol/bead”
solution and the corresponding potential responses are shown in Fig-
ure S-13 of the Supporting Information. The speed was quantified
during the first step of each CP run and is plotted as a function of
the applied current, |i|, in Figure 10b. The speeds ranged from 49.4
± 6.0 μm/s and 53.0 ± 6.1 μm/s at 50 μA to 823.1 ± 28.0 μm/s
and 845.1 ± 104.7 μm/s at 800 μA for films formed at 5 mV/s in
PC:TBAPF6 and PC:LiClO4, respectively. A least-squares analysis
achieved highly linear equations for PEDOT films formed in both or-
ganic solutions. These are v(PC:TBAPF6) = (1.035 ± 0.007 μm s−1

μA−1) |i| − (3.1 ± 2.9 μm s−1), R2 = 0.9998, and v (PC:LiClO4) =
(1.072 ± 0.030 μm s−1 μA−1) |i| − (4 ± 13 μm s−1), R2 = 0.9968.
The y-intercepts are within error of the origin. Thus, when there is no
current, there is no MHD flow. The slopes are within error of each
other, because the governing parameters for the different kinds of PE-
DOT films in this experiment are the same. Namely, the fluid velocity
produced from theMHD force, only depends on j and B, and is damp-
ened by viscous forces, which depend on the viscosity and density
of the solution and the location and geometries of the features in the
microfluidic chamber. Consequently, as long as the electrode modi-
fication does not significantly alter the fluid path or its confinement,
the calibration of speed with electronic current is independent of the
materials that generate and support the ionic current.
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Figure 10. The influence of applied current on fluid speed and duration of
MHD pumping of a “buffer/glycerol/bead” solution in a chamber of 781 ±
7μmheight. Performance is shown for using PEDOTfilms that were deposited
in PC: TBAPF6 and PC: LiClO4 at 5 mV/s (a) Pumping duration has a linear
dependence on the inverse of the applied current. Long pumping times were
212 ± 8 s and 146 ± 1 s for PC:TBAPF6 and PC:LiClO4 films for 50 μA.
Short pumping durations of 9.1 ± 0.1 s, and 6.6 ± 0.2 were obtained for the
higher current 800 μA. Least squares analysis yield the following equations:
for a film deposited in PC:TBAPF6, |t|(PC:TBAPF6) = (10816 ± 68) s μA)
|1/i| - (5.30 ± 0.07 s), R2 = 0.9998, and for a film deposited in PC:LiClO4,
|t|(PC:LiClO4) = (7450. ± 13) s μA) |1/i| - (2.85 ± 0.17 s), R2 = 1.0000. (b)
Bead speed (320 μm above the chip surface) is directly dependent on applied
current, with values of 823 ± 28 μm s−1 and 845 ± 104 μm s−1 for 800 μA
for both PC:TBAPF6 and PC:LiClO4 films, respectively.

Because the initial charged state of PEDOT will vary from one
experiment to another, the duration of the first step of the CP will also
vary. However, the second step has well-defined starting (+1.10 V)
and ending (−1.00 V) cutoff potentials, and thus, a measurement of
the time it takes to switch between these values at the applied current
equals the duration of MHD pumping in a single direction. See Figure
S-11 in the Supporting Information. The pumping durations for an ap-
plied current of 50μAwere 212± 8 s and 146± 1 s, for PEDOT films
that were formed in PC:TBAPF6 and PC:LiClO4, respectively. At 800
μA, when the charge is being consumed 16 times faster, the pumping
durations were only 9.1 ± 0.1 s and 6.6 ± 0.2 s, respectively. Note
that the product of the pumping duration and fluid speed at a given
current yields the maximum distance that the fluid can be pumped in
a single direction between the electrodes (without recharging them)
at that vertical position in the chamber. This pumping distance, when
averaged over the currents investigated, is 9.4± 1.2 and 6.8± 0.8 mm
for the PEDOT films formed in PC:TBAPF6 and PC:LiClO4, respec-
tively, and is proportional to the available charge in the PEDOT film.
Thus, determination of the capacitance of the PEDOTfilms is valuable
in predicting MHD performance.

An inverse relationship of flow duration with applied current for a
given PEDOT filmwas established previously where the electrochem-
ical behavior was modeled as an RC circuit,20

t =
(

− 1

i2

)
(CT (E (t ) − E (0))) − (2RCT ) [1]

and where i2 is the current in the second step (using the non-IUPAC
sign convention), E(0) is the starting potential, and E(t) is the final
potential in the second step of the CP. Figure 10a shows the corre-
sponding plots of data for each type of PEDOT film. Least squares
analyses yield the following equations: |t|(PC:TBAPF6) = (10816 ±
68) s μA) |1/i| - (5.30 ± 0.070 s), R2 = 0.9998, and |t|(PC:LiClO4)
= (7450. ± 13) s μA) |1/i| - (2.85 ± 0.17 s), R2 = 1.0000. The ca-
pacitance, C, for one of the two PEDOT-modified electrodes (where
CT = C/2) and the total resistance (from the electrode, film, solution
and connector), R, can be obtained from the slopes and y-intercepts,
and electrode area is determined from nominal dimensions (bare elec-
trode). These C and R parameters are not necessarily the same as the
C and R obtained above for short time frames from EIS (>100 Hz),
but rather are the apparent C and R for the films that result over the
entire pumping time for the potential difference between the pairs of
PEDOT-modified electrodes to go from−1.000V to 1.100V. They are
C(PC:TBAPF6) = 105.7 ± 0.7 mF/cm2 and R(PC:TBAPF6) = 515 ±
3 � and C(PC: LiClO4) = 72.8 ± 0.1 mF/cm2 and R(PC: LiClO4) =
402 ± 24 �. Because the PEDOT films formed from PC:TBAPF6 are
thicker and contain more charge than those formed from PC:LiClO4,
they possess a higher total capacitance, CT, and will contribute toward
a longer pumping time in the first term of Eq. 1. The resistance, R, is
important in the second term of Eq. 1 and coupled with CT, where RCT

is like a time constant that contributes toward diminishing pumping
time as it gets larger. The value of RCT is 1.05 s—the same for both
types of films. Thus, it is simply the capacitance that can be used to
screen PEDOT films to identify which ones will pump for the longest
time and distance.

For comparison, the capacitance calculated from the total charge
obtained by integrating the CA in 0.1 M PBS and dividing by the po-
tential difference of 1.6 V (stepping from −0.8 V to +0.8 V), are 175
± 28 and 123 ± 14 mF/cm2 for the two types of films, respectively.
The capacitance values obtained byEq. 1 are lower than those obtained
from the CA studies here because of the 0.7 fold dilution and increased
viscosity introduced by adding glycerol to 0.1 M PBS for the MHD
studies. However, the ratio of the capacitance values for the two types
of films of 1.4 is the same for those obtained by integrating the CA in
0.1MPBSandbyEq. 1 in the PBS/glycerol solution. Thus, the concept
that electrochemical characterization can predictMHDbehavior is fur-
ther confirmed; in this case it takes the form of obtaining capacitance
of PEDOT films in a given pumping solution to determine pumping
duration.

An alternative approach to obtain C and R with the same data set
involves inspection of each CP response directly. There is loss in po-
tential across the resistance of the cell that manifests itself as a vertical
drop in potential, �V, equal to i2R, immediately upon application of
current in the second step of the CP. The magnitude of the potential
drop increases with increasing current as labeled in Figure S-11 and
measured for the series of CP responses in Figure S-13 in the Sup-
porting Information. By knowing the applied current and measuring
this change in voltage, the resistance was calculated. The capacitance
was then determined by calculating the total charge generated during
that step, from the product i2t, and dividing by the adjusted potential,
which is the difference in cutoff potentials minus �V, E(t) – E(0) -
�V. When this corrected total capacitance is plotted as a function of
the applied current, a line with a zero slope is obtained. Therefore,
the resistance remains unchanged for all currents investigated. Plots
of the total capacitances that are uncorrected (using E(t)-E(0)) and
corrected (using E(t) – E(0) -�V) for the i2R drop as a function of ap-
plied current are shown in Figure S-14 in the Supporting Information.
The average, area-normalized total capacitances (CT/A) obtained in
this way for PEDOT films formed in PC:TBAPF6 and PC:LiClO4, are
51.1 ±0.1 and 36.3 ± 0.4 mF/cm2, respectively, and doubling these



H626 Journal of The Electrochemical Society, 166 (13) H615-H627 (2019)

to get C/A yields 102.2 ±0.2 and 72.6 ± 0.8 mF/cm2. These values
are the same as those obtained with Eq. 1, the ratio of the values is
again 1.4-1.5. The resistances obtained with this alternative approach
are 763 ± 6 � and 748 ± 6 �, respectively, which are a factor of 1.5
and 1.86 times those determined by Eq. 1.

Conclusions

Investigations were performed toward maximizing the current and
charge densities of PEDOT modified electrodes through controlled
electropolymerization of EDOT using 12 cycles of oxidizing CV at
three different scan rates from solutions of PC solvent with the two dif-
ferent electrolytes TBAPF6 and LiClO4. The resulting PEDOT films
were subsequently evaluated in three different aqueous solutions by
CV, CA, and EIS to develop a deeper fundamental understanding of
how ionic current, j, which is essential in generatingR-MHDmicroflu-
idics in the presence of a perpendicular magnetic field, is associated
with the electrochemical behavior of the polymer. Although the work
described here is directly relevant to improving R-MHDmicrofluidics
in terms of fluid speed and duration, the ability to control the proper-
ties of PEDOT can extend to other applications where large quantities
of quickly accessible charge is important.

Because all PEDOTfilms that were investigated produced the same
maximum electronic current density regardless of electrodeposition
conditions, all would be expected to offer the same highest, R-MHD
pumping speed for a given aqueous pumping fluid.A keyfinding is that
the calibration of fluid speed with electronic current is indeed linear
and independent of which films were used to generate and support the
ionic current.

It is the quantity of electropolymerized EDOT that is the most
distinguishing characteristic between the PEDOT films investigated
herein that impacts R-MHDmicrofluidics. The PEDOT films that per-
formed best in aqueous solutions were produced by electrodeposition
at the slowest scan rate of 5 mV/s in PC: TBAPF6. These conditions
generated the thickest PEDOTfilmswith the highest accessible charge.
This feature allows R-MHD to pump fluid in a single direction for the
longest duration. The durationwas also shown to be linearly dependent
on the inverse of the applied pumping current. The accessible charge
within the PEDOT film can be further enhanced by ionic strength
and composition of the pumping electrolyte. The results on electrodes
modified with the thick PEDOT films offer a unique contribution to
the existing body of knowledge of this material.

It is anticipated that there is a maximum amount of PEDOT that
no longer benefits R-MHD microfluidics, although that limit was not
reached in these studies. For example, the film could come off of the
electrode if forces resulting from expansion and contraction of thicker
films exceed forces adhearing the PEDOT to the electrode surface. In
addition, the branching of PEDOT beyond the electrode edges could
cause shorting to neighboring electrodes if the gap between them is
less than the length of the dendritic projections. It is also possible that
excessively bulky PEDOT could perturb the fluid flow.

Characterization by EIS and CA in the aqueous electrolytes sup-
port a model for electrochemical behavior of these films in aqueous
solutions that involve a changing morphology. The results are consis-
tent with a combination of both porous andmore compact features that
are accessed at shorter and longer time scales, respectively. However,
there is an initial surface charging period observed here at the shortest
times scales, after which the films expand to provide greater access
for ion compensation, presumably through increasing pore sizes and
an increasing polymer/electrolyte interface. Further work is needed to
extract an equivalent circuit that addresses these dynamics.
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