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ABSTRACT

We describe recent advances in the development of instrumentation designed for electrochemical
impedance spectroscopy of microelectrode assemblies and arrays. The bench-top device provides the
capability to perform DC and electrochemical impedance spectroscopy (EIS) measurements on up to
100 working electrodes. The system allows real-time measurement and data logging of the DC
electrochemical and EIS behavior of each microelectrode from the computer-controlled analytical
instrument. An overview of the operating principles, system performance, and testing with electronic
component test modules and a model electrochemical system (10x10 nickel wire array in 5% sulfuric
acid) are presented. Potential applications of the multi-channel microel ectrode impedance analyzer
include fundamental corrosion science studies, corrosion sensors and other sensor applications, and
combinatorial electrochemistry and high-throughput screening for accelerated materials development
such as multi-component corrosion inhibitors.

Keywords: instrumentation, array, microelectrode, electrochemistry, electrochemical impedance
spectroscopy, sensor

INTRODUCTION

The use of microelectrode assemblies (MEAS) in corrosion science and sensor applicationsis
rapidly growing. For the purposes of this discussion, we define a MEA as an array of electrically
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isolated electrodes that can be electrically coupled through zero resistance ammeters (ZRA)." There are
numerous MEA configurations that can be designed and adapted for various applications. For example,
amicroelectrode array composed of coupled wires of the same material arranged in a flush-mounted,
close-pack configuration such that the ends of the wires simulate a planar electrode and have been used
to examine interactions during localized pitting of stainless steel *. In this case, electrodes are coupled
through potential and chemical interactionsin solution as well as electrically through the ZRAs. Current
may flow between electrodes in the array and also be supplied from the remote counter electrode.

Figure 1 illustrates a coupled electrode array configuration using a common counter electrode (CE) and
reference electrode (RE). Similarly, an MEA composed of electrodes spaced far apart (i.e., where the
distance between electrodes >> characteristic dimension of the electrode) have been used for
investigations where chemical isolation was desired. Details are discussed el sewhere, but suffice to say
that under most circumstances interactions due to chemical effects are minimal when x4/D >> t where x
is the spacing between electrodes, D is the diffusion coefficient of relevant ionsin the electrolyteand t is
the time period over which the experiment is conducted 2.

The primary advantage of MEAs over planar electrodes is that each electrode is separately
addressable, enabling spatial and temporal information to be obtained simultaneously. For example,
Budiansky et. al. * investigated the source and mechanism of persistent interaction in pitting corrosion
susceptibility of AISI 316 (UNS S31600) stainless steel in chloride solutions. They examined the
influence of pitting of a subset of array elements on future pitting susceptibility of neighboring
electrodes by comparing pitting potential (Egir) distributions as a function of distance from the active pit
sites under arange of environmental, surface pretreatment, and exposure conditions. Similarly, Wall
and Martinez ® used wire electrode arrays to examine pit initiation in high purity aluminum alloys by
measuring Eg;; distributions as a function of electrode area, scan rate, and chloride concentration. Wall
and coworkers aso used MEASs to investigate second-phase particle influences in localized corrosion of
Al-Cu aloys®. Buchhiet and co-workers examined chromate conversion coating (CCC) formation and
breakdown on an array of aluminum electrodes >. The use of coupled electrode arrays revealed that
local anodes and cathodes responded differently to the CCC treatment. For example, it was found that
electrodes that behaved predominately as strong cathodes benefited from an increase in CCC formation
time in terms of subsequent pitting resistance. In contrast, predominately anodic sites did not exhibit
enhanced pitting resistance with longer CCC treatment time.

These works relied on the ability to control the DC potential and measure the corresponding DC
current of each electrode within the MEA in order to statistically characterize a key indicator of
localized corrosion susceptibility, such as Eyt, of the particular material-environment system. Itisalso
possible to interrogate the electrochemical characteristics of individual electrodes through the separately
addressable system. For instance, electrodes that behave as persistent anodes or cathodes can be tested
viaacyclic voltammetry, impedance spectroscopy, or assessment of local cathodic kinetics.

Multi-channel electrochemical instrumentation was also used in the development of a
microelectrode array microscope for corrosion mapping °. The device is an extension of the scanning
el ectrochemical microscope * except that instead of single sensing electrode, an array of sensing
electrodes, connected to the multi-channel instrument, was designed for enhanced spatial and time-
resolved chemical concentration mapping.

" Hereafter, coupled refers to electrical coupling through ZRAs; the electrodes are electrical isolated from one
another at the surface.
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Analytical instrumentation for combinatorial electrochemical research and development (R&D)
has also been applied to materials discovery in the areas of corrosion inhibitors 8, electrochemical energy
devices such as fuel cell catalysts ***, and Li-ion battery electrodes ***°. Also referred to as high-
throughput screening, combinatorial techniques depend on and take advantage of the ability to generate
meaningful data by performing large numbers of experimentsin concert. Until very recently these
methods have been applied primarily in the electronics, pharmaceutical and biotechnology industries.
Combinatorial approaches are recommended when small changes in input conditions produce large
changes in performance or properties. These special circumstances might be missed if only afew tests
can be conducted. Reddington et. al. *° introduced the concept of combinatorial electrode arraysin a
paper describing fluorescence-based detection of methanol electroxidation catalytic activity. Their
method relied on the use of a single potentiostat and the incorporation of proton-sensitive fluorescent
dyesto indicate regions of high ionic current corresponding to high electrochemical reaction rates on a
nearby array electrode composed of combinatorial-derived binary, ternary and quaternary element
mixtures. Although fluorescence detection was able to distinguish active from inactive catalysts, this
method did not allow for recording of the current produced by the electrode reaction and this method
was not able to quantify the catalytic activity or even rank active catalysts. Subsequent reports
described serial analysis methods that utilize amovable electrode probe " or electronic contact *8 to
perform electrochemical experimentsin series on electrode arrays.

The recent development of cost-effective analytical instrumentation for combinatorial
electrochemistry - that is, instrumentation that can accommodate a large number of electrodes — has
facilitated application of these techniques to the field of corrosion. Taylor and Kendig ® recently
reported preliminary development of rapid high-throughput screening methods in an attempt to identify
synergistic combinations of corrosion inhibitors for aluminum alloys. The described method was based
on DC measurement of the pseudo-corrosion resistance (R.) which was taken as an indicator of the
effectiveness and synergy (or lack-therefore) of alarge number of iso-concentration inhibitor-pair
combinations. The development of chromate-free corrosion inhibitor packages that are based on
synergistic interactions of combinations of moderately effective compounds could be very time-
consuming and costly without the advent of high-throughput screening methodol ogies.

Electrochemical impedance spectroscopy (EIS) is a powerful diagnostic technique based on
measurement of the AC voltage-to-current ratio and phase-relation of an electrochemical system over a
broad range of frequencies due to its stimulation with a small-amplitude AC signal. EIS applied to
corrosion science and engineering in principle can non-destructively obtain information on a number of
fundamental parameters of the electrochemical cell including solution resistance, electrode/electrolyte
interfacial properties such that the charge transfer kinetics and double layer capacitance, and transport
phenomenon. Interest in impedance based sensorsis also growing in part because multiple properties of
the electrochemical system can be probed in a single diagnostic technique which expands the usefulness
of sensor materials. However, EIS requires an impedance analyzer and for thisreason it istypically
restricted to arelatively limited number of electrodes because of the additional cost of the
instrumentation. Reports of impedance analysis of electrode assemblies or arrays with large numbers of
electrodes are essentially non-existent. There appears to be much to be gained by being able to measure
the electrochemical impedance of an array of electrodes or large number of electrode/environment
systems from the perspective of enhancing the tools available to corrosion and materials scientists and
the sensor community.
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Thiswork describes recent advances in the development of instrumentation designed for
electrochemical impedance spectroscopy of electrode arrays and for combinatorial el ectrochemistry
approaches. The bench-top device provides the capability to perform impedance-based measurements
on up to 100 microelectrodes. The system allows real-time measurement and data logging of the
microelectrode array elements from the computer-controlled instrument. An overview of the operating
principles and preliminary data on model electrical and electrochemical systems are presented.

EXPERIMENTAL

Figure 1 illustrates the typical set-up for electrochemical testing of a microelectrode assembly in
acommon electrolyte. The set-up issimilar to atraditional 3-electrode configuration consisting of a
working electrode (WE), counter electrode (CE) and reference electrode (RE) with the exception that the
single WE is replaced with N working electrodes (i.e., an N + 2 electrode configuration). The electrodes
are electrically coupled through the ZRAs. Both inter-electrode and polarized cell currents can exist
within the cell depending on the relative potentials imposed on the array elements. For example, when
the MEA is at the mixed potential open circuit (OCPyga), inter-electrode currents between net anode
and net cathode elements exist but the polarized cell current is zero. However, consider the case where
the electrode array is polarized above the open circuit potential of some electrodes but below that of
others. In this case there is a current bal ance between electrodes behaving as anodes, those acting as
cathodes and the difference in current supplied by the potentiostat and counter el ectrode.

I nstrumentation

The impedance-capable instrument was based on Scribner Associates Model 900" multichannel
microelectrode analyzer (MMA). The MMA is capable of DC electrochemistry; the impedance-capable
instrument will be referred to as the MMA-Z throughout thiswork. A schematic of atypical multi-
el ectrode set-up consisting of the analytical instrument, the array and electrochemical cell is shownin
Figure 1. The MMA/MMA-Z measures the current of up to 100 separate working electrodes
simultaneously with in-line ZRAs. In the configuration used here, the measured OCP is the mixed
potential of all N working electrodes (i.e., the electrode are galvanically coupled together). A DC
polarization (bias) can be applied to all or a subset of working electrodes with respect to areference
electrode and/or other electrode groups.

The MMA-Z is a bench-top device capable of DC and EIS measurements. This instrument
incorporates adigital signal processor (DSP)-based impedance analyzer with afrequency range of 3 kHz
to 1 mHz and a measurable impedance range of 500 to 10’ Q. The impedance measurement is based on
the single-sine digital correlation technique used in many commercial impedance analyzers.
Synchronization of the generator and analyzer is critical to ensure that signals of frequency not being
generated are strongly rejected by the analyzer as noise.

For impedance measurements with the MMA-Z, asmall AC voltage (or current) signal is
simultaneously imposed on each electrode of the MEA for which the impedance is to be measured and
the AC voltage and current response of each electrode sequentially evaluated by the impedance
analyzer. Impedance measurement is performed sequentially from highest to lowest frequency. In other
words, the instrument sequentially interrogates the impedance response of each electrode at asingle

" Trade name.
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frequency before stepping to the next lower frequency. Inthisway, the mgjority of the datais obtained
for each electrode over arelative short period of time (i.e., at high frequency). Alternativesfor more
rapid data acquisition at low frequency are under consideration. These include parallel, real-time
collection of low frequency current response simultaneously from each electrode and/or application of a
pseudo-white noise excitation signal followed by Fourier Transform analysis of the current response to
obtain the current response over arange of frequencies.

Electrical Testing

Evaluation of the accuracy of the impedance measurement using dummy cells comprised of
el ectronic components (resistors and capacitors) was performed to verify the single channel and muilti-
channel measurement capability of the MMA-Z instrument. Figure 2 shows two of the three dummy
cells that were used: aresistor array and a Randles equivalent circuit. Theresistor array was made up of
one hundred 100 kQ resistors (+1% rated accuracy) and was connected to the instrument such that there
was asingle 100 kQ resistor between each working electrode input channel and the common counter
electrode (CE) and reference electrode (RE) inputs. The second dummy cell was asimple Randles
equivalent circuit (Figure 2(b)) commonly used to represent an electrochemical cell *°. This R-C circuit
consisted of a1 kQ resistor in series (R) with aparallel R-C combination consisting of a0.5 MQ
resistor (Rp) and a 0.5 pF capacitor (Cp). Rs represents the ohmic resistance of the cell, R, the charge
transfer resistance at the electrochemical interface, and C, the capacitance of the electrochemical double
layer. The values of these electrical components are representative of atypical electrochemical cell.
The impedance response of this Randles equivalent circuit was measured with a single channel of the
MMA-Z instrument and using atraditional electrochemical set-up consisting of a Solartron Analytical
1250 FRAT (Ametek Inc.) and a PAR 273 potentiostat’ (Ametek Inc.). For these tests, the AC voltage
amplitude was 100 mV and measurements were made at aDC bias of 0, 0.1 and 1.0 Vpc vs. CE/RE. In
addition, the individual resistors and capacitor used for the Randles circuit were independently measured
with an HP 4262A" (Hewlett-Packard) inductor-capacitor-resistor (LCR) meter.

An additional electrical circuit pertinent to the case of local electrochemically active sites was
investigated (e.g., passivity breakdown in the case of localized corrosion or another spatially-discrete
electrochemically active sitein an array of less reactive sites). To conduct this experiment, ten Randles
equivalent circuits were used to represent ten electrically-isolated electrochemical interfaces. Each R-C
circuit consisted of a 1.5 kQ resistor in series (Rs) with a parallel R-C combination where the paralléel
capacitor was 100 pF. For nine of equivalent circuits, R, was 0.75 MQ but for circuit the parallel
resistor was much smaller, only 0.5 kQ. Thislatter circuit simulated an electrochemically active site
such as might exist for an array of electrodes containing a single pit in an otherwise passive surface, a
highly reactive phase, or local region of high concentration of areducible or oxidizable species.

Other resistive dummy cells were used to verify accurate measurement capability within the
instrument’ s impedance range rating. Pure capacitor dummy cells were used to determine the
instrument’ s maximum measurable impedance. Results of these tests are not reported here.

" Trade name.
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Electrochemical Testing

Impedance measurements of an electrochemical system with the MMA-Z were also performed.
These tests used a 10x10 array of 1 mm (0.04 in.) diameter 99.95% nickel wires (center-to-center
electrode spacing = 3 mm) immersed in quiescent 5% H,SO, at ca. 22°C. The MEA was aligned face-
down in the solution. A platinum-coated niobium mesh was used as the common CE and the saturated
calomel reference electrode (SCE) was introduced into the cell through a Luggin probe, the tip of which
was approximately centrally-located with respect to the MEA. Ribbon cables were used to mate the
array to the analyzer instrument. The MEA and cell set-up are shown in Figure 3.

DC and impedance measurements of the MEA in the strong acid environment were performed.
An anodic polarization scan of a subset of elements was performed to characterize the DC behavior of
the Ni in the H,SO, solution. The potential of the electrodes was scanned in the anodic direction at 1
mV/sec from the mixed OCPyea to +1 Vsce. It should be recognized that the voltage-current (E-1)
response of 100 Ni electrodes will each be dlightly different. Impedance measurements were acquired at
the mixed open circuit potential of the MEA (OCPyea = -0.27 Vscg) with a 15 mV AC voltage
perturbation from 3 kHz to 0.5 Hz. Because of the sequential nature of the impedance measurement,
interrogating all 100 electrodes to this sub-Hz frequency required approximately 45 min to compl ete the
impedance experiment.

RESULTS AND DISCUSSION

Electrical Testing

The measured impedance of the array of 100 resistorsis shown in Figure 4. The magnitude of
the impedance (|Z| in ohm) and phase angle (theta in degrees) are plotted vs. the logarithm of frequency
(Hz). Recall that each resistor was 100 kQ2 with a manufacturer’ s rated accuracy of +1% (+1,000 Q).
Although it is not evident in the plots because of overlapping data, each graph contains 100 plots (i.e.,
100 channels of impedance data).

The impedance of a pure resistor isindependent of frequency and because its imaginary
component (Z") is zero, |Z| should equal the resistance of theresistor, i.e., |[Z| = R and 6 = 0°. For all
100 channels, the measured |Z| was 100 kQ + 0.5 kQ, independent of frequency o, and clearly within
the +1% accuracy range of the resistors used in the resistor array test module. The phase angle was
+0.25° over the frequency range used and al so frequency-independent.

The impedance of the simple R-C circuit that mimics atypical electrochemical cell isshownin
Figure 5. For these tests, the impedance of the Randles circuit (Figure 2(b)) was measured on asingle
channel of the MMA-Z as afunction of DC bias. The complex plane plots (Z” vs. Z') indicate a small
dependence of the measured impedance on the DC bias voltage (Vpc) at low frequency. There was no
effect of the DC voltage at high frequencies as indicated by the overlapping datain Figure 5(b) which
shows an expanded view of the high-frequency portion of the complex plane impedance. The influence
of DC bias at high frequencies was very small, if any, i.e., < 0.1% difference between the 0 and 1 Vpc.
Finally, the Bode plots explicitly demonstrate the expected frequency dependence of the impedance.
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The measured impedance data were modeled using ZView' (Scribner Associates) with an
equivalent circuit consisting of a seriesresistor and a parallel resistor-capacitor combination. A circuit
that used a constant phase element (CPE) in place of the C,, did not result in significantly different
predictions; furthermore, the exponent of the CPE was within 0.3% of unity indicating that the capacitor
behaved as a near-ideal component. As such, the results of the equivalent circuit modeling that
employed a capacitor are reported here. The predicted values of the circuit components are summarized
in Table 1. For comparison, also presented in are the predicted values based on the impedance spectra
obtained using atraditional, high-performance single-channel FRA + potentiostat combination. Lastly,
the values of the components used to fabricate the Randles circuit obtained with the LCR meter are
reported.

The DC bias-dependency of the low frequency impedance evident in Figure 5(a) is borne out in
the model predictions of the component values. For example, equivalent circuit modeling predicted R,
=0.511 and 0.501 MQ at 0 and 1.0 Vpc, respectively (2% difference). For comparison, the estimated
value of R, based on the equivalent circuit model of the commercial FRA + potentiostat impedance
results were 0.493 and 0.495 MQ at 0 and 1.0 Vpc, respectively (0.4% difference). If we assume the
value obtained using the LCR meter to be most accurate, then in both cases, the error in the
measurement of the R, was |ess than 2% for both the MMA-Z and the single-channel FRA +
potentiostat set-up.

For all DC bias conditions, the predicted value of Rs was 1.024 k2 using the MM A-Z impedance
data, which represents a 2% deviation from the independently-measured value of the series resistor
using the LCR meter. Similarly, the difference between the predicted values of Rs based on the
impedance data of the single-channel FRA + potentiostat set-up was 1.2%. Finaly, the predicted values
of the capacitor element C, differed by < 1% for the MMA-Z and 1.8% for the FRA + potentiostat when
compared to the value measured with the LCR meter.

The third simulated electrode system used in this work employed 10 simple Randles equivalent
circuits as described in the experimental section. The results are shown in Figure 6. When interrogated
using EIS, the nine electrodes with high R, value yielded a high frequency impedance of 1.5 kQ2 and a
low frequency impedance of 0.751 MQ. Both results are consistent with the anticipated results based on
the magnitude of the resistors.” The simulated electrode with the small parallel resistor (Rp = 0.5kQ)
yielded a high frequency impedance of 1.5 kQ and alow frequency impedance of 2.0 kQ2 as expected.
These results were identical to those expected if the impedance measurements were conducted on
individual electrodes isolated from one another but, in this case, were extracted from an array of coupled
electrodes. Thus the array analyzer instrument yielded the correct interfacial impedance of each array
element. Described another way, each site on a spatially heterogeneous electrode was correctly
interrogated for itsindividual properties.

The experiments conducted with these three test modul es comprised of el ectronic components
demonstrate the general measurement capability and accuracy of the MMA-Z instrument.

" Trade name.
* For asimple Randles equivalent circuit, the high frequency impedance response should equal Rs and the low
frequency response the sum of Rs and R,..
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Electrochemical Testing

Figure 7 shows the current map of the 10x10 Ni wire MEA acquired just prior to the impedance
measurement. For convenience, we use the following labeling scheme to identify individual electrodes
within the MEA: rowsarelabeled A through Jand columns are labeled 1 through 10, starting in the
upper left. Microelectrode A3 was faulty, probably due to a broken electrical connection in this
electrode; data associated with this electrode was ignored in the results presented below.

In general, some electrodes tended to be persistent, strong net anodes (shown inred, e.g., E4)
where as other electrodes were strong net cathodes (shown as blue, e.g., E5). Some electrodes tended to
fluctuate between acting as net anodic and net cathodic sites. The anodic polarization behavior of array
element A1, which was generally a net cathode when coupled to the rest of the MEA, is shown in Figure
8. Indicated in thisfigureisthe OCP of the coupled MEA (ca. -0.27 Vsce). From the potentiodynamic
scan, we see that the OCP of electrode A1 was ca. -0.10 Vsce. The net cathodic behavior of this
electrode was consistent with the observed mixed-potential OCP of the MEA of -0.27 Vsce. That is,
electrode Al was cathodically polarized when coupled to the other 98 electrodes when at the OCP of the
coupled array.

The impedance spectra of 99 WEs in the 10x10 Ni wire MEA in 5% H,SO, are shown in Figure
9. Thisdata demonstrates the range of impedance response observed. There was arelatively large
range in the impedance of the nominally identical electrodes as expected from the exponential
relationship between potential and current along with the reciprocal relationship between current and
polarization resistance. In general, net anodes exhibited small impedance arcs, indicating smaller
resistance to charge transfer, where as net cathodes had larger loops reflecting a greater resistance to the
charge transfer process. This makes sense from inspection of Figure 8 where the anodic reaction rate
increases more strongly as a function of potential compared to the cathodic reaction rate which increases
more slowly with cathodic polarization. If each electrode exhibited similar polarization (E-I)
characteristics but displaced relative to each other in the anodic or cathodic direction, one anticipates a
distribution in impedance spectra based on the R, value that describes the interfacial reaction rate at each
electrode at the mixed-potential OCP.

The real component of the high frequency impedance (3 kHz), which isindicative of the
uncompensated solution resistance, varied by afactor of 3.3x (115 to 382 Q2). There did not appear to be
arelationship between the high frequency impedance and the relative distance of the microelectrodes to
the reference Luggin probe tip. One might expect that the high frequency impedance measured at
electrodes closer to the tip of the RE Luggin probe might be less than that measured with
microelectrodes far from the RE. A map anal ogous to the current map but depicting the real component
of the impedance at 3 kHz did not reveal any relationship with the position of the electrode within the
array. Inaddition, such an “ohmic-resistance map” did not appear to correlate with the current map in
that high resistance values did not correlate with either strong or weak anodes or cathodes. The cause of
the variation on observed solution resistance is unclear. One hypothesisisthat it may be due to crevice
corrosion, although one would then anticipate that the crevice sites, which would presumably be
persistent net anodes, would correlate with high ohmic resistance. Again, this was not observed.

We now examine the impedance spectrum of selected electrodes and compare it to the observed

DC electrochemical behavior asindicated by the current map. Figure 10 shows the complex plane
impedance for five microelectrodes from the MEA. For convenience, the current map show in Figure 7
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isrepeated in Figure 10. These five electrodes were selected for further examination because their
impedance behavior is representative of the range of observed impedance response of the MEA. There
is strong correlation between the impedance of the individual microelectrode and the net DC condition
of the electrode just before impedance experiment. For example, the current map indicated that array
element E4 was a strong net anode (ies ~ 1x10* A/cm?) and element E5 was a strong net cathode (igs ~ -
1x10™* A/cm?). Element E4 exhibited the smallest polarization resistance (smallest diameter impedance
loop) whereas element E5 had the largest polarization resistance (largest loop diameter). (More
precisely, the diameter of a perfect semi-circular impedance loop is the charge transfer resistance; the
polarization resistance is the sum of solution resistance and charge transfer resistance). Microel ectrodes
with DC current between these two extremes generally exhibited impedance arcs that were also between
these two extremes, as exemplified by elements E3 (weak net anode, igs ~ 2.5x10° A/cm?), C4 (ics — O
Alcm?), and D4 (weak net cathode, ips ~ -2.5x10° A/cm?).

These results indicate that one can distinguish viaits impedance spectrum the general tendency
for the microel ectrode to behave either as a net anode or cathode when coupled with the other
microel ectrodes and at the mixed-potential OCP of the MEA.

CONCLUSIONS

The performance of specialized analytical instrument for DC and EIS of microelectrode
assemblies and arrays was demonstrated. The computer-controlled bench-top instrument provides the
capability to perform DC and EIS measurements on up to 100 working microel ectrodes.

The impedance measurement capability of the multi-channel microelectrode analyzer was
demonstrated with three test modules and atypica corrosion system. Impedance testing with three
dummy modules - an array of one hundred resistors, a Randles equivalent circuit examined at various
DC bias levels and 10 Randles equivalent circuits representative of asingle active site in an otherwise
non-reactive interface - demonstrated that the instrument was capable of accurate impedance
measurement on up to 100 channels over a broad range of frequencies (> 1 kHz to < 0.01 Hz) and
electrical devices analogousto atypical electrochemical cells.

Measurement of the DC behavior and EIS characteristics of a 10x10 Ni wire microelectrode
assembly in sulfuric acid was also demonstrated. A correlation between the polarization resistance as
determine by EIS and the DC electrochemical condition was observed. In general, array elements that
were persistently net anodes exhibited smaller polarization resistance (and therefore charge transfer
resistance) than electrodes that behaved as net cathodes. Furthermore, stronger anodes (as defined by a
larger anodic current density) exhibited smaller polarization resistance than weak anodes; strong
cathodes (more negative current density) exhibited larger polarization resistance than weak cathodes.
The ability to differentiate between the DC electrochemical conditions (net anode vs. net cathode) via
impedance spectroscopy was demonstrated.

Potential applications of the multi-channel microel ectrode impedance analyzer include
fundamental corrosion science studies, corrosion sensors and other sensor applications, and
combinatorial electrochemistry and high-throughput screening for accelerated materials devel opment
such as multi-component corrosion inhibitors.
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TABLES

Table 1. Values for the Randles circuit elements shown in Figure 2(b) obtained from impedance
measur ements using the MMA-Z and a traditional single-channel system (Solartron Analytical
1250 FRAT + PAR 273" Potentiostat). Values of the individual electronic components were also
measured separately with an LCR meter. Impedance scans: 100 mVac, DC bias as indicated, 1
kHz to 0.1 Hz. Impedance data were modeled with an equivalent circuit consisting of aresistor in
series (Rg) with a parallel resistor-capacitor combination (R, Cyp).

Randles Circuit MMA-Z Solartron 1250 FRA + LCR

Component PAR 273 Potentiostat Meter

DC Bias, V 0 +0.1 +1.0 0 +0.1 +1.0

R, k2 1.024 1.023 1.024 0.991 0.999 0.994 1.003

Ro, MQ 0.511 0.511 0.501 0.493 0.497 0.495 0.501

Cp, UF 0.476 0.477 0.477 0.484 0.480 0.482 0.475
" Trade name.
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Figure 1. Typical experimental set-up for electrochemical testing of a microelectrode assembly
(MEA) in a common electrolyte. The set-up is similar to a traditional 3-electrode configuration
consisting of a working electrode (WE), counter electrode (CE) and reference electrode (RE) with
the exception that the single WE is replaced with N working electrodes (i.e.,, an N + 2 electrode
configuration). Both inter-electrode and polarized cell currents can exist within the cell depending
on the relative potentials imposed on the array elements. For example, when the MEA is at the
mixed-potential open circuit (OCPyEea), inter-electrode currents between net anode and net
cathode elements exist but the polarized cell current is zero. For impedance measurements, a
small AC voltage (or current) is imposed on the each electrode of the MEA for which the
impedance is to be measured and the AC voltage and current response of each electrode
sequentially evaluated by theimpedance analyzer.
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1 kQ 0.5 MQ
‘ 0.5 uF
£ ] 1
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Figure 2. Electrical test modules used for testing of the MMA-Z instrument. (a) Resistor array
consisting of one hundred 100 kQ resistors (+1%). (b) Randles circuit to simulate an
electrochemical cell consisting of a 1 kQ resistor representing the electrolyte resistance (Rs) in
series with a parallel R-C combination consisting of a 0.5 MQ resistor representing the charge
transfer resistance (Rp) and 0.5 pF capacitor representing the double layer capacitance (C,).

(@ (b)
Figure 3. (a) Microelectrode assembly (MEA) composed of a 10x10 array of 1 mm (0.04 in)
diameter nickel wires (inter-electrode spacing = 2 mm) used for the electrochemical impedance
testing in quiescent 5% H»SO, at ca. 22 °C. (b) Experimental set-up consisted of the 100 working
electrode MEA aligned face-down in the solution, a common Pt-mesh counter electrode, and a
saturated calomel reference electrode (SCE) in a Luggin capillary the tip of which was
approximately centrally-located with respect to the MEA.
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Figure 4. Bode plots of the impedance response of the MMAZ using the resistor array described
in Figure 2. Shown are 100 channels of measured impedance magnitude (|Z|) and phase angle (0)
as a function of frequency for 100 channels. The impedance of a pure resistor isindependent of

frequency and because its imaginary component (Z”) is zero, |Z| should equal the resistance of the
resistor, |Z| = R and 6 = 0°. For all 100 channels, the measured |Z| was within the rated £1%

accuracy of the resistors used to fabricate the resistor array (i.e, 100 kQ = 1 k). 100 mVac, 1
Vpe, 1Hzto1kHz
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Figure 5. Impedance plots of the Randles equivalent circuit (shown in Figure 2(b)) measured on a
single channel of the MMA-Z. (&) Complex plane plot indicates a small dependence of the
measur ed impedance on the DC bias (Vpc) at low frequency (see also Table 1). (b) Expanded view
of the complex plane plot focusing on the high frequency portion of the impedance. The influence
of DC bias at high frequencieswas very small, if any (< 0.1% difference between the 0 and 1 V().
(c) The effect of DC bias is not evident in the Bode plots which demonstrate explicitly the
frequency dependence of the impedance. Conditions: 100 mVac; Vpc = -1.0, 0, 0.1, or +1.0 V vs.

RE; 1kHzto 0.1 Hz
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Figure 6. (a) Complex and (b) Bode plots of impedance spectra for a series of Randles equivalent
circuits intended to ssimulate a local electrochemically active site in a passive surface. Ten
equivalent circuits were used in these measurements: nine circuits consisted of a 1500 Q resistor in
series with a 100 pF capacitor that was in paralld with a 750 kQ resistor; the tenth circuit
consisted of a 1500 Q resistor in serieswith a 100 pF capacitor in that wasin parallel with a 499 Q
resistor. The inset in part (a) highlights the impedance response of the latter R-C circuit which
simulated a locally active site among more passive electrodes. Units: Z’, Z”, and |Z| in ohms and
thetain degrees.
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Figure 7. Current map of the 10x10 Ni wire MEA acquired just prior to the impedance
measur ement. Some electrodes wer e persistently strong net anodes (red, e.g., E4) where as other
electrodes were strongly cathodic (blue, e.g., E5). Microelectrodes are labeled with the following
convention: rows are labeled A through J and columns are labeled 1 through 10, starting in the
upper left.

© NACE 2006 16



Scribner Associates, Inc. NACE Corrosion Conference 2006 — Paper No. 00674

10+

-
o
&

-
o
&

Current Density, A/lcm
o

-
o
&

1079 b
-0.5 -0.3 -0.1 0.1 03 05 0.7 0.9
E, Vsce

Figure 8. Polarization behavior of microelectrode array element A1. The OCP of array element
Al was -0.10 Vcg; the measured mixed-potential OCP of the MEA was -0.27 Vsce. The results
are consistent with the current map in Figure 7 which indicated that array element A1l was
cathodically polarized when coupled with the other electrodes in the MEA and at the mixed-
potential OCP. Scan rate=1mV/s.
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Figure 9. (a) Complex plot and (b) Bode plots of the impedance spectra of 99 electrodes in the
10x10 Ni wire MEA in 5% H,SO,. There was a large range in the impedance response of the
electrodes. Conditions: OCPyga, ~-027 Vscg, 15 MVac, 3kHzto 0.5 Hz
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Figure 10. (a) Complex plane impedance of five microelectrodes from the MEA representative of
the range of observed impedance response. Thereis a strong correlation between the impedance
of the individual microelectrode and the net DC condition of the electrode just before impedance
experiment indicated by the current density in (b). For example, the current map indicated hat
array element E4 was a strong net anode (igs ~ 1x10* A/cm?) and element E5 was a strong net
cathode (igs ~ -1x10* A/cm?). Element E4 exhibited the smallest polarization resistance (smallest
diameter impedance loop) wher eas element E5 had the largest polarization resistance (largest loop
diameter). Microelectrodes with DC current between these two extremes demonstrate generally
exhibited impedance arcs that wer e also between these to extremes, as exemplified by elements E3
(weak net anode, iz ~ 2.5x10°° A/cm?), C4 (ics = 0 Alcm?), and D4 (weak net cathode, ips ~
-2.5x10° Alcm?).
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