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ABSTRACT: Characterizing the decomposition of electrogenerated species
in solution is essential for applications involving electrosynthesis,
homogeneous electrocatalysis, and energy storage with redox flow batteries.
In this work, we present an automated, multiplexed, and highly robust
platform for determining the rate constant of chemical reaction steps
following electron transfer, known as the EC mechanism. We developed a
generation-collection methodology based on microfabricated interdigitated
electrode arrays (IDAs) with variable gap widths on a single device. Using a
combination of finite-element simulations and statistical analysis of
experimental data, our results show that the natural logarithm of collection
efficiency is linear with respect to gap width, and this quantitative analysis is
used to determine the decomposition rate constant of the electrogenerated
species (kc). The integrated IDA method is used in a series of experiments
to measure kc values between ∼0.01 and 100 s−1 in aqueous and nonaqueous solvents and at concentrations as high as 0.5 M of the
redox-active species, conditions that are challenging to address using standard methods based on conventional macroelectrodes. The
versatility of our approach allows for characterization of a wide range of reactions including intermolecular cyclization, hydrolysis,
and the decomposition of candidate molecules for redox flow batteries at variable concentration and water content. Overall, this new
experimental platform presents a straightforward automated method to assess the degradation of redox species in solution with
sufficient flexibility to enable high-throughput workflows.
KEYWORDS: Automation, microfabrication, interdigitated arrays, electrochemical analysis, EC mechanism, redox flow batteries

■ INTRODUCTION
Electron transfer reactions at electrodes often generate species
that undergo chemical reactions within the electrolyte, such as
the EC mechanism where E denotes an electrochemical step
and C a chemical reaction step. These types of reactions are
essential for applications involving electrosynthesis and
molecular electrocatalysis, where the subsequent reaction
steps generate a product of interest.1−3 Conversely, in systems
such as redox flow batteries, downstream reactions often
decrease the device performance through irreversible charge
capacity losses, which limits the lifetime of the device.4−7 In
both cases, understanding the kinetics of the subsequent
reaction steps is critical to allow for parameter tuning for
enhanced performance. Common electrochemical techniques
such as cyclic voltammetry (CV) and chronoamperometry are
widely used to determine the characteristic time of these
chemical steps. For instance, in CV using a single working
electrode, the ratio of the return to forward wave peak intensity
is typically measured, and this ratio is related to the half-life of
the product of interest. However, CV often faces difficulties in
measuring rapid steps because the characteristic reaction times
are linked to the scan rate. Although the use of high-speed

electronics8−11 improves the performance of these transient
techniques, these methods suffer fundamental limitations that
increase with the scan rate such as double-layer charging and
uncompensated resistance.
To overcome the potential pitfalls that accompany transient

electrochemical measurement techniques, generation-collec-
tion strategies are often used.12,13 Generation-collection
methods rely on a bipotentiostat that controls two working
electrodes: a generator that produces the redox active species,
and a collector on which a suitable potential is applied to revert
the redox reaction occurring at the generator.14−23 The ratio of
collector to generator currents gives a collection efficiency
(CE) that is calibrated to account for losses due to mass
transport between electrodes and therefore reports on nature
of the chemical reactions. The generation-collection strategy
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for kinetic analysis of subsequent reaction steps is realized
most commonly with instruments such as the rotating-ring-
disk electrode (RRDE)24 and the scanning electrochemical
microscope (SECM).25−27 In these techniques, diffusional
time-of-flight is controlled by mechanical means by adjusting
the rotation rate (ω) or the tip-to-substrate distance (d),
respectively. The extent to which a chemical reaction occurs is
determined by analyzing the change in CE as the time-of-flight
of the electrogenerated species is varied. In particular for the
SECM, the characteristic time is approximated by the
diffusional time t = d2/D, where D is the diffusion coefficient
of the species. Here, t is controlled by means of an approach
curve, where the CE is measured at a decreasing series of tip−
substrate distances. For these methods, the strategy generally
consists of multiple generation-collection experiments per-
formed over a range of diffusional time-of-flights, thereby
enabling the CE versus d curve to be analyzed to determine the
corresponding chemical kinetics. Despite the utility of SECM
and related methods, these techniques often require large
sample volumes and mechanical control of instrumentation,
which can complicate automation for high-throughput
analysis.28,29

Another generation-collection method consists of using
microfabricated devices based on interdigitated electrode
arrays (IDAs). The IDA electrode geometry has been used
in a range of applications involving electrochemical biosensing,
with many applications taking advantage of its high collection
efficiencies and possibility for miniaturization.30−37 It consists
of two interdigitated arrays of microband electrodes with a
consistent interelectrode gap width (Figure 1a). Generation-
collection experiments are performed with the two electrodes,
and the diffusional time-of-flight is set by the gap width. As
shown in Figure 1b, the generator electrode oxidizes R and
forms the electrochemically active species O, which can
undergo a subsequent chemical reaction with a rate constant of
kc, forming the electrochemically inactive product P. Any
remaining species will be rereduced at the collector electrode
back into species R. Degradation of electrogenerated O into
the inactive product P will lead to decreased CE. Figure 1c

shows a simulated concentration profile of species O for the
type of IDA devices studied here and described in detail below,
illustrating how kc leads to a depleted profile compared to the
purely diffusional case with no decomposition.
IDAs have been used sporadically to measure chemical

reaction rates, though quantitative analysis of experimental
data generally requires complementary modeling and simu-
lations. The need for computational modeling is impractical for
real-time automated determination of rate constants consider-
ing the expensive computational time required for 2D
transport simulations with complex geometries.38 Moreover,
these methods rely on fitting to CV data, which are susceptible
to distortions arising from sluggish charge transfer kinetics or
uncompensated solution resistance. However, a few examples
provide a glimpse of their quantitative power; recently gap
width variation has been explored by using arrays of
individually addressable microband electrodes as a platform
to distinguish between individual catecholamines.39

In this work, we report the development of microfabricated
multiplexed IDAs that overcome the limitations imposed by
traditional generator-collector methods. The multiplexed IDA
device incorporates a high CE geometry and a comprehensive
model to determine chemical kinetics for the EC mechanisms.
Using our multiplexed IDA method, time-of-flight is non-
mechanically adjusted, which allows for facile automation and
analysis. We demonstrate the robustness of the device by
showing fabrication processes that can handle harsh oxidative
cleaning and organic solvents. We further determined the rate
constant for chemical reaction steps following electron transfer
at the electrode surface, and generation-collection experiments
are performed at four different gap widths on a single device.
Our results show a linear relationship between the logarithm of
CE and the interelectrode gap width, which remains highly
linear even at relatively high concentrations of redox species.
Finally, we implement our methodology on redox flow battery
solutions and describe how automation will enable high-
throughput experimentation based on these measurements.

Figure 1. Workflow for a generation-collection experiment using interdigitated electrode arrays (IDAs). (a) Schematic showing top-down view of
the IDA geometry. (b) Working schematic (side view) of generation-collection at an IDA for the reaction R ⇌ O → P, with kc, the rate constant for
the irreversible chemical decomposition step and gap width d. (c) Concentration profiles of species O in the absence and presence of a chemical
reaction with a constant gap width focusing on the electrode surface (side view). Inset shows the zoomed-out concentration profile of O on the
entire simulation space. All simulations use a constant electrode width of 5 μm. Concentration of O ranges from 0 mM (blue) to 1 mM (red).
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■ EXPERIMENTAL SECTION

Chemicals and Materials

All chemicals used in fabrication including SU8 2002 and KMPR
1010 photoresists, SU8 developer, and Omnicoat adhesion promoter
were purchased from KayukaAM (Westborough, Massachusetts).
Hydroxymethylferrocene (97%), p-aminophenol (98%), (±)-epi-
nephrine hydrochloride (98%), and monobasic potassium phosphate
(99%) were purchased from Sigma-Aldrich (St. Louis, Missouri). 85
w/w% phosphoric acid (ACS grade) was purchased from Fischer
Chemical (Hampton, New Hampshire). Potassium nitrate (reagent
grade) was purchased from VWR Life Sciences (Radnor,
Pennsylvania). A 1,4-dimethyoxybenzene derivative (C7) was
synthesized40 and provided by the Zhang group from Argonne
National Laboratory. A tri(dialkylamino)cyclopropenium derivative
(HS-cyclopropenium) was synthesized41 and provided by the Sanford
group from the University of Michigan, Ann Arbor. Eighteen MΩ DI
water was obtained from a Milli-Q purification system. All other
chemicals were used as purchased without further purification. Glass
slides (2” × 3”) were purchased from Corning Inc. (Corning, New
York). Anisotropically conductive film for making device connections
was purchased from 3 M (St. Paul, Minnesota). Photomasks for the
device were purchased from Front Range Photomasks (Phoenix,
Arizona).

Device Design, Fabrication, and Packaging
Interdigitated arrays were fabricated on a 2” × 3” glass slide following
the general process flow outlined in Figure 2a. Photolithography was
used to define the electrode geometry as well as electrical connections.
Substrates were sputtered with a 5 nm Ti adhesion layer followed by
100 nm of Pt, and a lift off procedure was performed. Insulated and
exposed regions of the electrodes were defined by another
photolithographic step, with either permanent photoresist (Path 1)
or an oxide layer deposited through plasma-enhanced vapor
deposition (PECVD) as the insulating material (Path 2). Additional
details on device microfabrication are located in the Supporting
Information (Supplemental Note S1). Fabricated substrates were
diced into individual devices and bonded to a flexible ribbon cable
with anisotropically conductive film. Prior to use, devices were
cleaned for 2 min in a 100 W, 1 Torr oxygen plasma. Gap widths
between the electrodes were obtained through optical microscopy.
Figure 2b shows an optical micrograph of the 5 μm IDA, where the
dotted white lines indicate the exposed electrode area. Figure 2c
shows an electron micrograph of the four IDAs, as well as the
integrated quasi-reference and counter electrodes.

Electrochemical Measurements
A CH Instruments model 760E bipotentiostat was used for all
electrochemical measurements. All electrochemical experiments were
performed in a custom designed electrochemical cell (Figure S2).

Figure 2. Fabrication process and images of the microfabricated devices and peripheral hardware. (a) Process for microfabrication of the device,
including two alternative paths depending on experimental needs. (b) Optical micrograph of an IDA with a gap width of 5 μm. (c) SEM
micrograph of IDAs with variable gap width as well as the counter and reference electrodes. (d) Image of the full device including microfabricated
electrodes, electrochemical cell, and electrode multiplexer.

Figure 3. Flowchart depicting the electrochemical routine used to determine the rate constant for the chemical step. The red dotted line indicates
the fully automated portions of the routine.
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Electrochemical pretreatment was performed prior to measurements
by cycling electrodes in 0.1 M phosphate buffer solution (PBS) at pH
7.4 to clean any platinum oxide on the electrode surface (Figure S3).
An external Ag/AgCl reference electrode was used to prevent shifts in
potential during extensive cycling. Electrochemical measurements
were performed using the integrated quasi-reference and counter
electrodes, unless indicated otherwise. All electrochemical experi-
ments were performed using a custom automated platform developed
in our group that consists of the multiplexer (Figures 2d and S4) to
select the IDA and a Python library that controls the multiplexer and
the CHI760E bipotentiostat (Supplemental Note S2).
Simulation and Modeling
Simulations were performed using COMSOL Multiphysics 5.6 with
the electrochemistry module. The 2D geometry consisted of an area
of 2.5 × 2.5 mm2, an out-of-plane thickness of 500 μm, and 51 lines
that represented the electrode bars separated by a distance d (Figure
S5). The mesh was created using the predefined normal distribution
for the bulk of the solution and a free triangular meshing with a
distribution of 50 elements around the electrodes (Figure S6). The
out-of-plane thickness assumes that the electrode length is the same as
the cell depth, meaning that each electrode finger would have an area
of 5 × 500 μm2 (Supporting Information).
Automation of Device Operation
The methodology presented in this work was developed with the goal
of streamlining the characterization of redox-active species via
automation. Our “plug-and-play” technique, in which minimal
parameters and human interaction were needed to measure rate
constants, is shown in Figure 3. Exploratory assessment of the system
using traditional techniques such as CV permits the user to determine
the initial inputs of generator potential, collector potential, and the
expected current sensitivity. These initial input parameters are then
fed into a script that runs all electrochemical experiments for each
IDA size in a series fashion. A Python script includes commands to
control the multiplexer, allowing for selection of a suitable IDA during
runs, as well as to control the CHI760E bipotentiostat. The script also

facilitates automated data analysis immediately after the experiments
were performed, minimizing human error, ensuring repeatability, and
providing prompt experimental feedback to inform experimental
choices. The output of our workflow is the kinetic rate constant kc,
but the user can also access all files generated during analysis to
qualitatively assess the data, if needed. This high level of abstraction
requires only minimal electrochemical expertise for users to operate
this device and methodology, without sacrificing the flexibility that
advanced users might require to further explore functions in the
device. To enable new users to efficiently use our technology, we
include a sample Python script with instructions and a Jupyter
notebook tutorial on how to develop and perform the principal
component analysis and polynomial regression for nonspecialists
(Supporting Information). Furthermore, the use of Python as a
programming language allowed us to interface with third-party
libraries not only for data analysis but also to communicate with the
user remotely. For example, we have used a library to send remote
notifications via a Slack account when the experiments were
completed, including the determined values for kc.

■ RESULTS AND DISCUSSION

Finite Element Simulations and Principal Component
Analysis

We began by analyzing the EC mechanism using simulations
and modeling of a first-order chemical reaction and Nernstian
electrode kinetics. The chronoamperometric response of IDAs
of 10 different gap widths ranging from 2 up to 25 μm were
simulated for a range of chemical rate constants (kc) between
kc = 0 (purely diffusional case with no chemical reaction step)
and kc = 1000 s−1 (Figure S7). The generator and collector
electrodes were set to potentials recreating diffusion-limited
oxidation and reduction, such that 0.5 and −0.5 V vs E0,
respectively. The current was then sampled at 30 s, longer than

Figure 4. Determining chemical rate constants using simulations and principal component analysis of experimental data. (a) Plots of the natural
logarithm of collection efficiency, ln(CE), versus gap width obtained by simulating EC mechanisms with different rate constants. (b) Plot depicting
the relationship between the slopes and intercepts obtained for a range of kc values. (c) Plot of reaction rate constant versus the first principal
component. (d) Percent error in the measurement of kc as a function of the first principal component.
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the characteristic time scale for diffusion to reach steady state.
We then determined the collection efficiency, defined as CE = |
icol/igen|, as a function of gap width. Our results show a decrease
in collection efficiency as the gap width increases (Figure 4a),
consistent with the diffusional loss of the electrogenerated
species into the bulk solution. However, in all cases, efficiencies
larger than 90% were achieved due to the small interelectrode
gap width. The presence of a subsequent chemical reaction
following electron transfer further decreases CE due to the
consumption of the electrogenerated species by the chemical
reaction. Importantly, we observe a linear relationship between
the natural logarithm of the collection efficiency and the IDA
gap width, at all chemical rate constants used, as shown in
Figure 4a. For the geometry and conditions used in these
experiments (Supporting Information), this observation
dramatically simplifies the analysis of the experimental rate
constants.
Our results show that, as the value of kc increases, the slope

of plots of CE versus d become steeper and the intercept
becomes more negative (Figures S8 and S9), suggesting that
these parameters can be used in a linear regression model to
predict kc. However, plotting intercept against slope as shown
in Figure 4b reveals an underlying correlation, implying that
one parameter can be used to predict the other. To address
this observation, we performed dimensionality reduction using
principal component analysis (PCA). Here, the data are first
normalized to achieve a zero mean and unit variance
respectively, which facilitates data analysis. Reducing the data
to a single component yielded an explained variance ratio of
99.8%, ensuring that most of the variation can be represented
by the first principal component (PC). In this way, a plot of
the first PC versus kc can be used to estimate chemical rate
constants; a suitable equation describing this relation was
found to be a fifth-order polynomial (Figure S10). Figure 4c
and d shows the results from PCA as well as the error in
determining kc, defined as

= ×k k% error (1 / ) 100%c
pred

c
real (1)

The error abruptly increases for values of kc < 1 × 10−2 s−1,
which we take as the lower bound for chemical rate constants
that can be determined using this methodology. On the other
hand, the largest rate constant that can be accurately measured
is ≈1 × 102 s−1 based on our estimation of measurable
collection current at typical (<1 M) redox-active concen-

trations and for the gap width values explored here. Faster or
slower chemical rates can be obtained with alternative
interelectrode separations, assuming that the steady-state
condition in the generation/collection process is fulfilled.
Based on results from simulations, we determined that our
methodology is insensitive to diffusion coefficient (Figure S12)
and that it can be used with any distance separations, provided
the bar length representing the electrode has a high aspect ratio
compared to its width (500 versus 5 μm, respectively). All
results in this work use the intercept and slope of the ln(CE)
versus gap width curve to determine kc through PCA and
polynomial regression. In the following sections, we demon-
strate this methodology with a variety of reactions to highlight
its general applicability.
Electrochemical Measurements in the Absence of a
Chemical Reaction

We first tested the device with a solution of 1 mM
hydroxymethylferrocene (FcMeOH) in 100 mM KNO3
supporting electrolyte, which is a well-known redox species
that displays reversible electrochemistry and no appreciable
decomposition in the time scale of typical CV experiments.
While we are not aware of a measured decomposition rate for
FcMeOH, similar derivatives such as (ferrocenylmethyl)-
trimethylammonium chloride are known to decay by 1.85%
per day (2.2 × 10−7 s−1) in the charged state.42 In the absence
of a chemical reaction, the collection efficiency solely reflects
the diffusional loss of electrogenerated species into bulk
solution. CV was performed with the selected generator
electrode sweeping from −0.1 to 0.4 V at a scan rate of 0.1 V
s−1. We first performed an experiment with the collector
electrode at open circuit (“off”) and then with the collector
electrode held at −0.1 V (“on”), as shown in Figure 5a.
Additional electrochemical results for FcMeOH and IDA gap
widths are shown in Figure S14.
Evaluation of FcMeOH using the IDA displayed the

expected behavior for the diffusional case. Figure 5a shows
the CV behavior of the smallest gap width IDA. When the
collector is off, the overlapping diffusion fields at the closely
spaced IDA fingers create conditions for the array to act as a
macroscopic electrode. Thus, at these scan rates, the response
is characteristic of a linear diffusion profile with forward and
reverse peaks. In contrast, when the collector electrode is held
at a potential where diffusion limited reduction of FcMeOH+ is
expected, steady-state behavior with characteristic sigmoidal

Figure 5. Electrochemical characterization of the fabricated IDAs in 1 mM FcMeOH with 100 mM KNO3 as supporting electrolyte. (a) CV scans
at the IDA with the smallest gap width in both single mode “off” and dual mode “on” and a scan rate of 0.1 V s−1. (b) Plot of the natural logarithm
of collection efficiency versus gap width sampled at 30 s.

ACS Measurement Science Au pubs.acs.org/measureau Article

https://doi.org/10.1021/acsmeasuresciau.2c00054
ACS Meas. Sci. Au 2023, 3, 62−72

66

https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.2c00054/suppl_file/tg2c00054_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.2c00054/suppl_file/tg2c00054_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.2c00054/suppl_file/tg2c00054_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.2c00054/suppl_file/tg2c00054_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.2c00054/suppl_file/tg2c00054_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00054?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00054?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00054?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00054?fig=fig5&ref=pdf
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.2c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


waves at both the generator and collector electrodes are
observed. A redox cycling phenomenon,43 analogous to
positive feedback in SECM experiments, manifests as a
significant increase in current at both electrodes when the
collector is on. The current intensity due to the redox cycling
phenomenon increases as the gap width is decreased. Figure 5b
shows the characteristic linear relationship of the natural
logarithm of collection efficiency, ln(CE), versus the gap width,
as predicted by the simulations shown in Figure 4. The line of
best fit has a slope of −7.9 × 10−3 ± 5 × 10−4 μm −1 and an
intercept of −7 × 10−3 ± 6 × 10−3. Application of the PCA
and polynomial regression model to these results yielded rate
constants of 1 × 10−3 s−1 ± 8 × 10−3 s−1 (N = 7). However,
the slope and intercept are close to the simulated values for the
purely diffusional case of −6.9 × 10−3 μm−1 and −1.1 × 10−2,
respectively, and the simulation model predicts that our system
significantly loses sensitivity below kc < 1 × 10−2 s−1 (Figure
S8). Thus, the large experimental error in the determined value
for kc is consistent with the inability of our methodology to
reliably report on its value for this well-known chemically
stable redox system. While FcMeOH displayed characteristics
closely resembling an unreactive, purely diffusional case, below
we present several systems exhibiting measurable values of kc.
Evaluating the Methodology on Aqueous Reactions
We now turn to the kinetically sensitive regime for IDA
operation. Here, we studied reactions involving epinephrine
and p-aminophenol, both of which are reported to undergo
chemical reactions following electrochemical oxidation.
Oxidation of epinephrine is followed by an irreversible
intracyclization reaction, which has been reported to occur
with an apparent rate constant of 87 s−1 in pH 7.4 solution.44

For these experiments, we prepared a solution of 10 mM
epinephrine in 0.1 M PBS at pH 7.4. CV was performed to
select the appropriate generator and collector electrode
potentials of 0.7 and −0.1 V, respectively. Similarly, p-
aminophenol is electrochemically oxidized to p-benzoquinone
imine, which undergoes an irreversible hydrolysis step to form
benzoquinone. This hydrolysis step is reported to have a rate
constant of 0.15 s−1 at pH 2.4.45,46 For these experiments, we
prepared a solution of 10 mM p-aminophenol in 0.1 M PBS at
pH 2.4. Chronoamperometry was performed with the
generator electrode held at 0.6 V and the collector electrode
at −0.1 V. The collection efficiency for both systems was
calculated as previously described, however the currents were
sampled at 15 s to avoid the possibility of electrode fouling.

IDA dimensions and additional electrochemical results for
epinephrine and p-aminophenol are shown in Figures S15 and
S16, respectively.
Our IDA devices successfully measured values of kc with

good agreement to previously reported results for reactions
with rates that differ by 3 orders of magnitude. Figure 6a shows
the chemical structures and CVs of epinephrine and p-
aminophenol, measured at the smallest gap width IDA at a
scan rate of 0.1 V s−1. Qualitatively, the difference in rates for
the chemical reactions are noted by the presence of a small
peak upon the return sweep for p-aminophenol, but no return
peak for epinephrine. The difference in rates is further shown
in the ln(CE) versus gap width plot in Figure 6b, where the
epinephrine data shows a significantly steeper slope with a
more negative intercept than p-aminophenol. The line of best
fit for epinephrine had a slope of −0.14 μm−1 and an intercept
of −1.19, which yields an average observed rate constant of
80.8 ± 13.8 s−1. The observed rate constant measured using
our multiplexed IDA method was within the range of 87 ± 10
s−1 reported in prior literature.44p-Aminophenol yielded a
slope of −2.3 × 10−2 μm−1 and an intercept of −5.0 × 10−2,
giving a rate constant of 0.32 ± 0.02 s−1. The rate constant
obtained for p-aminophenol is also similar to the reported
value in literature45,46 of 0.15 s−1, within a factor of 2. It is
possible that variation from previously reported results arise
due to increased error in the model that is present at lower rate
constants or due to electrode fouling. However, the linear
response reflected in the results in Figure 6b is derived from
the independent operation of four multiplexed electrode pairs,
each operating with different characteristic times, which
suggests that the IDA method yields precise measurements
of kinetic rate constants.
Robustness of the Device
Fouling of the electrode surface through unwanted side
reactions is a source of concern when carrying out repetitive
measurements and when considering the long-term robustness
of the device. Unwanted polymerization reactions of small
organic molecules can occur upon electron transfer, forming
films that are detrimental to electrode behavior. When
chronoamperometry was performed on p-aminophenol for
longer than 15 s, a rapid decrease in current at both generator
and collector electrodes was observed (Figure S17). We
attribute this behavior to fouling of the electrode surface by a
film of poly-p-aminophenol.47 Surface fouling on planar
macroscopic electrodes used typically in electroanalysis is

Figure 6. Characterization of aqueous redox mediators that undergo a chemical reaction following electrochemical oxidation. (a) CV scans at 0.1 V
s−1 of 10 mM p-aminophenol and 10 mM epinephrine at the smallest gap width IDA. (b) Plot of ln(CE) vs gap width obtained at 15 s with
chronoamperometry for both species. The error bars for the p-aminophenol plot are not visible at the given scale.
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often dealt with by polishing in between runs. However,
polishing is not feasible at microfabricated electrodes, as the
mechanical abrasion can destroy patterned electrodes. To
circumvent these issues, we used oxygen plasma cleaning to
remove any films formed on the electrode surface.48 Plasma
treatment was followed by aforementioned electrochemical
cycling to reduce any formed oxide layer. The results in Figure
6 were obtained following this procedure for each run, but to
demonstrate its effectiveness, the impact of the cleaning
procedure is shown in Figure 7, where a surface film of poly-p-

aminophenol significantly deteriorates the CV response of
FcMeOH. In contrast, after 5 min of oxygen plasma treatment
on the electrode, the film was removed and the reactivity of
this redox species was observed on the device nearly
indistinguishably to the pristine electrode.
To determine whether oxidative treatment on the electrodes

may have a deteriorating effect on the photoresist insulator for
electrodes fabricated using Path 1 in Figure 2a, we fabricated
devices using a 1 μm thick SiO2 insulating layer to prevent
degradation during prolonged exposure (Path 2 in Figure 2a
and Supporting Information). In addition to improved
resistance against reactive etching by plasma, the SiO2 layer
does not swell or delaminate in organic solvents, which makes
it ideal for characterizing nonaqueous systems as described in
the following section.
Systematic Degradation Studies of Redox Flow Battery
Electrolytes
In redox flow batteries, the highly resistive electrolyte solution
and high concentrations of redox active species create
substantial iR drop distortions when using transient character-
ization methods. Moreover, for nonaqueous flow battery
electrolytes, our SiO2 devices provide the opportunity to
measure relevant properties without concerns on device
stability. We therefore sought to characterize electrochemical
behavior in organic nonaqueous systems using our integrated
IDA measurement methodology. We performed a series of
experiments by varying concentration and water content for
two redox flow battery electrolytes, including an alkoxybenzene
derivative from Argonne National Lab known as C7, and a
cyclopropenium derivative known as HS-CP from University
of Michigan Ann Arbor. The high oxidation potential of these
species make them a prime candidate for use in redox flow

batteries, but the large oxidation potential comes at a trade-off
of increased reactivity of the oxidized form, which can react
with chemical species such as water.49 We studied the
electrochemical behavior of both catholyte species outside of
a drybox, at various concentrations of catholyte and water. For
these experiments, we only used three devices over the course
of the 48 experimental trials owing to the robustness of the
SiO2 insulated devices.
Redox flow batteries must operate with high concentrations

of electroactive species, which necessitates the use of practical
kinetic studies to be performed under similar conditions. The
need to perform experiments at high concentrations poses
major difficulties when performing typical CV measurements
with a macroelectrode, as the resulting high currents greatly
exacerbate the effects of iR drop in nonaqueous media.50 Our
device has an electrode area of 1.28 × 10−3 cm2, 25 times
smaller than that of a common 2 mm macrodisk electrode. The
decreased area significantly lowers the measured current,
making experiments at high concentrations more straightfor-
ward to perform. In Figure 8a and b, CV scans are shown at
the generator electrodes for an ∼5 μm gap width IDA for both
the HS-CP and C7 catholytes at concentrations of 25 and 500
mM, with 1 M TBAPF6 supporting electrolyte in acetonitrile.
The smaller normalized current intensity at higher concen-
tration of catholyte is due to a decreased diffusion coefficient of
the species as the solution viscosity increases. For instance, for
C7 solutions, the viscosity of a 25 mM solution is 1.13 cP, but
it rises to 3.59 cP at 250 mM concentration. Although
increased peak splitting due to iR drop is seen at the highest
concentration of 500 mM, this measurement would be
impractical for typical scan rate studies needed in transient
CV at a macroelectrode and their resulting high currents.
Furthermore, the distortion of the CV response does not affect
our determination of kc, as long as the generator and collector
are poised to potentials ensuring mass transfer limited
conditions during their operation. The indifference of our
method to distortions of the CV response presents an
advantage over transient CV methods for which wave shape
distortions significantly hamper attempts to fit parameters, for
instance, using digital simulations. Figure 8c shows the
dependence of kc with respect to redox-active species
concentration. A notable aspect of the experiments at high
concentrations is that the ln(CE) versus gap width plot was
highly linear (Supporting Information), which highlights the
robustness of our methodology. For both HS-CP and C7, no
particular trend for kc was identified as a function of
concentration. The lack of dependence of rate on catholyte
concentration suggests that possible radical−radical inter-
actions of the electrogenerated radical cations either do not
happen at a measurable time scale or do not have an obvious
deleterious impact on their reactivity. The results obtained
from these experiments are highly informative for scaling up to
practical concentrations in a redox flow battery.41

A systematic study of the effect of water content on the
observed rate constant was also carried out for both species, as
shown in Figure 8d. HS-CP showed low sensitivity to the
increasing presence of water, with degradation rates in the
range of 0.05−0.14 s−1. In contrast, the C7 species showed a
marked increase in observed rate constant with increased water
content, ranging from a minimum rate of 0.16 s−1 at 0 v/v%
water content to a maximum rate of 2.52 s−1 with 10 v/v%
water content. We posit that the high sensitivity of C7 to water
is due to a previously reported degradation pathway,40 where

Figure 7. CVs of FcMeOH on a pristine device (blue), the device
after significant fouling from p-aminophenol oxidation (red), and the
device after oxygen plasma treatment and electrochemical cycling
(black).
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water can act as a nucleophile, causing the C7 molecule to
undergo conversion into a quinone species. Although the rates
observed at 0 v/v% water are larger than expected from
reported cycling data,40,41 it is important to note that these
measurements are performed outside of the drybox, with a
baseline level of water that is present even for the 0 v/v% data
points.
Our IDA devices coupled to measurement automation are

uniquely fitted to perform systematic studies exploring the
impact of a variable, such as concentration or water content, on
the stability of a redox system. As shown in Figure 7, a total of
nine experiments were performed in triplicate for each
catholyte species, requiring approximately 25 min each and a
total experimental run time of 2 days. However, because the
electrochemical experimentation and data analysis were fully
automated, only ∼4 h was spent on actual hands-on
experimental work, mostly dedicated to solution handling.
From this view, the flexibility of our system is advantageous to
design a fully autonomous device where decisions are made
depending on certain conditions. For example, electrochemical
cleaning can be automatically performed if electrode fouling is
detected. Similarly, the system is be tasked with systematically
deciding on variations of electrode potentials for exploratory
work. Flexible operation of our device also allows for facile
incorporation into other automated workflows, such as in
chemical synthesis systems where a freshly prepared redox
active material needs to be electrochemically characterized to
measure degradation rates. Furthermore, several devices can be
used in parallel enabling high-throughput experimentation, a

direction our team is currently exploring. Overall, we believe
that the robustness of our device, along with its flexibility for
automated analysis makes it a powerful tool for electrochemists
and nonelectrochemists alike.

■ CONCLUSION
In this work, we report the design and development of an
electrochemical generation-collection device based on inte-
grated, multiplexed IDAs at varying interelectrode gap width.
We developed experimental methodology and data analysis for
the device that enables the automated measurement of the rate
constants of chemical processes following electrochemical
reactions, i.e., the EC mechanism. Importantly, we discovered a
linear dependence of the logarithm of collection efficiency
versus interelectrode gap width, which dramatically simplified
our analysis through the straightforward use of slope and
intercept as inputs for our algorithm to elucidate the
decomposition rate constants. We further introduced an
optimized workflow for the use of the device which
incorporates Python scripting to automate the multiplexing,
data acquisition, and data analysis.
To demonstrate the versatility of our approach, we

experimentally characterized a variety of redox-active species,
in both aqueous and nonaqueous media. We measured rate
constants over the range from ∼0.01 to 100 s−1. Purely
diffusive systems (i.e., with unmeasurable low rates of
decomposition) such as a ferrocene derivative validated our
simulations and the expected linear trend of ln(CE) versus gap

Figure 8. Electrochemical characterization of organic redox flow battery electrolytes. CV at a scan rate of 0.1 V s−1 of (a) HS-CP41 and (b) C7,40

both normalized by dividing the current by the concentration of the redox active species. (c) Observed rates for both species as a function of
concentration. (d) Observed rates for both species at 5 mM concentration for each species with varied water content. For both HS-CP and C7,
chronoamperometry was run with generator and collector electrode potentials at 1.4 and 0.7 V, respectively, with currents sampled at 15 s. To
prevent potential shift of the integrated Pt quasi-reference at the higher concentrations, we used an external Ag/AgCl reference electrode with a salt
bridge. IDA dimensions and additional electrochemical results for the C7 and HS-CP species are shown in Figures S18 and S19.
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width. Measured rate constants for known chemical processes
following electron transfer, such as the hydrolysis of p-
aminophenol and the intramolecular cyclization of epinephr-
ine, were in agreement with the literature. The robustness of
our IDA devices was tested by removing organic passivating
films using oxygen plasma cleaning and by introducing a
modified fabrication process using SiO2 instead of photoresist.
The use of SiO2 dramatically improves the resistance to
delamination and swelling in nonaqueous media.
We further used our devices to characterize the chemical

stability of redox-active species used in nonaqueous flow
batteries as a demonstration of how our methodology can
tackle technology relevant problems involving resistive and
high concentration electrolytes. We performed systematic
studies of organic redox flow battery electrolytes with C7 or
HS-CP in acetonitrile, with concentrations up to 0.5 M of the
electroactive species, and in the presence of water. Although
redox-active concentration was not observed to impact the
reactivity of either C7 or HS-CP, water notably impacted the
rate of decomposition of electrogenerated C7 radical cations.
Our automated methodology will enable users to gather
mechanistic insight under conditions that would otherwise
present overwhelming complications when performing typical
scan-rate dependent studies with macroelectrodes. Moving
forward, the automation of solution manipulation and
dispensing can be incorporated into this instrumental frame-
work. Automation will further minimize human error and allow
users to perform extensive and systematic characterization of
large sample libraries with minimal supervision. We envision
that the ease of use and robustness of our method will enable
users in a variety of fields including energy storage,
electrosynthesis, and electrocatalysis among others to gain
invaluable mechanistic insight that bolsters new discoveries in
their investigations.
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