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Abstract

The assessment of candidate materials for redox flow batteries requires effective diagnostic
techniques for monitoring the evolution of electrolyte state of charge and state of health to
interrogate time-dependent changes in system behavior. Further, such tools can be applied in
practical embodiments to inform maintenance schedules and optimize energy utilization. In this
work, we develop and test a flow-through, microelectrode-based electrochemical sensor to
continuously measure active species concentrations in redox flow cells. A gold microelectrode
(working electrode) and platinum wire (pseudo-reference electrode) are sealed into a stainless-
steel fitting (counter electrode), and three-electrode electroanalytical techniques (i.e.,
voltammetry, chronoamperometry) are performed to correlate steady-state current to
concentration. To validate transport and thermodynamics that govern the sensing mechanism, we
combine multiphysics simulation with ex situ experimental testing, confirming the device is
capable of accurately determining individual species concentrations. We then evaluate the
microelectrode sensor in a symmetric redox flow cell, demonstrating the utility of this approach
for measuring operando concentrations, and discuss additional considerations for successful
implementation (e.g., measurement protocol, material selection, flow cell design). Assembled

from commercially available, off-the-shelf components, the sensor can be readily adopted by
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research laboratories and integrated into existing experimental workflows, making it a promising
tool for studying flow battery materials.
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1. Introduction

Redox flow batteries (RFBs) hold promise as an electrochemical energy storage platform that
may enable integration of intermittent renewable resources and bolster existing grid infrastructure,
but further cost reductions are needed for widespread deployment.'* To this end, a range of multi-
disciplinary science and engineering approaches have advanced different system components,
including electrolytes (i.e., redox species, supporting salts, solvents), electrodes, flow fields, and
membranes/separators, with the ultimate goal of enabling lower-cost and higher-performing
systems.** As the community continues to explore the frontiers of materials discovery and
integrate new elements into this technology, robust methodologies are needed to assess the
performance of these emerging materials in formats that approximate practical embodiments. Of
particular importance is the durational stability, as the charge storage capacity and energy
efficiency can fade over time due to compositional changes in the electrolytes (e.g., crossover,
active species decomposition) and wear of wetted components. The degradation of individual
components dictates system maintenance schedules and operating expenses, as routine repairs and
replacements are feasible but adversely impact profitability over the service life of the battery.>®
However, performance losses in such complex systems are often rooted in a multitude of
confounding factors, such as electrode and membrane degradation, crossover, solvent evaporation,
molecular decay, which are difficult to decouple experimentally and/or to replicate in isolation.””
10 Understanding modes of performance loss requires diagnostic tools that can monitor the RFB
throughout its operating lifetime.!! Such insights into the state of the system would allow
researchers to interrogate mechanisms of component failure and operators to improve asset

utilization and maintenance planning.



The condition of the electrolyte is characterized by either its state of charge (SOC), which
reflects the fraction of the total species concentration in the charged form, or state of health (SOH),
which reflects the fraction of species available for electrochemical reaction compared against a
reference concentration, typically defined as the concentration at the start of life.!! There are
numerous experimental methods that can be used to track SOC and SOH in RFBs, which vary

depending on the electrolyte chemistry and the desired analytical information. Spectroscopic
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techniques, including spectrophotometry, nuclear magnetic resonance spectroscopy,
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electron paramagnetic resonance spectroscopy, and infrared spectroscopy, can enable
quantitative measurements of the species concentration and, in some cases, elicit chemical
information about the stability and decomposition products of different species within the
electrolyte, but these typically require specialized hardware and infrastructure to be performed in
situ or operando.*! In lieu of more comprehensive chemical characterizations of the electrolyte,
one can monitor physicochemical (e.g., density,?* viscosity?®) and electrochemical descriptors

2425 open-circuit potential?®) that in many instances correlate to electrolyte

(e.g., conductivity,
SOC. For example, in-line electrochemical cells can be used to measure the open circuit potential
between the two electrolytes, which can be related to the overall SOC through equilibrium
thermodynamic expressions.?”?° Similarly, external reference electrodes can be introduced to
measure the open circuit potential at a model electrode surface, which captures the equilibrium
potential of each electrolyte independently, allowing determination of individual electrolyte
SOCs.2%30-32 The resultant SOC assessment from these techniques offers a cursory glance into the

health of the electrolyte and the balance of charge between the two half-cells. However, these

methods only describe the relative electroactive species concentrations, which presents inherent



limitations in cases where performance decay is related to species crossover and decomposition,
as these processes can lead to changes in the total concentrations in each half-cell.

Most methods for monitoring SOC only measure the ratio of species concentrations in different
oxidation states; however, the magnitudes of these concentrations are necessary to determine the
SOH and elucidate sources of performance loss (e.g., crossover, species decay, self-discharge).
While concentration measurements are often more challenging, electroanalytical techniques are
well suited to quantify electroactive species in redox systems.>*° For example, amperometric
measurements have been performed on gas diffusion electrodes to measure vanadium (IV) and
vanadium (V) concentrations; but despite the robust methodology, the protocol requires
specialized equipment to prepare electrodes.’® Microelectrode voltammetry has also been

37,38

demonstrated as a viable method for characterizing electrochemical properties, measuring

redox species concentrations,” and assessing the decay of active materials ex situ in

40" Microelectrodes have the distinct advantage of

deterministically prepared electrolytes.
decoupling redox species concentrations, as their small active area enables steady-state
voltammetric measurements at reasonably low scan rates (ca. 10 mV s™'). Further, the resultant
low currents minimize ohmic distortions and capacitive currents, enabling electrochemical
measurements in more complex electrolytes, such as highly concentrated or low supporting salt
environments.*'*> However, typical three-electrode voltammetry experiments are challenging to
perform in situ, as cross-contamination through the semi-permeable frit that separates the reference
electrode fill solution from the surrounding electrolyte adversely impacts measurement reliability
and longevity. Voltammetry is also commonly performed under either quiescent (e.g., cyclic

voltammetry (CV)) or controlled hydrodynamic conditions (e.g., rotating disk electrodes), but non-

uniform convection in the electrolyte reservoirs and redox flow cell can frustrate operando



measurements. Microelectrodes were recently applied to monitor electrolyte SOC in RFBs using
the ratio of steady state currents obtained from CV, but this implementation fell short of evaluating
concentrations, owing to surface fouling and placement of the microelectrode directly in the
electrolyte reservoir.* To enable high fidelity concentration measurements, the flow conditions
around the electrode need to be uniform and consistent, and species transport must be well
understood. Additionally, eliminating fouling necessitates judicious pairing of electrode materials
and redox species alongside careful operation and maintenance.

In this work, we describe an in-line, flow-through microelectrode sensor (Figure 1) for use as
an operando diagnostic tool to measure redox species concentrations within a flow cell. The device
leverages a three-electrode assembly to accurately quantify species concentrations via the steady-
state current obtained through voltammetry and chronoamperometry. To provide a stable reference
potential, the sensor uses a platinum (Pt) wire pseudo-reference electrode in place of a more
standard fritted reference electrode to reduce cross-contamination and associated potential drift.
We validate the proposed working principle using multiphysics simulations in an idealized domain
and assess the measurement protocol using a model electroactive compound (N-(2-(2-
methoxyethoxy)ethyl)phenothiazine, MEEPT)* prepared at varying SOCs. Ex situ measurements
confirm the current is a linear function of concentration under steady flow conditions, indicating
that the respective species concentrations can be determined using an empirical mass transfer
coefficient, which is calibrated internally. As a proof-of-concept, we demonstrate the efficacy of
this approach for measuring individual species concentrations during potentiodynamic operation
by employing the microelectrode sensor in a symmetric redox flow cell containing

MEEPT/MEEPT". Importantly, the device is readily assembled from commercial, off-the-shelf



materials and can be easily integrated into existing experimental workflows, making it accessible

to the research community.
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Figure 1. Graphical representation of the in-line, flow-through microelectrode sensor for
measuring operando concentrations in RFBs. The device features a microelectrode as the working
electrode, a Pt wire as the pseudo-reference electrode, and a stainless steel counter electrode, which

also serves as the body of the cell.



2. Experimental methods

All electrochemical experiments were conducted in a supporting electrolyte consisting of 500
mM tetraethylammonium tetrafluoroborate (TEABF4, Gotion, > 99.9%) in propylene carbonate
(PC, Gotion, >99.9%). This composition was selected because of its wide electrochemical stability
window and low volatility. MEEPT (TCI, > 98.0%) was used as the redox-active species. Oxidized
MEEPT (MEEPT-BF4) was prepared by chemical oxidation®* via the addition of 1.05 molar
equivalents of nitrosonium tetrafluoroborate (NOBF4, Alfa Aesar, > 98%) in dichloromethane
(Avantor, 99.9%), followed by precipitation with diethyl ether (Avantor, ACS reagent grade). The
product was then precipitated twice from dichloromethane into diethyl ether to remove impurities
and subsequently dried under vacuum to yield MEEPT-BF4 at ca. 98% SOC, as confirmed by
microelectrode voltammetry. All chemicals were used as-received, and electrolyte formulations
were prepared a day in advance of use to ensure complete dissolution of solutes. Electrolyte
viscosity was measured using a Viscolite V-700 vibrational viscometer probe and the density was
calculated from the mass of'a 20 mL solution prepared in a volumetric flask. Prior to use, electrodes
were polished on a MicroCloth pad containing an aqueous slurry of 0.05 pm alumina powder
(Buehler Ltd.), rinsed with deionized water (18.2 MQ, Milli-Q), wiped with lens paper, rinsed with
acetone (VWR, > 99.5%), and dried with compressed air. An argon-filled glovebox (MBraun
Labmaster, H20 <5 ppm, O2 < 1 ppm) with an ambient temperature of 26 °C was used for chemical
storage, solution preparation, and voltammetry measurements. The flow-through microelectrode
sensor and symmetric flow cell cycling experiments were performed on the benchtop with the cell

maintained in an in-house fabricated enclosure under an inert nitrogen atmosphere.



2.1. Pseudo-reference electrode measurements

Macroelectrode cyclic voltammograms were performed in triplicate at a scan rate of 100 mV
s’! using a VSP potentiostat (Bio-Logic) in electrolytes with a total MEEPT/MEEPT"
concentration of ca. 10 mM and varying ratios of oxidized and reduced species to approximate
different SOCs. Measurements were recorded with 100% iR correction based on the impedance
measured at 200 kHz (Bio-Logic ZIR technique). The working electrode was a Pt disk (BAS],
99.95%, 3 mm diameter), the counter electrode was a Pt coil (BASi, 99.95%), and the pseudo-
reference electrode was a Pt wire (BASi, 99.95%, 0.5 mm diameter). Microelectrode voltammetry
measurements were performed in the same electrolytes using a CHI-630E potentiostat (CH
Instruments, Inc.) at a scan rate of 10 mV s~!. The working and counter electrodes were a 10 pm
diameter gold (Au) disk microelectrode (BASi) and a Pt coil, respectively. The reference electrode
was either a Pt wire or a fritted Li foil (Alfa Aesar, 99.9%) immersed in 1 M lithium
tetrafluoroborate (Gotion, >99.9%) in PC.
2.2. Flow-through microelectrode sensor

The flow-through microelectrode sensor (Figure 2) was constructed by integrating commercial
electrodes into a 1/4” union cross (Swagelok, 316 stainless steel). A detailed description of the cell
construction (Figure S1) as well as a constituent component breakdown (Table S1) can be found
in Section S1 of the Supporting Information (SI). In brief, a 10 pm diameter Au disk
microelectrode (BASi, 99.95%) was fed through L/S 16 norprene tubing (Masterflex) and sealed
into the fitting with stainless steel ferrules. Care was taken to ensure the electrode surface was even
with the inner walls of the fitting and placement was confirmed by visual inspection of the flow
channel. A Pt wire electrode (CH Instruments, 99.95%, 0.5 mm diameter, 1 cm length), which

serves as the pseudo-reference electrode, was placed in the channel opposite the microelectrode.



The stainless steel fitting itself served as the counter electrode, which was connected to the
potentiostat by wrapping a piece of 110 copper wire (McMaster-Carr, 0.040”, 99.9%) around one
side of the fitting. For all experiments in this work, the sensor was oriented vertically such that
fluid enters from the bottom and exits from the top, ensuring that electrolyte completely fills the
fitting.

For voltammetry experiments, ca. 20 mL of electrolyte containing 100 mM MEEPT/MEEPT"
(ranging from 10 — 90% SOC) was continuously sparged with nitrogen (Airgas, 99.999%) and
circulated between a 25 mL Pyrex® media bottle (Corning®) and the sensor through L/S 16
norprene tubing using a peristaltic pump (Masterflex L/S series, equipped with an Easy-Load II
pump head) operating at variable flow rates. Voltammograms were recorded in triplicate at a scan
rate of 10 mV s™!. During ex situ testing, a pulse dampener was integrated upstream of the sensor
to smooth out pressure oscillations from the peristaltic pump. Here, a 50 mL polypropylene
syringe, filled with nitrogen, was connected to an additional 1/4” union tee (Swagelok, 316
stainless steel) by a short length (ca. 5 cm) of L/S 16 norprene tubing. For L/S 13 and L/S 14
tubing, additional 1/4” to 1/8” and 1/4” to 3/16” reducing unions (Swagelok, 316 stainless steel),

respectively, were connected to the union tee to facilitate flow to the sensor.
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Figure 2. Photographs of the flow-through microelectrode sensor. (a) Exploded view depicting

Microelectrode

individual components, including the microelectrode, Pt wire pseudo-reference electrode, stainless
steel body (counter electrode, connected by a copper wire), and ferrules for sealing the electrodes

and tubing. (b) Fully assembled flow-through microelectrode sensor.

2.3. Operando symmetric cell testing

Proof-of-concept operando cell cycling measurements were performed on the benchtop in a
custom-built, small-volume flow cell.** A symmetric flow cell configuration was used with two
identical electrolytes, each 15 mL, composed of 50 mM MEEPT, 50 mM MEEPT-BF4, and 500
mM TEABF4 dissolved in PC. The electrolytes were stored in 10 mL Savillex jars and delivered
to the flow cell using a peristaltic pump through L/S 14 tubing at 20 mL min'. One side of the
cell featured the flow-through microelectrode sensor while the other side featured an identical 1/4"
union cross with 1/4” polytetrafluoroethylene (PTFE) plugs in place of the electrodes to balance
electrolyte volumes and pressure across the separator. Both components were placed between the

pump and the flow cell inlets, and additional 1/4” to 3/16” reducing unions were placed at the

11



entrance and exit to make the sensor compatible with L/S 14 tubing. The sensor holds ca. 5 mL
and thus accounts for excess electrolyte volume.

In the flow cell, one pristine AvCarb 1071 HCB carbon cloth (350 pm thickness, measured
using a Mitutoyo 7300S caliper), with an area of 2.55 cm? (1.7 cm x 1.5 cm) and compressed by
ca. 20% with PTFE gaskets of suitable thickness, was used as the electrode on each side of the
cell. Interdigitated flow fields, milled in-house from Tokai G347B resin-impregnated graphite
plates (3.18 mm thick, Tokai Carbon Co.), serve as current collectors and distribute electrolyte
throughout the porous electrode.*” An untreated Daramic 175 separator (175 pm thickness,
measured using the aforementioned caliper) was used to mitigate crossover while maintaining
sufficient ionic conductivity. In order to limit ingress of atmospheric oxygen and water into the
system during cycling, the cell was kept inside a nitrogen-rich enclosure. Cells were
preconditioned by circulating electrolyte through the system for 30 min to promote component
wetting and bubble removal and subsequently cycled using a VSP potentiostat (Bio-Logic) at 10
mA cm 2 with voltage cutoffs of £ 0.5 V.

Active species concentrations were determined during cell cycling by using
chronoamperometry to measure the microelectrode steady-state currents. Prior to cycling, a
calibration was performed at 50% SOC by applying constant potentials of —0.35 V vs Pt for 10 s
followed by +0.35 V vs Pt for 10 s to determine 1) the empirical mass transfer coefficients for
oxidation and reduction and 2) the necessary time to reach steady state (< 1 s). Throughout cycling,
chronoamperometry was performed every minute, applying the same sequence used for
calibration. For both oxidation and reduction, the steady-state current was averaged over the last

9 s to calculate the final concentration.
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2.4. Modeling and simulation

COMSOL Multiphysics® (v. 5.6) was used to perform the three-dimensional (3D) advection-
diffusion simulations. The steady state Laminar Flow and Transport of Diluted Species modules
were used to solve the fluid dynamic and mass-transfer equations, respectively, within the
simplified 3D microelectrode sensor domain (Figure S2). The fluid dynamic equations, as shown

in their generalized form in Eq. (1), were solved alongside the continuity equation (Eq. (2)).
p(u-V)u=V-(~pl+u(Vu+(va))) (1)
oV-u=0 ()
p (kg m™3) is the fluid density, u (m s™!) is the velocity vector, p (Pa) is the pressure, I is the identity
tensor, and u (Pa s) is the fluid viscosity. Additionally, a symmetry boundary condition (Eq. (3))

was used on the microelectrode side to reduce the computational complexity, with other boundary

conditions for the walls, the inlet, and the outlet shown in Eq. (4), (5), and (6), respectively.

u-n=0 3)
u=0 4)

—j p(u-n)dS=w’vp (5)
(—pI+,u(Vu+(Vu)T))=O 6)

n indicates the normal vector in either the x, y, or z spatial dimension, w (m) is the domain width,
and v (m s!) is the scalar velocity. Similarly, the generalized mass transport equation solved in
COMSOL® is shown in Eq. (7).

—~DV’c+u-Ve=0, (7)
D (m? s7") is the diffusion coefficient and ¢ (mol m™) is the species concentration. Here, the wall

with the microelectrode has a symmetry boundary condition (Eq. (8)); the walls and the outlet are
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subject to a no-flux boundary condition (Eq. (9)); the inlet has a Danckwerts boundary condition
(Eq. (10)); the electrode surface invokes a Dirichlet boundary condition, emulating a reactant-

depleting event (Eq. (11)).

n-(-D-Vc+uc)=0 (8)
D-Vc=0 ©)
n-(-D-Vc+uc)=n-(uc,) (10)
¢, =0 (11)

co and ¢s (mol m™) are the bulk and microelectrode surface concentrations, respectively. The
current is then derived from the species flux at the electrode surface (Eq. (12)) with positive current

corresponding to oxidation (e.g., oxidation of MEEPT).

I=—nFJ‘n~(D% de (12)
s, 0z,

n is the number of electrons transferred (here, n = 1), F (96485 C mol ") is the Faraday constant,
and Se (7.85 x 107! m?) is the microelectrode surface area.

The justification for the mesh used to solve the fully coupled set of equations is discussed in
Section S2 of the SI, whereby the Paradiso solver was used with a relative tolerance of 1x10> and
a maximum 100 iterations for the Newton non-linear method. Using the validated mesh (Figure
S3 and Table S2), two parameter sweeps were performed, spanning values of v from 0 — 6 x 1072
m s ! in increments of 0.5 x 1072 m s~! with co specified at either 1, 5, 10, 25, 50, 100, or 200 mM.
All simulations were completed on a 6-core laptop with 64 GB RAM and an Intel® Core™ i7-

9750H CPUs (2.60 GHz) requiring ca. 4.75 h in total to compute all parametric combinations.
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3. Results and Discussion
3.1. Pseudo-reference electrode validation

Considering that standard reference electrodes rely on a well-defined redox chemistry isolated
from the electrolyte of interest, species in this environment can leak through its separator (typically
a porous glass frit), contaminating the RFB electrolyte and accelerating decay processes. Further,
contamination of the isolated reference electrode chamber can poison the electrode and destabilize

39 Using a pseudo-reference

the potential, interfering with electrochemical measurements.
electrode, we can instead harness the chemistry of the electrolyte itself to yield a more stable
potential for voltammetric and chronoamperometric measurements. In this case, the electrode is a
Pt wire directly immersed in the electrolyte that measures the potential of the electrochemical
processes occurring on the metal surface at equilibrium. While the potential of the reference
electrode may shift with the SOC, we are primarily interested in the steady-state currents accessed
by the microelectrode, and thus, if conducted properly, the precise value of the potential is
inconsequential to the fidelity of the measurement. Here, we compare microelectrode
voltammograms under varying SOC conditions for a nonaqueous redox couple, MEEPT/MEEPT",
which is stable in both discharged and charged states, to establish the viability of this approach.
To quantify the pseudo-reference electrode potential, we first measure the potential of the Pt
wire relative to the formal redox potential of MEEPT/MEEPT" using CV at a disk macroelectrode
in deterministically prepared electrolytes with varying SOC (Figure 3a). By calculating the
average of the anodic and cathodic CV peak potentials to estimate the formal redox potential
relative to the Pt wire, we can determine the relative potential of the pseudo-reference electrode as

a function of electrolyte composition. As expected, the potential shifts in accordance with the

Nernst equation, shown by Eq. (13) and (14).
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E=E°+Eln(l_socj (13)
nF SOC

oo [MEEPT'] + (14)
[MEEPT]+[MEEPT"]

Here, E (V) is the electrode potential, £? (V) is the formal potential, R (8.314 J mol™! K™) is the
universal gas constant, and 7 (K) is the absolute temperature. This form of the Nernst equation
assumes ideal species activities, although activity coefficients may differ at higher electrolyte
concentrations.?’ Given this robust understanding of the pseudo-reference electrode, we can apply
it directly to conventional three-electrode measurements.

Next, we compare the microelectrode responses in the same electrolytes using either the
pseudo-reference electrode or a more commonly used, fritted reference electrode (Li/Li"). With
the more traditional reference electrode (Figure 3b), we only observe a vertical shift in the currents
due to changing bulk concentrations which give rise to variable steady-state transport rates.*
Under quiescent conditions, the plateau currents are related to the bulk concentration and the
diffusion coefficient of the reacting species according to Eq. (15).

I =+4nFrc,D (15)

Here, 7 (5 x 107 m) is the microelectrode radius. Replacing the reference electrode with a pseudo-
reference electrode introduces horizontal shifts in the curves as a function of electrolyte SOC
(Figure 3c), consistent with the anticipated changes in the reference electrode potential. At first,
this may seem problematic for a voltammetric measurement; however, our key feature of interest
is the steady-state currents, which are independent of the overpotential provided sufficiently
positive or negative potentials are applied.

We note that some relevant electrolytes may exhibit undesired voltammetric features (e.g.,

sequential redox reactions, solvent / electrolyte decomposition) which could make accurately
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measuring extreme SOCs more difficult. These processes may also depend on the microelectrode
surface chemistry; for example, noble metal electrodes (Au, Pt) often promote electrolyte
decomposition more readily than carbon-based electrodes.*® In such cases, fritted reference
electrodes may still be integrated into this cell architecture and periodically cleaned to impose
stricter control over the working electrode potential. While standard references are more common,

those containing the RFB active species at 50% SOC may hinder contamination due to leaking.*°

17



0.08 | ® Measured 1
0.06 b — — Nernstequation !

0 20 40 60 80 100
State of charge (%)

®)
3} —— 10%soc
—— 50% SOC
2| ——90%soc
=
=S
E
s -r
o
2k
3t
4 P
32 33 34 35 36 3.7 38 39
Potential (V vs Li/Li*)
© —
3} = 10%s0cC
—— 50% SOC
2} ——90%soc

Current (nA)
(=]

03 02 01 0 01 0z 03
Potential (V vs Pt)

Figure 3. Ex situ reference electrode potential measurements and microelectrode voltammograms
measured at varying SOCs in electrolytes containing 10 mM MEEPT/MEEPT" and 500 mM

TEABF4 in PC. (a) Pt wire pseudo-reference electrode potential as a function of SOC shown
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alongside theoretical predictions from the Nernst equation. Measurements were performed in
triplicate and the symbols exceed the size of error bars with one standard deviation. (b)
Microelectrode voltammograms measured using a fritted Li / Li* reference electrode compared to
(c) a Pt wire pseudo-reference electrode. Voltammograms were conducted on a 10 um Au
microelectrode at 10 mV s™!. Positive currents correspond to MEEPT oxidation and negative

currents correspond to MEEPT" reduction.

3.2. Microelectrodes under flow

To provide theoretical foundations for the role of advection across the electrode surface, a
COMSOL® model was designed as a simplification of the microelectrode sensor domain. By
systematically varying the electrolyte composition and flow rate, this simulation platform provides
a means to probe the working principles of the apparatus prior to experimental validation. For
context, the linear velocities and electrolyte properties used in this model were chosen to mimic
the range of conditions expected in the experimental cell. Average fluid velocities of 0 — 0.06 m
s~! correspond approximately to volumetric flow rates of 0 — 10 m® s™' (0 — 70 mL min™!) based
on the channel diameter at the inlet and outlet (5 x 10 m). The following transport parameters
were measured in electrolytes containing 100 mM MEEPT/MEEPT" at 50% SOC and 500 mM
TEABF4 in PC: 1 =3.96 x 103 Pa's, p =1190 kg m >, and D = 1.7 x 107! m? s! for both the
reduced and oxidized species (determined by microelectrode voltammetry and CV*°).

The model generates a concentration profile, driven by advection and diffusion to the electrode
surface, which allows for the determination of the steady-state current from the species flux.

Plotting this current as a function of the electrolyte velocity (Figure 4a), we observe a transition

from diffusion-dominated transport at low fluid velocities to advection-dominated transport at high
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fluid velocities, scaling with the square root of the velocity, which is consistent with canonical
models of fluid flow over a flat plate.>” The non-linear scaling with respect to flow rate challenges
prediction of the steady-state current via simple mathematical relationships and, in practice, the
construction of an idealized planar surface with uniformly laminar flow and controlled mass
transport is not feasible. However, theoretical predictions of the current as a function of
concentration (Figure 4b) show a linear dependence across all flow regimes, suggesting that the
current can be predicted from an empirical mass transfer coefficient, k» (m s™!) at each flow rate,
as indicated in Eq. (16).

I =*nFk,c, (16)
Therefore, an ideal system is not a prerequisite to effectively measure concentration, and as long
as consistent and stable flow can be maintained over the microelectrode surface, the steady-state

current should be directly proportional to the reactant concentrations.
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Figure 4. COMSOL® simulations of the steady-state current to a disk microelectrode shown for a
one-electron oxidation under varying electrolyte velocities and active species concentrations. (a)
Current as a function of velocity for selected active species concentrations. (b) Linear relationship

between current and concentration shown for electrolyte velocities ranging from 0 — 6 cm s ™! in
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increments of 1 cm s and concentrations ranging from 1 — 100 mM. Dashed lines indicate linear
fits with all R? = 1. All simulations were conducted using D = 1.7 x 10" m?s™!, 1 =3.96 x 1073

Pas, p=1190 kg m™, and » = 5 x 10° m to mimic experimental conditions used in this work.

To confirm these theoretical underpinnings prior to implementation in an operating flow cell
with dynamically varying concentrations, we performed ex sifu testing using deterministically-
prepared electrolytes. We constructed the sensor (Figure 2) from off-the-shelf components,
sealing a 10 pum Au microelectrode and a Pt wire pseudo-reference electrode inside of a 1/4”
stainless steel union cross, which served as the counter clectrode. We then measured
voltammograms of 100 mM MEEPT/MEEPT" electrolytes at 50% SOC to understand the
microelectrode response to variable flow rates (Figures S4a and S4b). Interestingly, the
voltammograms display an oscillatory behavior that changes with flow rate, which may at first
appear to be random noise due to boundary layer disruption. However, closer inspection of the
experimental setup reveals that the oscillations are consistent with the frequency of the peristaltic
pump, indicating that the microelectrode captures these subtle changes in flow rate. To confirm
that these variations were due to the mode of fluid delivery rather than an artifact of the
microelectrode environment, we sought to stabilize the flow by introducing a flow dampener
upstream of the sensor (Figure S5) to reduce the oscillations and yield a more consistent measure
of the current.

Repeating the variable flow rate measurements, we find that at high flow rates (> 20 mL min™"),
and thus high rotational frequencies, the smoother flow profile yields a more constant steady-state
current, which scales with increasing flow rate (Figure 5a). The relationship between current and

electrolyte velocity (Figure S6) qualitatively follows the trends derived from Figure 4, although,
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as expected, the magnitude of the current differs between the theoretical model and the
experimental measurements with and without the pulse dampener. Additionally, decreasing the
tubing size used in the peristaltic pump from L/S 16 to L/S 14 and L/S 13 alters the relationship
between steady-state current and flow rate (Figures S7 and S8). Considering the irregular channel
geometry and pulsatile nature of the flow, these discrepancies are most likely the result of non-
uniform velocity distributions throughout the measurement cell, which, in turn, lead to further
deviations in transport phenomena from the flat plate contemplated in our model. It is important
to reiterate that an idealized flow geometry is not required for high fidelity concentration
measurements, and in all instances, the steady-state currents remain stable and are sufficient for
this technique. The signal obtained under flow is also notably less sensitive to physical
disturbances (e.g., walking by the experimental setup) as compared to microelectrode
measurements in quiescent solutions. This suggests that the flow-through sensing approach
imposes hydrodynamic conditions that impart greater stability in the local environment, providing
measurements which are less susceptible to boundary layer disruptions.

To validate the concentration dependence and thus the working principle behind the sensor,
we repeated these measurements at varying active species concentrations similar to those used in
Figure 4b. Specifically, the electrolytes contained the same total active species concentration (ca.
100 mM MEEPT/MEEPT") with differing ratios of oxidized and reduced species to approximate
SOCs between 10 — 90%. Using the plateau currents obtained under quiescent conditions, we first
calibrated the actual concentration of each species using Eq. (15), again taking the diffusion
coefficients to be 1.7 x 1071 m? s™!. Figure 5b shows the resulting plateau currents as a function
of the concentrations of MEEPT and MEEPT" with volumetric flow rates ranging from 0 — 70 mL

min~' and concentrations ranging from 10 — 90 mM. Although the empirical mass transfer
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coefficients differ from the model due to differences in the cell geometry and internal fluid
dynamics, the linear dependence on the concentration is maintained across this range of SOCs,
confirming the theoretical predictions and establishing the promise of this sensor. These
measurements also demonstrate high accuracy with close linear fits (R* > 0.999) in all cases;
however, the sensitivity and limit of detection will likely depend on the species concentrations,

electrolyte flow rates, electrolyte properties, and instrumentation limits used in practice.
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Figure 5. Experimental flow-through microelectrode measurements at variable SOCs and flow
rates for electrolytes containing 100 mM MEEPT/MEEPT" and 500 mM TEABF4 in PC at SOCs
between 10 —90%. (a) Microelectrode voltammograms in MEEPT/MEEPT" (50% SOC) measured

in increments of 10 mL min'. (b)

at 10 mV s! for flow rates ranging from 0 — 70 mL min~
Average steady-state currents as a function of MEEPT and MEEPT" concentration taken from
voltammograms measured at 0, 10, 30, 50, and 70 mL min ™! in electrolytes prepared at 10, 25, 50,

75, and 90% SOC. Measurements were performed in triplicate and the symbols exceed the size of

error bars with one standard deviation. Dashed lines indicate linear fits with all RZ > 0.999.
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3.3. Measuring concentrations in a redox flow cell

Finally, with the sensor performance validated externally, we conducted operando
measurements to establish a proof-of-concept for this measurement platform. Specifically, we
cycled the same redox couple, MEEPT/MEEPT?, in a symmetric flow cell configuration.**® Both
electrolytes were prepared at 50% SOC with 100 mM total active species concentration and
circulated through the cell at 20 mL min™' under galvanostatic conditions at 10 mA ¢cm™ with
potential limits of £ 0.5 V. The microelectrode sensor was used without the pulse dampener to
mitigate pressure imbalances across the separator and placed between the pump outlet and flow
cell to continuously sample the inlet concentrations. Although the sensor applies current directly
to the electrolyte, because both the working and counter electrodes are present in the same
electrolyte, the reactions are anticipated to be equal and opposite, negating any net changes in SOC
from the measurement. Additionally, while we anticipate that the stainless steel counter electrode
will remain stable under the conditions explored in this work, it may require the use of conductive
carbon coatings or compatible, polymer-based fittings (with an integrated counter electrode) for
highly oxidative electrolytes.

Rather than performing a full linear or CV sweep, which require several minutes to collect data
at sufficiently low scan rates, we perform chronoamperometry at sufficiently positive or negative
applied potentials to ensure only the steady-state currents are captured, requiring ca. 20 s (Figure
S9). Considering the reference electrode potential varies with SOC, it is important to ensure the
overpotentials are high enough to achieve mass transfer limiting conditions without encountering
additional redox processes (e.g., oxidation of MEEPT"). Based on our validation of the reference
electrode potential (Figure 3a), we apply potentials of + 0.35 V vs Pt. During cycling, these

potentials are each held for a total of 10 s, and after achieving steady state (< 1 s), the current is

24



averaged over the last 9 s to yield a final value. Initially, a calibration is performed using the same
procedure and a known electrolyte composition to calculate the empirical mass transfer coefficient
via Eq. (16), which is subsequently used to measure concentrations during cell cycling. As
discussed above, the mass transfer coefficient is a function of the electrolyte flow rate, cell
geometry, and tubing size, but as these parameters remain unchanged throughout cycling, this
coefficient need only be determined once immediately prior to use. It should also be noted that the
approach outlined here assumes a constant viscosity across the system lifetime and across all
electrolyte SOCs, as variable electrolyte viscosity can influence the species diffusivity and fluid
dynamics which impact the empirical mass transfer coefficient. While such conditions are not
anticipated based on our initial validation (Figure Sb), this may be a consideration if more
concentrated electrolytes are used, necessitating additional calibrations at different SOCs.*6-1:52

We initially contemplated two possible architectures for this sensor: 1) a bleed stream,
continuously sampling the electrolyte reservoir of the flow cell, and 2) in-line with the cell inlet
stream, continuously sampling the electrolyte entering the flow cell. Of the two configurations, we
found the in-line measurement to be less disruptive, as the bleed stream displaces significant
volumes of electrolyte from the fluidic circuit between the cell and reservoir. While this
displacement was incompatible with our current experimental setup given the small electrolyte
volumes (ca. 15 mL per half-cell), it may have greater value in larger embodiments with increased
electrolyte volumes.

Figure 6a shows the potentiometric charge/discharge profiles for the flow cell, which are
typical of a symmetric cycling experiment, while Figure 6b shows the corresponding
concentration profiles, which align with the variations in cell voltage. As expected, the measured

concentrations change linearly with time because galvanostatic operation imposes a constant
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reaction rate to the electrolyte. Further, the cell exhibited negligible capacity fade with near 100%
coulombic efficiency throughout cycling (Figure S10), which is consistent with the stable species
concentrations measured by the sensor as well as with prior literature.* From the applied current,
we can directly quantify the charge passed over time (i.e., coulomb counting) in each half-cell,
and, through Faraday’s Law, relate that to the concentrations measured by the sensor (Figure
6b).>> While this method is not analytically precise and does not capture additional transient
processes such as crossover and decomposition, it can serve as an additional semi-quantitative
check of the anticipated sensor performance. Indeed, comparing this approximation with the
experimental results shows good agreement; however, there are minor deviations between the two
methods (Figure S11), which we tentatively attribute to a combination of incomplete mixing in
the reservoirs, inexact electrolyte volumes, and crossover effects. Given the limitations of coulomb
counting, we expect that the sensor more accurately quantifies species concentrations within an
operating redox flow cell, and taken together, these results represent a successful proof-of-concept

demonstration.
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Figure 6. Proof of concept experiment for integration of the microelectrode sensor into a
symmetric redox flow cell containing 100 mM MEEPT and MEEPT-BF4, initially at 50% SOC,
flowing at 20 mL min! and cycled at 10 mA cm2. (a) Cell voltage as a function of time and (b)
corresponding species concentrations determined using the flow-through microelectrode sensor.
The experimentally measured concentration is compared with concentration predictions derived

from coulomb counting.
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To interrogate the stability of the electrode surface over the course of cell cycling, we
maintained a control electrolyte, identical to that used for cycling, inside the glovebox. Because
the composition and SOC of this electrolyte should remain constant, any changes in the
voltammetric signal reflect changes to the microelectrode. Comparing voltammograms before and
after cycling (Figure S12a), we observe negligible changes in the measured current, confirming
that the Au microelectrode was stable throughout the experiment. However, when we conducted a
similar cycling experiment using a Pt microelectrode subjected to the same chronoamperometry
conditions, we observed a marked decrease in the voltammetric steady-state currents in the control
electrolyte (Figure S12b). Considering that similar decreases were observed for both plateaus and
that the signal was recoverable via polishing, this fouling is likely the result of losses in the
electrochemically active surface area.*** Further, as we did not observe fouling when the
electrode is simply immersed in the same electrolyte at 50% SOC for 24 h, we posit that this
reduction in surface area is a product of the duration and frequency of the potential holds. In this
work, the current was measured every minute to elicit the dynamic concentrations during cycling,
but applications such as SOH assessments, species decay monitoring, and crossover detection may
demand less frequent measurements. As a result, they may be more resilient to the effects of
fouling and thus can more readily integrate this sensing platform. In general, the design and
implementation of microelectrode sensing schemes will require careful selection of electrode —
active species pairs that demonstrate minimal fouling and undesired redox reactions; but where
such combinations may not exist, the reliability of the signal can still be reasonably maintained by
subjecting the surface to less frequent and shorter polarizations. The signal can also be periodically
recovered by either polishing or replacing the fouled electrode. Finally, while the auxiliary

materials selected for these experiments (i.e., pseudo-reference electrode, counter electrode)
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appear stable for these testing conditions, other chemistries and/or extended testing durations may

also necessitate alternate material sets.

4. Conclusions

We successfully demonstrate a flow-through, microelectrode-based electrochemical sensor for
measuring operando active species concentrations in redox flow cells. The flow cell sensor was
assembled from off-the-shelf components obtained from commercial suppliers and investigated
through ex situ and operando testing as well as multiphysics simulation. The theoretical and
experimental results establish the fundamental underpinnings of sensor operation; namely, under
controlled hydrodynamic conditions and constant flow rates, the steady-state currents are linearly
dependent on redox species concentrations. Symmetric flow cell cycling provides a proof-of-
concept validation that the sensor is capable of continuously and accurately measuring SOC and
SOH during cell operation. Considering its ease of implementation into existing experimental
workflows, the sensor has broad potential utility in research and commercial technologies for
monitoring component stability during cell cycling, particularly when quantifying the impact of
redox species decomposition and/or crossover. While the device is functional in practice, the
sensing mechanism can be further improved by better controlling flow through cell engineering
such that steady-state transport may be predicted by power-law models as opposed to empirical

internal calibrations.

Supporting information
Contains additional information on sensor construction, multi-physics model domain and mesh
validation, ex situ sensor data under varying flow conditions, exemplary sensor results for proof-

of-concept testing, symmetric flow cell cycling data, and microelectrode fouling tests.
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Nomenclature

Roman symbols

Symbol Meaning Units
c Concentration mol m™>
o Bulk concentration mol m™>
Cs Concentration at microelectrode surface mol m™>
D Diffusivity m?s!
E Electrode potential v
E° Formal potential \Y
F Faraday constant (96,485 C mol ') C mol™!
1 Current A
I Identity matrix -
kem Mass transfer coefficient ms’!
n Unit normal vector -
n Number of electrons transferred -
p Pressure Pa
r Microelectrode radius m
R Ideal gas constant (8.314 I mol ' K1) Jmol ' K™!
Se Microelectrode surface m?
SOC Electrolyte state of charge -
T Temperature K
u Velocity vector ms’!
v Scalar velocity ms’!
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Domain width

w m
z Coordinate axis orthogonal to the microelectrode surface | m
Greek symbols
Symbol Meaning Units
U Viscosity Pas
p Density kgm™
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