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Wong et al. demonstrate the use of electrochemical fluorescence microscopy

applied to redox-active, fluorescent quinones for high spatial-temporal reaction-
flow mapping operando within porous electrodes. Surprising heterogeneous mass

transport behavior was observed within electrode materials common to flow
battery and fuel cells.
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Direct visualization of electrochemical reactions
and heterogeneous transport within porous
electrodes in operando by fluorescence microscopy

Andrew A. Wong,'? Shmuel M. Rubinstein,’* and Michael J. Aziz"4*

SUMMARY

Optical fluorescence microscopy is shown to enable both high
spatial and temporal resolution of redox-dependent fluorescence
in flowing electrolytes. We report the use of fluorescence micro-
scopy coupled with electrochemistry to directly observe the reac-
tion and transport of redox-active quinones within porous carbon
electrodes in operando. We observe surprising electrolyte chan-
neling features within several porous electrodes, leading to spatially
distinguishable advection-dominated and diffusion-dominated re-
gions. These results challenge the common assumption that trans-
port in porous electrodes can be approximated by a homogeneous
Darcy-like permeability, particularly at the length scales relevant to
many electrochemical systems such as redox flow batteries. This
work presents a new platform to provide highly resolved spatial
and temporal insight into electrolyte reactions and transport
behavior within porous electrodes.

INTRODUCTION

As the costs of renewable yet intermittent electricity generation continue to fall,
electrochemical systems such as flow batteries have gained attention for potential
deployment as grid-scale energy storage units. Significant work has been and con-
tinues to be done to improve the performance and ultimately decrease the costs for
flow batteries, including adopting potentially inexpensive, earth-abundant
aqueous-soluble active materials, developing highly selective, high conductivity,
inexpensive ion exchange membranes (IEMs), and modifying commercial electrodes
for high conductivity, high electrochemically active surface area, and catalytic prop-
erties.'™ However, the improvements to each of these components often lack a
deeper understanding of their overlap, such as the fluid flow and electrochemical re-
action distribution of active species within porous electrodes. In situ techniques such
as fluorescence microscopy can be used to illuminate these microscale phenomena
and shed light on opportunities to improve electrochemical flow system
performance.”

"Harvard John A. Paulson School of Engineering
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Porous carbon materials in the form of felts, cloths, and papers have been the USA

preferred electrodes in many redox flow batteries (RFBs) due to their high electronic 2Present address: Lawrence Livermore National
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conductivity, high surface area, chemical and mechanical stability, and inhibition of
water electrolysis due to kinetic overpotentials. There are a number of schemes for

thermal,® chemical,” and electrochemical pretreatments, and modifications such as 91904, Israel
laser perforation,® decoration with carbon nanotube,” and catalyst growth'® to 4Lead contact
enhance the electrode surface area,’ catalytic properties,'? and wettability.”* How- *Correspondence: maziz@harvard.edu
ever, all of these electrode preparation and enhancement procedures start with https://doi.org/10.1016/j.xcrp.2021.100388
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carbon electrodes produced by relatively few suppliers, and most analyses and cell
designs assume that these electrodes behave as ideal homogeneous, isotropic,
biphasic porous materials for the purposes of determining electrolyte transport.
Some significant research measuring and modeling the properties of these
porous electrodes ex situ'*'® suggests that a homogeneous Darcy-like model for
fluid transport is unlikely to be completely accurate. However, direct in situ and
in operando measurements on the scale of the electrode fibers and pores have
been lacking.

Aqueous soluble organic molecules such as quinones have been increasingly studied
because of their potential use as abundant, inexpensive active electrolytes for flow bat-
teries.'®'” Redox-active quinones can also have distinct fluorescence signatures in their
oxidized and reduced states;’” this enables direct, in situ, electrochemical reaction-fluid
flow mapping of the active electrolytes by light-based techniques such as fluorescence
microscopy. In contrast to other in situ techniques used to characterize flow batte-
ries,”'?? fluorescence microscopy is capable of fast (<100 ms), high-resolution
(<10 um) imaging over large areas, enabling a detailed understanding of the electro-
lyte-electrode interaction. A number of previous reports have coupled fluorescent,
redox-active organic molecules with fluorescence microscopy in a technique called fluo-
rescence-enabled electrochemical microscopy (FEM or FEEM) configured as either an
indirect”?* or direct’>”* indicator of redox activity. However, none of these reports
explore the electrolyte transport within porous carbon electrodes typical of RFBs.

In this work, we use fluorescence microscopy to illuminate the reaction-flow proper-
ties of a quinone flow cell in operando, examining several different porous carbon
electrodes. The results suggest that carbon electrodes exhibit surprisingly hetero-
geneous behavior on length scales relevant to flow cell operation. This heterogene-
ity can lead to a non-uniform fluid flow distribution and a diminished utilization of the
full electrode surface area. This work shows stagnant zones and regions of flow chan-
neling with length scales extending beyond an order of magnitude greater than the
characteristic pore size. Because of the small variance in the Schmidt number (ratio
between kinematic viscosity and molecular diffusivity) among most aqueous electro-
lytes, these findings are broadly independent of the fluorescent molecular species
used in this study. This insight provides an opportunity for exploring improved
electrode architectures and engineering high-performance porous electrodes for
electrochemical flow systems.

RESULTS AND DISCUSSION

Quinone fluorescence mapping

Scanning electron microscopy (SEM) micrographs of SGL 10AA, SGL 39AA, and Toray
060 at the same magnification are depicted in Figure S1. SGL 34AA has morphology
indistinguishable from SGL 39AA due to a common fabrication procedure. Carbon fila-
mentdiameters are reported in Table S1, and average pore diameters are on the order of
50-100 um. The images demonstrate that the filament morphologies and distribution
differ between carbon papers, in particular with the SGL 10AA containing looping
filaments, whereas the SGL 39AA and Toray 060 have long, straight filaments, often
spanning many centimeters in length. While bulk properties such as porosity are
averaged over the whole electrode volume, the SEM images begin to suggest that phys-
ical phenomena on the 100 s of microns scale may be significantly influenced by local
physical properties. For many electrochemical systems such as flow batteries, the elec-
trode thickness and interdigitated inlet-outlet channel spacing are on this length scale
of hundreds of microns to a few millimeters.
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Figure 1. Time-based advection profile through porous carbon electrodes

Time-based advection profile of 4 carbon paper electrodes across the middle land. A 10-mM AQDS
electrolyte is fully reduced (red) within the cell at t = 0. Fully oxidized electrolyte (blue) is then
forced through the cell with a syringe pump at 100 mL/h (~2.4-3.1 mm/s linear flow rates). As seen in
(D) and (H), SGL 10AA and SGL 34AA display strong channeling features, and SGL 39AA (L) has large
stagnation regions creating a highly heterogeneous flow profile. Scale bars, 1 mm.

Figure 1 depicts the evolution of fluid flow over time as a fully reduced H,AQDS
(anthraquinone-2,6-disulfonate, red) electrolyte is forced from the land by the inflow
of fully oxidized AQDS (blue) electrolytes in each electrode. The figure depicts fluid
flow starting at the inlet channel (left) and traversing through the electrode between
the membrane and the land (rib of the interdigitated flow field [IDFF]) to the outlet
channel (right). These fluorescence microscopy images show non-uniform fluid flow
through the electrodes and significant variations in the non-uniformity across
different electrode styles despite similarities in their physical properties. The elec-
trolyte state-of-charge (SOC) profiles for the three SGL electrodes in time suggests
that these papers are surprisingly heterogeneous in their mass transport properties.
The persistent red areas in these images indicate regions of practically stagnant flow
where reduced H,AQDS is not being replenished by the advection of oxidized
AQDS. These regions are considered diffusion dominated rather than advection
dominated.

While the SGL 10AA, SGL 39AA, and Toray 060 images in Figure 1 show excellent
uniformity in electrolyte coverage, the blue circular features in the SGL 34AA elec-
trode images (Figures 1E-TH) indicate trapped bubbles. Entrapped bubbles were
often present within the electrodes during assembly, and high velocity electrolyte
flow was used to remove as many of them as possible before each experiment. How-
ever, some remained persistently entrapped. These have a noticeable impact on the
electrolyte flow path and have been observed in previous work on RFBs.”’
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Figure 2. Operando advection-reduction profiles contrasting with mean field theory (MFT) map

(A-E) (A) Comparison of a MFT calculation to (B-E) 4 porous carbon electrodes during a steady-state reduction of AQDS to H,AQDS at 60 mA

(30 mA/cm?) with 200 mL/h volumetric flow rate (~5-6 mm/s electrolyte linear flow rate) all across the middle land. The electrolyte utilization is 0.55. In
comparison, the SGL electrodes each show strongly heterogeneous behavior, and substantial deviation from the MFT approximation. In (E), a to-scale
point representing a typical pore size is featured. Circular red features are bubble artifacts. Scale bars, 1 mm.

Though SGL 39AA and SGL 34AA share similar morphologies, their respective elec-
trolyte reactive-transport profiles display distinctively different behavior, exempli-
fied by contrasting Figures 2C and 2D. In Figure 2, the electrodes are compared dur-
ing steady-state fluid flow with electrochemical reduction at a constant current, and
contrasted with a mean field theory (MFT) approximation. A to-scale point is
pictured in Figure 2E, representing a typical 50 x 50 um? pore size. Although the
pore size can range substantially, with features up to 100 pm in diameter, the hetero-
geneities revealed are on length scales an order of magnitude larger. Furthermore,
these heterogeneous features are on the length scale of the land width, here,
~2 mm. Because the pore size is over an order of magnitude smaller than the typical
land width, MFT approximations assume Darcy-like, homogeneous flow though the
electrode.

The MFT assumes one-dimensional (1D) flow at a fixed volumetric flow rate and cur-
rent density, representing a utilization, U, defined as
A
T QcFn
where i is the current density, A is the IDFF geometric area (2 cm?), Q is the volu-
metric electrolyte flow rate, Fis Faraday's constant (96,485 C/mol), n is the number

(Equation 1)

of transferrable electrons per molecule (AQDS) of reactant (n = 2), and ciis the inlet
electrolyte concentration (~10 mM).?8 In this approximation, the electrolyte reaction
is proportional to the residence time within the electrode, and mass transport limits
are not considered. The impact of both Q and ¢ on the current and voltage in similar
RFBs has been extensively studied in other work.””*' The incorporation of U allows
for a nondimensional extrapolation of the current density-flow rate-concentration
relationship. This low concentration analysis provides expanded insight into low
flow rate and high utilization regimes that are uncommon for many electrochemical
flow systems. The land alone is shown for comparison to the experimental measure-
ments, although the MFT extends to the centerlines of both the inlet and outlet
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Figure 3. Fluorescent particle flow imaging within a porous carbon electrode

(A) Particle tracing velocity map and (B) PIV map of electrolyte transport within an SGL 39AA
electrode at a 10 mL/h volumetric flow rate (~300 um/s linear flow rate). Both figures use the same
data. Images are taken at the middle land with the bulk flow from left to right. Scale bars, 500 pm.

channels, commensurate with previous numerical analyses of RFB channels and
lands.?" The pronounced dichotomy between MFT and experimental results is illus-
trated even more sharply in Figure S2 and discussed in Note S1. These results chal-
lenge the practice that a homogeneous Darcy-like permeability-flow assumption is
sufficient for flow cell modeling, and suggest that more complete reaction-flow
models are needed to more accurately capture the transport physics within electro-
chemical flow cells. Recent multidimensional computational models have enabled
new insight into the significant impact of localized geometries on electrochemical
reaction-flow properties.””** These models have been used to corroborate experi-
mental bulk electrochemical results with high fidelity. This fluorescence microscopy
technique provides an experimental tool for testing and enhancing advanced
computational models.

Fluorescent tracer particle mapping

Using fluorescence microscopy particle tracing, the local electrolyte velocity field
within a porous electrode is imaged independently of the electrolyte fluorescence.
The quantified fluid velocity field within an SGL 39AA electrode is shown in Figure 3.
Although this technique is biased toward fluid motion closest to the microscope
objective, the distinct heterogeneity in flow is again observed. The fully dark lines
in Figure 3A are regions where the electrode fibers shadow particles flowing
beneath, but serve as guides to observe the spatial distribution of velocity within in-
dividual pores, namely regions of slow transport (dark blue) adjacent to the fibers
and regions of rapid transport (red) along the pore centerline. We note that these
maps constitute a 2D x-y velocity profile but indicate substantial transport in the z
direction due to the particle divergence into and out of the field of view. Although
not discernible from these images, transport in the z direction is clearly observable
by this technique, providing opportunities for 3D techniques such as confocal micro-
scopy to measure multi-dimensional mass transport with high spatial resolution.

Given the surprisingly heterogeneous electrolyte transport properties within these

porous carbon paper electrodes observed from both electrolyte SOC and velocity
maps, the impact of flow field geometry on electrolyte transport becomes an
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Figure 4. Spatial flow field-porous electrode flow profiles

(A and B) Steady-state reaction-flow maps of AQDS reduction to H,AQDS with an SGL 10AA electrode
across (A) the full 2 cm? IDFF and (B) at an inlet digit end. Average currents are reported in each panel.
These images have been averaged over a stack of 150 images, yielding excellent resolution. A
significant number of bubble-induced artifacts can be observed in both images. Scale bars, 1 mm.

important aspect to consider. Most 1D and MFT models assume uniform, linear elec-
trolyte flow from the IDFF high-pressure inlet to the low-pressure outlet, which has
already been demonstrated to be inaccurate in the systems described here. Flow
fields designed with high aspect ratios favoring long parallel channels better
approximate this assumption. However, the effect of electrolyte flowing from the
digit end of an inlet finger to a U-shaped outlet is not well understood.

Flow field-porous electrode interactions

To gain highly resolved reaction-flow map, a series of frames during steady-state
experiments with constant electrolyte flow and applied current is averaged,
reducing the signal-to-noise. In Figure 4A, the regularity of the flow pattern at
the digit end depicted in Figure 4B becomes more pronounced as seen by the
deep red regions of reduced H,AQDS at the end of the outlet fingers. High-reso-
lution images such as these can enable deep probing of electrolyte advection-diffu-
sion flow profiles within a variety of porous electrodes. Figures S3 and S4 further
show the transient behavior of the electrolyte flow profile at the inlet digit end
and within the entire IDFF, respectively, as discussed in Notes S2 and S3. These
transient profiles depict long-lived diffusion-limited regions both along the land
and within the IDFF channel corners, suggesting that the IDFF geometry and the
electrode structure have an interdependent relationship that significantly influences
mass transport (see Video S1).

Coupled fluorescence mapping and electrochemical reduction

Combining fluorescence microscopy with steady-state electrical current and fluid
flow rate enables a full map of the accessible operating conditions for redox active
electrolytes within a given electrode. Figure 5 displays the reaction-flow profile of
SGL 10AA across a range of flow rates and applied currents. Comparing the final
frame in each column, characteristics can be identified as indicative of mass trans-
port-limiting effects, including the onset of a highly reduced diffusion-dominated re-
gion. Figure 5B shows the |-V polarization data corresponding to each figure. At
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Figure 5. Flow profiles with coupled steady-state advection and constant current reduction

(A) Steady-state fluorescence maps of 10 mM AQDS through SGL 10AA along a middle land,
varying the electrolyte volumetric flow rate and applied current. The last figure in each row,
indicated by a red border, is measured potentiostatically at 0 mV rather than galvanostatically.
(B) Voltage versus current polarization plot corresponding to the steady-state condition for each
image.

(C) iR-corrected voltage as functions of utilization assuming 10 mM, 2-electron reduction AQDS
solution (Equation 1). Data with utilization >1 suggest slight variations in electrolyte concentration
or minor side reactions.

increasing flow rates, the onset of the mass transport overpotential, characterized by
the sharp decrease in voltage over a small range of currents, extends to larger cur-
rents. As described in previous work,?® subtracting the high-frequency resistance (a
convolution of electrode, electrolyte, and membrane ohmic and electrokinetic resis-
tances) and normalizing the current to an electrolyte utilization from Equation 1, a
polarization curve of iR-corrected voltage and utilization is created as shown in
Figure 5C.

Because the mass transport overpotential in tortuous electrodes contains within it a
diffusion rate, the longer residence times allowed by the experiments at smaller
volumetric flow rates are able to access a higher electrolyte utilization. We note
that because the calculation of utilization is normalized assuming a 10-mM electro-
lyte concentration, the appearance of electrolytes with a utilization >1 is likely due to
small deviations in the true electrolyte concentration or minor competing side reac-
tions such as hydrogen evolution. While this difference in concentration will affect
the normalization leading to the utilization value, the fluorescence normalization
procedure is concentration agnostic, barring significant optical attenuation of the
electrolyte. Absorption properties of AQDS electrolytes have been explored in pre-
vious work.”” Figure S5 reports the same analysis for the MFT approximation, and
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Figures S6-S8 display the comparable fluorescence maps for the SGL 34AA, SGL
39AA, and 2xToray 060 experiments, respectively. These comparisons are discussed
further in Notes S4 and S5.

In this work, we explore the use of direct visualization of AQDS reaction flow within
porous carbon electrodes using fluorescence microscopy. This technique enables
new insights into electrochemical reaction-flow properties due to its high temporal
(<100 ms) and spatial (<10 um) resolutions. We measure both electrolyte (SOC) and
electrolyte velocity fields, and create both steady-state and transient spatial maps of
these properties within porous carbon electrodes, spanning from flow within individ-
ual pores to reactions across a full flow field. Fluorescence microscopy performed
while physically displacing reduced H,AQDS by flowing oxidized AQDS within
porous carbon papers shows a significant electrolyte channeling effect, creating
high-flow, advection-dominated regions and low-flow, diffusion-dominated re-
gions. This work demonstrates that despite having similar morphologies, many
porous carbon electrodes have starkly different flow properties at length scales
that extend an order of magnitude larger than the characteristic pore size. These
findings indicate a complicated relationship between Darcy-like bulk properties
such as porosity and permeability and microscale properties such as surface area
and spatial correlations in structure.

Through connecting fluorescence maps with electrochemical polarization, our work
demonstrates how fluorescence microscopy in operando opens the possibility of
evaluating engineered high-performance porous electrodes. Both steady-state
and transient electrochemical experiments further demonstrate that electrolyte
SOC distribution across many porous electrodes is substantially heterogeneous,
characterized by localized stagnant zones and hydraulic electrolyte channeling. In
addition, this technique demonstrates how the flow field geometry can exacerbate
heterogeneities in electrolyte distribution. The heterogeneous flow within porous
electrodes is correlated to a diminished performance of assembled cells and may
persist for electrochemical systems such as flow batteries operating at scale. This
technique can be extended to explore the impact of different porous electrode
styles, geometries, compressions, orientations, and features on localized electro-
chemical reaction-flow properties, providing new insight into the mass transport lim-
itations within these structures. We infer that electrode designs that lead to more ho-
mogeneous electrolyte distribution, and therefore a greater utilization of the porous
electrode surface area, will lead to improved electrochemical performance of high-
power density electrochemical systems.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to the lead con-
tact, Michael J. Aziz (maziz@harvard.edu)

Materials availability
This research did not generate any unique materials.

Data and code availability

This research did not generate any code. All of the data associated with this research
are represented in this manuscript and supplemental information. Other data are
available from the lead contact upon reasonable request.
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Figure 6. Flow field-porous electrode schematic and image

(A) Schematic of the 2 cm? interdigitated flow field (IDFF), highlighting the fluid flow path from the
high-pressure inlet, through the carbon electrode underneath the land, and out the low-pressure
outlet. Three regions of interest are marked with dashed lines, corresponding to particularimaging
experiments.

(B) Bright-field optical microscopy image of the IDFF on top of a porous carbon electrode. A gold
wire current collector connects the electrode to an external circuit.

Experimental setup

A homemade quinone-hydrogen flow cell (QHFC) is used for all of the fluorescence
microscopy experiments, and is pictured and drawn schematically in Figure S9.
The negative terminal is plumbed with a pressurized, humidified hydrogen source
regulated to an inlet pressure of 5 psi. Hydrogen is oxidized (hydrogen oxidation
reaction [HOR]) at the 5 cm? negative electrode (Pt-C reformate anode, Alfa Aesar)
compressed against a stainless-steel current collector with a grooved serpentine
flow field to enable excess liquid removal to prevent flooding. The positive termi-
nal is plumbed with 10 mM AQDS in 1 M H,SO,. The active species concentration
is limited to 10 mM due to the strong optical attenuation of the reduced and
oxidized AQDS species and of the quinhydrone dimer that forms at higher concen-
trations and intermediate SOCs.?” At lower concentrations, the relationship be-
tween fluorescence intensity and SOC remains linear although the signal-to-noise
ratio diminishes with decreasing concentration. In contrast to its use in other flow
battery literature,’®”° here, the AQDS electrolyte is called the posolyte due to its
positive redox potential compared to HOR. AQDS is reduced to H,AQDS as it
flows within a porous carbon electrode compressed against a gold wire current
collector. Measurements with a gold wire mesh current collector, used to enhance
spatial current uniformity, were hindered by substantial electrolyte channeling be-
tween the electrode and the mesh. Although slight current distribution variation
was observed within the carbon paper under transient operation, full area map-
ping of the electrode reaction does not exhibit quantitative variation in the
steady-state current distribution.

A Nafion 212 cation exchange membrane (CEM) is used to separate the two half-cell
reactions. A 2-cm? IDFF is milled out of 3/16" UV-transparent acrylic (clear UV-trans-
mitting [UVT] acrylic, EMCO Industrial Plastics) and assembled on top of the positive
terminal to enable direct visualization with microscopy. Figure 6 depicts a schematic
and a bright-field micrograph of the IDFF on top of the positive electrode. Fluid
transport proceeds through the flow field channels and across the land such that
all of the electrolyte must flow through the electrode for ~2 mm to reach an outlet
channel.
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Porous electrodes

Four porous carbon papers, Sigracet 10AA, 34AA and 39AA (SGL Carbon), and
Toray 060, are used for the positive electrode. This technique is amenable to a
wide range of porous electrode materials, assuming the filament packing density
enables line-of-sight illumination of the internal pore structure. The Sigracet car-
bon papers are pretreated by baking at 400°C in air for 24 h, and the Toray 060
is pretreated by chemical etching in a 1:3 (viv) mixture of concentrated nitric
and sulfuric acids for 5 h at 50°C following the procedure described by Chen
et al."® Table S1 gives the physical properties of each porous carbon paper elec-
trode. Two layers of Toray 060 are used in the experiments to match the thickness
of the SGL papers.

The compressed thicknesses of the porous carbon papers are controlled by poly-
tetrafluoroethylene (PTFE) gasket spacers. Spacers of 200 um (0.008") are used
for SGL 34AA and 39AA to compress each electrode to 29% engineering strain,
and 280 pum (0.011") spacers are used for SGL 10AA and 2-layer Toray 060 to
compress the electrodes to 28% and 26% engineering strain, respectively, be-
tween the UVT acrylic flow plate and the CEM. This range of compressions is
selected to align with other comparable electrode compressive strains in the liter-
ature.>® Although there are several different flow field designs for electrochemical
flow systems,* and this method is readily applicable to imaging the electrode re-
action-flow profiles using each of them, the IDFF geometry (Figure 6) was
selected to image the total fluid flow through lands of the electrode. In contrast
to flow-by designs, this configuration prevents fluid from bypassing the electrode.
The flow field design and the electrode morphology both influence the fluid-flow
and electrochemical reactions and are expected to affect the ultimate device
performance.

The electrolyte linear flow rate ug is calculated assuming a volumetric flow rate Qg
passes uniformly from the channel into the electrode along a channel-land perim-
eter, P, measured in this 2 cm? IDFF to be ~68 mm. The resulting cross-sectional
area for fluid transport through the porous electrode is given as Pt, where t is the
compressed electrode thickness, determined by the gasket thickness. Therefore,
the average linear flow rate can be approximated as

-1
Up :%{1 - ((1 :ﬁ))} (Equation 2)

where ¢ is the porosity (void fraction) of the uncompressed electrode giving (1 —

¢) as the solid fraction, and ¢ is the engineering compressive strain on the elec-
trode, leading to (1 — ¢) as the normalized compressed thickness. Therefore,
(1—¢)/(1—¢) is the compressed solid fraction and {1—(1—¢)/(1—¢)} is the
compressed void fraction. The compressed void fractions (porosities) for these
experiments are 0.75 for SGL 10AA, 0.65 for SGL 34AA, 0.85 for SGL 39AA,
and 0.70 for 2xToray 060. All of the porosity values are calculated assuming liter-
ature values of intrinsic porosities and thicknesses listed in Table S1 for uncom-
pressed electrodes (i.e., ¢ = 0) and a zero solid fraction change when com-
pressed to the thickness of the gasket. A study on the pretreatment of similar
porous carbon electrodes shows negligible variation between pristine electrodes
and electrodes heat treated at 400°C.°* The smaller the compressed void frac-
tion, the greater the linear flow rate due to the same volumetric flow constrained
to a smaller cross-sectional area. Because of the assumption that the engineering
strain cannot compress the solid material, the relationship is constrained to con-
ditions in which ¢ — & > 0.
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Flow and electrochemical parameters

The two prominent operating parameters influencing electrolyte reactive transport
are volumetric flow rate and applied current. The latter can be a function of oper-
ating voltage or power. While the electrode operating voltage will affect the elec-
tric field between the cathode and the anode, the concentrated supporting elec-
trolyte significantly reduces the Debye screening length between the electrode
surface and the electrolyte bulk, negating electrostatic species transport within
the porous electrode. All of the electrochemical experiments are performed nomi-
nally at room temperature with a Gamry Reference 3000 Potentiostat. The posolyte
is circulated using a syringe pump unless indicated as a peristaltic pump (Cole
Parmer, MasterFlex). The open circuit voltage is ~+250 mV and the reduction of
AQDS to H,AQDS is a spontaneous process when paired with the HOR. Electro-
chemical conditions for each experiment are described in the Results and discus-
sion section. All of the electrical current measurements are given as an absolute
value, with a greater current indicating a more rapid reduction of AQDS. The full
assembly is imaged through a fluorescence microscope (Axio Zoom V.16, Filter
Set 02, Plan Neofluar 1x objective) with a 50-fps (50 Hz) capture rate. The image
processing procedure to determine a local SOC for all of these experiments is out-
lined in Figure S10 and discussed in Note Sé6. The image processing procedure is
applicable under the operating conditions described here due to the linear rela-
tionship between fluorescence intensity and electrolyte SOC depicted in
Figure S11.

Electrolyte velocity measurements use 1 um neutrally buoyant fluorescent tracer par-
ticles flowing through the porous electrodes. Tracer particle sequences are normal-
ized using an image processing procedure similar to that of the SOC mapping to re-
move background noise. We explore two methods of quantifying fluid velocity:
calibrated frame-based particle tracing (ImageJ software) and particle image veloc-
imetry (PIV, MATLAB PIVlab software). PIV velocity fields are produced by
comparing the relative, aggregate particle motion between sequential frame pairs
in a time series image stack. These velocity fields can be averaged to generate a sin-
gle velocity vector map.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100388.
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Supplemental Items

Figure S1. SEM micrographs of porous carbon paper electrodes. (a) SGL 10AA, (b) SGL
39AA and (c) Toray 060. SGL 34AA has a similar morphology to SGL 39AA due to a common
fabrication procedure. All scale bars are 100 pm.

Table S1. Porous carbon electrode comparison. Comparison of porous carbon paper electrode
physical properties as specified by the manufacturer. *Asterisk indicates own measurement

Physical Property SGL 10AA SGL 34AA SGL 39AA Toray 060
Thickness (um) 390 280 280 190
Porosity (%) 82 75 89 78
Through-Plane ASR (mQ cm?) <16 <14 <5 80
Fiber Diameter (um)”* 10 8 8 10
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Figure S2. Fluorescence advection profiles through porous carbon electrodes compared to
mean field theory calculation. Colorized fluorescence images of the middle land with a constant
voltage (0 mV) during a peristaltic pump pulsed flow, showing reduced vs. oxidized electrolyte
distribution in space. The dramatic heterogeneities stand in sharp contrast to a representative mean
field theory approximation. In (e), a to-scale point representing a typical pore size is featured. For
comparison, the mean pore diameter for SGL 39AA 1s ~44 um uncompressed. All scale bars are 1
mm.

50 x 50 um? pore size

50 60 70 80 90 100%

Note S1

The contrast between the MFT and the experimental results further suggests that spatial variations
in fluid flow and electrochemical reactions are important considerations in the operation and
performance of RFBs. To show the contrast more sharply, the images in Figure S2 are obtained
during the electrochemical reduction of AQDS at 0 mV while the electrolyte is fed via a
peristaltic pump as a pulsed flow. The MFT approximation in Figure S2(a) is a
representative of nearly complete electrolyte utilization. At high utilization rates, striking
heterogeneities across all electrode styles become evident. Despite the similar
morphologies between SGL 39AA and Toray 060 as indicated from Figure S1., it is evident
from Figure S2 that the advective mass transport differs significantly between the two. The
differences in these properties could be due to a number of factors including surface
wettability and through-plane electrode morphology that is not captured by these 2D imaging
techniques.

In Figure S2(e), a to-scale point is pictured, representing a typical 50 x 50 um? pore size obtained
from SEM micrographs. Though the pore size can range substantially, with features up to 100 um
in diameter, the heterogeneities depicted are on length scales an order of magnitude larger.
Furthermore, these heterogeneous features are on the length scale of the land width, here ~2 mm.
Because the pore size is over an order of magnitude smaller than the typical land width, and the
flows are within a steady regime, MFT approximations assume Darcy-like flow though the
electrode.
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Figure S3. Time evolution of electrolyte advection-diffusion at a flow field digit end.
Fluorescence microscope images of an inlet channel digit end location distributing oxidized AQDS
into SGL 10AA carbon paper over time. Fluid flow is 100 mL/h (2.7 mm/s across the land) and
no current is passed. The dark blue regions are areas of more rapid electrolyte fluid flow and
suggest pathways of lower pressure drops. Scale bars are 1 mm.

Note S2

Figure S3 shows the flow map of the inlet finger of the IDFF over an SGL 10AA carbon paper.
Identical to the experiment depicted in Figure 2, fully reduced H2AQDS electrolyte is displaced
by oxidized AQDS. Distinct dark blue channels extending vertically and horizontally from the
digit end indicate regions that are more rapidly refreshed by the advection of oxidized AQDS. This
is somewhat unsurprising given that the shortest paths between inlet and outlet are at these angles.
We note that while the inlet channel has a dark region of oxidized AQDS on its border, the
channeling effect within the first few hundred microns through the land are determined by the
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electrode morphology. This result highlights that although it is important to design flow fields for
optimized fluid distribution to the electrode, the local reactant distribution might be strongly
dependent on the electrode geometry and morphology, suggesting that this can also be optimized.

Though less clear and not explored in depth in this work, Figure S3(d) indicates that fluid flow
within the channel can also be imaged, shedding light on the co-laminar flow interaction within
the channel. Because the acrylic IDFF used here is fabricated using a CNC end mill, the surface is
translucent, allowing diffuse transmittance of light and enabling approximate measurements but
obscuring details. Developing a process to smooth the channel groves may open opportunities to
directly observe the electrolyte entering into the electrode and monitor the effects of electrode
protruding into the channel as has been explored in other work?.
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Figure S4. Time evolution of electrolyte advection-diffusion across the entire flow field area.
Fluorescence microscope images of the IDFFon top of SGL 10AA carbon paper. (a) Fully reduced
H2AQDS brightens the electrode area under the land. (b) and (c) Oxidized AQDS is introduced at
100 mL/h, displacing the reduced electrolyte. Heterogeneous flow distribution remains evident at
this scale. (d) Fully oxidized AQDS has completely refreshed the electrode. Outlet channels remain
red due to the lingering reduced H2AQDS. All scale bars are 1mm.

Note S3

Figure S4Figure S4 captures the full 2 cm? IDFF over an SGL 10AA carbon paper. This shows
that fluorescence microscopy can be used as a valuable in situ technique with the capability of
spanning multiple length scales from the microstructure to the macrostructure. Figure S4(a) and
(d) show the electrode with fully reduced H2AQDS, and fully oxidized AQDS respectively. In
Figure S4(d) the channels are brighter from previously reduced H2AQDS. Figure S4(b) and (c)
show the transition period as AQDS is pumped into the cell, replacing H2AQDS. Even at this
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macro-scale, the flow heterogeneity between the inlet and outlet channels is clearly visible and
stagnation effects near the ends of the channels are evident.
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Figure S5. Mean field theory 1D model for reaction-flow across a middle land. Each row
terminates when the applied current would exceed 100% utilization assuming a 10 mM, 2-electron
reduction electrolyte. Unlike the experimental maps, this figure does not include a potentiostatic

hold.

Note S4

To compare the experimental fluorescence-flow-current profiles, the MFT is applied to a simulated
electrode assuming the same range of flow rates and applied currents as the experiments. Figure
S5 details those idealized reaction-flow maps ending each row by displaying the maximum
reactant utilization profile before the theoretical utilization exceeds 1.0. The 200-mL/h flow rate
row is truncated for space constraints. The MFT used here assumes no mass transport overpotential

and no limiting current.
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Figure S6. Flow profiles with coupled steady state advection and constant current reduction
through SGL 34AAcelectrode. (a) Steady state fluorescence maps of 10 MM AQDS through SGL
34AA along a middle land, varying the electrolyte volumetric flow rate and applied current. The
last figure in each row, indicated by a red border, is measured potentiostatically at 0 mV rather
than galvanostatically. (b) Voltage vs current polarization plot corresponding to the steady state
condition for each image. (c) IR-Corrected voltage (subtracted high frequency resistance) as a
function of utilization assuming 10 mM, 2-electron reduction AQDS solution.
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Figure S7. Flow profiles with coupled steady state advection and constant current reduction
through SGL 39AA electrode. (a) Steady state fluorescence maps of 10 mM AQDS through SGL
39AA along a middle land, varying the electrolyte volumetric flow rate and applied current. The
last figure in each row, indicated by a red border, is measured potentiostatically at 0 mV rather
than galvanostatically. (b) Voltage vs current polarization plot corresponding to the steady state
condition for each image. (c) IR-Corrected voltage (subtracted high frequency resistance) as a
function of utilization assuming 10 mM, 2-electron reduction AQDS solution. Points greater than

Utilization = 1 suggest that the electrolyte concentration is likely closer to 12 mM.
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Figure S8. Flow profiles with coupled steady state advection and constant current reduction
through 2x Toray 060 electrode. (a) Steady state fluorescence maps of 10 mM AQDS through
2x Toray 060 along a middle land, varying the electrolyte volumetric flow rate and applied current.
The last figure in each row, indicated by ared border, is measured potentiostatically at 0 mV rather
than galvanostatically. (b) Voltage vs current polarization plot corresponding to the steady state
condition for each image. (c) IR-Corrected voltage (subtracted high frequency resistance) as a
function of utilization assuming 10 mM, 2-electron reduction AQDS solution. Points greater than
Utilization = 1 suggest that the electrolyte concentration is likely closer to 12 mM.

Note S5

Figure S6, Figure S7, and Figure S8 depict similar steady state fluorescence maps to Figure 5 in
the main text. Though SGL 34AA has similar ohmic resistance to the other electrodes as seen by
the initial slope in the high-flow results displayed in Figure S6(b), the electrode has a very early
onset mass transport overpotential. This is most clearly seen in Figure S6(c) where the utilization
at high flow rates only just exceeds 0.55. The absence of a highly-reduced region in the
fluorescence maps at higher flow rates and current densities also appears to correlate to high mass
transport overpotentials. For example, the 2x Toray 060 featured in Figure S8 is able to access
very high electronic currents and therefore utilizations. The prominent transition from fully
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oxidized (blue) to fully reduced (red) at the end of each row in the fluorescence images indicates
exceptionally high electrolyte utilizations. This is also reflected in Figure S8(c) where nominally
the same utilization is accessed across the range of flow rates. Here again we note the ability to
access a utilization > 1 is likely due to slight deviations in true electrolyte concentration.

From these maps, we can strengthen the hypothesis that a greater homogeneity in the electrolyte
fluid flow profile within a redox flow battery has the potential toimprove the full cell performance.
We observe from the fluorescence maps that the 2x Toray 060 most closely resembles the MFT
map in Figure S5. The Toray 060 experiment closely mirrors the maximum attainable current
densities across the range of flow rates probed here when compared to the MFT approximations
before exceeding a utilization of 1. Given the similarities in the morphology detailed by SEM in
Figure S1. , itis not clear if and how particular structural features of the electrode lead to enhanced
mass transport properties.

(a)

AQDS + 2e" + 2H* H,AQDS
(Q) U (HQ)
Pump Inlet y.vT Acrylic Flow Field

AQDS/H,A
~ Gold Wire

Carbon Electrode I Current Collector
Nafion 212

Pt-Carbon Electrode

Humidified

Stainless Steel Current Collector/Flow Field

H, (g) 2e + 2H*

Figure S9. Schematic and image of the fluorescence cell assembly. (a) Schematic and materials
for the quinone-hydrogen flow cell (QHFC) used throughout this work. The posolyte reservoir
starts at 100% AQDS for all experiments. (b) Photograph of assembled QHFC with a UV-
transparent viewing window to enable bright field and fluorescence microscopy.
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Figure S10. Fluorescence image processing procedure. Prior to performing an experimental
series, a dark (0% SOC) baseline series is measured while holding the potential at +600 mV,
oxidizing any remaining H2AQDS to AQDS. A bright (100% SOC) baseline is also taken after
holding a non-flowing electrolyte at 0 mV for 60 seconds or when the reducing current reaches a
steady state. Image frames from experiments at the same location as the baselines are normalized
between 0% and 100% SOC by subtracting the dark baseline, and dividing by the difference
between the bright and dark baselines, creating a normalized image stack with grey scale between
0 and 1. These are then translated from grey scale to a color map.

Note S6

The image processing procedure for all of these experiments is outlined in Figure S10. All

colorized images have been normalized using this procedure and use the “Jet” color scheme. Blue
indicates oxidized AQDS (0% SOC) and red indicates reduced H2AQDS (100% SOC).
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Figure S11. Calibrated fluorescence intensity as a function of electrolyte state of charge
(SOC) for 10 mM AQDS in 1 M H,SOq4. Error bars indicate the standard deviation in intensity at
measured SOCs. The linear, 1:1 relationship between the minimum and maximum fluorescence
intensity and the SOC enables the image processing procedure described in Figure S10. We note
that this relationship may not hold at higher concentrations due to the optical attenuation of the
AQDS oxidized quinone, reduced hydroquinone, or the quinhydrone dimer2.
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