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Redox flow batteries are an emerging technology for long-duration grid energy storage, but further cost reductions are needed to
accelerate adoption. Improving electrode performance within the electrochemical stack offers a pathway to reduced system cost
through decreased resistance and increased power density. To date, most research efforts have focused on modifying the surface
chemistry of carbon electrodes to enhance reaction kinetics, electrochemically active surface area, and wettability. Less attention has
been given to electrode microstructure, which has a significant impact on reactant distribution and pressure drop within the flow cell.
Here, drawing from commonly used carbon-based diffusion media (paper, felt, cloth), we systematically investigate the influence
of electrode microstructure on electrochemical performance. We employ a range of techniques to characterize the microstructure,
pressure drop, and electrochemically active surface area in combination with in-operando diagnostics performed in a single electrolyte
flow cell using a kinetically facile redox couple dissolved in a non-aqueous electrolyte. Of the materials tested, the cloth electrode
shows the best performance; the highest current density at a set overpotential accompanied by the lowest hydraulic resistance. We
hypothesize that the bimodal pore size distribution and periodic, well-defined microstructure of the cloth are key to lowering mass
transport resistance.
© The Author(s) 2019. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0611910jes]
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Electrochemical energy storage is anticipated to play a pivotal role
in decarbonizing the electric sector by facilitating the reliable deliv-
ery of electricity generated from low-cost but intermittent renewable
resources, enhancing the efficiency and flexibility of existing grid in-
frastructure, and bolstering system resilience to outages.1 Redox flow
batteries (RFBs) are a promising technology platform for low-cost,
long-duration energy storage as, while more complex and less energy
dense than enclosed batteries (e.g., Li-ion batteries), the system archi-
tecture enables improvements in scalability, service life, and safety.2,3

While the all-vanadium RFB remains the current state-of-the-art sys-
tem, the need for further cost reduction is driving research and devel-
opment efforts into next-generation redox chemistries. This includes
the exploration of non-aqueous electrolytes, which offer wider win-
dows of electrochemical stability, as well as inexpensive redox couples
based on organics and metal-centered coordination complexes with
properties tailorable by molecular functionalization.4–9 Although less
well-represented in the literature, advances in reactor performance rep-
resent another pathway to cost reduction, as increased power density
reduces the size of the electrochemical stack required to meet design
specifications.10

Porous electrodes play an integral role in enabling RFB perfor-
mance as they provide active surfaces for electrochemical reactions,
distribute liquid electrolytes, cushion mechanical compression, and
conduct electrons and heat.11,12 As such, the electrodes contribute to
charge transfer, ohmic, and mass transport overpotentials within the
electrochemical cell.13 Notably, most high-performance RFB reactors
employ porous electrodes based on the fibrous carbon backing layers of
polymer electrolyte fuel cell gas diffusion layers (GDLs).13,14 While
these materials are functional due to an overlap in desired property
sets (e.g., permeability, electrical conductivity), they are not designed
to meet all RFB requirements. In particular, flow battery electrodes
must simultaneously enable facile redox reactions on the electrode
surface area and facilitate liquid transport throughout the entirety of
the architecture to ensure full utilization. The former is especially rel-
evant with kinetically-limited systems (e.g., k0 < 10−5 cm s−1) as
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most GDL backing layers have low surface areas (<10 m2 g−1) of
ill-defined composition. As this is the case in all-vanadium RFBs,15

considerable effort has been focused on modifying commercially
available materials to increase active surface area, hydrophilic-
ity, and/or catalytically-active surface functional groups. Indeed,
a range of techniques including thermal activation,16–20 acidic
or basic treatment,21–23 plasma activation,24 and deposition of
nanoparticles25–27 have been successfully applied to carbon papers
and felts, resulting in marked improvements in RFB performance due
to reductions in charge transfer overpotential. While valid, these ap-
proaches are typically empirical, often relying on qualitative compar-
ison of full cell polarization curves with pristine and modified ma-
terials, which belies the complex coupling of transport and reaction
kinetics within the electrode that ultimately defines performance lim-
its. Thus, in parallel, it is relevant to develop more generalized ap-
proaches to understanding the interplay between transport and reac-
tions within porous electrodes using model redox couples with well-
defined properties and electrochemical diagnostic platforms that en-
able disaggregation and quantification of the different overpotentials.
Such approaches may enable the development of structure-function-
performance relationships that inform the bottom-up design of ad-
vanced electrode microstructures directed to chemistries with particu-
lar property sets or to applications with particular performance needs.

The mass transport in RFBs is an area of growing interest and is
increasingly recognized as a performance-limiting factor28–31 for both
aqueous32 and non-aqueous systems.29,33 Moreover, many emerging
redox chemistries, particularly those based on organic couples,34–36

have high kinetic rate constants (k0 > 10−3 cm s−1), and thus reduced
activation overpotentials which may obviate the need for modifications
of the electrode surface, at least for the purpose of enhancing redox re-
action rates. To date, most of the published literature on this topic has
focused on understanding and optimizing flow field design,28–30,37–39

though there have been some efforts to describe mass transport within
given electrode materials29,40 as well as to engineer electrode struc-
ture post-process. For example, Maryhuber et al. used a CO2-laser
to perforate SGL 10AA carbon papers and demonstrated improve-
ments (up to 30%) in the power density of all-vanadium RFBs, which
they ascribed to enhancements in electrolyte accessibility.31,41 Using a
similar approach, Dennison et al. evaluated the influence of electrode
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Table I. Electrodes used in this study and relevant physical properties.

ID Name Commercial Name Thickness∗ (mm) ɛ# (%) ɛMIP (%)

SGL paper Sigracet SGL 39AA 0.32 ± 0.01 91 88 ± 2
Toray paper Toray TPG-H-120 0.35 ± 0.01 80 77 ± 2
Freudenberg paper Freudenberg H23 0.21 ± 0.01 80 74 ± 1
Cloth Nuvant ELAT Cloth 0.38 ± 0.01 82 78 ± 2
Felt AvCarb Soft Graphite Felt 6.0 ± 0.1 95 91 ± 2

∗Uncompressed electrode.
#Per vendor specification datasheet.

perforation in tandem with flow field design and found that, while pres-
sure drop decreased, electrochemical performance was not improved
when the perforated carbon paper was used in combination with an
interdigitated flow field.31 However, the flow in an interdigitated flow
field (IDFF) is complicated, and the geometry must be carefully de-
signed to ensure enhanced velocities and flow distribution in order to
realize the full potential of this type of flow field.42–44 Further, in the
process of modifying the surface of different carbon papers and cloths
via a KOH treatment, Zhou et al. observed differences in performance
based on the electrode microstructure.23,45,46 The authors attributed the
improved performance in the woven electrodes to the broad pore size
distribution, in particular the large, low tortuosity pores responsible for
low pressure drop and high ionic conductivity. Building on these prior
observations, we seek to evaluate the role of electrode microstructure
on electrode performance in a RFB under well-controlled conditions
that approximate practical operation.

Here, we systematically investigate the performance of select off-
the-shelf carbon paper, felt, and cloth electrodes using complemen-
tary microscopic, analytical, and electrochemical techniques to corre-
late electrode microstructure and electrochemical performance. First,
relevant physical properties of the electrode – microstructure and
surface area – are determined using microscopy, mercury intrusion
porosimetry, and double layer capacitance. Second, in-plane pres-
sure drop is measured using a custom setup and bulk permeabili-
ties are calculated from the resulting data. Third, to quantify resistive
losses of each electrode, polarization and electrochemical impedance
spectroscopy measurements are performed in a single electrolyte
flow cell42,47,48 containing a kinetically facile model organic redox
couple, 2,2,6,6-tetramethylpiperidine-1-oxyl / 2,2,6,6-tetramethyl-
1-oxo-piperidinium cation (TEMPO/TEMPO+), dissolved in an
acetonitrile-based electrolyte.49 By coupling the electrochemical re-
sults with the pressure drop measurements, we observe different trends
for the woven and non-woven materials. While this study focuses on
non-aqueous electrolytes, the approach employed is broadly applica-
ble to other RFB chemistries and may inform electrode development
for other electrochemical technologies in which solution phase trans-
port through porous media is relevant.

Experimental

Electrolyte preparation.—Solution preparation and electro-
chemical characterization were performed inside an argon filled
glove box (MBraun, 4GB 2500, O2 <5 ppm, H2O <1 ppm).
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO, 98+%, Alfa Ae-
sar) was used as received. The oxidized form, 2,2,6,6-Tetramethyl-1-
piperidinyloxy-oxo tetrafluoroborate (here, for simplicity, abbreviated
as TEMPO+), was prepared via a chemical oxidation50 wherein 11 g
of TEMPO were dissolved in acetonitrile (MeCN, 99.98%, BASF)
followed by the slow addition of 1.1 molar equivalents of nitrosonium
tetrafluoroborate (NOBF4, 98%, Alfa Aesar) into the solution under a
blanket of argon (Airgas, UHP, 99.999%). Afterwards, a rotary evap-
orator (Buchi R210) was used to remove the solvent and recover the
synthesized solid. An oxidation conversion of 99.2% was obtained, as
determined by microelectrode measurement (Figure S1). Tetraethy-
lammonium tetrafluoroborate (TEABF4, 99.99%, BASF) was used as

received. For all electrochemical experiments, unless otherwise stated,
the electrolyte solution consisted of 0.25 M TEMPO, 0.25 M TEMPO+

(50% state of charge), and 1.0 M TEABF4 all dissolved in MeCN.

Electrode materials.—Five different commercial electrodes were
used: Sigracet SGL 39AA (Ion Power Inc.), Toray TPG-H-120 (Fuel
Cell Earth), Freudenberg H23 (Fuel Cell Store), Nuvant ELAT Cloth
(Fuel Cell Etc), and AvCarb Soft Graphite Felt (Fuel Cell Earth).
Table I provides the uncompressed thicknesses and porosities for
all the electrodes. Electrode thickness was determined with a digital
caliper (Mitutoyo, Absolute AOS) and the measurement was repeated
five times. Porosities were provided as part of the vendor specification
sheet and also measured via mercury intrusion porosimetry (MIP). All
the electrodes were used as received, without treatment.

Physical characterization.—The microstructure and morphology
of the different electrodes were visualized by scanning electron mi-
croscopy (SEM). A Zeiss Merlin High-resolution SEM (Carl Zeiss
AG, Germany) was used to capture images at various magnifications
with an acceleration voltage of 5 keV, an aperture of 30 μm, and gun-
to-sample distance of ca. 6.5 μm. MIP analyses were performed by
the Micrometrics Instrument Center (Norcross, Georgia) using a Au-
toPore V 9600 employing ≥0.1 g electrode sample and a 5 cm3 volume
penetrometer. Pore diameters were calculated assuming a cylindrical
shape and mercury-carbon contact angles of 130° (advancing and re-
ceding) to determine the pore size distribution (PSD). Bulk porosity
was estimated by registering the mass of the material before and after
full imbibition with mercury, assuming a complete pore filling. For
these measurements, the uncertainty is based on error propagation of
the volumetric (±0.05 cm3) and pressure (±0.5 psi) sensors.

Flow cell experiments.—Electrochemical diagnostics were per-
formed using a redox flow cell48,51 operated in a single electrolyte
configuration47 as to enable comparative electrode analyses over a
range of applied potentials and electrolyte flow rates but at steady
state and with a fixed state of charge (SOC, 50%). The flow dif-
fusers were machined from polypropylene (Adaptive Engineering
Inc.) and the flow through flow fields (FTFF) were milled from
3.18 mm thick impregnated graphite (G347B graphite, MWI, Inc.).
In a FTFF, forced convection of the liquid electrolyte leads to near
unidirectional flow tangential to the flow field and the membrane.
While, in practical embodiments, this can lead to undesirable pres-
sure drops,42 for fundamental studies, this configuration simplifies
descriptions of transport within the electrode and allows for more
accurate mapping of the permeability values obtained for pressure
drop measurements to the electrochemical performance data. In all
experiments, the same electrode type (Table I) was used in the anode
and cathode compartments, one electrode per side, and all electrodes
were compressed using Teflon gaskets (W. L. Gore & Associates,
Inc. Newark, DE) to ensure leak-free operation across the range of
electrolyte flowrates, reduce contact resistance between electrically-
connected components, and define a cross-sectional area for fluid
flow. As each electrode has a different thickness (Table I), exact
matching of compression is difficult, which is the motivation for us-
ing ohmically-corrected data. Here, we compress the Freudenberg
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paper with a single gasket; the SGL, and Toray papers as well as
the cloth with two gaskets; and the felt with a 5 mm thick graphite
spacer and two gaskets. The electrodes are compressed by 9 to 23%
(Table S1). The geometric active area, 1.7 cm × 1.5 cm, is 2.55 cm2.
Celgard 2500 (25 μm thick, Fuel Cell Store) was used as a separator
due to its low ohmic resistance and compatibility with MeCN-based
electrolytes. During operation, the electrolyte solution is placed in a
sealed perfluoroalkoxy alkane (PFA) jar (10 mL, Savillex) and deliv-
ered to the flow cell using a peristaltic pump (Masterflex L/S series)
through PFA tubing (4 mm, Swagelok). All materials were selected
due to their chemical compatibility with the electrolyte solution.

To account for differences in electrode thickness, performance was
compared at the same superficial electrolyte velocity (ve, m s−1):29,52

ve = Q

tewe
[1]

Where Q is the volumetric flow rate (m3 s−1), te is the com-
pressed electrode thickness (m), and we is the electrode width (m; here,
0.015 m). We note that some prior reports have chosen to describe elec-
trolyte velocity as an average interstitial velocity by accounting for the
electrode porosity in the equation above.37,51 We elect not to do so here
due to the uncertainty associated with porosity and its variation under
compression for the different electrode materials.53 Electrode perfor-
mances are evaluated at four different electrolyte velocities, 0.5, 1.5,
5.0 and 20 cm s−1, which correspond to a two order of magnitude
range of volumetric flow rates, 0.87 mL min−1 to 75.60 mL min−1.
We were unable to study the felt electrode at 5.0 and 20 cm s−1 as
the volumetric flow rate requirements (>250 mL min−1) exceeded the
capabilities of the experimental setup.

The polarization measurements were performed using an Arbin
battery tester (FBTS-8) by potentiostatic holds of 30 s in 25 mV steps
between 0 and 0.6 V, recording one data point per second. The average
current and voltage were calculated for the final 50% of data points to
approximate steady state conditions. Before data collection, all cells
were conditioned by flowing electrolyte at 5 mL min−1 for 10 min to
ensure component wetting and bubble removal, followed by a constant
cell potential hold of 0.2 V for 20 min. Electrochemical impedance
spectroscopy (EIS) was recorded using a Biologic VMP3 potentiostat
at open circuit voltage (OCV), with an amplitude of 10 mV over a
frequency range of 200 kHz to 10 mHz, averaging 6 points per decade.

Capacitance measurements.—To estimate electrochemically ac-
tive surface area (ECSA) of the porous electrodes, the electrochemical
double layer capacitance (EDLC) was experimentally measured,54,55

in a similar single electrolyte redox flow cell setup as described
in the previous section but with a blank electrolyte composed of
0.1 M TEABF4 in MeCN and a Nafion 117 membrane (Fuel Cell Store,
used as received). For all electrodes, a constant volumetric flow rate
of 10 mL min−1 was used, as the measured capacitance was found to
be independent of electrolyte velocity. Cyclic voltammetry (CV) was
performed between −0.3 V and 0.3 V at 6 different scan rates (20,
50, 100, 200, 300, and 500 mV s−1) and the current was recorded.
As expected, a symmetric voltammogram exhibiting capacitive be-
havior (i.e., constant current independent of voltage) without faradaic
events was observed under all conditions (Figure S2). The negative and
positive non-Faradaic currents were extracted at 0 V and the average
capacitive current (A), iEDLC, was calculated as:56

iEDLC = i+ + |i_|
2

[2]

The EDLC (F) was calculated using a linear fitting of iEDLC vs.
voltage scan rate according to:

iEDLC = EDLC
dV

dt
[3]

For each electrode set, we subtracted the EDLC measured with
an empty cell, containing an open cavity between the membrane and
flow field, defined by the gaskets, but without electrodes, to isolate
the capacitance contributions of the porous electrodes. The ECSA

(m2 g−1) was calculated as follows:

ECSA = EDLC

Cspec me
[4]

Where Cspec is the specific capacitance (F cm−2) and me is the
porous electrode mass (g). Cspec was obtained by performing CV mea-
surements on a freshly polished glassy carbon electrode (3 mm, CH
Instruments, Inc.) of known geometric surface area. The obtained Cspec

≈ 18.0 ± 0.3 μF cm−2 (Figure S3) was used to calculate an approx-
imate ECSA of all electrodes studied. While differences in Cspec are
expected between glassy carbon and various carbon fibers that make
up the different electrodes, the relative values are representative of the
ECSA and the obtained Cspec is in the range of previously reported
values.57,58

Pressure drop measurements.—To measure pressure drop through
different electrodes under relevant conditions (e.g., flow geometry,
electrode compression), we developed a custom cell setup (Figure
S4). The apparatus is similar to the flow cell configuration used for
the electrochemical experiments except that the separator / membrane
is replaced by a solid copper plate (3 mm thickness, McMaster) to pre-
vent electrolyte leakage and to force the fluid to only travel through a
half-cell (i.e., one side of the full cell) to ensure that a pressure drop
through the electrode and independent of electrolyte crossover through
the separator is measured. More specifically, each electrode is sand-
wiched between the FTFF and the solid plate using gaskets, identical
to the electrochemical testing. To determine the pressure drop, pres-
sure was measured at the inlet and outlet of the cell with digital pres-
sure gauges (SSI Technologies 30 psi MG1-9V, ± 1%). To determine
electrode-specific pressure drop, we subtracted the pressure drop of an
empty cell, which accounted for <10% of the total measured pressure
drop, to eliminate contributions from the housing and tubing. For sim-
plicity, experiments were performed using MeCN solvent rather than
the electrolyte solution as both fluids are Newtonian with similar sur-
face tensions and thus have similar wetting properties. Pressure drop
was measured over a volumetric flow rate range of 0−25 mL min−1.

Results and Discussion

The majority of commercially available porous carbon electrodes
consist of micrometric carbon fibers, typically synthesized by car-
bonization of polymer precursor (e.g., polyacrylonitrile), which are
consolidated into a coherent structure. The methods used to assem-
ble the fibers into electrodes give rise to the various materials clas-
sifications (paper, felt, cloth) each with different microstructure and,
consequently, divergent physical properties (e.g., flexibility). We hy-
pothesize that differences in electrode microstructure will impact reac-
tant delivery to the fiber surfaces and that, by systematically character-
izing a range of materials, performance-determining descriptors can be
identified and subsequently leveraged to realize improved materials.

Electrode microstructures.—We first characterize the microstruc-
ture and morphology of the different electrodes using SEM (Figure 1)
and MIP (Figure 2). Figure 1 shows micrographs of each electrode
at various magnifications to highlight key features at different length
scales. Despite similar bulk porosities (see Table I) and carbon fiber
diameters (ca. 7–9 μm, Figures 1a1–1e3), there are noticeable differ-
ences in microstructure across the set of electrodes. The carbon papers
are non-woven materials consisting of fibers held together by a binder
(SGL, Toray) or other means (Freudenberg). The method of cohering
the mass of fibers affects macroscopic properties as demonstrated by
the differences in flexibility and compressibility of the papers. In all
cases, the fibers have preferential in-plane orientation, due to the meth-
ods of assembly, but, within that plane, they appear randomly oriented.
The SGL paper has the largest pores as well as a significant amount of
rough graphitic binder, likely a residual product of the electrode car-
bonization process, which occupies a large fraction of the microscale
pores and partially covers the carbon fibers. In comparison, the Toray
paper has smaller pores and less binder that also appears smoother.
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Figure 1. Scanning electron micrographs for the different electrodes used in this work: (a) SGL paper; (b) Toray paper; (c) Freudenberg paper; (d) Cloth; (e) Felt.
Three different magnifications are shown.

The Freudenberg paper is assembled using a hydroentangling process
driven by water jets that enables a binder-free mechanically-robust
structure of randomly-organized curved fibers with small characteris-
tic pores,59 smaller than the other two papers. Higher magnification
micrographs show striations on the surface of the carbon fibers of the
SGL and Toray papers, whereas the carbon fibers of the Freudenberg
paper appear smoother. We ascribe these differences to variations in
processing conditions. Typically employed in earlier generation RFBs
with flow-through flow fields, the felt electrode is an order of magni-
tude thicker than all other samples with relatively large pores. Similar
to the Freudenberg paper, the felt electrode is binder-free, realizing
structural integrity through fiber entanglement, which enables a flexi-
ble and compressible media. However, unlike the Freudenberg paper,
the streaked carbon fibers which make up the felt are not randomly
organized but rather appear to be loosely aligned in two preferential
(and perpendicular) directions.

In contrast to the papers and felt, the carbon cloth derives its
structural coherence from the systematic interworking of separate
elements–each with their own structure make-up–in a particular weave
pattern. In this context, an element is defined as a component part or
unit of an interworked fabric (e.g., thread in sewing, yarn in knitting),
which, here, we will refer to as a filament yarn. This approach is near
ubiquitous in textile manufacturing as it enables the development of
a broad array of materials, in terms of both form and function, with a
diverse set of properties. The carbon cloth used in this study is a bal-
anced plain weave, arguably the simplest of all interlacements, where
the warp and weft filament yarns (ca. 100 carbon fibers) are aligned
to form a criss-cross pattern. This structure leads to two distinct pore
sets; namely, larger through-plane pores at the intersection between
the yarns and smaller in-plane pores between the fibers within each
element. Similar to the SGL and Toray papers, the carbon fibers of the
cloth show striations.

To determine characteristic pore sizes for the different electrodes,
MIP was used to obtain PSDs and assuming that mercury is a non-
wetting fluid and that the pores are perfect cylinders of a given radius60

(Figure 2). As qualitatively observed by SEM (see Figures 1a1), the

SGL paper has a large average pore size, ca. 63 μm, with a smaller peak
around 1–2 μm, which we tentatively attribute to the pores between
graphite flakes in the binder and the carbon fibers. In comparison,
the Toray and Freudenberg papers have smaller average pore sizes of
31 μm and 22 μm, respectively, with, in the case of the Toray paper,
no clear contribution from the binder. The carbon felt electrode fea-
tures a similar PSD as the SGL carbon paper with an average pore
diameter around 60 μm. As mentioned before, the cloth has a bimodal
PSD with large pores (ca. 85 μm diameter) and a notable fraction
of smaller pores (ca. 10–15 μm diameter) which, respectively, corre-
spond to the intersections between the woven elements and the void
space between the fibers within each element. Note that MIP provides
a semi-quantitative description of bulk PSD, which informs assess-
ment of permeability and mass transport, but cannot resolve property
variations within a sample. Previous studies have employed X-ray
computed tomography (XTM) and shown directional dependence of
GDL PSDs where pores are typically smaller in the in-plane direc-
tion, as compared to the through-plane direction, which, in turn, im-
pacts directional permeabilities.53,61–63 Such detailed characterization
is beyond the scope of this work but will be contemplated in a future
study.64

Electrode surface area.—To understand the impact of electrode
microstructure on kinetic performance, we next evaluate the electro-
chemically active surface area of the different electrodes through anal-
ysis of the electrochemical double layer capacitance (EDLC). Elec-
trode microstructure and morphology can impact accessible surface
area which, in turn, can limit cell performance. While physical char-
acterization methods such as MIP and nitrogen adsorption isotherms
(e.g., Brunauer-Emmett-Teller (BET)) can also provide estimations
of surface area, the operating principles of these analyses, the ex-
perimental conditions under which measurements are made, and the
underlying assumptions made to extract the desired value are all sub-
stantially dissimilar to the intended electrochemical application.65 As
such, these methods may not provide as accurate a description of
the electrochemically active surface area57,65 In comparison, electrode
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Figure 2. Pore size distribution curves of the different electrodes used in this
study obtained with MIP.

capacitance under flow provides a more relevant metric of available
surface area as it is an electrochemical technique performed under con-
ditions analogous to cell operation (Table II). The total capacitance is
representative of the available wetted electrode surface area in a single
electrolyte flow cell configuration; whereas, the specific surface area is
normalize by the specific capacitance (assumed the same for all sam-
ples) and the respective electrode masses (different for all samples).
Of the set, the Toray and Freudenberg papers and the carbon cloth

Table II. Measured capacitance and specific surface area of the
electrodes used in this study.

ID Name EDLC (μF) ECSA (m2 g−1)

SGL paper 1200 ± 100 0.50 ± 0.04
Toray paper 200 ± 20 0.029 ± 0.003
Freudenberg paper 620 ± 20 0.15 ± 0.01
Cloth 280 ± 20 0.050 ± 0.004
Felt 2800 ± 30 0.10 ± 0.01

Figure 3. (a) Pressure drop vs. Reynolds number for SGL paper electrode
showing the experimental data, the fitting using the Darcy-Forchheimer equa-
tion and the linear fitting using Darcy’s law at low Re; (b) pressure drop per
length vs. flow rate for the different electrodes showing experimental data and
fitting using the Darcy-Forchheimer equation. Due to experimental limitations,
the liquid pressure loss through the carbon felt electrode was measured em-
ploying water as a solvent and it is shown in Figure S5.

have similarly lower capacitances, while the SGL carbon paper and
carbon felt have relatively higher capacitances. Normalization reveals
that the higher capacitance associated with the carbon felt is due to
increased electrode mass (thicker sample), whereas the persistence of
the high surface area for SGL reflects the contribution of the graphitic
binder layer. Previous studies reported specific surface area values in
the same order of magnitude for SGL materials.16,65,66 For example,
using a similar characterization method, Greco et al. estimated a spe-
cific surface area of 0.2 m2 g−1 for pristine SGL 29AA in an aqueous
acidic electrolyte.16 We hypothesize that the slight variations in mea-
sured values are due to differences in electrolyte composition, which
affect specific capacitance and electrode wetting, which impacts ac-
cessible area.

Related to the wetted surface area, the electrode utilization is im-
pacted by the interaction between the electrolyte and the solid elec-
trode and can be illustrated by the contact angle. Specifically, for a
given electrolyte volume, an acute contact angle represents favor-
able interactions between the electrolyte and the electrode and thus
maximal electrode utilization due to greater liquid spreading. In con-
trast, an obtuse contact angle indicates unfavorable interactions, thus
poor wetting and reduced utilization absent of an additional energy
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input (e.g., greater pumping pressure). This is a known challenge for
aqueous RFBs and there is an emerging body of work around improved
wettability through modifications of carbon electrode surfaces.66–70

However, better wettability is expected for organic solvents which have
lower surface tensions than water (29.25 mN m−1 for MeCN/air71 vs.
72.88 mN m−1 for water/air72 at 293 K) and also lower contact angles
when placed on a flat graphite surface (23 ± 3° for MeCN vs. 88 ± 5°
for water, at room temperature and in air, Figure S4). Moreover, MeCN
droplets applied externally were readily and rapidly imbibed into all
the electrodes, that high electrode utilization is expected.73 While a rig-
orous treatment is needed to quantitatively describe wetting of porous
materials, based on this ex-situ evidence, it is reasonable to assume
that MeCN fully wets the internal electrode surfaces. More generally,
the improved wetting of organic solvents can be leveraged to enable
better-performing non-aqueous electrochemical reactors that do not
require extensive electrode pretreatments as well as to facilitate elec-
trochemical diagnostics of porous electrodes where the non-aqueous
electrolyte serves as a working fluid.

Pressure drop through electrodes .—We then quantify pressure
drop through the different electrodes to compare hydraulic losses as
a function of flow rate and to determine permeability, a materials-
specific property. In prior fuel cell literature, electrode permeability is
often estimated using the Carman-Kozeny equation, originally derived
for flow through packed bed reactors60 and modified to better capture
the behavior in fiber beds.74 However, the Carman-Kozeny equation is
typically employed for fluid flows with higher Reynolds numbers (Re),
as would be expected for gas flow in fuel cells but not for liquid flow
in flow batteries. For low Re and unidirectional flow, the 1D Darcy’s
law can be used to described the relationship between pressure drop
and fluid velocity:75

− dP

dx
= μv

k
[5]

Where P is the pressure (Pa), x is the position coordinate (m), μ is
the dynamic viscosity (Pa s), v is the superficial fluid velocity (m s−1)
and k is the material permeability (m2). As shown in Figure 3a, Darcy’s
law aligns with experimental observations at low velocities where
viscous forces dominate; however, deviations are observed at higher
velocities as inertial forces begin to impact fluid behavior.75,76 For the
electrode materials considered here, the transition between Darcy and
non-Darcy flow occurs at Re ≈ 0.05-0.20 in good agreement with
previous studies of disordered fibrous media.75–77 As such, we employ
the 1D Darcy-Forchheimer equation78 that includes an additional term
to account for microscopic inertial effects:

− dP

dx
= μv

k
+ βρv2 [6]

Where β is the non-Darcy or Forchheimer coefficient (m−1), which
accounts for inertial effects in the fluid flow, and ρ is the fluid density
(kg m−3). Defining an appropriate characteristic length scale within a
fibrous electrode is challenging due to structural heterogeneity; thus,
for convenience, fiber diameter or radius is typically selected.79 Here,
we employ a definition of Re, first proposed by Green and Duwez,77

that incorporates material-specific microstructural information via the
permeability and the non-Darcy coefficient:

Re = kβρv

μ
[7]

Figure 3b shows the pressure drop per unit length as a function of
electrolyte flow rate for four different electrodes, using MeCN as the
working fluid. The observed pressure drops are inversely proportional
to the PSD of the different electrodes (see Figure 2). Specifically, elec-
trodes with the largest average pore diameters (SGL paper and cloth)
experience the lowest pressure drops whereas the electrodes with the
smallest average pore diameters (Freudenberg) experience the highest
pressure drops. Notably, there is a more than five-fold difference be-
tween electrodes with the highest and lowest pressure drop, Freuden-
berg paper and cloth, respectively. Bulk permeabilities and non-Darcy

Table III. Calculated permeabilities and Forchheimer coefficient
from experimental data fitting.

Electrode k·1011 (m2) β ·10−4 (m−1)

SGL paper 7.4 ± 1.4 3.2 ± 0.2
Toray paper 2.6 ± 0.1 2.0 ± 0.7
Freudenberg paper 2.0 ± 0.5 3.2 ± 1.0
Cloth 6.8 ± 0.4 2.1 ± 0.3
Felt∗ 2.7 ± 0.2 -

∗Obtained using liquid water instead of MeCN and Equation 6 for fitting
the data.

coefficients are obtained by fitting the Darcy-Forchheimer model to
experimental data and minimizing the square differences (Table III).
As expected, the permeability values are directly proportional to the
PSDs such that electrodes with larger pores have greater permeabil-
ity and electrodes with smaller pores have lesser permeability. The
range of permeability values measured is in general agreement with
prior art74,80–82 though, in many cases, quantitative comparisons are
difficult due to application-specific material treatments, such as poly-
tetrafluoroethylene (PTFE) coatings typical of PEFC GDLs, which
may have a minor effect on permeability.13,74 The Forchheimer coeffi-
cient indicates how the characteristic pressure drop deviates from the
Darcy’s law. As shown in Table III, this parameter is greater for SGL
and Freudenberg papers than for Toray paper and cloth suggesting a
slightly higher inertial contribution in the former two materials.

Note that as these measurements were performed in a flow cell
setup with a FTFF, the permeability values are representative of in-
plane transport. However, as evinced by the SEM images here and
detailed in prior art,40,61,63,74,81–83 these electrodes are anisotropic and
substantial differences exist between in-plane and through-plane prop-
erties. Consequently, the flow field configuration is expected to impact
the observed electrode permeability, particularly for interdigitated and
serpentine flow fields with fluid velocity components in at least two
directions.

Electrochemical performance.—Using a single electrolyte flow
cell configuration,29,47 we characterize the electrode performance and
quantify resistive losses using a combination of cell polarization
and electrochemical impedance spectroscopy (EIS) performed under
steady-state conditions and at a constant 50% SOC (Figure 4). As il-
lustrated in Figure 4a, during operation, electrolyte circulates through
both electrodes with active species oxidizing on the anode and reduc-
ing on the cathode before returning to the reservoir. As this configura-
tion uses a single redox couple, thus the same electrode reaction occurs
in opposite directions on either side of the cell, the open circuit poten-
tial is zero and the cell potential measured upon the passage of current
represents the summation of kinetic, ohmic, and transport resistances
(Figure 4b). These individual resistances can be disaggregated using
EIS and quantified through inspection or with a simple equivalent cir-
cuit model (Figure 4c). As we are interested in the role of transport phe-
nomena in the performance of the different electrodes, we take steps to
identify and minimize or eliminate kinetic and ohmic contributions,
which convolute data analysis. Thus, we select a kinetically facile
model redox couple, TEMPO/TEMPO+, dissolved in a low viscosity
organic solvent, MeCN, which also contains a moderate supporting salt
concentration. Non-distributed area-specific ohmic resistance (RΩ) is
approximated from the high-frequency intercept from the Nyquist plot
(Figure 4c) and this value is used to quantify and exclude ohmic con-
tributions from polarization curve analysis (Figure 4b).32 Across the
electrode set, we measured R� values of ca. 0.62 – 1.4 � cm2, which is
in general agreement with our prior work.33 The range in these values is
attributable to varying contact resistance contributions between the dif-
ferent electrodes and the graphite flow field, which may be due in part
to the differences in the degree of mechanical compression (Table S1).
For all experiments performed here, ohmic losses remain the largest
contribution to total cell resistance as expected given the moderate
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Figure 4. (a) Diagram of the single electrolyte flow cell configuration showing
the redox active species, TEMPO and TEMPO+. (b) Example cell polarization
data using Freudenberg paper as the electrode material at a 2.62 mL min−1

flowrate (ve ≈ 1.5 cm s−1). The ohmic contribution and the iRΩ-corrected cell
voltage are also plotted. The state of charge was set to 50% (0.25 M TEMPO /
0.25 TEMPO+). (c) Nyquist plots obtained using electrochemical impedance
spectroscopy for different electrodes in a single electrolyte flow cell at open
circuit potential under the same operating condition as in (b).

ionic conductivity of non-aqueous electrolytes.5,33,84 We anticipate that
kinetic contributions will be minor for all the electrodes tested
as the TEMPO/TEMPO+ redox couple has a high rate constant
(1.0 × 10−1 > k0 > 2.3 × 10−2 cm s−1)34,85 and is an outer sphere
electron transfer reaction, therefore insensitive to electrode surface
chemistry.86 The magnitude of this contribution is difficult to estimate
by inspection of the Nyquist plot in Figure 4c as the higher frequency
kinetic and lower frequency mass transfer responses are convoluted.
Thus, we employ a simple equivalent-circuit model consisting of an
inductor (L), to account for the lead resistance, in series with an ohmic
resistor (RΩ), as well as a constant-phase element (CPE), to account
for the non-ideal capacitive effects of porous electrodes,87,88 in paral-
lel with a series charge transfer resistor (RCT) and a bounded Warburg
element (Wδ). The results of the fittings show that, as expected, the
charge transfer resistance contributes < 5% of the total cell resistance

and is significantly smaller than the mass transport resistance. A ki-
netic rate constant can be calculated from the estimated charge transfer
resistance as follows:89

k0 = i0

nFC0
= RT

(nF )2C0RCT
[8]

where i0 is the exchange current density (A cm−2), n is the number of
electrons exchanged (here, n = 1), F is the Faraday constant (C mol−1),
and C0 is the electrolyte bulk concentration (mol m−3). The calculated
values, which are tabulated in supporting information (Table S2), range
from 2.5 × 10−3 to 4.1 × 10−2 cm s−1, which are slightly lower than
the previously reported values due to the relative coarseness of the
estimation method.34,85 Finally, we note that while EIS measurements
at OCV serve as a useful point of comparison between different elec-
trodes, quantitative descriptions of relative resistance contributions
and their dependence on applied potentials are not captured.90

Electrode performance as a function of electrolyte velocity.—
Increasing electrolyte flow rate to enhance mass transport is a com-
mon strategy used to improve electrochemical performance.29,37,51,91,92

Here, we compare the different electrodes at common electrolyte
velocities spanning two orders of magnitude via iRΩ-corrected polar-
ization measurements (Figure 5) and electrochemical impedance spec-
troscopy (Figure 6). Due to pump limitations in our experimental setup,
the thick felt electrode could only be evaluated at the lower two elec-
trolyte velocities. At the lowest electrolyte velocity (ve ≈ 0.5 cm s−1)
limiting current densities were observed for all electrodes (Figure 5a),
indicating reactant starvation. With increasing electrolyte velocity,
advective transport is enhanced enabling faster active species replen-
ishment and, as expected, significantly increases in limiting current
density. Indeed, while a limiting current density is still observed
for some of the electrodes at moderate electrolyte velocity (ve ≈
1.5 cm s−1, Figure 5b), at the highest electrolyte velocities (ve ≈
5.0 cm s−1, Figure 5c and ve ≈ 20 cm s−1, Figure 5d), the polar-
ization curves are linear over the range of current densities measured.
While the degree of electrochemical performance improvement varies
between electrodes, in all cases, there are diminishing returns for in-
creasing electrolyte velocity. We hypothesize that, as the flow rate
increases, the cells approach the limit of infinitely fast mass transfer
and charge transfer losses dominate the resistive characteristics of the
iRΩ-corrected polarization curve.

To quantify the resistive contributions to cell polarization as a
function of electrolyte velocity, we evaluate flow rate-dependent
impedance responses to a cell containing cloth electrodes as an exem-
plar (Figure 6a). As expected, increasing electrolyte velocities leads
to a reduction in mass transfer resistance as evinced by the decreas-
ing magnitude of the Nyquist plots. This in turn lowers cell resistance
and thus decreases iRΩ-corrected cell polarization enabling access to
higher current densities (Figure 5).29 More specifically, for the cloth,
mass transport overpotential accounts for ca. 35% of the total ASR
(RMT ≈ 0.51 � cm2) at low velocities and decreases to < 2% of the
total ASR (RMT ≈ 14 m� cm2) at the highest velocity which is on
the same order as the charge-transfer resistance (RCT ≈ 13 m� cm2).
Qualitatively similar trends are observed for the other electrodes in the
set and this data can be found in the supporting information (Figure S6
and Table S2). In all cases, RΩ is independent of velocity, as expected.
However, RCT does vary with velocity, which is because the average
concentration of reactant varies with the flow rate (i.e., stoichiometry).

As anticipated, for all electrodes, increasing electrolyte flow
rate improves overall cell performance, higher current densities are
achieved at a fixed cell potential, but the relative magnitudes of cell
resistance as well as the extent and rate of resistance reduction with
increasing electrolyte flowrate vary between the different electrodes.
With an exception of the lowest electrolyte velocity, SGL and Toray
carbon papers are the worst performing electrode materials. Of partic-
ular note is the inferior performance of the SGL carbon paper, which
has both the highest ECSA due to the presence of graphite binder
(Table II), as well as the highest bulk permeability, based on the largest
characteristic pore size (Table III and Figure 2). This result suggests
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Figure 5. iRΩ-corrected cell potential versus current densities at 4 electrolyte
velocities: (a) 0.5 cm s−1, (b) 1.5 cm s−1, (c) 5.0 cm s−1, and (d) 20 cm s−1 for
all five different electrodes at the lower velocities and four different electrodes
at the higher velocities. For the felt electrode, the volume flowrates required
to achieve the higher velocities exceeded the capabilities of the experimental
apparatus. The state of charge was set to 50% (0.25 M TEMPO / 0.25 M
TEMPO+).

that high surface area is not beneficial to performance under these
conditions and appears to indirectly support our earlier assertion that
charge transfer losses are a minor contributor to cell resistance due to
the electrolyte composition selected. For the carbon papers, electrode
performance is inversely correlated to pore size as the Freudenberg
paper outperforms both the SGL and Toray papers and shows greater
sensitivity to electrolyte flow rate. Electrodes with smaller pores
enable higher local electrolyte velocities, though similar superficial
velocities, and shorter diffusion lengths to the electrode surface
which, in turn, enhance electrochemical performance. In contrast, in
electrodes with larger pores, greater volumes of electrolyte solution
can pass through the porous material without contacting the electrode
surface. Interestingly, while only lower flow rates can be explored due
its thickness, the felt slightly outperforms the best papers at 0.5 cm
s−1 and 1.5 cm s−1 despite having a relatively large characteristic pore
size (Figure 2) suggesting that this parameter alone is not sufficient to
describe performance sensitivity. Indeed, in addition to having similar
pore sizes than the other papers, Freudenberg paper also has a distinct
microstructure (Figure 1), more similar to that of the felt, in which
entangled carbon fibers enable coherence without the need for binders.
The cloth, which outperforms all other materials across the range of
electrolyte velocities tested, also achieves structural integrity through
the interworking of fibers that leads to bimodal PSDs, with large pores
similar to the SGL paper and smaller pores similar to the Freudenberg
paper, as well as alignment on the fiber and yarn length scales. Thus,
the combination of the hierarchical organization and characteristic
pore sizes appears to lead to the best electrochemical performance.

To quantify the resistive contributions to cell polarization for differ-
ent electrodes, we compare impedance responses for cells containing
the different electrode materials at a representative electrolyte velocity
(ve ≈ 1.5 cm s−1, Figure 6b). Similar data sets at different electrolyte
velocities can be found in the supporting information (Figures S6 and
Tables S2). The Nyquist plots show reduced resistance for cells con-
taining the cloth, felt, and Freudenberg papers as compared to the SGL
and Toray carbon papers, in general agreement with the polarization
data (Figure 5). While the variations in cell resistance can be directly
correlated to changes in mass transport resistance between the differ-
ent electrodes, the SGL paper exhibits a higher-than-expected charge
transfer resistance, especially considering its high ECSA. We hypoth-
esize that this may be due to limited accessibility of electrode area
(e.g., dead-end pores, channeling within the electrode) during cell op-
eration which is supported by qualitative in situ imaging by Wong et
al.93 However, further work is needed to obtain a detailed understand-
ing of intra-electrode transport and kinetics.

Balancing electrochemical performance with pressure drop.—
For efficient system operation, the flow battery must balance the
competing effects of power performance, enabled by increasing elec-
trolyte flowrate through the porous electrodes, and pumping losses,
associated with hydraulic resistance of the electrode (Figure 7). We
anticipate that different electrode microstructures will lead to different
optima, but the common overarching goal is to maximize power
output without incurring offsetting pumping losses. Figure 7a illus-
trates this trade-off for woven (cloth) and non-woven (paper and felt)
electrodes where pressure drop per unit length is plotted against the
current density for a fixed iR-corrected overpotential of 50 mV, which
aligns with expected overpotentials allowable for energy-efficient
charge/discharge cycling.3,94 On this graph, each data point represents
a different electrolyte velocity (0.5, 1.5, 5, and 20 cm s−1). The cloth
provides the best balance of pressure drop and achievable current
density; for example, ∼570 mA cm−2 are obtained with a 0.50 MPa
m−1 pressure loss. Of the papers, the Freudenberg paper demonstrates
the second highest achieved current density (465 mA cm−2); however,
at a substantially greater pressure drop (9.8 MPa m−1) suggesting
that while increased electrochemical performance may be possible
as compared to the cloth, the concomitant pumping requirements
may preclude use of the Freudenberg paper under these conditions.
Interestingly, for the carbon papers, there are diminishing returns with
high flow rates (Figure 5). Though only two points are recorded due
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Figure 6. Nyquist plots obtained using electrochemical impedance spectroscopy for different electrodes in a single electrolyte flow cell at open circuit potential:
(a) Carbon cloth electrode at four different electrolyte velocities (0.5, 1.5, 5.0, and 20 cm s−1) and (b) five different electrodes at a given representative electrolyte
velocity (1.5 cm s−1).

to pumping limitations, the felt shows a similar trajectory to the cloth
albeit at lower current densities. Figure 7b provides a different repre-
sentation of this trade-off by comparing pumping power, determined
for the electrode length in the experiments and calculated by multiply-
ing the electrode-specific volumetric flow rate and pressure drop, and
mass-transport-associated electric power, calculated by multiplying
the fixed iRΩ-corrected cell potential (50 mV) with the various current
densities. The electric power represents an incremental power boost
associated with mass transport whose relative magnitude is meaningful
when comparing the different electrodes but the absolute magnitude
does not as the voltage used is not characteristic of a practical RFB
cell voltage. A parity line is used to indicate the limits of increasing
electrolyte velocity for the different electrodes. Not only does the cloth
electrode show the best balance of electrochemical performance and
pressure drop across all electrolyte velocities tested but, the trade-off
between mass-transport-related power and pumping power never
exceeds unity suggesting that further increases in electrolyte flowrates
may still yield improved performance. In contrast, the papers all show
an unfavorable trade-off at the highest flow rates indicating an upper
limit of electrolyte velocity, which is inversely dependent on charac-
teristic pore size but significantly lower than that of the cloth. Although
only two data points at low electrolyte velocities could be gathered
due to volumetric flow rate limitations, the felt appears to be following
an unfavorable trajectory as its increased thickness as compared to the
other materials necessitates higher volumetric flow rates to achieve
similar electrolyte velocities, directly contributing to pumping power
requirements.

While others have postulated the advantage of bimodal PSDs,23,41

to the best of our knowledge, this study is the first to systematically in-
vestigate the impact of electrode microstructure on mass transfer. We
hypothesize that the hierarchical microstructure of the cloth electrode

facilitates mass transport due to a combination of bimodal PSD, weave
pattern, and fiber alignment. Specifically, the reduced mass transport
resistance is facilitated by the presence of large pores with low tortu-
osity that enable high permeability and thus provide fast electrolyte
replenishment, along with the small, aligned pores between the fibers
within the filament yarns that enable high diffusive fluxes to the fiber
surfaces. In addition, the narrow PSDs for each pore population and the
periodic microstructure (Figure 2) may enable more uniform veloc-
ity distribution throughout the electrode while minimizing stagnation
zones. Establishing quantitative design criteria for future electrodes
based on the results described above requires a comprehensive treat-
ment of the coupled reaction and transport processes within the spe-
cific three-dimensional electrode structures,53,95–99 which is beyond
the scope of this initial work.

Conclusions

Improving electrode performance within the electrochemical stack
of an RFB offers a means of reducing system costs through decreased
resistance and increased power density. While most prior work has fo-
cused on tuning surface chemistry to enhance redox reaction rates,
comparatively few efforts have explored the role of electrode mi-
crostructure and its impact on mass transport and hydraulic resistance
within the flow cell. To this end, we evaluated a series of electrodes (pa-
pers, felts, cloth), all based on micrometric carbon fibers of similar di-
ameters but assembled into coherent structures via different methods,
using a suite of microscopic, analytical, and electrochemical methods
to develop structure-performance relationships. To minimize compli-
cations of carbon surface chemistry, electrode wetting, and variable
contact resistance, ohmically-corrected polarization and electrochem-
ical impedance spectroscopy measurements were performed in a sin-
gle electrolyte flow cell configuration with a MeCN-based electrolyte
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Figure 7. (a) Normalized pressure drop versus current density and (b) required
pumping power versus electrical power at 50 mV iRΩ-correct overpotential for
the five different electrodes. A demarcation of unity is indicated by the dashed
line and the shaded region above this line.

containing a TEMPO/TEMPO+ redox couple. In general, for the
carbon papers, we found an inverse relationship between pore size
distribution or permeability and electrochemical performance, where
Freudenberg paper outperformed both Toray and SGL papers, and that
the gains in mass transport offset the increases in hydraulic resistance.
The felt electrode showed promising performance at low electrolyte
velocities, but, as it is an order of magnitude thicker than the other elec-
trodes, the volumetric flow rate requirements challenged our experi-
mental apparatus and led to greater pumping losses. In contrast to the
papers and felt, the hierarchical and periodic structure of the cloth elec-
trode results in two distinct pore sets; specifically, larger through-plane
pores at the perpendicular intersection of filament yarns and smaller
in-plane pores between the fibers which make up each yarn. This bi-
modal distribution enables both high permeability, thus low hydraulic
resistance, and low mass transfer resistance, thus high electrochemical
performance, breaking the inverse relationship observed in electrodes
with monomodal pore size distribution. This outcome is durable and
applicable to different soluble redox chemistries though the relative
impact of improved mass transfer on overall cell resistance will depend
on the performance-limiting factors of the particular device.

Looking forward, the myriad of weave patterns associated with
textile manufacturing provides nearly unlimited design opportunities
for cloth electrodes. However, to efficiently progress through this
materials space will require a more detailed understanding of local

transport phenomena with the complex electrode geometry. Thus, fu-
ture work will focus on combining electrochemical experiments with
high-resolution imaging (e.g., X-ray tomographic microscopy) and
computational fluid dynamic modeling, which can offer insights into
electrolyte velocity and concentration distribution within different
electrodes. In addition, though not the primary focus of this study,
the reductions in mass transfer resistance as a function of electrode
choice and electrolyte velocity enabled total cell resistances below 1 Ω

cm2 marking another important incremental step towards high power
non-aqueous RFBs as current densities in excess of 400 mA cm−2 are
achieved with 0.3 V of overpotential. However, continued efforts to de-
velop redox chemistries with high cell voltage (≈3 V) and conductive
yet sufficiently selective separators are necessary to ultimately realize
a full high power system. While the focus of this study is non-aqueous
electrolytes for use in RFBs, the outcomes should be generalizable
to electrochemical technologies that leverage convective liquid-phase
transport through reactive porous media.
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List of Symbols

Symbol Description Units
C0 Bulk concentration mol m−3

Cspec Specific capacitance F cm−2

Ecell Cell voltage V
ECSA Electrochemically active surface area m g−1

EDLC Electrochemical double-layer capacitance F
F Faraday constant C mol−1

i Current density mA cm−2

i0 Exchange current density mA cm−2

iEDLC Average capacitive current mA
k Permeability m2

k0 Kinetic rate constant cm s−1

L Inductance H
me Electrode mass g
n Number of electrons exchanged -
P Pressure Pa
Q Volumetric flow rate m3 s−1

RCT Charge transfer area-specific resistance Ω cm2

Re Reynolds number -
RMT Mass transport area-specific resistance Ω cm2

RP Pore radius m
RΩ Ohmic area-specific resistance Ω cm2

t time s
te Electrode thickness m
V Voltage V
v Superficial fluid velocity m s−1

ve Electrolyte velocity m s−1

we Electrode width m
x Position coordinate m

Greek
β Forchheimer coefficient m−1

ɛ Porosity -
η Overpotential V
ηCT Charge transfer overpotential V
ηMT Mass transport overpotential V
ηΩ Ohmic overpotential V
μ Dynamic viscosity Pa s
ρ Fluid density kg m−3
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