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Membranes are a critical component in flowing-electrolyte electrochemical systems like redox flow
batteries (RFB), and as such, they contribute significantly to overall RFB stack cost which affects
technology adoption. We explore flow-field-informed membrane coverage distribution in this part of the
series. Where membrane coverage distribution is specifically informed by the relative positions of the
‘channel’ and ‘land’ in the adopted flow-field design — towards cell/stack cost reduction with minimal
compromise in power and efficiency. Simulated performance comparison of a Vanadium RFB cell in 3D
with membrane-electrode assemblies (MEA) having full membrane coverage and channel/land-adjacent
membrane coverage reductions showed the promise of channel-adjacent membrane coverage
reduction across all evaluated flow-field designs. We found that the membrane coverage can be
reduced by up to 20% (adjacent to the flow-field channel), with simulations showing less than 1%
compromise in power compared to full membrane coverage MEA. We also observed that the prevalent
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1. Introduction

Redox Flow Batteries (RFBs) are attractive grid-scale electro-
chemical energy storage options well-suited for long-duration
applications integrating renewable energy sources. Their main
advantage is their capability to scale with decoupled power and
energy, in addition to long cycle life."”> However, some RFB
technology challenges requiring continuous attention are low
power density and high costs.** Among the RFB components,
the membrane is one of the key drivers of both cost™® and
system performance.””® Improvement of RFB membrane design
has been the subject of many previous studies. The studies
include: using membranes with improved properties (such as
high ion selectivity, low electrical resistance, good chemical
stability, high mechanical strength, high thermal stability, and
high proton conductivity), optimization of membrane thick-
ness and porosity,” ™" and even fully membrane-less systems.">
While most of these previous works tend towards improving

Research & Development Centre, Dubai Electricity and Water Authority (DEWA),
P.O. Box 564, Dubai, United Arab Emirates.

E-mail: Mushaudeen.bamgbopa@dewa.gov.ae

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4ya00118d

© 2024 The Author(s). Published by the Royal Society of Chemistry

performance, they have also often resulted in increased cost
through complex membrane preparation/modification steps.
These strategies to improve membrane design generally involve
the following.

i. Enhance mass transport and selective ion transport -
leading to improved energy efficiency.

ii. Reduction of membrane degradation and failure to
improve the battery cycle life.

iii. Reduction/replacement of expensive membrane material
amount to lower cell/stack cost.

As a cost reduction measure (primarily), we recently pre-
sented the general concept of organized membrane lateral size
reduction in RFB cell architectures.” The goal of the organized
macro-scale-sized membrane coverage reduction within the
membrane-electrode assembly (MEA) - as seen in Fig. 1, is to
reduce cost while not compromising long-term electrochemical
performance.

The literature shows that introducing flow fields/patterns
in RFBs can significantly improve battery power and energy
efficiency.*™*°

The flow fields/patterns dictate the flow regime and electro-
Iyte distribution within the MEA, influencing the battery per-
formance by reducing concentration overpotentials.™® Therefore,
the apparent advantage of membrane coverage reduction within
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Fig. 1 Conventional cell architecture with full membrane coverage in the

electrode overlap. Cell architectures presented in Part 1 of this work

series, with centred and double-strip membrane coverage.
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the MEA is worth investigating from the perspective of the
prevalent flow regime induced by different flow fields/patterns.

This study investigates flow-field-informed membrane cov-
erage distribution for RFBs using vanadium RFB as a model
chemistry/system. Here, the membrane coverage distribution is
specifically informed by the relative positions of the ‘channel’
and ‘land’ in the flow-field. In the proposed, membrane cover-
age will be reduced in the MEA (at different percentages) in
areas adjacent to the land or channel. The non-membrane-
covered areas in the MEA are replaced with an impermeable
medium, like a gasket as seen in Fig. 2.

2. Methodology

Modelling and simulation with interdigitated, parallel, and
serpentine flow-fields was adopted to demonstrate the flow-
field-informed membrane coverage distribution designs
herein. The validated 2D VRFB cell model previously presented
in Part 1 of this series* was upgraded to 3D and applied with
the domains of the respective flow-fields incorporated. The 3D
model uses a representative unit of the respective flow-fields,
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Fig. 2 (a) 3D cell fluid-flow domain with sample interdigitated flow-field.
(b) Modeled representative unit of the interdigitated flow-field design
(exploded-view) with full membrane coverage and the corresponding
variants of parallel and serpentine flow-field designs are shown below.
(c) Front view of the representative unit for channel-adjacent membrane
reduction. (d) Front view of the representative unit for land-adjacent
membrane reduction for; interdigitated, parallel, and serpentine flow-
field designs, respectively, vertically stacked.
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Table 1 Simulated system nominal operating conditions/parameters

Operating Condition Value

Cell cross-sectional area 10 cm?

Flow channel width 3.2 mm
Flow channel depth 1.6 mm
Land width 1.3 mm
Flow-field land-to-channel ratio

Interdigitated 0.20

Parallel 0.15
Serpentine 0.17
Electrolyte formulation 1.04 M vanadium in 5 M sulphate
Polarization SOC 50%
Electrolyte inflow rate 20 mL min~"

including the MEA (see Fig. 2a and b), which helps us perform
the simulations with computational efficiency.

We avoid re-stating the mathematical formulations govern-
ing the Multiphysics model herein, as previously presented in
Part 1 of this series.* However, specific details and peculiarities
of the 3D transform of the model cell herein are presented in
Table S1 of (ESIT). Table 1 summarizes the nominal values of
the main system characteristics of the simulated VRFB cell
model. The performance of the various designs presented
herein is firstly characterized by steady-state galvanostatic
(dis)charge polarization tests at 50% cell state of charge
(SOC). The respective concentrations of all active and support-
ing electrolyte species at analyzed SOCs (see Tables S1 and S2 in
ESIt) were obtained from prior transient galvanostatic (dis)-
charge simulation with full-coverage MEA.

Fig. 2c and d show the simulated membrane coverage
profiles with gaskets for the interdigitated, parallel, and ser-
pentine flow-field designs tested with full membrane coverage,
land-adjacent, and channel-adjacent membrane coverage
reductions. For each flow-field design, full membrane (100%)
coverage MEA architecture was compared to other MEA archi-
tectures having 95%, 90%, 80%, and 70% membrane coverage —
corresponding to total membrane size reductions of 5%,
10%, 20%, and 30%, respectively in the MEA. These tested
membrane size reductions were adjacent to either the flow
channel or land (see Fig. 2). In addition to the discharge
polarization tests, steady-state voltage responses at varying
SOCs under high current were also adopted to investigate the
promising designs presented.

3. Results & discussion

The presented MEA architectures in this work result in some
areas (with)out membrane presence in the MEA, where an
electrical and ionic insulator like a gasket replaces areas with-
out the membrane. Admittedly, reducing the membrane’s over-
all size is expected to increase ohmic resistance and negatively
impact the cell’s overall efficiency and power. However, we
postulate that an optimal membrane coverage reduction
amount and location can minimize cost and performance
degradation compared to full membrane coverage.

The expectation of an optimal membrane coverage distri-
bution is backed by the fact that, in many electrochemical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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systems, there is a spatial variation of electrochemical activity
in the MEA due to variations in reaction kinetics and mass
transport.*®” In electrochemical systems with flowing electro-
lytes like RFBs, the established flow regime also strongly
influences the electrochemical activity in the electrodes.

3.1. Flow-field-informed membrane coverage distribution

Here we compare the simulated electrochemical tests of
cell architectures employing the different flow-fields, with full
membrane coverage and reduced membrane coverage adjacent
to either flow channel or land. The respective membrane
coverage reductions totaled 5%, 10%, 20%, and 30%. This
comparison/investigation primarily addresses the following
research questions:

e Which membrane reduction location (adjacent to flow-
field channel or land) gives better cell performance?

e Are the performance trends consistent across the differ-
ent flow-fields for reasonable membrane coverage reduction
percentages?

Fig. 3 presents the discharge polarization results (at 50% SOC)
for all tested MEA architectures - using the respective quasi-
steady-state voltammetric responses while discharging. Among
the three tested flow-fields, the interdigitated flow-field-based
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Paper

MEA architectures in Fig. 3a generally recorded the highest power
(highest cell potentials at the constant discharge currents)
compared to the same MEA architectures with either serpentine
or parallel flow-fields. Fig. S1 in (ESIf) summarizes the
obtained power densities at 100 mA cm™> from the tests in
Fig. 3. The recorded potentials from interdigitated flow-field
were closely followed by the serpentine at all current densities
tested. In contrast, the parallel flow-field shows more signifi-
cant overpotentials with increasing current density. The MEA
architectures applying both interdigitated and serpentine flow-
fields recorded similar potentials up to 20 mA cm™ >, beyond
which the interdigitated flow-field shows higher cell potentials.
The average cell potential for all MEA architectures was about
3.9% and 0.3% lower for parallel and serpentine, respectively,
compared to interdigitated (Fig. 3). These observations from
a general comparison of flow-fields are expected - given the
dominant flow regimes enforced in the electrodes by the
respective flow-fields. With reference to the flow within the
electrodes as modeled by the Brinkman equation, the momen-
tum transport enforced within the electrodes is solely diffusive
with parallel flow-field, combined diffusive and convective/
advective with serpentine flow-field, while solely convective/
advective for interdigitated flow-field."* Therefore, the order of
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Fig. 3

(a) Steady-state discharge polarization of cells adopting interdigitated, parallel, and serpentine flow-fields at 50% SOC. Showing full membrane

coverage, 5%, 10%, 20%, and 30% total membrane coverage reduction — adjacent to channel or land. (b)—(d) Magnified comparison at 100 mA cm™~2 for
interdigitated, parallel, and serpentine flow-fields, respectively. CR: Channel-adjacent membrane reduction MEA architecture, LR: land-adjacent

membrane reduction MEA architecture.
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increasing electrolyte flow velocity within the electrodes goes
from parallel to serpentine to interdigitated (see Fig. S2 in
ESIY).

The discharge polarization results at 100 mA cm™
particularly highlighted for performance comparison of the
different MEA architectures, given that analyzed effects are
most magnified at this highest test current density (see
Fig. 3b-d). For the MEA architectures with interdigitated flow-
field, as shown in Fig. 3b, the cell potential of 5% channel-
adjacent membrane reduction (CR) MEA matches that of full
membrane coverage MEA. As expected, cell potential gradually
decreases with increasing membrane reduction by up to 30%.

There is also a clear indication of channel-adjacent mem-
brane reduction (CR) outperforming land-adjacent membrane
reduction (LR) at all total membrane reduction percentages —
for both interdigitated and serpentine flow-fields (also shown
in Fig. 3c). We surmise that critical ionic-electronic conduction
pathways are more prolonged with LR compared to CR -
resulting in higher ohmic overpotentials for LR compared to
CR. Although the superiority of CR to LR is reversed for 5% and
20% total membrane reduction with parallel flow-field (Fig. 3d),
30% land-adjacent membrane reduction MEA consistently
reported the lowest cell potential for all flow-fields. The recorded
cell potentials at 5% and 20% total membrane reduction with
parallel flow-field suggests that, even though there is generally a
strong influence of ohmic overpotential with increasing
membrane reduction (comparing CR and LR), the membrane
reduction itself (either CR or LR) can modify the prevalent flow
regime in the MEA, thereby influencing the concentration over-
potential. These summations from results in Fig. 3 directly
address the vital research questions posed earlier.

To further explore the observations of results in Fig. 3, Fig. 4
helps visualize momentum transport across the membrane and
electrolyte current density - for full membrane coverage and
30% total membrane coverage reduction (channel and land-
adjacent).

Active species cross-over across the membrane is induced by
both pressure and concentration gradients between the positive
and negative sides of the cell. Therefore, Fig. 4a reflects cross-
over due to bulk electrolyte transfer (pressure gradient induced)
across the membrane. The figure shows higher bulk electrolyte
transfer across the membrane near the inflows, as expected
(given the higher velocities).

As a result of the velocity magnitudes and prevalent flow
distribution, both reduced membrane coverage MEA variants
(CR and LR) record lower cross-over compared to the full
membrane coverage MEA. The maximum x-component of
velocity was at least 0.73% lower - as parts of the membrane
have been replaced by the impermeable gasket. The channel-
adjacent membrane reduction MEA shows the least cross-
over from ~1.01% lower maximum x-component of velocity
for all flow-fields tested. Within channel-adjacent membrane
reduction MEA, the membrane is replaced with the imperme-
able medium at a location of higher-velocity flow. This replace-
ment contributes to the general performance improvement for
CR compared to LR which is highlighted in Fig. 3.

2 are
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Fig. 4 (a) Flow velocity (x component) across the membrane domains

for MEAs with full membrane coverage or 30% channel/land adjacent
membrane reduction. (b) Electrolyte current density profiles for the flow-
field designs of the full membrane coverage and 30% reduced membrane
coverage architectures. The negative electrode is on the left, positive on
the right.

Convective flux dominates the total species flux, which is
directly proportional to the obtained electrolyte current densi-
ties shown for all MEAs in Fig. 4b. The electrolyte current
density spikes seen in Fig. 4b where the membrane disconnects
for both reduced membrane coverage MEAs confirm the obser-
vations regarding prevalent flow regimes with the respective
flow-fields. Modification of these flow regimes by the selected
membrane reduction MEA architecture (CR or LR) is indicated.
Fig. 4b also reflects the earlier mentioned difference in ionic
conduction pathways with CR and LR - for the same high total
membrane coverage reduction at 30%. Interestingly, even
though we explore membrane reduction in this series primarily
as a cell/stack cost reduction measure, these discussed spatial
variations with membrane reduction at specific regions can
help control the spatial variation of electrochemical activity for
thermal management. Therefore, meticulous membrane cover-
age reduction/distribution design not only potentially reduces
cost — while minimizing electrochemical performance compro-
mise (compared to full coverage), but it can also aid long-term
stack performance to mitigate electrode or cell component
degradation. The potential for cell component degradation
mitigation is motivated by the fact that the known locations

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Steady-state discharge polarization of cells adopting interdigi-

tated at 50% SOC and 100 mA cm™2. Showing full membrane coverage
and 10% total membrane coverage reduction — adjacent to channel or
land. CR: Channel-adjacent membrane reduction MEA architecture, LR:
land-adjacent membrane reduction MEA architecture.

of the membrane reductions can better inform thermal man-
agement design - since the locations might be potential hot
spots. Conversely, membrane reduction can also be applied to
redistribute hot spots which other cell architectures with full
membrane coverage may have.

Investigations so far have been based on the nominal cell
design to simplify the influences discussed. The applied chan-
nel and land widths are similar to widely applied lab-scale
10 cm” test-cells. It is noteworthy that the land-to-channel
coverage ratio affects performance in RFB cells with flow-
fields. Fig. 5 compares the discharge polarization at 100 mA cm >
for interdigitated flow-field cells with varying land-to-channel
ratios, where membrane coverage is full or CR/LR at 10%. Land:-
channel of 0.20 corresponds to the nominal cell with channel width
double the land width (see Table 1).

(a) (b) 450
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The convective species flux is significantly modified with
increasing land-to-channel ratio which results in lower cell
potentials seen in Fig. 5. As land-to-channel ratio increases,
the flow channels become narrower and shorter - worsening
the electrolyte flow distribution in the electrodes.

Increasing land:channel between 0.33 and 0.50 also lead to a
peak in pressure drop across the unit cell which subsequently
decreases towards land:channel of 1.76, where electrolyte flow
simply seeks the shortest path through the electrode towards
the outflow (see Fig. S3 in ESIt). There is no significant
difference in electrochemical performance between LR
and CR at 10% anyway as previously shown - even when
land-to-channel coverage ratios change.

Considering the results and discussions thus far, the inter-
digitated flow-field with 20% channel-adjacent membrane
reduction MEA can be considered optimal, especially when
operated at higher current densities since its performance is
more comparable to full-membrane coverage than when the
membrane coverage is reduced by 30%. A comparison of
galvanostatic charge-discharge simulation at 100 mA cm™? is
presented in Fig. 6a between this design and its full membrane
coverage counterpart. The CR 20% MEA architecture reports
around 0.03% higher cell potential during charging, and
~0.02% lower cell potential during discharge, compared to
full membrane coverage MEA. This result indicates slightly
lower battery capacity is expected in a sample dynamic galvano-
static charge-discharge cycling with set voltage limits - due to
the higher cell potentials at specified SOCs while charging. The
capacity per cycle for CR 20% MEA will significantly improve
with long-term continuous cycling, given cross-over reduction —
when compared to full membrane coverage MEA.

Furthermore Fig. 6b presents the net power-based efficiency
() taking into account both cell power and discounted pump-
ing power, while Fig. 6c magnifies the comparison in # at the
varying discharge current densities for both CR 20% and full
membrane coverage MEA. The pumping power is the product
of electrolyte flow rate and combined pressure drop across both
sides of the cell. Net power is used in order to account for gains
in crossover reduction from adopting membrane reduction.
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Fig. 6 Comparison of interdigitated flow-field with full membrane coverage MEA and 20% channel-adjacent membrane reduction MEA (CR 20%). (a)

Simulated single charge—discharge response at 100 mA cm™2

. (b) Net power-based efficiency n = P

;el-diacharge/P:wl-charge' at 50% SOC for discharge

current densities of 10 mA cm—2 to 150 mA cm~2, where P = (Pccll - Ppump)A (c) Percentage reduction in  applying CR 20% MEA compared to full
membrane coverage MEA. These steady-state simulations are based on species concentrations in Table S2 of ESI.¥
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Blade movement

e
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Fig. 7 Process diagram of fabrication of flow-field-informed membrane design using doctor blading process. (Shown here is land-adjacent membrane
reduction considering an interdigitated flow-field.) (a) Gasket with a cut-out in the shape of the desired membrane distribution is placed on the flat/
contoured substrate. (b) The membrane material solution is added to the cut-out volume, and the blade is used to cast the membrane to corresponding
thickness. (c) Post-processing of the membrane using drying, cooling, or other methods. (d) The resulting membrane configuration.

Fig. 6¢ shows efficiency compromise (from adopting CR 20%
MEA) increases towards 1% as current density increases —
compared to full membrane coverage MEA.

3.2. Fabricating MEA architectures with flow-field-informed
membrane coverage distribution

The use of membrane patterning techniques, for instance,
thermal imprint lithography, imprinting with patterned silicon
molds under high pressure/temperature, electron beam, and
plasma etching, have been reported previously for different
applications such as fuel cells and solar cells. Nevertheless,
such processes are complex, associated with high cost, and
therefore not favored for mass production.'®?* Such signifi-
cantly increased fabrication costs defeat any material cost
reduction from using up to 20% less membrane area/coverage.

To achieve MEA with membrane (non)presence informed by
relative positions of ‘land’ and ‘channel’ in flow-field pattern,
other approaches, such as Meyer bar coating, doctor blade
coating, and slot die coating, could be promising fabrication
techniques for mass production. Meyer bar coating has a lower
cost than the other two techniques; however, the scalability of
this method is limited and, therefore, less recommended for
such applications. Doctor blade and slot die coating is con-
sidered to have better scalability than Meyer bar coating.
However, despite slot die coating’s capability to provide simple
2D patterns and controlled thickness, this technique’s com-
plexity is higher than doctor blade coating. To achieve the
proposed MEAs, the pre-defined flow-field-informed membrane
coverage pattern can be cut out of insulating gasket sheets.

1312 | Energy Adv., 2024, 3,1307-1313

Following this, in situ membrane casting using doctor blade
coating can be applied to obtain the flow-field-informed
membrane coverage distribution - as summarized in the pro-
cess diagram of Fig. 7.

Specific challenges and ongoing considerations for the
fabrication are worthy of note. Even when a cost-effective
method appears promising - the method should be able to
produce uniform coating due to the edge effects from the
membrane cut-out as seen in Fig. 7. Admittedly, the practically
applied method should not involve extensive or complicated
processes which could defeat the purpose of cost reduction by
membrane coverage reduction.

4. Conclusions

This study continues our investigations into organized mem-
brane size/coverage reduction in RFBs by considering flow-field-
informed membrane (non)presence in the MEA. Here, the
performance of a 3D VRFB cell model was simulated for
MEAs having full membrane coverage and compared to both
flow-field channel and land-adjacent membrane reduction.
The membrane coverage reductions totaled 5%, 10%, 20%,
and 30% for MEAs evaluated with interdigitated, parallel, and
serpentine flow-fields. Our simulation results indicated that
although the reduced membrane coverage MEAs generally
reported lower power (compared to full membrane coverage),
channel-adjacent membrane reduction is promising.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The MEA architecture with channel-adjacent membrane
reduction mostly outperformed the land-adjacent counterpart
at most membrane coverage percentages with the different
considered flow-fields. Channel-adjacent membrane reduction
is shown to have higher cross-over prevention in regions of
higher velocity within the MEA, in addition to having shorter
critical ionic-electronic conduction pathways compared to the
land-adjacent counterpart. It is also observed that although
there is generally a strong influence of ohmic overpotential
with increasing membrane coverage reduction, the membrane
reduction choice (either channel or land adjacent) equally
influences concentration overpotentials. Overall, the MEA
architecture with 20% channel-adjacent membrane reduction
in interdigitated flow-field maximizes membrane coverage
reduction percentage with the least power compromise -
when compared to full membrane coverage MEA with the same
flow-field.

From a brief analysis of membrane fabrication state-of art,
we also considered the most applicable fabrication techni-
ques towards mass manufacturing the promising MEA with
membrane (non)presence informed by relative positions of
‘land’ and ‘channel’ in applied flow-fields. A combination of
patterned gasket cutting, and doctor blade coating is promising
to avoid significantly increased fabrication costs which can
outweigh any material cost reduction from using up to 20%
less membrane area/coverage. Furthermore, the flow-field-
informed membrane coverage reduction introduced here
demonstrates impacts on the spatial variation of electrochemi-
cal activity, which can be advantageous in informing cell
thermal management to prevent electrode degradation and
improve overall stack performance and longevity.
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