central
science

HeoO606

http://pubs.acs.org/journal/acscii

Research Article

High-Voltage Aqueous Redox Flow Batteries Enabled by Catalyzed
Water Dissociation and Acid—Base Neutralization in Bipolar

Membranes

Zhifei Yan, Ryszard J. Wycisk, Amy S. Metlay, Langqiu Xiao, Yein Yoon, Peter N. Pintauro,

and Thomas E. Mallouk*

Cite This: ACS Cent. Sci. 2021, 7, 1028-1035

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Aqueous redox flow batteries that employ organic
molecules as redox couples hold great promise for mitigating the
intermittency of renewable electricity through eflicient, low-cost diurnal
storage. However, low cell potentials and sluggish ion transport often
limit the achievable power density. Here, we explore bipolar membrane
(BPM)-enabled acid—base redox flow batteries in which the positive
and negative electrodes operate in the alkaline and acidic electrolytes,
respectively. This new configuration adds the potential arising from the
pH difference across the membrane and enables an open circuit voltage
of ~1.6 V. In contrast, the same redox molecules operating at a single
pH generate ~0.9 V. Ion transport in the BPM is coupled to the water
dissociation and acid—base neutralization reactions. Interestingly,
experiments and numerical modeling show that both of these processes
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must be catalyzed in order for the battery to function efficiently. The acid—base concept provides a potentially powerful approach to
increase the energy storage capacity of aqueous redox flow batteries, and insights into the catalysis of the water dissociation and
neutralization reactions in BPMs may be applicable to related electrochemical energy conversion devices.

B INTRODUCTION

The intermittent nature of renewable energy sources such as
solar and wind presents a barrier to their large-scale
implementation, a problem that can potentially be addressed
by an efficient and cost-effective means of electrical energy
storage over periods of days. Electrochemistry provides a viable
solution to the problem by storing charge that can be
converted back to electrical power with high round-trip
efficiency.””” Among electrochemical energy storage devices,
aqueous redox flow batteries are promising because of the vast
design space of redox molecules, the independence of energy
and power density, the scalability of energy storage, and the
manufacturability of cell hardware. To compete with
alternative storage methods, however, improvements in energy
and power density, cell lifetime, cost, and safety are still
needed.”™”

A higher battery potential increases the power density of
redox flow batteries, which in turn reduces the stack cost.’
Increasing the cell potential has so far been achieved mainly by
designing redox molecules with more extreme redox
potentials,”*~” but the factors of reversibility, solubility, and
raw materials availability must be considered for practical large-
scale usage. The creation of a cross-membrane potential by
means of pH gradient can add to the potential difference
between the redox molecules, providing a simple tool for
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increasing the cell potential. This idea has been studied with
water electrolysis at the anode and cathode, but the high
overpotentials of the water oxidation and oxygen reduction
reactions compromise the efficiency of energy storage.'’”"”
The use of a pH gradient to increase the voltage of a primary
battery based on flowing redox molecules has been studied in
microfluidic devices by generating a laminar flow of acidic and
basic solutions.'”'* For this approach to scale to macroscopic
dimensions, a membrane is needed to maintain the pH
gradient while transporting ions that charge-compensate the
anode and cathode reactions. Here we exploit the fact that
bipolar membranes (BPM), composed of a cation exchange
layer (CEL) and an anion exchange layer (AEL), can
effectively manage the transport of proton and hydroxide
ions while maintaining a stable pH gradient at high current
densities.””~"” In contrast to conventional acidic or alkaline
redox flow batteries that operate at a single pH, the BPM-
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enabled acid—base redox flow battery places the positive and
negative electrodes in high and low pH environments,
respectively (Figure 1a).
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Figure 1. Schematic illustration of a BPM-based acid—base redox flow
battery. (a) The discharging process of the battery is shown, where
ferrocyanide (Fe(CN)s*") in aqueous KOH is reduced and SPV
(sulfonatopropyl viologen, structure shown in Figure 3a) in H,SOy is
oxidized at the positive and negative electrodes, respectively. The H*
and OH" ions carry the charge in the bipolar membrane (BPM) that
is composed of anion- and cation- exchange layers (AEL and CEL).
The electrolytes are cycled through the cell using a peristaltic pump.
(b) The transport of H* and OH™ ions is coupled with the water
dissociation and acid—base neutralization reactions during the
charging and discharging processes, respectively. The AEL and CEL
face the positive and negative electrodes, respectively. The BPM is
subject to reverse bias when the flow battery is charging and operates
in forward bias during discharge.

The functioning of an acid—base redox flow battery relies on
matching operating pH’s with the properties of the redox
molecules, as well as effective ion management in the
membrane electrolyte. A successful design must consider the
stability of materials,"™'” the pH-dependent reaction ki-
netics,”’~>* and the pH-dependent shifts in redox potentials.'*
The fast kinetics of the H,/H" and O,/OH™ half reactions in
acidic and basic media, respectively, have motivated the study
of BPMs in H,—O, fuel cells® and water electrolyzers,">****
where the thermodynamic potential of the overall reaction is
unchanged because the membrane potential is matched by the
Nernstian shift of the redox reactions. Previous efforts to use
the membrane potential as an independent element of energy
storage have been compromised by the lack of reversible redox
processes at the electrodes, resulting in a low system round-trip
efficiency.'>*

To achieve high energy conversion efliciency, effective
management of ion transport is also required as ions carry the
current in the electrolyte. The transport of H* and OH™ is
coupled with the water dissociation and acid—base neutraliza-
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tion reactions at the AEL/CEL interface, which acts as a source
or sink of ions in the charging and discharging processes,
respectively (Figure 1b). Water dissociation is a slow process,
but it can be accelerated by an applied electric field, which
creates an overpotential for the charging reaction and by
interfacial catalysis at the AEL/CEL junction.'”*® Acid—base
neutralization in forward bias, on the other hand, is generally
thought to be rapid and so has received less attention. A
previous numerical simulation proposed a trap-assisted charge
recombination mechanism for H" and OH™ in acid—base fuel
cells.”' More detailed experiments and simulations, which we
present below, provide further insight into free energy losses
associated with this key process.

The neutralization reaction of H and OH™ is rate-limited by
their local concentrations in the region of the CEL/AEL
interface. As a result, much of the potential generated across
the BPM by the pH gradient can be lost when a forward bias is
applied, unless the AEL/CEL interface is equipped with a
suitable catalyst, such as graphene oxide (GO), to maintain the
quasi-equilibrium of H', OH", and water. Understanding these
effects enables us to successfully demonstrate a reversible
BPM-based acid—base redox flow battery that achieves a ~1.6
V cell potential using the same redox molecules (ferrocyanide
and a viologen derivative), which, operating at a single pH,
create only a ~0.9 V overall potential.

B RESULTS AND DISCUSSION

BPM under Forward Bias. The BPM plays an important
role in the acid—base redox flow battery because it separates
the positive and negative electrodes, prevents crossover of
redox molecules, and conducts ions. The BPM is composed of
a sulfonated poly(ether ether ketone) (SPEEK) CEL, GO as
interfacial catalyst, and AEL (30 um, Fumasep FAS-30). To
study the BPM in isolation, we monitored the cross-membrane
potential by using a four-electrode setup (Figure 2a), which
eliminates the influence of the redox processes on the
electrodes.'”” 0.1 M KOH and 0.1 M HCI solutions were
placed on the AEL and CEL sides of the BPM, respectively,
creating a pH gradient with an open circuit potential of ~710
mV (Figure 2d). The BPM containing an interfacial GO
catalyst layer had a smaller overpotential under both reverse-
and forward-bias conditions. The difference in the over-
potential reflects the acceleration of reaction rates by GO at
the AEL/CEL interface since the potentials were corrected for
ohmic resistance. Slower reaction kinetics in BPMs without
catalyst were confirmed by electrochemical impedance spec-
troscopy (EIS) measurements (Figure S1). It is interesting to
note that the presence of the GO catalyst also significantly
affects the acid—base neutralization process (Figure 2d), even
though the rate of that reaction is typically assumed to be
diffusion-controlled in liquid water.

To gain more insight into the effect of the catalyst, we
constructed a one-dimensional numerical model with four
segments representing the basic and acidic electrolytes
separated by the AEL and CEL of a BPM (Figure 2b). A
potential difference was imposed on the two open boundaries
that act as the reference electrodes, and the current density was
collected based on the ionic fluxes. To study the influence of
the catalyst on the rates of the dissociation (k;) and
neutralization (k,) processes, we compared three models that
differed in their expressions for kq and k,. The experimental
BPM without GO catalyst was represented by a constant kg
and k, throughout all the domains, denoted Model 1
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Figure 2. The effects of interfacial catalysis in the BPM. (a) The experimental four-electrode setup for measuring the potential drop across the
BPM. Using two reference electrodes eliminates the influence of the electrochemical reactions at the electrodes. KOH and HCI are used as the
electrolytes on the AEL and CEL sides, respectively, of the BPM. The dashed box represents the region of interest that was modeled in numerical
simulations. (b) The experimental setup was simplified as a one-dimensional model that includes four segments and two open boundaries (dashed
box). This region corresponds to the region in (a). To explore the effect of catalysis on the potential—current density relation under reverse- and
forward-bias conditions, we compared three models. Model 1 simulates the experimental BPM without a catalyst, imposing constant k4 and k.
Models 2 and 3 assume the presence of a catalyst layer at the AEL/CEL interface, which increases kq by three orders of magnitude; the
neutralization rate constant k, is also increased by the catalyst in Model 3 but not in Model 2. (c) Cross-membrane potential—current density
curves from the three models, compared to the experimental results shown in (d). Only Model 3 with catalyzed k4 and catalyzed k, can reproduce
the trends observed in BPMs with and without catalyst layers (GO, graphene oxide) under both reverse and forward bias. The dashed lines indicate
the open circuit condition. Error bars represent the standard deviation of three independent measurements. (e) Concentration profiles of H* and
OH™ near the AEL/CEL interface (Model 3). The neutralization reaction is rate-limited by the negligible amount of either H" or OH™ in the AEL/
CEL, resulting in a narrow reaction zone as shown in (f). (g) The integrated reaction rate of the dissociation and (h) neutralization processes over
the reaction zone. The neutralization rate increases to a maximum under a small reverse bias, even though the net reaction at that point is water
dissociation. The dashed lines indicate the open circuit condition for Models 2 and 3.

uncatalyzed ky/uncatalyzed k,. For BPMs with an interfacial
GO layer, a spacing of 20 nm at the AEL/CEL interface was
assumed to be occupied by the catalyst. This approach further
assumes that the presence of the catalyst increased the value of
ks by three orders of magnitude. In two other models, the
neutralization kinetics were either unaffected or increased by
the presence of the interfacial catalyst, corresponding to Model
2 catalyzed ky/uncatalyzed k,, and Model 3, catalyzed ky/
catalyzed k,, respectively. It should be pointed out that Model
2 is nonphysical (but still instructive, vide infra) because a
catalyst for water dissociation must also catalyze the reverse
reaction. In this regard, Model 2 effectively shifts the
thermodynamics of the reaction to favor the dissociation
direction. Comparison of the computational and experimental
results shows that even though catalyzing k4 alone is sufficient
to reproduce the overpotential difference under reverse bias
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(Model 2), the higher current densities obtained in the BPM
with GO at a given forward bias are reproduced only when
both k4 and k, are catalyzed (Model 3) (Figure 2c,d).

We next sought to quantify the local concentrations of the
species (OH™, H*, and H,0) involved in the dissociation and
neutralization processes in BPMs. The ion distribution profiles
reveal high concentrations of OH™ and H" inside the AEL and
CEL but negligible amounts of co-ions K* and CI™ as 100%
permselectivity was assumed for the ion exchangers (Figure
S2). Diffusion boundary layers at the membrane/aqueous
electrolyte interface can also be seen under both reverse and
forward polarizations.”” The thickness of the depletion layer at
the AEL/CEL interface decreases as more ions are driven into
the membrane under forward bias (Figure $2b).*" The
depletion layer also causes most of the potential drop to be
in the junction region (Figure S3). A key point is that the
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Figure 3. Performance of the acid—base redox flow battery. (a) Structures of the redox couples used at the negative electrode. SPV: 1,1’-bis(3-
sulfonatopropyl)-4,4’-bipyridinium, DSAQ: 2,7-difulfonate-9,10-anthroquinone. 0.1 M ferrocyanide in 2 M KOH was used as the positive
electrolyte for all the cell performance tests. (b) Cell performance with and without GO as the catalyst in the BPM. Improved performance can be
achieved using BPMs with GO due to the increased dissociation and neutralization rate constants. Electrolyte: 0.1 M DSAQ (1 M H,SO,) in the
negative electrolyte. (c) Cyclic voltammogram (CV) of 0.1 M SPV in 1 M H,SO, (magenta) or in 1 M KOH (blue), and 0.5 M ferrocyanide in 1
M KOH (red); and (e) CV of 0.1 M DSAQ in 1 M H,SO,, (magenta) or in 1 M KOH (blue) and 0.1 M ferrocyanide in 1 M KOH (red). The SPV
redox couple is pH-independent, whereas the formal potential of DSAQ_shifts positively at lower pH. (d, f) Potential and power density versus
current density curves at ~100% state of charge. With the common positive electrode, operating SPV in acid (acid—base with BPM) increases the
cell potential by ~0.66 V compared to a cell operated under a single alkaline condition (alkaline with CEM). The same comparison with the DSAQ

redox couple shows an ~0.35 V increase in the cell potential.

neutralization reaction requires the presence of both OH™ and
H" ions, most of which, however, are spatially confined by the
immobilized charge in the bulk of the AEL and CEL (Figure
2e). The overlap of these two species is limited to a narrow
region at the AEL/CEL interface, where the concentration of
the major charge carrier (OH™ for AEL and H* for CEL)
decreases rapidly in the direction of the other ion exchanger
(CEL and AEL) (Figure 2e). Significant reaction rates of
dissociation and neutralization are found only in a region of
~2—3 nm thickness (the reaction zone) (Figures 2f and S4).
The diffusional transport of OH™ and H" into the CEL and
AEL, respectively, is balanced by the electrostatic force at the
open circuit; further penetration, and thus a higher reaction
rate, would require the application of an increased forward bias
(Figure 2f). There should be negligible polarization loss due to
the low concentration of ionic species at the AEL/CEL
interface because of the extreme thinness of the junction
region.

To explore the effect of catalysis, we compared the
integrated reaction rates of the dissociation and neutralization
processes over the reaction zone for the three different models.
The dissociation rate increases monotonically as the applied
potential increases, which also results in an increase in the
electric field (Figures 2g and SS). The neutralization rate
decreases to a minimum around the open circuit potential
(~300/500 mV for Models 2/3) and increases under reverse
bias (Figure 2h). Models 2 and 3 with catalyzed kg exhibit
larger dissociation rates over the whole potential range, as well
as an accelerated neutralization rate even with an uncatalyzed
k, (Model 2) under reverse bias. The net reaction in the
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reverse-biased BPM (800 mV, Figure 2e) is water dissociation
as evidenced by the changes in water concentration (Figure
S6), but it produces the rate-limiting species OH™ and H* in
the CEL and AEL, respectively, which in turn intensifies the
neutralization reaction. The correlation between the two
reactions also suggests the important role of water, which is
sufficient when aqueous electrolytes are used but might
become a limiting factor in water-vapor fed devices such as
H,—O, fuel cells." Increasing the catalytic acceleration to
more than three orders of magnitude induces relatively smaller
current changes in forward bias relative to that seen in reverse
bias (Figure S7).

With the reaction zone for neutralization limited to the
nanoscale region in which both reactants are present,
mechanisms that effectively increase the local concentration
elsewhere should increase the overall reaction rate. By
assuming the presence of trap states in the bulk of the
membrane, a trap-assisted recombination process was
proposed that theoretically predicted a 4—5 orders of
magnitude higher achievable current density than in the case
without traps.”’ The mechanism by which the GO catalyst in
the experimental BPM increases the acid—base neutralization
reaction remains unknown and requires further investigation,
but the study of the opposite process (dissociation) has
recently received significant attention and could potentially
provide useful insight.”**® The results of molecular dynamics
simulations of the water autodissociation and proton transfer
processes in free water can be instructive in understanding the
dissociation and neutralization reactions in BPMs.””*® Water
dissociation is proposed to be initiated by the local electric
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Figure 4. Cell performance at different concentrations of ferrocyanide and a cycling test. (a) Polarization and power density curves of cells
operating at different concentrations of ferrocyanide in 2 M KOH; a negative electrolyte of 0.4 M DSAQ in 1 M H,SO, was used. The best cell
performance was observed at intermediate concentrations (0.15 M). (b) Potential and current density versus time during the first 10 charge—
discharge cycles. Positive electrolyte: 6 mL of 0.1 M K,Fe(CN)4 in 2 M KOH; negative electrolyte: 6 mL of 0.1 M DSAQ in 1 M H,SO,; charging

and discharging at 30 mA/ cm?

field arising from solvation fluctuations. The separation of the
nascent H"/OH™ pair is further assisted by solvent-generated
electric fields that also accompany the recombination of
hydronium and hydroxide ions. It is thus not surprising that
the dissociation and recombination events are affected by
electric fields. The second Wien effect accounts for the
presence of unbalanced fixed charge and electric field in the
depletion layer, which perturbs the equilibrium between water,
H" and OH". It should also be noted that the chemical
environment of the BPMs, particularly near the AEL/CEL
interface, may alter the reaction mechanisms relative to their
counterparts in free water. For example, water molecules
within the BPM junction region are considered more ordered
and dielectrically saturated than in free water, leading to a
smaller dielectric constant.

BPM-Based Acid—Base Redox Flow Battery. On the
basis of our understanding of the catalyzed acid—base
neutralization process, we explored the incorporation of a
BPM-based pH gradient into a conventional redox flow
battery. Cell testing was conducted at room temperature by
dissolving potassium ferrocyanide in 2 M KOH as the positive
electrode and either the electroneutral viologen derivative SPV
or 2,7-difulfonate-9,10-anthroquinone (DSAQ) (Figure 3a) in
1 M H,SO, as the negative electrode (Figure la). The
electrolytes were separated by a BPM with the AEL/CEL
facing the positive/negative sides, respectively. The polar-
ization results were collected after applying a charging current
of 30 mA/cm? to reach ~100% state of charge. Incorporating a
GO catalyst into the BPM results in significantly improved cell
performance for both the charging and discharging process
(Figure 3b) because of the enhanced dissociation and
neutralization kinetics as discussed above (Figure 2d).

To successfully harness the pH-derived cross-membrane
potential in the acid—base redox flow battery, pH-independent
redox couples are desired as the voltage gain due to the pH
gradient could be offset by Nernstian shifts in the formal
potentials of the molecules. To illustrate this concept, we
compared two redox reactions that had distinct dependences
on the pH at the negative electrode. The formal potential of
the SPV redox couple is unaffected by pH (Figure 3c), whereas
that of DSAQ shifts positively as the pH changes from 14 to 0
(Figure 3e). When coupled with ferrocyanide in base as the
positive redox couple, SPV operating in acid results in an open
circuit voltage of ~1.6 V, whereas a single alkaline condition
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gives only ~0.94 V using the same redox pair (Figure 3d). The
acid—base configuration therefore retains a large portion
(~0.66 V) of the pH-derived cross-membrane potential
(theoretically 0.83 V). In comparison, the cell with DSAQ
shows only a ~0.35 V potential increase (Figure 3f), with the
remaining potential being lost due to the positive shift of the
negative electrode in acid.

The polarization test showed significant mass transport
limitation at high current density during the discharging
process. We thus carried out EIS measurements of the full cell
in order to understand the impedance losses due to various
processes. The EIS results indicated that impedance losses are
associated with the series resistance (high frequency, ~10°
Hz), the reaction kinetics inside the BPMs (intermediate
frequency, ~10° Hz), and mass transport (low frequency, ~0.1
Hz) (Figure S8). When the concentration of redox molecules
is low (0.05 M), the mass transport resistance increases under
high forward bias, whereas changes in the dissociation and
neutralization kinetics at the AEL/CEL interface are
insignificant. On the other hand, more concentrated redox
couples (0.3 M) lead to a slower neutralization process (Figure
S9) because the negatively charged Fe(CN)4*"/ Fe(CN)¢~
species tends to compete with the charge carrier OH™ for sites
in the AEL, limiting the amount of OH™ that is available for
the neutralization reaction. It could also be affected by the
presence of K in BPM under forward bias (see below). A
balance between the kinetic and transport resistance is
achieved at intermediate concentrations (0.1 and 0.15 M,
Figure S10), resulting in the best discharging performance
(Figure 4a). Designing stable and positively charged redox
couples for the positive side of the flow battery is thus a
promising avenue for improving device performanc<e.31_33

Preliminary charging—discharging tests with the DSAQ_and
K,Fe(CN)4 showed performance degradation after 10 cycles
(Figure 4b, specific charging and discharging curves in Figure
S11), and understanding the origin of the degradation will be
useful for improving long-term stability. The cyclability of the
battery depends on the chemical stability and crossover rates of
the redox couples, as well as the durability of BPMs. We first
considered the latter. Stability tests of BPMs under reverse bias
(charging process) have been done,"?%** but there are limited
demonstrations of stable BPMs operating under forward bias.
Because of the nonideal permselectivity of BPMs and possible
crossover of acid and base under operating conditions, we
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monitored the cross-membrane potentials under repetitive
reverse- and forward-bias cycles, mimicking the operation of
the BPM in the flow battery. There was slight increase (<30
mV) in the overpotential after 10 cycles (Figure S12a), which
was not significant enough to explain the performance
degradation in the flow battery tests. The open circuit voltage
(OCV) remained unchanged during a 12-h test, suggesting
negligible crossover of acidic and basic electrolytes (Figure
S12b). After a significant performance decrease was observed
in the flow battery, we measured the cross-membrane potential
of the BPM under both reverse and forward biases. Compared
with the BPM before battery testing, a minimal difference in
the polarization curves was observed (Figure S13). Interest-
ingly, adding K;Fe(CN); to the positive electrolyte does not
affect the reverse bias regime but decreases the forward
limiting current density to below 30 mA/cm? compared to
>100 mA/cm” in the original sample (Figure S13). This can be
explained by the fact that under reverse bias, Fe(CN)¢*"/
Fe(CN)’~ anions migrate away from the AEL to the positive
electrode, while under forward bias they are driven into the
AEL and affect the acid—base neutralization process, which is
consistent with the EIS results discussed above. Photographs of
the BPMs before and after battery testing showed apparent
color changes (Figure S14), either due to the absorption of
redox species or the color charge of the AEL upon exposure to
the alkaline electrolyte. ICP-OES measurements (Table 2,
Supporting Information) showed significant amounts of Fe and
K in the BPM as well as in the negative electrolyte, after the
battery tests. This further supports the hypothesis that the
absorption of redox species into the AEL of the BPM interferes
with the acid—base neutralization reaction. The influence of
the side reaction of water splitting is significant only at high cell
potentials (>2 V, Figure S15), which is above the charging
limits of our tests. Asymmetric pH conditions have been
studied using designs similar to desalination electrodialysis in
which the AEM and CEM are separated by macroscopic
electrolyte layers.>>*® In this configuration, the charge carriers
are the counterions of the acid and base (K* and Cl~ for KOH
and HCI), and the interfacial electric field vanishes due to the
large separation between the two membranes.

Bl CONCLUSIONS

An acid—base redox flow battery was developed using a BPM
that enables the positive and negative electrodes to operate
under alkaline and acidic conditions, respectively. The creation
of a stable pH gradient allows the cross-membrane potential to
be added to the formal potential differences of the redox
molecules, resulting in a substantially increased cell potential
relative to the same molecules at a single pH. The transport of
H* and OH™ is coupled to the water dissociation and acid—
base neutralization process at the AEL/CEL interface in the
BPM. Through a combined experimental and numerical
simulation study, we found that the rate-limiting factor in
the acid—base neutralization reaction is the concentration of
minority ions (H* for AEL and OH"~ for CEL), and equipping
the interface with a catalyst significantly increases the reaction
rate, resulting in higher discharging performance of the redox
flow battery.

This study has demonstrated the principle by which a
bipolar membrane-based redox flow battery can achieve higher
voltage and thus higher energy storage capacity. This was
shown at the proof-of-concept level by using off-the-shelf redox
couples (ferro-/ferricyanide and SPV) that are not indefinitely
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stable in the flow battery environment; for example,
ferricyanide is subject to slow decomposition in strong base,
and SPV is air-sensitive in its reduced forms. In addition, ion
pairing of K* with ferro-/ferricyanide ions results in crossover
of K" ions, which compromises the cycle life of the BPM-based
redox flow battery. Designing stable redox molecules that are
compatible with the acid—base environment and the electro-
static charges in the AEL/CEL is a remaining challenge, and
such redox couples could also lead to higher power redox flow
batteries. The long-term stability of the flow battery also
requires stable operation of BPMs under forward-bias
conditions and minimal species crossover, which depends on
the size, charge, and pH of the electrolyte,37 as well as the pore
size and charge distribution of the membranes.**~*’
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