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HIGHLIGHTS GRAPHICAL ABSTRACT

e Charge imbalance is identified as a sig-
nificant cause for capacity fading

o Implementation of the charging protocol NEGATIVE SIDE
reverses capacity losses

e Capacity retention is remarkable
enhanced by this charging protocol

e This protocol is a general approach for
redox flow batteries

e Implementation of this protocol is sim-
ple and inexpensive
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ABSTRACT

Aqueous organic redox flow batteries (AORFBs) have recently been attracting much attention due to their potential utilization as a sustainable solution for stationary
energy storage. However, AORFBs have still to face various challenges to become a competitive technology to other mature redox flow batteries. Fading of the energy
storage capacity upon cycling leading to insufficient lifetime is likely the most pressing issue. Several processes are contributing to this issue. Among the capacity
fading promoters, the existence of side reactions such as water splitting and reactions related to oxygen reduction triggers an imbalanced state of charge for the
catholyte and anolyte. Herein, a simple electrochemical balancing procedure is proposed and successfully demonstrated through the restoration of the oxidation
states of the two half-cell solutions. The results reveal that it is possible to mitigate and even revert the effects of such side reactions, developing a useful method for
mitigating the capacity fading and prolonging the cycling performance of AORFBs. In the two case studies, the implementation of this simple charging procedure
leads to a remarkable 20-fold reduction of capacity fading (% h™1). The protocol is a general approach for redox flow batteries, easily implementable and inexpensive.

1. Introduction increasingly become important as an element to power electric vehicles
or hand-held electronics, and they are considered critical in the devel-
Electrochemical Energy Storage (EES) technologies have opment of sustainable electrical grid systems [1,2]. Redox flow batteries
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(RFBs) are especially suitable for stationary energy storage applications
since their unique architecture, with decoupled energy and power, al-
lows them to be scaled more effectively than conventional batteries [3,
4]. To date, the most developed and commercialized RFBs are based on
metal ions, mostly vanadium, dissolved in strongly acidic solutions [5,
6]. Despite their competitive electrochemical performance, large scale
implementation of metal-based RFBs poses a sustainability challenge
that impels researchers to look for new battery chemistries based on
sustainable redox-active organic molecules built on non-critical ele-
ments, such as C, H, O, N or S. Thus, aqueous organic redox flow bat-
teries (AORFBs), in which the inorganic species are replaced by
organic-based compounds, appear to be a very promising approach
[7]. Although various chemistries have shown to deliver competitive
performances in terms of energy density, power density, energy effi-
ciency and potential cost, cycle stability (a critical parameter for sta-
tionary applications) still raises concern [8].

The energy storage capacity of a battery evolves upon cycling. The
progressive decay in energy storage capacity is usually referred to as
capacity fading. In traditional redox flow batteries, such capacity fading
may be triggered by various performance-limiting factors. There are 3
prime sources of capacity fading including i) active species degradation
(incompatibility, molecular decomposition) [9,10], ii) shortcomings in
the flow cell engineering (crossover, leakage, membrane degradation)
[11-13], or iii) charge imbalance (hydrogen and oxygen evolution,
species oxidation with air) [14-16]. Consequently, the identification of
mechanisms of the processes that provoke the capacity fading is essen-
tial to differentiate the contribution of each source and develop strate-
gies to minimize them. For AORFBs in asymmetric configuration
(different species in catholyte and anolyte), which is vastly the most
frequent option, the three processes lead to capacity fading. This is
indeed the main drawback compared to the state-of-the-art redox flow
battery (the all-vanadium flow battery) for which the last two processes
are reversible and the first one (degradation) does not occur.

Most efforts are being devoted to increasing the stability of organic
compounds and thus preventing degradation. However, simple elec-
trochemical evaluation of the (electro-)chemical stability is not
straightforward since capacity fading cannot be simply deconvoluted
due to the other two factors. One of the few examples addressing this
point made use of in-situ NMR analysis to study the degradation pro-
cesses of organic redox species in a flow battery [17]. Crossover of active
species through the membrane is addressed by various approaches, such
as i) increasing the size of the organic compounds to avoid the crossover
by steric impediment [18] or ii) using bifunctional redox electrolyte (e.
g. organic compounds with two redox processes being used in both
catholyte and anolyte) [19]. In contrast, charge (faradaic) imbalance
between the state of charge (SoC) of catholyte and anolyte due to the
occurrence of electrochemical side reactions has not yet been addressed
for AORFBs despite this issue has been recognized as a major challenge
in All-Vanadium Redox Flow Batteries (AVRFBs)[ [20,21]]. In AVRFBEs,
recent studies show the effectiveness of electrochemical strategies,
which on the other hand require monitoring the SoC of catholyte and
anolyte as well as the implementation of a secondary electrochemical
device [22,23]. In AORFBs, expensive Ar-filled gloveboxes have been
used to completely exclude the occurrence of reactions related to oxygen
reduction in long-term cycling measurements, being an excellent
approach for academic proposes. However, this strategy is neither
accessible for most research groups nor practical for larger-scale
implementation.

In this report, we present a general approach to revert the detri-
mental effects of parasitic reactions in capacity retention and help
deconvolute their contribution to the overall capacity fading. This
approach consists of a simple electrochemical charge balancing proto-
col, which allows water splitting to take place in one compartment to
compensate the charges consumed in the opposite compartment by the
undesired reactions. We explore the effectiveness of the strategy in two
organic compound//ferrocyanide alkaline flow systems, i.e.
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anthraquinone-derivative//ferrocyanide, and phenazine-derivative//
ferrocyanide, demonstrating the benefits of the proposed approach in
their long-term cycle stability. The method presented here constitutes a
step forward for the development of AORFBs as an inexpensive and
sustainable solution in large-scale electrochemical energy storage.

2. Results and discussion
2.1. Capacity imbalance of AORFBs by side reactions

Energy storage through electrochemical reactions of active species
that take place in opposite half-cells of any battery can only occur
simultaneously due to the flow of electrons (externally) and ions
(internally) between the two electrodes. Unfortunately, side reactions
irreversibly consume electrons under operating conditions leading to an
uneven state of charge of catholyte and anolyte, referred to as electrolyte
A and electrolyte B, respectively. As a result, at the end of the charging
process, electrolyte A will be fully charged while electrolyte B, in which
side reactions took place, will not reach the fully charged state. In this
case, electrolyte B will limit the subsequent discharging process,
reducing the charge storage capacity of the system. In the following
cycle, electrolyte A will not be fully discharged at the beginning of the
next discharged process, so that the maximum charge storage capacity of
the system will be permanently reduced. This mismatch in the state of
charge between the catholyte and anolyte, which reduces the charge
storage capacity of a system, is referred to as faradaic imbalance. Two
separately electrochemical phenomena primarily contribute to the
faradaic imbalance; i) electrolysis of electrolyte and ii) reactions related
to oxygen reduction.

i. Electrolysis at the negative and positive electrode. The obvious
drawback in aqueous electrochemical energy storage systems, compared
to non-aqueous ones, is the narrower thermodynamic stability window
of the electrolyte (1.23 V), which is limited by the electrolysis of water.
During the charging process, oxygen and hydrogen evolution reactions
(OER and HER) can occur at the positive and negative electrodes,
respectively, giving rise to losses in the coulombic efficiency. Fig. 1 il-
lustrates the general mechanism of capacity imbalance by the OER
(Fig. 1a) and the HER (Fig. 1b) during one charge/discharge cycle. In
Fig. 1l.a, the positive electrode suffering the OER will not be fully
charged (e.g. 99%) as the OER consumes a portion of the applied current
(e.g. 1%), while the negative electrode will be able to reach the full state
of charge (100%). During the discharging process, the positive electrode
will be the limiting side since it was not fully charged. As a result, the
discharge capacity of the battery will be limited to 99% of its capacity.
Most importantly, in the subsequent charge step, the negative electrode
will not start from a fully discharged state (only 99% of the species in the
negative electrode are in its discharge state), so that the battery would
have lost 1% of its initial charge storage capacity. In Fig. 1.b, the
negative electrode suffers an identical process, although the HER is the
irreversible reaction consuming part of the charges in this case.

ii. Reactions related to oxygen reduction at the negative compart-
ment. Under this category, we englobe two reactions in which oxygen is
involved. On the one hand, the electrochemical oxygen reduction re-
action (ORR) will also consume charges leading to charge storage ca-
pacity losses by faradaic imbalance. On the other hand, chemical
oxidation of reduced species by reduction of oxygen present in the
negative electrolyte, e.g. reduced viologen is oxidized to viologen by
oxygen present in the solution [24]. The imbalance mechanism due to
the reactions related to oxygen reduction is quite similar to that of the
HER (Fig. 1b): irreversible consumption of charges in the negative
electrode during the charging process, preventing the anolyte to reach
the fully charged state. The discharge capacity will be limited by the
state of charge achieved in the negative electrode, while full discharging
will not be achieved in the positive compartment (reducing the capacity
of the subsequent cycle).
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Fig. 1. Schematic illustration of the concept of battery imbalance in a flow battery during the first charge-discharge cycle, by (a) the OER in the positive electrode,

(b) the HER in the negative electrode.

2.2. Electrochemical balancing protocol to revert capacity fading caused
by faradaic imbalance

In practice, faradaic imbalance due to the reactions related to oxygen
reduction is easily mitigated by displacing the oxygen dissolved in the
electrolyte by an inert gas such as Ny or Ar. The effect of faradaic
imbalance due to the reactions related to oxygen reduction is clearly
illustrated in Fig. 2 for the case of 2,6 dihydroxyanthraquinone
(DHAQ)//ferrocyanide (K4Fe(CN)g) flow cells in alkaline media. Fig. 2.a
shows the evolution of the charge storage capacity upon cycling in three
different cases: open-air reservoirs, nitrogen-sealed reservoirs in 1 M
KOH, and nitrogen-sealed reservoirs in 1.5 M KOH. When the anolyte
contains large amounts of dissolved oxygen (open-air reservoirs), the
faradaic imbalance due to the reactions related to oxygen reduction
leads to a rapid capacity fading, losing the capacity to store energy after
only 10 cycles. It should be noted that the solubility of Oz at room
temperature is about 0.25 mM. Considering that the ORR involves 4
electrons while anthraquinone 2 electrons, the ratio between the

effective concentration of Oz and anthraquinone is about 1:1000. Thus,
charge imbalancing for an air-exposed system will depend on how fast
oxygen dissolves in the anolyte and how long the charge/discharge cy-
cles take. In our case, the entire cycle lasted 40-30 min and the charge
imbalance was ca. 25 mAh (difference between two cycles). Thus,
6-10~2 mmol of O, per min, which is reasonable considering the small
liquid - gas contact area. In the case of nitrogen-sealed reservoirs, the
system retained ca. 90% of their initial charge capacity after 50 cycles.
In addition, the two measurements with nitrogen-sealed reservoirs (1.0
M KOH versus 1.5 M KOH) were carried out to evaluate the contribution
of faradaic imbalance originated from water electrolysis since the con-
centration of KOH plays a role in the HER and the OER onset potentials.
Fig. 2.a. shows that higher concentration of KOH results in a higher
capacity retention (93% vs. 86%), which may be intuitively attributed to
the hindrance of the HER. In general, the occurrence of undesired side
reactions that lead to capacity fading decreases the coulombic efficiency
of the charge/discharge cycle. Thus, the coulombic efficiency can be
used to provide an estimation of the capacity fading due to faradaic
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Fig. 2. Evidence of capacity fading by the REACTIONS RELATED TO OXYGEN REDUCTION in an anthraquinone//K4Fe(CN)g—flow cell in the absence and presence
of inert atmosphere. Initially balanced cells with 20 mL of 0.3 M ferrocyanide in the positive reservoir and 20 mL of 0.3 M anthraquinone in the negative in 1.5 M
KOH (red and black) or KOH 1 M eq (blue), were used for cycling at 20 mA-cm ™2 (a) Evaluation of charge capacity. (b) Coulombic efficiency versus number of
cycles. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

imbalance, as shown in Fig. 2.b. As expected, the coulombic efficiency in
an open-air reservoir configuration is significantly lower than those
obtained in the Ny-sealed configuration. However, the coulombic effi-
ciency in the cell using 1.5 M KOH is similar (even lower) than that in
1.0 M KOH, which does not support the trends observed in the capacity
fading for those two cells. Thus, there is an unexpected side reaction that
seems to be beneficial for the capacity retention, which begs the ques-
tions: what is it, and whether can we use it as a general strategy for
rebalancing the charging in redox flow batteries?

A simplistic description of the faradaic imbalance is that charges
consumed by an irreversible side reaction in one electrolyte are
compensated by the accumulation of “charged species” in the opposite
electrolyte. This means that one can intentionally promote the occur-
rence of an irreversible side reaction in the “imbalanced compartment”,
in which charged species are accumulated, to drive an accumulation of
“charged species” at the opposite side. By doing this, the state of charge
for both electrolytes will be “rebalanced” at the end of the charging
process. For example, when reactions related to oxygen reduction in the
anolyte are responsible for the faradaic imbalance, the promotion of the
oxygen evolution reaction in the opposite electrolyte will compensate
the charges irreversibly consumed by the reactions related to oxygen
reduction. In the example of Fig. 2, the increase in the concentration of
KOH also facilitates the OER at the positive electrode since redox po-
tential for OER decreases with increasing pH, which could compensate
for other irreversible reactions occurring at the negative electrode. The
promotion of the OER by changing the concentration of KOH would lead
to a more balanced state of charge of both electrolytes, while the
coulombic efficiency would not necessarily increase.

Fig. 3a illustrates an AORFB in which oxygen unavoidably diffuses
into the negative compartment. Note that diffusion of oxygen can only
be prevented by placing the entire system inside a glovebox that
continuously eliminates O, by continuous circulation of the atmosphere
through a purification reactor. The oxygen reduction reaction (ORR) in
the negative compartment not only leads to an imbalance state of charge
of catholyte and anolyte, but it also varies slightly the pH. The reduction
of oxygen will prevent the anolyte to reach full state of charge while the
catholyte will. As a result, the anolyte will become the limiting side
during the discharge, preventing the catholyte to reach fully discharged
state. Upon cycling, the presence of oxygen in the negative compartment
will lead to the accumulation of charge in the catholyte as illustrated in

Fig. 3b. We propose to controllably promote the opposite reaction to the
ORR in the other compartment, i.e. the Oxygen Evolution Reaction
(OER) in the positive side as shown in Fig. 3a, by lifting the cut-off
voltage to balance the state of charge of the electrolytes as well as the
pH. Since that the ORR in the negative compartment leads to an accu-
mulation of charged species in the positive compartment, the catholyte
will reach full state of charge before the anolyte is fully charged. Thus,
lifting the cut-off voltage will result in the occurrence of the OER in the
positive side of the electrochemical reactor.

To further validate this hypothesis, a flow cell containing a balanced
amount of anthraquinone and ferrocyanide was assembled for the
evaluation of the effect of a special cycle (referred to as balancing cycle),
in which the OER is intentionally promoted (Fig. 4). The evolution of the
charge capacity is shown in Fig. 4.a. The cell was initially subjected to 10
cycles of a charge-discharge regime under an inert atmosphere of N» at
20 mAcem 2 and no significant capacity fading was observed. To pro-
mote reactions related to oxygen reduction and accelerate the capacity
fading, the negative electrolyte was intentionally exposed to air from
cycle 10. After only 12 cycles under air exposure, charge capacity
dropped below 70% of its initial value, confirming the accelerated
fading under favorable conditions for reactions related to oxygen
reduction. The charges consumed by reactions related to oxygen
reduction in the anolyte were compensated by the oxidation of the
species in the catholyte, leading to the accumulation of “charged spe-
cies” (ferricyanide) in the catholyte. As a consequence, the catholyte
reaches the full state of charge before the anolyte is fully charged. Still,
under air-exposed conditions, the upper cut-off voltage was shifted to
higher values so that the OER was allowed to take place in the fully
charged catholyte. By doing this, the anolyte was able to reach full
charge balancing of the state of charge for both electrolytes. The
discharge capacity in the balancing cycle increased with respect to the
previous cycle since the occurrence of the OER in the catholyte during
the charging process allowed both electrolytes to reach a higher state of
charge at the end of the charging process. It should be noted that
discharge capacity under air-exposed conditions and balancing protocol
(cycles 25-30) is about 15 mAh lower than that obtained initially under
No-atmosphere (cycles 1-10), which is attributed to the spontaneous
reaction between reduced anthraquinone and dissolved oxygen during
the discharge process. Fig. 4.b shows the voltage profile of the 2nd cycle
under an inert atmosphere (before exposure to air when electrolytes
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Fig. 3. (a) Illustration of a redox flow bat-
tery suffering of parasitic side reactions
related to the presence of oxygen in the
negative compartment. The opposite reac-
tion (the oxygen evolution reaction) is pro-
posed to be promoted controllably in the
positive compartment to balance the state of
charge of both positive and negative elec-
trolytes. (b) Evolution of the state of charge
of catholyte and anolyte at the fully dis-
charged state (beginning of each cycle). The
accumulation of “charged” species in the
catholyte upon cycling due to the ORR in the
negative compartment reduces the amount
of species available for the charge process.

Fig. 4. Effect of the electrochemical
balancing protocol in the charge storage
capacity of alkaline DHAQ//K4Fe(CN)g
flow batteries (ferrocyanide 0.3 M as
catholyte and anthraquinone 0.3 M as
anolyte in KOH 1.5 M). The reservoirs
were exposed to air after 10 cycles
leading to a rapid capacity decay that
was reverted by implementing the
electrochemical balancing strategy. (a)
Evolution of the charge storage capacity
upon cycling. (b) Voltage profile of the
ond cycle (before exposure to air when
electrolytes were still balanced) and the
electrochemical balancing cycle. Note
that the upper cut-off voltage is
increased from 1.6 V to 2.0 V for stan-
dard and balancing cycling protocols,
respectively.

200
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were still balanced) and the balancing cycle under air exposure. Note
that the electrochemical balancing protocol consists in simply lifting the
upper cut-off voltage during the charge process as illustrated in Fig. 4b.
In the voltage profile during the charging process, a second plateau at
higher voltage values appeared for the balancing cycle, which corre-
sponds to the half-cell reactions of reduction of the anthraquinone and
the OER at the negative and positive electrode, respectively. Most
importantly, the discharge voltage profiles overlapped for the 2nd cycle
and the balancing cycle, revealing that the faradaic imbalance attributed
to reactions related to the presence of oxygen in the anolyte can be
simply reversed by directly raising the upper cut-off voltage during one
charging step allowing the OER to occur in the positive electrode. The
assignment of the second plateau to the OER in the positive compart-
ment instead of the HER in the negative side is based on two facts: I) The
release of gas bubbles from the positive side of the electrochemical
reactor during the second plateau as shown in the video in the Supple-
mentary Information. II) Since the presence of oxygen prevents
anthraquinone electrolyte to increase its state of charge adequately, the
occurrence of a second irreversible side reaction in the same compart-
ment would further hinder the anolyte to reach fully charged state,
accelerating the capacity fading. Indeed, the imbalance between the
state of charge of catholyte and anolyte would increase limiting even
more the discharge capacity. Therefore, the occurrence of HER when the
upper cut-off volatge is lifted would lead to increased capacity fading
instead of the observed recovery of discharge capacity.

2.3. Long-term cycle stability test in alkaline flow batteries

The electrochemical balancing protocol is of high interest for the
evaluation of long-term cycle stability of active compounds. Once the
faradaic imbalance is compensated, the capacity fading can be attrib-
uted to the degradation and/or cross-over of active species.

Two state-of-the-art alkaline flow battery chemistries, namely of 2,6
dihydroxyanthraquinone//potassium  ferrocyanide = (DHAQ//K4Fe
(CN)e) and 7,8-dihydroxyphenazine-2-sulfonic acid//potassium ferro-
cyanide (DHPS//K4Fe(CN)g), were used as study cases to further
exemplify the impact of faradaic imbalance in the evaluation of long-
term performances under N5 atmosphere. Fig. 5 shows the electro-
chemical performance of two similar anthraquinone//ferrocyanide
alkaline flow batteries that were cycled using two different operating
protocols under a Ny atmosphere. One flow battery (Fig. 5a) was
charged and discharged using typical operation conditions (20 mAcm 2
with a cut-off at 1.6V) and the second flow battery (Fig. 5b) was
charged-discharged also at 20 mAcm ™2 but applying a balancing cycle
(cut-off of 2V) every 10 cycles. The capacity fading observed using the
traditional protocol was dramatically reduced by applying the balancing
protocol (capacity fade decreased from 43% to ~2%). The difference in
capacity fading is attributed to the presence of oxygen even when Ny
overpressure is applied to the negative reservoir. It should be noted that
oxygen will diffuse by concentration gradient unless the atmosphere is
regenerated (as occurred in a glovebox through the purification system).
After these 100 cycles, the battery was operated at higher current den-
sities (40 mAcm™~2) for 130 more cycles applying a balancing cycle with
a cut-off of 2 V every 10 cycles (Fig. 4b). Finally, continuous balancing
cycles (20 mAcm 2 and cut-off of 2 V every cycle) were applied during
the last 170 cycles (231-400) as shown in Fig. 5b. By implementing the
electrochemical balancing protocol, the flow battery retained an
impressive 90% of its initial storage capacity after 390 cycles (690 h)
under Ny atmosphere. Importantly, the implementation of the electro-
chemical balancing protocol clearly reduces the capacity fading from
0.24%h™! (0.43%-cycle™!) to 0.0099% h™! (0.018% cycle™!) for the
first 100 cycles. This value of capacity fading obtained using the elec-
trochemical balancing protocol is close to the best value reported for this
chemistry: 0.0058% h~! when cycled at 88% depth of charge [25]. In
that study, Aziz et al. reported that the source of this capacity fading was
the dimerization process of the DHAQ, ruling out the occurrence of other
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Fig. 5. Electrochemical performance of an anthraquinone//K4Fe(CN)g system
(20 mL of 0.3 M K4Fe(CN)g and 10 mL of 0.3 M DHAQ) in 1.5 M KOH under N,
atmosphere. (a) Charge capacity for over 100 cycles at 20 mAcm 2 applying
typical operation conditions. (b) Charge capacity applying the balancing pro-
tocol. During first section, the cell was cycled at 20 mAcm 2 (cut-off at 1.6V)
including a balancing cycle at 20 mAcm ™2 (cut-off at 2V) every 10 cycles.
During second section, balancing cycles were maintained while the rest were
increased to 40 mAcm™2. Last cycles were carried out at 20 mAcm ™2 with a cut-
off of 2 V.

side reactions, e.g. ORR and HER. They showed that the state of charge
strongly influences this dimerization process and, as a consequence, the
capacity decay: the higher the state of charge, the faster capacity decay.
Indeed, the reported value of capacity fading increased up to 0.23% h™?
when cycled at 99.9% state of charge [25]. It is worth highlighting that
this value reported in the literature is identical to the value obtained in
this work when no balancing protocol is applied. Considering that our
batteries were cycled at 100% depth of charge, the good capacity decay
value of 0.0099% h~! obtained by employing the balancing protocol
suggests that faradaic imbalance likely contributed to the poor value of
0.24% h~! previously reported [25] when cycled at 100% depth of
charge. In our measurements, the osmotic imbalance between the two
electrolytes provoked a slow water transport from the positive to the
negative compartment, which eventually led to the end of the experi-
ment (700 h). It should be noted that consumption of water for the OER
does not contribute significantly to this imbalance of volumes. 1 mL of
water provides almost 3.000 mAh through the OER. Under Ny-atmo-
sphere, 1 mL of water can balance our system for 3.000 cycles since
charge imbalance accounts for <1 mAh per cycle under Np-atmosphere,.

Alkaline ferrocyanide electrolyte has been demonstrated to effi-
ciently operate when paired with various organic compounds, as for the
case of phenazine derivatives [26]. The proposed electrochemical
balancing protocol was then extended to this system to elucidate
whether the approach is also beneficial for other battery chemistries.
Fig. 6a shows the relatively fast capacity decay of a DHPS//K4Fe(CN)g
flow battery operated at 40 mA cm ™2 under an Ny, atmosphere. It should
be noted that charge capacity remained stable for the first ~15 cycles,
which could be explained by a slight excess of the capacity of K4Fe(CN)g
solution compared to the DHPS one: capacities of 160 mAh and 150 mAh
were reached in the first discharge cycle for AQ//K4Fe(CN)e and
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Fig. 6. Electrochemical performance of a phenazine derivative//K4Fe(CN)g
system (20 mL of 0.3 M K4Fe(CN)g and 10 mL of 0.3 M DHPS) in 1 M KOH
under N, atmosphere. (a) Charge capacity for over 100 cycles at 20 mAcm 2
applying typical operation conditions. (b) Charge capacity applying the
balancing protocol. During the first section, the cell was cycled at 20 mAcm 2
(cut-off at 1.7 V) including a balancing cycle at 20 mAcm ™2 (cut-off at 2 V)
every 10 cycles. During the second section, balancing cycles were maintained
while the rest were increased to 40 mAcm 2. Last cycles were carried out at 20
mAcm ™2 with a cut-off of 2.0 V.

DHPS//K4Fe(CN)g, respectively, using the same amount (moles) of
ferrocyanide so that 10 mAh of ferrocyanide remined “unused” for
DHPS//K4Fe(CN)g, in the first cycle. Once the excess was consumed, a
pronounced capacity fading was observed for 175 cycles resulting in
decay values of 0.44%h~! and 0.41%-cycle!. The implementation of
the electrochemical balancing protocol resulted in a remarkable
improvement of the cycle stability, retaining 94% of its initial storage
capacity after 190 cycles (267 h) and reducing the capacity decay down
to 0.017%-h~! (0.023%-cycle™) for a comparable 175 cycle-period
(Fig. 6b). This value is lower than the 0.039% h~! reported using a
similar concentration of species (0.1 M phenazine) and an Ar-filled
glovebox (complete absence of O,) [26]. It should be noted that the
osmotic imbalance between the electrolytes was more severe in the case
of DHPS//K4Fe(CN)g, which prevents us to evaluate a larger number of
cycles. Thus, once the faradaic imbalance is mitigated by the imple-
mentation of the electrochemical balancing strategy, the osmotic
imbalance between the two electrolytes appears to become a major issue
when evaluating long-term cycle stability for the two studied cases.
Although this strategy is originally conceived as a tool for battery
research at lab-scale enabling the deconvolution of the faradaic imbal-
ance from other sources of capacity fading in AORFBs (degradation,
cross-over, etc), it can potentially be of interest for larger-scale appli-
cation. In that case, preventing corrosion of the graphite felts will be the
main challenge, which may be addressed by adding small amounts of the
OER catalyst, e.g. Ni(OH), nanoparticles in the positive reservoirs that
stick onto the electrode surface by stable electrostatic forces [27], to
promote the OER in the catalytic material. The energy cost of this
approach is related to the oxygen diffusion rate into the system. In our
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case, the coulombic efficiency stabilized at 99.5%. It means that our
approach should correct 0.5% per cycle. Since the cell voltage of the
balancing process is 50% higher than the nominal cell voltage, the en-
ergy required for the balancing step is about 0.75% of the energy stored
in the system. In other words, the electrochemical balancing protocol
decreases the round-trip efficiency of the system by 0.75%.

3. Conclusion

AORFBs face several challenges for achieving relevant long-term
cycle stabilities, i.e. degradation of the active materials, cross-over of
active species through the membrane, or faradaic imbalance. While the
two former issues have long been recognized and attempted to be
addressed, the latter issue attracted little attention. In this work, we
showed that faradaic imbalance is not a negligible issue, seriously
compromising the cycle stability of well-performing battery chemistries.
The existence of irreversible side reactions is responsible for the faradaic
imbalance, leading to an uneven state of charge of the anolyte and
catholyte.

A strategy to prevent and/or reverse the capacity fading due to the
occurrence of side reactions is demonstrated herein. This approach is
based on lifting the uppercut-off voltage during the charging process to
intentionally promote either the HER or the OER to balance the state of
charge of both electrolytes. The approach has been demonstrated for
balancing an AORB, previously imbalanced by exposing the anolyte to
air. The promoted oxygen-related reduction reaction (the electro-
chemical ORR and oxidation of reduced species by oxygen present in the
negative electrolyte) occurring at the negative electrode during charging
led to a rapid capacity decay. The implementation of an electrochemical
balancing cycle (one charging process using a higher value for the upper
cutoff voltage) reestablished the initial capacity, leading up to a 50%
increase in the charge capacity in just one cycle. This strategy was
extended to other battery chemistries, indicating that it could be a
general approach for any AORFB. In the two case studies, the imple-
mentation of this simple charging procedure led to a remarkable 20-fold
reduction of capacity fading(% h™'). This simple methodology is ex-
pected to contribute to the enhancement of the cycling stability, ruling
out one of the major contributors to the capacity fading or avoiding the
use of expensive equipment, e.g. Oz-excluding glovebox.

4. Experimental section
4.1. Materials

All chemicals were purchased from Sigma Aldrich and used as
received.

Synthesis of 7,8-dihydroxyphenazine-2-sulfonic acid (DHPS).

7,8-dihydroxyphenazine-2-sulfonic acid was prepared by following
the described procedure previously reported [26].

4.2. Preparation of electrolytes

In the DHPS//K4Fe(CN)g flow cell, the catholyte was prepared by
dissolving potassium ferrocyanide (2.5 g) in 1 M KOH to afford 20 mL
0.3 M ferrocyanide. The anolyte was prepared by dissolving 0.87 g of
7,8-dihydroxyphenazine-2-sulfonic acid in 1.9 M KOH to afford 10 mL
0.3 M phenazine (0.6 M eq. considering the exchange of 2 electrons) and
1 M KOH.

In the DHAQ//K4Fe(CN)¢ flow cell, the catholyte was prepared by
dissolving potassium ferrocyanide (2.5 g) in 1.5 M KOH to afford 20 mL
0.3 M ferrocyanide. The anolyte was prepared by dissolving 2,6-dihy-
droxyanthraquinone (1.27 g) in 2.1 M KOH to afford 10 mL 0.3 M 2,6-
DHAQ and 1.5 M KOH.

Deionized water was used to prepare the electrolytes, and 2,6-DHAQ
and DHPS electrolytes were purged with nitrogen prior to use.
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4.3. Flow batteries

Filter-pressed flow cells using Nafion 212 and graphite felt as the ion
selective membrane and electrodes were used in this study. The pro-
jected area of the cell was 9 cm?. The flow rate was fixed at ca. 50 mL
min~".

Electrochemical characterization. Galvanostatic charge-discharge
measurements were conducted using a Biologic VMP multichannel
potentiostat. The batteries were galvanostatically charged at 40 mA
cm 2 and 20 mAcm 2 with voltage limits of 1.6 V for anthraquinone,
1.7 V for phenazine. Subsequently, it was discharged at current densities
between —40 and —20 mAcm 2 with a voltage limit of 0.8 V under Ny
atmosphere, if otherwise is not specified.
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