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Redox flow batteries (RFBs) fulfill the requirements for long-duration energy storage (LDES), and the use
of bromine as a catholyte has garnered substantial interest due to its high availability and low cost.
However, at high states of charge, the vapor pressure of bromine presents significant safety concerns
within the catholyte tank, while polybromide species have been shown to corrode the metals present in
the stack. Traditionally, soluble bromine complexing agents (BCAs) have been employed to mitigate the
concentration of free bromine, providing some improvement in safety; however, this has often resulted
in significant reductions in power density and durability. In this study, we present the development of a
solid BCA incorporated into the catholyte tank of a hydrogen-bromine RFB (HBRFB). The long-term
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separation of the bromine-rich solid phase from the flowing liquid phases enables sustained high
performance for over 250 cycles. The effective complexing-dissociating equilibrium within the
electrolyte tank ensures adequate bromine concentration for operation at high current densities. This
advancement significantly enhances the viability of bromine-based RFB technology as a dependable
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1. Introduction

The raised interest in renewable energy sources in relation to the
world climate crisis leads to accelerated development of useful and
effective LDES. RFBs are considered as a high potential candidate
which shows long term cycle life and effective energy-power
decoupling. H,-Br, RFBs use abundant and high energy density
electrolytes.*® The liquid half-cell contains hydrobromic acid (HBr)
in the discharged state which reacts to form bromine during
charge as shown in the following eqn (1):”

2Br~ =—— Br; +2e”

Discharge EO =109V (1)
The bromine tends to form well soluble polybromides as
shown in eqn (2):*°

Br(aqf + nBI’Z(]) = Br2n+1(aq)7 n=1,2,3 (2)
To reach and utilize the high energy density of this RFB
(close to 200 W h L"), a high concentration of bromine in the
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solution for long-duration energy storage.

electrolyte is used, typically above [Br,] =3 mol L', especially at
high state of charge (SoC).'® The bromine vapor above the
electrolyte solution raises safety issues. It also affects the long-
evity and durability of the RFB in addition to significantly
increased cost for LDES.

The high polybromide crossover (mainly during gas flow
break) through the membrane to the catalytic layer of the
hydrogen electrode causes rapid corrosion of the hydrogen
catalyst, which is usually from a precious group metal (PGM),
and performance degradation; which increases the practical
loading of PGM to one order of magnitude above the same
electrode used in proton-exchanged membrane fuel cells
(0.5 mgpgy cm ™2 instead of 0.05 mgpgy cm ™~ 2).

The corrosive electrolyte requires the use of highly resistant
materials for all the equipment - tanks, pumps, pipelines,
bipolar plates, sealing, sensors and flow meters; which drama-
tically increases the levelized cost of storage (LCOS).">'® The
corrosive electrolyte raises safety issues with additional detec-
tion and protection layers."”"*8

Ammonium based molecules, a classical Lewis acid, have
been proposed to complex the polybromide formed during the
charge. This family of Lewis acids has been coined “bromine
complexing agents or BCAs”’. The BCA additive usually forms a
denser liquid phase, named fused salt phase, with a very high
bromine concentration (equivalent to 496.6 A h L' for
1-ethylpyridinium bromide). The ability to store a large volume
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of bromine in the fused salt phase at safer mode enables to
significantly increase the capacity of the electrolyte and the
total energy density of the system. Using a BCA in the RFB
limits Br, crossover and improves the coulombic efficiency of
the Zn-Br RFB." Zn-Br and V-Br RFBs use N-methyl-ethyl-
pyrrolidinium bromide (MEP) or N-methylethylmorpholinium
bromide (MEM) and show the formation of a liquid fused salt
phase from the Lewis acid-base complex formed.*®*!
1-Ethylpyridinium bromide ([C2Py]Br) was tested in a HBRFB
and showed a significant reduction of at least 90% of the
bromine concentration in the aqueous electrolyte. However,
the addition of BCA reduced the conductivity of the fused liquid
dramatically (<98 mS cm™') and lead to a high overvoltage.”*>

The interaction of the BCA cation (C2Py’) with the sulpho-
nate groups in the perfluorosulfonic acid (PFSA) membrane in
HBRFB irreversibly reduces the proton conductivity after a
few cycles of operation. The polyvinylidene difluoride-silica
(PVDF-SiO,) nanoporous membrane is more tolerant to the
appearance of BCA in the system and its conductivity may
recover after cycling.'*>* The high solubility of the proposed
BCAs in the aqueous phase of the electrolyte prevents effective
separation of the ionic salt from the active area of the MEA.
This mixing harms RFB performance and limits the alternative
solution of the high bromine concentration.

Recently, 1-n-hexylpyridin-1-ium bromide [C6Py|Br was
investigated and showed that the increase in membrane resis-
tance is reversible after exposure to C6Py" cation, in contrast to
C2Py" cations, mainly due to its longer side chain. A high
electrolyte capacity of 176.7 A h L™" was attained for at least
12 cycles.>* This low number of cycles was achieved at a current
density of 100 mA cm > which reveals the poor kinetics of
liquid-phase BCA in HBRFB (in addition to the membrane
fouling).

Herein, solid-phase BCA (SBCA) is investigated as an addi-
tive to the catholyte in HBRFB. The ability of this solid to
rapidly complex and decomplex the polybromide species
improves the safety of the system, while the absence of
membrane fouling stabilizes its long-term performance. The
cell was cycled at the high current density of 300 mA cm ™2,
similar to the cell without BCA and 3 times above the liquid-
phase BCA. The SBCA cell was cycled for 250 cycles without any
sign of degradation (20 times more than with liquid BCA).
Furthermore, this finding enables the reduction of PGM load-
ing, the utilization of more concentrated electrolytes with
higher storage capacity and the reduction of LCOS by employ-
ing common equipment.

2. Experimental

2.1. Electrolyte

SBCA (ICL-IP) was provided as 0.3 mm beads and used as
received. 1-Ethylpyridinium bromide ([C2Py|Br or MEP, liquid
BCA), HBr 48% and bromine (ICL-IP) were used as received. In
order to understand the effect of the SBCA on the conductivity
of the electrolyte, it was measured at different SoCs and
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temperatures, along with the bromine concentration in the
aqueous phase at each level.

2.1.1. Sample preparation. 100 mL of HBr/Br,/SBCA elec-
trolyte solution was stored in a sealed Schott bottle to minimize
vapor escape and continuously shaken at 30 °C for 72 hours in a
shaker incubator prior to analysis, to achieve chemical equili-
brium. All sampling was done at 35 °C.

2.1.2. Density. The density measurements were carried out
with a 3 mL calibrated pycnometer.

2.1.3. Ionic conductivity. The specific conductivities of the
aqueous phase and of the organic phase of the electrolyte
mixtures were measured with an InodLab multi 9310 conduc-
tivity meter and with a TetraCon 925 graphite electrode.

2.1.4. Br, concentration. ~3 g aliquot solution was trans-
ferred into a clean jar containing 30 mL aqueous KI 10%
solution. Determination of bromine concentration in aqueous
phase was done indirectly by iodometric titration.

2.2. Membrane-electrode assembly

The membrane which was used in the cells was based on PVDF
and SiO, as the nanometric ceramic powder.>® The pretreat-
ment process to extract the pore-former from the dry
membrane was described in our previous paper.'* The thick-
ness of the PVDF-SiO, membrane was 200 pm.

The electrode support is based on SGL 29AA carbon paper.
All layers were applied using a doctor’s blade coater.

2.2.1. HBr electrode. One layer of carbon black Vulcan
(XC72R, Cabot), PVDF (Kynar 2801, Arkema) and propylene
carbonate (Sigma-Aldrich) as a pore former were mixed. The
slurry was homogenized before coating. The pore former was
washed out with water at RT.

2.2.2. Hydrogen electrode. The substrate was coated with
two layers of carbon black Vulcan and PVDF. The catalytic layer
was based on a dispersion of Pt catalyst powder (0.85 mg cm ™),
carbon black, and Nafion ionomer (5% mixture; FuelcellEarth)
and prepared as previously described.® After drying under
ambient conditions and Nafion curing (1 h at 145 °C) the
electrode was ready for the assembly. The MEA was made by
hot pressing of 7 cm” electrodes in Teflon frames to the
membrane (100 °C for 45 s).

2.3. RFB operation

The MEA was located between two graphite plates and two
copper plates which were used as current collectors. The cells
were operated with constant flow of dry hydrogen and 20 mL of
recycled 6.6 M HBr solution (12 mL min~") at 60 °C. The gas
pressure (1 atm gauge) was controlled by a needle valve on the
exhaust line of the cell. Polarization curves, electrochemical
impedance spectroscopy (EIS) and cycling tests were collected
on a Biologic Science Instruments BCS-815 battery cycler. The
electrochemical impedance spectroscopy (EIS) was measured
with 10 mV amplitude around the OCV and frequency range
from 1 Hz to 8 kHz.

After OCYV stabilization the HBr electrolyte (6.6 M - 0% SoC)
was deeply charged to SoC of 90% (0.66 M HBr and 2.94 M Br,)
and polarization and EIS tests were performed. SBCA small

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with SBCA

Fig.1 HBr 6.6 M electrolyte (SoC 66%) without (right) and with liquid
(center) and solid (right) BCA.

spherical beads were gradually added to the electrolyte tank
under effective stirring and up to the point that the vapor above
the solution disappeared (Fig. 1). After OCV stabilization, the
cell was tested again for polarization and EIS. For long term
durability, cycling at constant current was performed under two
different limitations:

(a) Voltage limited (0.7-1.1 V)

(b) Constant charge (charge — 1 A h; discharge - 0.9 A h).

3. Results and discussion
3.1. SBCA effect on the electrolyte

The solid porous resin of SBCA features a diameter ranging
from 0.3 to 1 mm. This resin exhibits chemical resistance to

Table1l Electrolyte composition as a function of SoC without complexing
agent and with SBCA at 30 °C

SoC [%] HBr [M] Br, [M] without SBCA Br, [M] with SBCA
0 6.6 0.0 0.0
17 5.4 0.6 0.11
33 4.4 1.1 0.36
66 2.2 2.2 0.72
90 0.6 3.0 0.62
2.0
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bromine and hydrobromic acid and is synthesized from a
polymer that incorporates surface-quaternary ammonium
(R4,N") bromide groups. The combination of these quaternary
ammonium bromides and the resin’s porous architecture
facilitates the hosting and complexation of bromine within
the bead, as described by the following equilibrium:

Br, + RyN'Br~ = R,;N'Br;~

The ammonium group functions as a Lewis acid, facilitating
the formation of a coordinative bond with the polybromide
species to establish a Lewis acid-base complex. While the
complexation constant has not been explicitly measured, it
was inferred from our experiments on free bromine concen-
tration, as detailed in Table 1, and is found to be comparable to
that of soluble BCA. In addition to thermodynamic considera-
tions and the equilibrium constant, the kinetics of complexa-
tion present a potential challenge in the selection of BCA.
Nevertheless, our experimental findings indicate that mass
transfer kinetics in the electrolyte, whether to the solid BCA
or within the SBCA beads, occur at rates significantly faster
than the mass transfer limitations observed in the membrane
electrode assembly.

Addition of the SBCA to the charged electrolyte significantly
reduced the bromine concentration in the aqueous phase of the
electrolyte, and the bromine vapor above the liquid disap-
peared (Fig. 1). At a high SoC of 90% only one third of the
bromine remains dissolved and available for quick reaction
(from 3 to 0.96 M at 50 °C, Table 1 and Fig. 2A) while its
majority is safely complexed by the agent. As shown at Fig. 2A, a
lower concentration of HBr at high SoC slightly reduces the
electrolyte density.

Above the level of ~60% SoC the electrolyte reaches its
maximal bromine capacity relative to the HBr level, and excess
bromine above this level is complexed in the SBCA beads.
Fig. 2B shows constant conductivity reduction upon SoC.
Despite the decreased concentration of HBr, which is respon-
sible for the electrolyte conductivity, the conductivity is still
sufficient up to a high SoC of 80% for high cell performance.
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Fig. 2 Dependence on SoC at 30, 40 and 50 °C with SBCA for (A) Br, concentration and electrolyte density and (B) electrolyte ionic conductivity.
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Fig. 3 RFB polarization curves at different SoC (A) before and (B) after SBCA addition.

3.2. SBCA effect on the polarization curve and EIS

RFB cells were assembled and charged to SoC of 90% before
polarization and EIS testing. It was gradually discharged to
lower SoC (66/33/17%) and at each level the polarization and
EIS were measured. The minimal possible SoC of 17% was
obtained after reducing the current density to 0.1 A cm™>. After
electrolyte replacement and initial charging to SoC of 90%,
2.4 g of SBCA were added to the electrolyte tank. Polarization
and EIS were measured and the electrolyte was gradually
discharged to lower SoC (66/33/31%) and at each level polariza-
tion and EIS were measured. To obtain the low SoC (below 40%)
the current density was reduced to 0.05 A cm ™2 The polariza-
tion curves at different SoC with and without SBCA are com-
pared in Fig. 3.

The reduction in maximal power density is inversely propor-
tional to the SoC. While at a high SoC the difference is only
14%, at 33% SoC the SBCA in the electrolyte reduces the cell
performance by 71%. The SBCA free cell at 17% SoC reached a
higher peak power than the cell with the SBCA at almost double
SoC. The meaning of this result is that the irreversible charge of
the cell is doubled when the SBCA is involved. The reduction in
the availability of bromides for reaction is reflected also in the
EIS measurements (Table 2). A lower concentration of the
flowing electrolyte causes an increase in the resistance for
charge transfer (Rcy)-

Table 2 EIS measurements at different SoC before and after SBCA
addition

SBCA free With SBCA
SoC
[%] Rs Rer Rs Rer
90 31.3 4.8 30.2 4.5
66 28.4 4.2 29.8 5.3
33 28.7 5.5 30.2 7
31 — — 30.1 8
17 30.4 4.5 — —
276 | Energy Adv., 2025, 4, 273-280

3.3. RFB cycling

To investigate the integration of the solid bromine complexing
agent (SBCA) in a real system and understand its effect on
performance, durability and safety, the RFB was cycled in two
modes (voltage limited and capacity limited) at 0.3 A cm™?, and
compared to the liquid (MEP, and BCA-free cells). Fig. 4A
compares the voltage profile of each complexation phase and
emphasizes the advantages of the solid BCA. Comparing the
relative capacity (C/C,) at evaluated current densities which
applied with each BCA (Fig. 4B) shows the limited performance
of the liquid BCA cell.

The SBCA cell shows very high stability in both modes of
operation. In the first 100 cycles, the SBCA cell was cycled in
galvanostatic mode with a voltage range limitation (0.7-1.1 V).
After 100 cycles, capacity limited mode was applied (capacity
limits: charge - 1 A h; discharge - 0.9 A h). Fig. 4C and D
compare the long term cycling of the SBCA cell to the cell with
liquid BCA, which was investigated and published before.'*
Fig. 4C zooms in the first 20 cycles of the long-term compar-
ison, which are shown in Fig. 4D.

While addition of liquid BCA to catholyte critically harms
the RFB performance, SBCA contributes to the cycling stability
and improves system’s safety. The liquid BCA dissolves in the
acidic environment and spreads with the assistance of the
flowing electrolyte all over the cell, reduces the membrane
and electrodes activity and causes its collapsing after less than
20 cycles. In contrast, the ability of the SBCA to keep the
complexation reaction away from the membrane, the electrodes
and the active area of the MEA, enables its stable and long-term
cycling. Down the line, the effectiveness of the solid BCA
compared to soluble BCA can be measured by the levelized
cost of storage (LCOS). According to our simple calculations on
the lifetime of the cells, given that the energy density of the
system is almost constant with or without BCA whatever its
state, the better durability of the system with a solid BCA could
decrease the LCOS by one order of magnitude compared to a
system with soluble BCA. This crude calculation should also

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) voltage profile of cell with liquid BCA and SBCA, (B) Ratio of the capacity C vs. initial capacity Co as a function of cycling current density for
BCA-free, liquid and solid BCA, (C) and (D) Galvanostatic cycling with liquid BCA and SBCA.

consider the ability to opt for more affordable materials owing less fluoride-based tubing, metallic bipolar plates and
to the less corrosive electrolytes: less precious group metals, simple tanks.

1200
A L B 13 .
|| -
&

1000 | 1.2
g w00 1.1
= 7 > e
E —=— Cycle 22 5101 one®
-~ jo)]
% — = Cycle 250 % 09 _I/E/‘/‘ —a— Cycle 22
S > T = Cycle 250
o 3 0.8 .
S 400 8 s
2 0.7 1 Char
K 8e

200 + 0.6

0.5
0 3 T T T T T  § T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 0 200 400 600 800 1000
Current density / mA cm Current density / mA cm?

Fig. 5 Polarization measurements results of (A) power density and (B) cell’s voltage of the RFB with SBCA at the beginning of life (Cycle 22) and after 250
cycles.
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Polarization along 250 cycles shows impressive stability
(Fig. 5). The low bromine concentration in the aqueous phase,
as presented before, decreases the exposure of each component
in the cell to the corrosive element and enables its operation in
moderate conditions. Lower bromine crossover through the
membrane decelerates its aging (Fig. S2 and Table S1, ESI¥).
The first Rcr was higher than the 250th. In the first cycle, the
membrane was affected from the high concentration of bro-
mine in the initial deep charging to 90% SoC before SBCA
addition. Upon cycling, the bromine concentration in the
membrane reduces and consequently Rcr decreases.

The cell tested with liquid BCA (named MEP or [C2Py|Br)
shows poor cycling, mainly during at the beginning of the
charge when the voltage rises rapidly (Fig. 6A). After only
16 cycles, this overvoltage prevented the cell from cycling, as
it reached the upper limit (Fig. 6B and C). The liquid BCA
caused a significant reduction in cell performance which forced
cycling (mainly charging) at low current density. The cell tested
with SBCA shows a stable voltage profile even after 250 cycles,
as shown at Fig. 6D.

The energy efficiency of cycling was reduced to a safer mode.
The SBCA free cell shows coulombic efficiency (CE) of 95% and
energy efficiency (EE) of 75%, which decrease with SBCA to 90%
(CE) and 66% (EE). This is in accord with the lower electrolyte
concentration window.
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Fig. 6 Voltage profile of cell without BCA, with liquid (MEP) or solid BCA: (A

250th cycle with SBCA.
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The exposure of the catalytic metal to bromide species
during cell operation is critical to its durability. Irreversible
adsorption of bromides to the catalytic metal in the hydrogen
electrode reduces its electrocatalytic surface area (ECSA) and
harms the electrode’s performance. A similar polarization after
250 cycles indicates that the electrocatalytic layer is available
for the hydrogen reactions as new, even at high current density
(up to 0.9 A cm 2). Using an exact amount of SBCA enables
effective performance of the RFB even at a high current density
without suffering the harmful consequences of high bromine
species in the flowing electrolyte.

To examine the long-term stability of the SBCA in the
corrosive environment of the catholyte, SBCA beads were
socked in electrolyte at different states of charge (SOC) for
1 year. Table S2 (ESIt) shows very low carbon residue (total
organic content: TOC) in the electrolyte, which indicates mini-
mal SBCA degradation over a year. Note that the initial socking
shows no degradation (non-measurable TOC) in the different
electrolytes.

4. Conclusions

In this study, we present the novel integration of a solid
bromine complexing agent (SBCA) into a hydrogen-bromine
redox flow battery (RFB) for the first time, to the best of our
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knowledge. The inclusion of SBCA significantly mitigates the
corrosiveness of the system, thereby enhancing its long-term
stability and safety. During cycling at a current density of
0.3 A cm ™2, the RFB incorporating SBCA in the catholyte tank
exhibited a consistent polarization curve over 250 cycles. Nota-
bly, a small quantity of SBCA spherical beads complexes 66% of
the bromine in the charged electrolyte, effectively preventing all
degradation processes associated with this energy storage
system. The reduced bromine concentration in the aqueous
phase diminishes the detrimental crossover of bromide species
to the catalyst layer of the hydrogen electrode. Furthermore, the
SBCA inhibits the corrosion of platinum group metals (PGM)
and preserves the high electrochemical surface area (ECSA) of
the electrode, which is dedicated solely to hydrogen reactions.
Concurrently, within the electrolyte tank, the equilibrium
between complexed bromine and dissolved bromine in the
aqueous phase is both rapid and reversible, sustaining high
performance levels and safety. The resultant reduction in over-
all corrosiveness in bromine-based RFB systems is anticipated
to yield substantial cost savings through decreased PGM load-
ing. This advancement allows for the utilization of simpler
system components and enhances the longevity of the station-
ary energy storage system.
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