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1-n-Hexylpyridin-1-ium bromide [C6Py]Br is investigated in this work as bromine complexing agent (BCA) in
aqueous bromine electrolytes on its influence on hydrogen bromine redox flow battery (Hy/Bry-RFB) perfor-
mance. [C6Py] "-cations bind bromine of aqueous polybromide solutions safely in an additional fused salt phase
limiting the vapor pressure of Br,. Dissolved in aqueous electrolyte solutions, however, [BCA]" cations drasti-
cally lower PFSA membranes’ conductivity in the Hy/Bro-RFB. In this work the combination of the very strong
bromine-binding [C6Py] cation and an excess of bromine in the electrolyte lead to an almost complete ab-
sorption of 99.6 mol% [C6Py] ™" into the fused salt within the electrolyte’s operation range. In comparison to
similar application of short side chain 1-ethylpyridinium bromide, adverse effects are stronger compensated by
use of [C6Py]Br. Increases in membrane resistance of the membrane in contact with [C6Py]™ cations are
reversible in contrast for contact with [C2Py]™ cations. Electrolytes are cycled for at least 12 cycles and offer a
stable useable capacity of 176.7 Ah L ™! and reach and stable discharge energy densities of 138.91 Wh L ™. Strong
bromine binding properties between [C6Py]" cations and polybromides are confirmed by DFT studies. In
contrast to [C2Py]™ electrolytes, the long-chain [C6Py]" cation in electrolytes has a higher cycling stability or a

low decrease in capacity and energy density.

1. Introduction

Hydrogen-bromine redox flow batteries (Hy/Bry-RFB) are most
promising candidates among redox flow batteries for industrial scale
energy storage alongside all-vanadium redox flow batteries and zinc/
bromine redox flow batteries (Zn/Bry-RFB) [1-5]. Advantages of the Hy/
Bry-RFB are the fast kinetics of the bromine/bromide redox couple in the
positive half cell [1,6-9] and of the hydrogen/proton redox couple in the
negative half cell [1,8,9]. For charge and discharge operation a single
converter unit is applied, consisting of a gas diffusion electrode in the
negative hydrogen half cell [10] and a flow through, flow by or mixed
electrode operated with liquid electrolytes for the positive bromine half
cell [1,6,11-13] (Fig. la). Two storage systems for liquid aqueous
bromine electrolytes and gaseous hydrogen [8,10,14] are connected to
the converter (Fig. 1a). Bromine electrolytes consist of hydrobromic acid
(HBr) and bromine (Brz) in aqueous solution and are pumped through

the positive half cell electrode [11,12,15]. During charge, bromide is
oxidized to bromine and vice versa during discharge [10,16,17].

In order to limit volatility of the harmful Brp [18], organic ammo-
nium cations are used to reduce the vapor pressure [19,20]. Unfortu-
nately, these cations reduce the conductivity of applied PFSA
membranes [12,21,22] and lead to the accumulation of a second and
poorly conductive phase in the converter cells [12]. Electrolytes con-
taining high amounts of Br; are quite safe for use and help to reduce the
effects of both drawbacks [15]. To further reduce the impact of these
disadvantages and to increase the performance of the Hy/Bra-RFB, the
strongly Bro-binding cation 1-n-hexylpyridin-1-ium [C6Py]™ [19,23] is
used as additive for the first time in a cycling test. The combination of
the very strong Bro-binding additive [C6Py]™ with improved electrolyte
formulation shall lead to larger cycle stability in terms of stable and
higher useable electrolyte capacities, higher useable energy densities
and stable membrane conductivity compared to electrolytes using the
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Fig. 1. (a) Scheme of a H,/Br,-RFB with a single battery cell in the centre, built
up from “a” the hydrogen gas diffusion electrode and “c” the aqueous bromine
flow half cell, which are connected via “e” a Nafion117 membrane. The
aqueous bromine electrolyte is pumped through the cell and stored in a tank
“d”, while hydrogen is ideally stored in “b”. “f” represents the load/grid that
charges the battery or to which the battery releases energy. In (b), the structures
of the BCAs 1-ethylpyridin-1-ium bromide [C2Py]Br and of 1-n-hexylpyridin-1-
ium bromide [C6Py]Br are shown. In (c), electrolytes are shown in a photog-
raphy, all having the same concentrations (1.11 M Bry, 5.47 M HBr). Glass “1”
shows a BCA-free electrolyte, while in glass “2” the electrolyte contains 1.11 M
[C2Py]Br and glass contains “3” 1.11 M [C6Py]Br. It can be seen that in glass
“1” there is some bromine vapor above the solution in the gas phase, which is
not the case in “2” and “3”. In “2” and “3” there is a fused salt in both cases at
the bottom of the glasses. From the colouration of the aqueous solutions, it can
be observed that [C6Py]Br binds (yellow colour) the bromine more strongly in
the fused salt than [C2Py]Br (brown colour). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

moderate Bry-binding 1-ethylpyridin-1-ium [C2Py]" in earlier works
[12,15] from our group.

1.1. State of the art

Br, forms soluble polybromides (Bra, 1) in contact with bromide in
acidic aqueous solutions of HBr used as electrolytes in Hy/Bry-RFB
[11,16,24-33]. Increased solubility up to 7.96 M Br, in 2.85 M HBr
solution [11] allows aqueous HBr/Br; solutions to be cycled in Ha/Bra-
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RFB with electrolytes reaching a capacity of 179.6 Ah L7! [11].
Employing low-cost aqueous HBr 48 wt% solutions available in indus-
trial quantity and technical purity, the concentration limits of HBr/Bry
electrolytes have been defined for the state of charge (SoC) in the past
[11]: SoC 0 % corresponds to c(HBr) = 7.7 M and SoC 100 % corresponds
to ¢c(HBr) = 1 M and c(Bry) = 3.35 M [11]. These concentration limi-
tations base on cycling performance in a Hy/Bry-RFB single cell in
combination with avoiding electrolyte separation due to limited solu-
bility of Bry and to reach large electrolyte conductivities (k) of x > 298
mS em ! [11].

The harmful Bry has a high vapor pressure (202-211 mmHg at 9 =
25 °C [18,34,35]) and is also volatile from aqueous solutions depending
on the mixing ratio of bromine and bromide [1,10]. In electrolytes of
Zn/Bry-RFB, vanadium/bromine-RFB and Hy/Bry-RFB, quaternary
ammonium bromides are applied as bromine complexing agents (BCA)
[2,12,19,21,23,29,36-50] to reduce bromines’ vapor pressure [20].
BCAs increase heat of vaporization of Bry by 1.3 to 2.3 times (calculated
from [18,20]) and cause a strong reduction of Bry concentration of by
least 70 mol% Br, in the aqueous electrolyte phase compared to BCA-
free electrolytes [19]. The organic [BCA]™ cation is only slightly solu-
ble in aqueous solution (aq) containing polybromides and precipitates as
[BCA]Bro, 1 salt [19,36]. Brp is bound strongly in this fused salt (fs)
[23]. The solubility equilibrium is shown for the example of 1-n-hex-
ylpyridin-1-ium bromide [C6Py]Br in Eq. (1) [29,36,37,45,51]:

[C6Py]" (ag) + Brawi1 ™ (ag)=[C6PY|Bra1 (f5)1 @

Some of the BCAs investigated, such as 1-ethylpyridin-1-ium bro-
mide [C2Py]Br (Fig. 1b) and 1-n-hexylpyridin-1-ium bromide [C6Py]Br
(Fig. 1b) form a liquid fused salt (fs) [19,23,37,38], which is stored
underneath the aqueous phase [19,36,41,43] (Fig. 1c) due to a large
difference in densities between the two phases [19,23].

For safe application [BCA]™ cations offer high binding strength to-
wards Bry in the fused salt [19,23] and in parallel a sufficient Bry con-
centration in aqueous phase for a powerful discharge operation of the
cell [12,19]. At first sight, both conditions are contradictory and require
a compromise. The high safety of electrolytes has already been
demonstrated in detail by a strong decrease of Bry concentrations in
aqueous electrolyte solution applying BCAs [19,43]. In solutions of 5.45
M HBr/1.11 M Bry and 1.11 M [BCA]Br (=SoC 33 %), [C2Py]Br as BCA
binds 88.8 mol% Brs in the fused salt and 98.6 mol% Br; are bound when
employing [C6Py]Br [23]. For higher SoCs (e.g. 2.34 M HBr/2.68 M Bry/
~SoC 80 %) 90.2 mol% Br, for [C2Py]+ and 91.5 mol% Bry for [C6Py] ™
have been investigated to be stored in the fused salt [23]. The [C6Py] ™"
cation is a much stronger BCA compared to the [CZPy]+ cation with
respect to the SoC, which is also visible in electrolytes shown in Fig. 1c.
Both BCAs are predestined to be lead to safe electrolytes for application
in Hy/Bry-RFB.

The bromine binding strength of the BCA towards tribromide Brs
increases with increasing length of the alkyl side chain from ethyl to n-
hexyl, while this effect has a minor relevance for binding pentabromide
Brs and heptabromide Br; [19,41].

High electrolyte conductivity of BCA-free and BCA-containing
aqueous electrolytes between 298.0 < x < 763.2 mS cm ™! bases pre-
dominantly on the high proton concentration [11,19]. In solutions
containing [C2Py]" and [C6Py]™, the electrolyte conductivity decreases
due to the organic character and the increasing size of these cations: x =
461.1 mScm™! (1.11 M [C2Py]Brin 7.7 M HBr) and x = 381.1 mS cm !
(1.11 M [C6PyBr] in 7.7 M HBr) in contrast to x = 703.0 mS cm ™! for
BCA-free 7.7 M HBr solutions.

The fused salt stores large amounts of Brp and is therefore the main
bromine energy storage in the electrolyte [23]. However, the fused salt
is an anhydrous ionic liquid composed of the [BCA]" cation and poly-
bromides Br3, Brs and Br; leading to low conductivity x < 90 mS em™?
and to high viscosities (1) n > 13 mPas compared to the respective
aqueous electrolyte [23]. The fused salts are therefore not applied in the
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investigated Hy/Bray-RFB [23].

In the past the influence of BCAs on the performance of a Hy/Bry-RFB
single cell using [C2Py]Br [12,15] was investigated. In cell tests, elec-
trolytes cannot be charged starting from SoC =0 % (7.7 M HBrand 1.11
M [C2Py]™) due to a high ohmic resistance in the cell [12]. However,
starting from SoC = 100 %, discharge operation is enabled, but severely
limited by strong overvoltages occurring during charge and discharge
[12]. This initially resulted in a maximum usable capacity of only 53.9
Ah L7! and an energy density of 41.5 Wh L1 [12]. The presence of
[C2Py]™ cations in the aqueous electrolyte limits the performance of the
positive half cell [12] and the transport of protons in Nafion membranes
[12,21]: (1) During charge operation, [CZPy]+ cations and poly-
bromides form liquid fused salt in the bromine half cell [12], which has
low conductivity of x < 90 mS cm™! [23] and results in sharply rising
overvoltages in the positive half cell [12,50]. The formation of fused salt
in the positive half cell is fully reversible [12]. In parallel (2), [C2Py]+
cations are released from the fused salt into the aqueous solution during
discharge operation. The organic cations diffuse into the PFSA mem-
brane and form addition bonds with sulphonate groups of the membrane
[12,21,52]. These hydrophobic [BCA]™ cations displace water mole-
cules from the membrane [53,54]. The membrane dries out and trans-
port of protons is inhibited [21,54] leading to a reduced conductivity of
PFSA membranes [12,21,53]. So far rising ohmic resistances have been
investigated as a non-reversible process [12]. In addition, (3) crossover
of electrolyte intensifies both challenges (1) and (2) leading to low en-
ergy density and capacity [12].

Saadi et al. [21] showed that [C2Py]™ cations do no only penetrate
and interact with PFSA membranes but also cross over the membrane.
PVDF-SiO; separators, on the other hand, do not show this interaction
with the [BCA]" cation, but have generally lower performance than
PFSA membranes in terms of 50 to 62 % higher membrane resistances in
BCA free HBr/Br; electrolytes [21]. Saadi et al. [21] further propose to
develop specific membranes or separators that provide high membrane
performance with low interactions between the membrane and the BCA
molecules.

A different and more cost-effective alternative to the development of
new separators is a modification of the electrolyte formulation with the
objective of permanently binding [BCA]" cations in the fused salt. By
providing an excess of Bry in the electrolyte to shift the solubility
equilibrium (Eq. (1)) towards the fused salt, Kiittinger et al. [15]
transferred a large fraction of [C2Py]+ cations into the fused salt phase.
An excess of Bry with the molar ratio of n(Brs)/n([BCA]™) > 2.4 within
the entire SoC range leads to a much lower fraction of [C2Py]*(aq)
cations in the aqueous phase (<5 mol%) [15]. Low concentrations or
absence of [C2Py]+(aq) cations prevent from the formation of low
conductive fused salt in the cell and from rising membrane resistances
[15]. This advantage made it possible for the first time to achieve a
usable capacity of 179.6 Ah L™ and an energy density of maximum 133
Wh 1! (at 100 mA cm™3) using an electrolyte containing BCA [15]. The
bromine transfer during the cell test takes place by a pure exchange of
bromine between the polybromides according to Eq. (2) at the phase
interface in the electrolyte tank according to [15] avoiding the release of
[BCA]" cations. This transfer is an alternative one and has been dis-
cussed in detail recently [15] and is shown for the example of [C6Py]Br
in Eq. (2):

[COPYBrs1 () + Bragy =11 (3000 @

Although high capacity and useful energy density are achieved, ca-
pacity decreases by 19.6 % and energy density by 30.0 % within 9 cycles
[15]. This trend is caused by a very small amount of [C2Py] ™", which is
sufficient to block the membrane, and the release of [C2Py]™ from the
fused salt into the aqueous phase is favoured by crossover to the
drawback of the performance [15]. A specification of a maximum of 5
mol% [BCA] " being in aqueous solution is not sufficient to achieve long-
term cycling stability. The application of a stronger Bry-binding [BCA]™"
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cation (e.g. [C6Py]™), which preferably remains completely in the fused
phase, is targeted.

While [C2Py]Br as moderate BCA has already been extensively
studied [12,15,19,23], studies on the strong Brp-binding [C6Py]Br as
BCA do not go beyond ex situ investigation of the electrolyte properties
of aqueous phase [19] and fused salt [23]. These studies [19,23] showed
[C2Py]+ cations can be an advantage over [C6Py]+ cations mainly due
to their moderate bromine binding strength. However, the combination
of [C6Py]Br and an excess amount of bromine in the electrolyte solution
has not yet been investigated neither ex situ nor in situ but promises a
possibility in reaching stable cycling performance. The goal to perma-
nently store [C6Py]" cations throughout the SoC region in the fused salt
phase by using its strong Bry-binding ability shall lead to stable mem-
brane functionality during cycling. An improvement of performance
towards electrolytes with [C2Py]Br is expected. Thereby, a usable ca-
pacity of 179.6 Ah L™! shall be achieved again and stable energy den-
sities shall be reached during cycling. At the same time, it has to be
investigated whether [C6Py]™ cations penetrate less strongly to the
membrane due to their large size and thus whether the membrane
resistance is less strongly influenced by [C6Py] " cations.

1.2. Work plan

A [BCA]" cation, which binds polybromides more strongly than
[C2Py]™ or is hardly soluble in aqueous electrolytes, is targeted in
electrolyte development. At the same time, an excess amount of bromine
within the entire SoC range strongly favours the shift of the equilibrium
according to Eq. (1) to form fused salt. The combination of applying an
excess amount of bromine and a strong [BCA]™" cation should lead to a
moderate Bry concentration for good discharge performance.

In this study the application of [C6Py]Br as strong Brp-binding BCA
in bromine posolytes of the Hy/Bro-RFB with a theoretical capacity of
179.6 Ah L7} is investigated with the aim to transfer and keep [C6Py]™
cations within the whole SoC range in the fused salt. For further
development and achievement of the objectives, bromine in excess
amounts is provided in concentrations of +0.84 M (series no. 2), +1.68
M (series no. 3) and +2.51 M Bry, (series no. 4) at SoC 0 % to the elec-
trolytes. In series no. 1 electrolyte without excess amounts of Bry (+0.00
M Bry) is used. The equilibrium of [C6Py]™" and Br, between the aqueous
phase and the fused salt is determined for these 4 electrolyte mixtures
based on concentration studies for Bry and the [C6Py]+. The electrolyte
conductivity and the influence of [C6Py]™ cations on the membrane are
determined and discussed based on the electrolyte compositions.
Cycling performance is investigated by measuring cell voltages and half
cell potentials in galvanostatic cycling experiments over 12 cycles and
limiting macro-kinetic effects such as mass transport limitation, ohmic
cell resistances and kinetics are determined qualitatively. To examine
benefits or drawbacks of using the longer alkyl side chain BCA [C6Py]Br,
results (concentration, energy density and capacity) are compared with
results of electrolytes applying [C2Py]Br as a BCA under same condi-
tions from our previous work [15]. In this context, the previous work
does not present results for electrolytes with a bromine excess of +0.84
M Br; at SoC 0 %, so no direct comparison is possible in this case, but a
qualitative comparison is shown in the paper. Density functional theory
(DFT) studies are performed to confirm the results of the ex-situ studies
of the electrolytes and the cell tests. The change in the Gibbs free energy
of the ion pairing between the two [BCA]" cations ([C2Py]" and
[C6Py] ) interacting with bromide Br~ and polybromides Bra,+1 (n =
1-3) is investigated. No DFT studies on [C6Py]Br concerning the storage
of Bry have been reported in the literature and [C2Py]Br has only been
studied so far in acetonitrile as a solvent [51].

2. Materials and methods

A detailed version of the section “Materials and methods” is available
in the Electronic Supplementary Information (ESI) including methods



M. Kiittinger et al.

and substances. All measurements have been carried out at 9 = 23 +
1°C.

2.1. Chemicals and composition of the electrolytes

Electrolyte solutions consist of HBr, distilled water and Brs. The used
BCA 1-n-hexylpyridin-1-ium bromide [C6Py]Br is synthesized according
to ref. [43, 55, 56]. The synthesis of [C6Py]Br is confirmed by 1H NMR
and '3C NMR analysis by comparison with NMR shifts from the litera-
ture [56,57] and shown in the ESI of this research article.

In all electrolytes and independent of the SoC a concentration of 1.11
M [C6Py]Br is present. The absolute concentration of HBr related to the
SoC of the electrolyte is defined as follows: SoC 0 % with 7.7 M HBr and
SoC 100 % with 1 M HBr. The concentrations of Brs in the electrolytes
depend on the chosen excess amount of Bry at SoC 0 % and the SoC in
series no. 1 to 4, which are defined for SoC 0 and 100 % in Table 1.

Electrolyte samples are mixed for all series with a volume (V) of V=
30 mL for SoC 0, 10, 20, 30, 33, 40, 50, 60, 66, 70, 80, 90 and 100 % for
ex situ investigation of electrolyte composition and conductivity. For ex
situ measurements the different electrolyte phases are in equilibrium.
Detailed concentrations for all components in these samples are shown
in Table S-2 in the ESI. The electrolyte (V = 90 mL) investigated in cell
test cycling is prepared at SoC 100 % with different Bry concentration
(Table 1).

2.2. [C6Py]™ cation concentration in aqueous electrolytes

Concentrations of [C6Py]"(aq) are investigated by Raman spectros-
copy from aqueous electrolyte samples for all electrolyte series and at all
13 SoCs. Details on the Raman spectrometer equipment are shown in the
ESI. Raman spectra are depicted in Figs. S-7 to S-10 in the ESI. [C6Py]™"
leads to a strong single Raman peak signal at a Raman shift () v = 1029
em™! [58-60]. Comparison of its peak area with the peak area of a
reference electrolyte with known [C6Py]™ concentration leads to actual
[C6Py] +(aq) concentrations (ESI and refs. [12, 19]).

2.3. Bromine concentration in aqueous phase and fused salt

Bromine concentrations in the aqueous electrolytes are determined
for all series and SoCs by linear chronoamperometry at a rotating disk
electrode under rotation on a glassy carbon working electrode. The
potential is reduced from open circuit potential to —1.0 V vs. Ag/AgCl/
KCl(sat.) reference electrode with a scan rate of —40 mV s *. For low
potentials, Brp reduction shows a constant limited current Ij;,,, which is
proportional to the Bry concentration by Levich equation [61-65].
Concentrations of Bry are calculated from limiting currents following Eq.
(3) ([c(Bry)] = mol Lfl [Ii;x] = mA). Calibration of the method is
described in detail in the ESI and in refs. [15, 19].

c(Bry(aq) ) = 3.424 @ 107> mol L' mA™" I, 3

Table 1
Bromine concentrations defined for four different electrolyte mixtures (series no.
1 to 4) at SoC 0 % and SoC 100 %.

Electrolyte mixture Concentration Bry"/M

At SoC 0 At SoC 100
% %
Electrolyte series no. 1 (+0 % of 3.35 M Br; at SoC 100 0.00 3.35
%)
Electrolyte series no. 2 (+25 % of 3.35 M Br, at SoC 0.84 4.19
100 %)
Electrolyte series no. 3 (+50 % of 3.35 M Br; at SoC 1.68 5.03
100 %)
Electrolyte series no. 4 (+75 % of 3.35 M Br; at SoC 2.51 5.86
100 %)

# Bromine is added to the solutions gravimetrically.
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Concentrations of Brs in fused salts c(Bro(fs)) are calculated from c
(Bra(aq)) and volumes of aqueous phase V(aq) and of corresponding
fused salt V(fs) as described in the ESI.

2.4. Conductivities of aqueous electrolytes

Electrolyte conductivities of aqueous electrolyte solutions (all series
and all SoCs) are determined in a calibrated conductivity cell at 9 = 23
=+ 1 °C. Details of the conductivity calculations and the determination of
the cell constant are explained in the ESI and in refs. [11, 12].

2.5. Comparison of [C6Py]Br electrolyte performance to [C2Py]Br
electrolyte performance

Conductivities and compositions of electrolytes containing [C6Py]Br
as well as their useable electrolyte capacities and discharge energy
densities from cell tests are compared with those of electrolytes con-
taining [C2Py]Br. These values ([C2Py]Br) are not determined in this
work, but are taken from our own results in refs. [12, 15] to determine
the improvement of the electrolyte with [C6Py]Br compared to [C2Py]
Br. All values for electrolytes’ energy densities and capacities are related
to the total amount of the electrolyte volumes, considering the volumes
of the aqueous phase and of the fused salt. Capacities of fused salt in
chapter 3.3 are differing and related to fused salt volumes only.

2.6. Crossover of [C2Py]+ and [C6Py]™ cations across Nafion117
membrane

The crossover of [C2Py]™ and [C6Py]+ cations through a Nafion117
membrane is studied in a glass diffusion cell, with a geometric crossover
membrane area of 3.2 ¢cm>. Electrolyte (40 mL) containing 4.5 M HBr
and 0.31 M [C2Py]Br or 4.5 M HBr and 0.31 M [C6Py]Br is placed on
one side (1) of the membrane and 4.5 M HBr solution (40 mL) is placed
on the other side (2) of the membrane in the cell. At different times
electrolyte samples are extracted from side (2), diluted 10-fold with 4.5
M HBr and examined with UV-Vis spectroscopy. Peak heights of
absorbance at a characteristic wavelength of 260 nm for the [BCA]™"
cations are used to calculate [BCA]" concentrations of side (2). The
calibration, UV-Vis calibrations and analyses are shown in Figs. S-3 to S-
6 in the ESI. The concentrations of the BCAs on side (2) are calculated
and the BCA crossover rate is calculated from those as explained in the
ESL

2.7. FTIR investigation of Nafion117 membranes

Nafion117 membranes, which are soaked in aqueous solutions of
[C6Py]Br electrolytes ex situ at all SoCs for all 4 electrolyte series, are
investigated by Fourier Transform Infrared Spectroscopy (FTIR spec-
troscopy). Results are compared with the FTIR spectra of the same
membrane type in BCA-free HBr/Bry/H,0 samples at same SoCs. Details
are explained in the ESI.

2.8. Cycling tests and Hy/Brs-RFB test cell

Cell tests are performed by galvanostatic cycling with a current
density of £100 mA em ™2 in a Hy/Br,-RFB single cell to evaluate cycling
performance of series no. 1 to 4. Only results with electrolytes con-
taining [C6Py]Br are performed. Starting with electrolytes from SoC
100 %, the cell test operates in discharge operation followed by a charge
process. A Nafion117 membrane with a geometrical active area of 40
cm? and a single-sided Pt/C catalyst for the H reactions is used in the
cell. The hydrogen half cell is operated in a non-recyclable flow through
mode. The feed of dry Hy has a flow rate of 100 mL min~! during charge
and discharge operation with a stoichiometric factor (1) 1 of 3.29. The
stoichiometric factor 1 defines the ratio of the amount of hydrogen
available in the negative half cell and the needed amount of hydrogen
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for the discharge reaction. The excess of Hy and the high loading of the
hydrogen electrode with Pt catalyst (3 mg Pt cm™2) prevent limiting
processes in the hydrogen half cell and allow a focus on the investigation
and monitoring of phenomena of the positive Bry half cell. A graphite
felt is embedded in a flow frame and is applied as electrode of the
positive half cell. The aqueous electrolyte is pumped continuously in
flow through mode through the positive half cell felt with a flow rate of
30 mL min "}, while the high density fused salt stays in the tank. Further
material and cell information are provided in the ESI. The two phase
electrolyte is stored in a sealed glass tank. The cell voltage Ecel -0 under
operation, the redox potential of the electrolyte ¢(Bra/Br ™ )iedox VErsus
the normal hydrogen electrode (NHE), half-cell potentials of the positive
bromine half cell ¢(Bra/Br )i vs. NHE and the negative hydrogen half-
cell potential (p(H+/H2)i¢0 vs. NHE are determined in parallel during
cycling experiments. The setup is shown in the ESI. Between discharge/
charge operation during the cycling test the ohmic cell resistances are
investigated by means of galvanostatic electrochemical impedance
spectroscopy (ESI). From results efficiencies, energy densities and ca-
pacities are calculated.

2.9. DFT studies

Density functional theory (DFT) studies are performed to theoreti-
cally evaluate the formation of [BCA]Bra,41 ion pairs and to validate
measurement results. DFT calculations have been performed using the
MO062X hybrid functional and 6-311++g** basis set [66], and the D3
correction was used as it is very important to consider the H---Br in-
teractions between Br~ or the polybromides Bra;,; and the protons of
the two [BCA]™ molecules ([C2Py]" and [C6Py] ™). The solvent effect is
considered with the implicit solvent model using the solvent model
density (SMD) approach [67] in order to approach experimental reac-
tion conditions in the modelling. All optimized structures are verified to
be the minima on the potential energy surface by analyzing the vibra-
tional frequencies. All calculations are performed using the Gaussian16
package [68]. Due to the possibility of various isomers in the formation
of the complex, various orientations have been examined.

3. Results and discussion

3.1. Reduction of [C6Py]+ cation concentration in the aqueous solution
and compared to [C2Py] " -electrolytes

The aim of this work is to reduce the amount of [C6Py]™ cations in
the aqueous solution by transferring those cations completely into the
fused salt due to intervening in the solubility equilibrium according to
Eq. (1). The concentrations of [C6Py]+(aq) cations as a function of the
SoC for the excess of Bry (+0.00, +0.84, +1.68 and +2.51 M Br,) are
shown in Fig. 2 (points). The results are compared with concentration
values of [C2Py]+(aq) cations shown for equivalent electrolyte mixtures
(+0.00, +1.68 and +2.51 M Bry) obtained in a previous work [15] in
Fig. 2 (dotted lines).

For the electrolyte without an excess of Bry (series no. 1), the con-
centration of [C6Py](aq) decreases strongly and approximately line-
arly starting from 1.11 M between 0 < SoC < 40 %. For SoC > 30 % in
series no. 1, >50 mol% of both [BCA]™ cation types are transferred into
the fused salt. Detailed explanation for series no.1 was given in ref. [19].

The excess of Bry in the electrolyte (series no. 2 to 4) leads to a
further strong decrease of the [BCA] +(aq) cation concentration within
the whole SoC range, as shown in Fig. 2. [C6Py]+ cations are bound
more strongly in the fused salt by lower [C6Py]T concentrations
compared to [C2Py]+ cations for all electrolyte series also for high
excess amounts of Bro. A wider usable BCA-free SoC range of the aqueous
electrolyte starting from SoC 100 % to lower SoC values is achieved by
using [C6Py]Br compared to [C2Py]Br. BCA-free SoC ranges of the
aqueous electrolyte are shown in Table 2.

Especially [C6Py]"(aq) cations are only detectable in the aqueous
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Fig. 2. Concentration of [C6Py]*(aq) cations in aqueous electrolyte phase
(dots) depending on the excess bromine concentrations +0.00, +0.84, +1.68
and +2.54 M Br; as a function of the SoC. For comparison, concentrations of
[C2Py]*(aq) cations (dotted lines) under same conditions from [15] are shown
for excess Bry concentrations of +0.00, +1.68 and +2.54 M Br,. Values are
tabulated in the ESI in Tables S-3 and S-4.

phase within a small SoC range. Detection limits of [C6Py]Br and [C2Py]
Br are compared in Table 2, as are concentrations of [C6Py]+(aq) and
[C2Py] +(aq) at SoC 0 %. A bromine excess concentration of +1.68 M Bry
reduces the maximum [BCA]*(aq) concentration to 32 mM [C6Py]+(aq)
compared to a concentration of 225 mM [C2Py]'(aq), leading to a
reduction of 97.1 mol% ([C6Py]") versus 79.5 mol% ([C2Py]™")
compared to a total concentration of 1.11 M [BCA]" in the electrolyte.
For an excess of bromine of +2.54 M Brp, a maximum of 5 mM
[C6Py]+(aq) is present (reduction of 99.6 mol%), while for [C2Py]™(aq)
a maximum of 67 mM is present within the entire SoC range at chemical
equilibrium in the electrolyte.

The combination of the strong Bry-binding BCA [C6Py]Br and in
parallel an excess amount of Bry leads to a minimum of [C6Py]"(aq)
cations in the aqueous phase. In series no. 4 of [C6Py]Br a maximum of
only 0.4 mol% of [C6Py]™ vs. 1.11 M [C6Py]™ is present. Negative in-
fluences of the [BCA]™ cation on the cell performance shall be reduced
and shall allow cycling within the whole theoretical capacity of 179.5
Ah L7! for many cycles compared to [C2Py]Br electrolytes.

3.2. Influence on the Bry concentration in the aqueous electrolyte phase

Combining [C6Py]™ cations as a strong Brp-binding BCA with an
excess concentration of Bry, both are expected to influence the Bry
concentration in the aqueous electrolyte. To discuss the ability of [C6Py]
Br to complex and transfer bromine into the fused salt, the concentra-
tions of Bry in the aqueous phase depending on the SoC with and without
excess amount of bromine are shown in Fig. 3 (dots). For comparison Bry
concentrations of aqueous electrolytes with [C2Py]Br (dotted lines)
from ref. [15] are depicted.

The trend of Bry concentrations in [C6Py]Br aqueous electrolytes in
Fig. 3 as a function of SoC is comparable to the concentration behavior in
[C2Py]Br electrolytes from ref. [15] for all series. With increasing SoC,
the absolute bromine concentration increases (ESI, Table S-2), and Br;
concentrations in the aqueous phases (Fig. 3) also increase for all elec-
trolyte series up to SoC 70/80 % in the aqueous phase (Fig. 3). For higher
SoC > 70/80 % the concentration of Bry(aq) decreases. Rising excess
amounts of Br; in series 1 to 4 lead also to increased concentration of Bry
in the aqueous phase.

While the objective of lower concentrations of [C6Py]™ cations in the
aqueous solution is achieved, the maximum Br; concentration at SoC
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Table 2
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Electrolyte properties for bromine electrolytes containing [C6Py]Br as BCA for different electrolyte series with different excess amounts of Br, at SoC 0 % and
comparison with properties for the application of [C2Py]Br from [15] for [BCA]*(aq) concentration at SoC 0 %, detection limit of [BCA] " (aq) cations in the form of SoC
values, Bry(aq) concentration in aqueous electrolyte solution at SoC 20 % and conductivity of the aqueous electrolyte phase at SoC 0 %.

Electrolyte series Concentration of [BCA] ' (aq) at

Detection limit of [BCA]™(aq)/not

Concentration of Br, (aq) at SoC ~ Conductivity of aqueous phase at 9 =

SoC 0 % (mM) detectable for SoC/% 20 % (mM) 23 4+ 1 °C and SoC 0 %/mS cm ™!
[C2Py]Br [C6Py]Br [C2Py]Br [C6Py]Br [C2Py]Br [C6Py]Br [C2Py]Br [C6Py]Br
Series no. 1 (+0.00 M Bry) 1110 1110 >80 >60 116 10 461.1 380.6
Series no. 2 (+0.84 M Bry)  Not available” 317 Not available® >30 Not available® 57 Not available® 544.1
Series no. 3 (+1.68 M Bry) 225 32 >50 >20 362 254 681.7 647.3
Series no. 4 (+2.51 M Bry) 67 5 >33 >10 691 612 727.2 716.4

2 Values concerning electrolyte mixtures containing [C2Py]"-cations used as [BCA]'-cations are adapted from our previous work [15]. In ref. [15] values of
concentration of [C2Py] " (aq) at SoC 0 %, detection limit of [C2Py]*(aq), concentration of Bry(aq) at SoC 20 % and conductivity of aqueous phase at SoC 0 % with a Bry
addition of +0.84 M Br, have not been investigated and are not available so far for comparison in this work. In this work series no. 2 with an addition of +0.84 M Br is
added to investigate the range between a bromine excess of 0 M Br and +1.68 M Brs.
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Fig. 3. Concentrations of Br, in aqueous electrolyte solution depending on the
SoC and the excess concentrations of Bry (at SoC 0 %) for the application of
[C6Py]Br (dots) and for comparison of [C2Py]Br (dotted lines). Values for
[C2Py]Br are adapted from literature [15]. All concentration values are listed in
the ESI in Tables S-5 and S-6.

70/80 % in the aqueous phase of [C6Py]Br electrolytes in the presence
of excess amounts of Brj is similar to the concentrations of [C2Py]Br
electrolytes, even as [C6Py]+ cations with their strong Brp-binding
ability are used. It was expected that [C6Py]t would lower c(Bra(aq))
also for an excess of Bry in the electrolytes much stronger than [C2Py]"
does. For series no. 4, Bry concentrations higher than 1 M Br; are ach-
ieved. However, within the whole SoC range [C6Py]Br and [C2Py]Br act
as strong Brp-binding BCAs as only a maximum of 25.6 mol% of Brj in
series no. 4 (SoC 70 %) and only 18.8 mol% of Br; in series no. 3 (SoC 80
%) are soluble in the aqueous solution compared to absolute Bry con-
centrations at these SoCs.

For SoC < 70 % the Bry concentration in aqueous electrolytes of
[C6Py]" cations are lower compared to the one in electrolytes of
[C2Py]™ cations (Fig. 3). The difference in Bro-concentrations between
[C6Py]Br-electrolytes and [C2Py]Br-electrolytes are for each series
largest at low SoC and become smaller with rising SoC. The difference in
Bry-binding strength between [C2Py]Br and [C6Py]Br is evident in this
SoC range. This is confirmed for concentrations of Bra(aq) at SoC 20 % in
Table 2. The concentration difference Ac(Bry) between [C2Py]Br elec-
trolytes and [C6Py]Br electrolytes is highest in series no. 3 at SoC 0 %

with Ac(Bry) = 163 mM. Based on the Bry concentrations and concen-
trations of [BCA]™ cations (Fig. 2) in aqueous solution, the solubility of
[C6Py]Bray 1 is lower than for [C2Py]Bro, 1 also for bromine excess
and strongly depends on SoC. For increasing SoC > 70 %, the depen-
dence of this property on the chosen BCA decreases and Bry concen-
tration only depend on SoC and the excess amount of Brp. The low
solubility of Bry in the aqueous phase leads to a reduction of the Br;
concentration [11,15,33]. As a consequence, the Brs is transferred and
taken up by polybromides in the fused salt phase, which tend to form
higher polybromides [15].

Without the application of excess amounts of Bra, [C6Py]" cations
almost completely remove the Bry from the aqueous phase. For SoC < 60
% (series no. 1, [C6Py]Br), Bry concentrations are below 100 mM. For
SoC = 20 %, the lowest Bry concentration of 10 mM is determined, while
for the same electrolyte mixture with [C2Py]Br, there is still 116 mM Bry
in solution. These low concentrations might lead to mass transport
limitation in the cell with rising current densities. Series no. 3 and 4
seem to be of higher interest for using a wide capacity range during
performant discharge operation.

In summary, bromine concentrations are decreased for excess
amounts of Bry with the use of [C6Py]Br only for low SoC values, while a
limitation of Bry concentrations is not achieved for SoC > 50 %.
Nevertheless, series no. 3 and 4 are of interest for an application in the
cell, while in series no. 1 and 2 Br; is bound very strong in the fused salt
and might lead to a lack of Br in the cell during discharge operation.

3.3. Storage capacity of liquid fused salt

Within the entire SoC range Br, is primarily stored in the fused salt
[C6Py]Bray1(fs) in high concentrations as shown in Fig. 4 between
4.77 < c(Bry,fs) < 11.93 M due to its polybromides’ low solubility in
contact with [C6Py] ™ cations in aqueous solutions. This corresponds to a
capacity of the pure fused salt between 255.7 and 639.2 Ah L1, by
taking into account only the volume of the fused salt. However, the
electrolyte is only applicable in the cell when aqueous electrolyte or a
combination of both phases is used [23,69]. Concentrations and thus
fused salt capacities of the fused salt increase with increasing SoC and
with rising excess amounts of Brj since the absolute amount of Bry in the
electrolyte increases and Brp is mainly transferred into the fused salt.
Overall, the concentrations of Brp in the [C6Py]Bryy 1 fused salt are
lower than in [C2Py]Bro, 1 fused salt (9.26 to 15.12 M) (Fig. 4). Con-
centrations of Bry(fs) in series no. 1 to 4 with [C6Py]Bra,,1 are lower
compared to the ones in [C2Py]Bra, 1 due to a larger radius and volume
of the involved [C6Py]™ cations compared to the [C2Py]+ cations.
However, as in aqueous electrolytes the Bry concentration (Fig. 3) for
application of [C6Py]+ compared to [C2Py]+ is lower at low SoCs and
similar at high SoCs, the absolute amount of Bry stored in [C6Py]
Bron+1(fs) is larger than in [C2Py]Bra,1(fs) also for electrolytes with
bromine excess. In conclusion, for applying [C6Py]™ cations there is not
less Bry transferred into the fused salt, but the concentration is lower in
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Fig. 4. Concentration of Br, in the liquid fused salt [C6Py]Bro,,1 (dots) and
comparison to the Brp concentration in the liquid fused salt of [C2Py]Bray 1
(dotted lines) depending on the SoC and the excess of bromine concentration
(+0.00, +0.64, +1.68, +2.51 M Bry) at SoC 0 %.

fused salt due to the volumetrically larger organic [C6Py]" cation
compared to [C2Py]™" cations. The fused salt forms the energy reservoir
for the positive bromine half cell.

3.4. Interaction of the [BCA]™ cations with Nafion117

In a Hy/Bry-RFB, cation exchange membranes are employed as pro-
tons are carried from the posolyte to the electrode of the hydrogen half
cell during the charge process and backwards during the discharge
process [70-73]. In this work, Nafion117 membranes are used, which
are mechanically stable due to their higher thickness of 175 pm [74,75]
and shall reduce crossover towards further electrolyte ingredients.
Crossover of [C6Py]+ cations through the membrane is compared to
influence on [C2Py]™ cations on these parameters and interaction of
[C6Py]Jr cations with the membrane is investigated.

3.4.1. Crossover of [C6Py]" and [C2Py]" cations

Crossover tests for [C6Py]+ in comparison with [CZPy]Jr cations are
carried out in a glass diffusion cell on a Nafion117 membrane. Con-
centrations of [BCA] ™" cations in the original BCA-free HBr solution and
crossover rates are shown in Fig. 5a.

Both [C2Py]" and [C6Py]™ cations from the posolyte cross over the
membrane, but the concentrations (Fig. 5a — left axis, dots and dotted
lines) of [C2Py]™ in the initially BCA-free electrolyte increase more
strongly than for the same electrolyte with [C6Py]" cations. After 48 h,
23.3 mol% of [C2Py]™ (72.3 mM) crossed the membrane, whereas only
10.6 mol% of [C6Py]™ (32.9 mM) crossed during the same time period.
From the concentrations, crossover rates of the ions are determined for
the investigated time periods (Fig. 5a - right axis and lines). It is
remarkable that the transfer rate of [C2Py] ™" (approx. 22 to 25 mmol h!
em™2) is strongly increased within the first 4 h compared to the transfer
rate of [C6Py]+ (approx. 3.1 mmol h! cm_z). With increasing time this
difference decreases. Especially the transfer rate of [C2Py]" decreases
and adapts to the transfer rate of [C6Py]" with approx. 5.6 to 6.2 mmol
h~! em~2in the period between 24 and 48 h. Equal amounts of [BCA]™
cations cross over at 48 h, although the concentration gradients Ac
([BCA]™) across the membrane are different: Ac([C2Py] ) =165.4 mM
and Ac([C6Py]™") = 244.3 mM. Overall, it appears that [C6Py]" cations
cross over at lower rates due to their size and presumably their lower
charge density, even at a larger concentration gradient. [C2Py] ™" cations,
on the other hand, crosses over in large quantities at the beginning due
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Fig. 5. Effect of [BCA]™ cations in the aqueous electrolytes on the Nafion117
membrane: (a) Crossover of [C2Py]* and [C6Py]™ cations through the
Nafion117 membrane from a 4.5 M HBr/0.31 M [BCA]" solution into a 4.5 M
HBr solution (concentrations left axis) in a glass diffusion cell and crossover rate
of the [BCA]™ cations (right axis). (b) Wavenumber of the S—O oscillation peak
(¥ = 1056 cm™!) of Nafion117 membrane pieces pretreated in aqueous elec-
trolyte solutions containing [C6Py]Br. (For interpretation of the references to
colour in this figure, the reader is referred to the web version of this article.)

to smaller size. After 24 h the [C2Py] " ions bound to the sulphonates in
the membrane limit the transport of [C2Py] ™.

3.4.2. Interaction of [BCA]" cations with sulphonate groups in the
membrane

The interaction between the Nafion117 membrane and the [C6Py]™
cations is demonstrated by FTIR measurements on Nafion117 samples
placed in aqueous electrolyte solution of all series at various SoC. All
obtained peaks with corresponding wavenumbers in the FTIR spectra
correspond to wavenumbers known in the literature [76-82] for the
backbone and side chain of Nafion117 membrane.

The peak with a wavenumber at # = 1056 cm™! represents the
symmetrical oscillation of the bond between the sulfur atom and the
ionized oxygen atom in S—O of the sulphonate group
[54,76,77,80,83,84]. The wavenumber position of the peak depends
largely on the ions and molecules surrounding the sulphonate group
[84,85]. Larger cations with lower charge density forming an addition
bond with the sulphonate groups lead to a downshift of the peak
wavenumber to lower wavenumbers [84]. The peak position of this peak
is shown for all series with [C6Py]Br as a function of SoC in Fig. 5b and is
compared with Nafion117 membranes that are untreated (Fig. 5b/or-
ange line) or placed in BCA-free HBr/Bry/HO solutions (Fig. 5b/purple
dots).
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Pretreatment of the Nafion117 membrane with BCA-free HBr/Bry/
H20 electrolyte results in no change in the peak wavenumber (Vv =
1056.33 cm™!) within the entire SoC range compared to the untreated
Nafion117 membrane (Fig. 5b). There is no dependence of the wave-
number on the SoC. Since all membranes are dried before measurement,
there is no difference that can be attributed solely to membranes’
different water content.

Membranes pretreated in electrolytes with [C6Py]Br, on the other
hand, show a strong downshift in wavenumbers for the oscillation of the
S—O group of the membrane (Fig. 5b), which largely depends on the
concentration of the [C6Py]+ cation in the aqueous solution. High
[C6Py]Jr concentrations (Fig. 2) lead to a strong decrease of the peak
wavenumber down to ¥ = 1050.55 cm ™. For membranes in electrolytes
of series no. 1 and 2 at low SoCs a strong deviation of the peak wave-
number compared to the peak wavenumber of untreated Nafion117
occurs (Fig. 5b). For series no. 1, a minimum value for the peak wave-
number ¥ = 1051.03 cm™! results, which is independent of the con-
centration of the [C6Py]+ cations in the region 0 < SoC 25 %. Since the
FTIR measurement is performed at the surface of the membrane, a
saturation of the sulphonates with organic cations near the surface could
occur at this point in the samples with high [C6Py] ™ concentrations. As
[C6Py]™ cations are large and hydrophobic compared to other quater-
nary ammonium cations (e.g. [C2Py]™), they might tend to block the
channels in the Nafion117 structure, so that there is less transport of
molecules, while cations bind more strongly to the sulphonate groups.
For series no. 3, however, this influence of [C6Py]Jr is much weaker, as
the concentrations of [C6Py]™ in the aqueous phase (Fig. 2) are low
throughout the SoC region. Since series no. 4 is largely free of [C6Py] ™"
cations, only a deviation smaller than A7 = 0.5 cm ™! from the untreated
Nafion117 occurs in the FTIR of Nafion membrane.

It can be seen from the results that [C6Py] " generally tends to cross
over the membrane at a lower rate compared to [C2Py]™, but leads to a
strong downshift of the wavenumber of the symmetrical oscillation of
the S—O group in the membrane. [C6Py]™ interacts more strongly with
the sulphonate group than [C2Py]™ investigated in previous work for
with similar concentrations [12], leading to a weaker influence on the
peak wavenumber for [C2Py]+. This also confirms that [C2Py]™ cations
are transported across the membrane in larger amounts, whereas for
[C6Py]™ cations the crossover rates are lower even at larger concen-
tration gradients via the membrane. For the application in the cell,
however, it is still essential that the [C6Py]+ concentrations in the
aqueous solution are as low as possible, since [C6Py] ™ cations, just like
[C2Py]" cations, diffuses into the membrane where they strongly
interact with the sulphonates and presumably strongly increases the
membrane resistances.

3.5. Conductivities of aqueous electrolytes including [C6Py]Br

The aqueous electrolytes are responsible for charge transport in the
electrical field in the bromine half cell. Ionic conductivities of aqueous
electrolytes with [C6Py]Br and different excess amounts of Bry (series
no. 1-4) are shown in Fig. 6 (dots) for 9 = 23 + 1 °C and are compared to
(i) reference conductivities of pure HBr/Hy0-electrolytes (orange line)
[11,86,87] and (ii) conductivities of the aqueous phases with [C2Py]Br
with an excess of bromine (series no. 1, 3 and 4) (dotted lines) from ref.
[15]. Conductivities of aqueous electrolytes containing [C6Py]Br reach
values between 339.5 < «x(aq) < 778.5 mS cm~! within the entire SoC
range (Fig. 6) resulting primarily from the presence of protons from HBr
in water during charge transport in the electrolyte by means of the
Grotthus hopping mechanism, described in ref. [11, 19, 88].

In the SoC range between 0 < SoC < 60 % the conductivity of the
electrolytes is limited by the presence and rising concentration of the
large organic cations of [C6Py]+(aq). The lower the amount of excess
Brj in solution, the further the conductivity in this range deviates from
the BCA-free HBr/H50 solution (Fig. 6/orange line) by reaching lower
values due to rising [C6Py]™ cation concentration. Conductivity values
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Fig. 6. Conductivity of the aqueous electrolyte phase at 9 = 23 + 1 °C
depending on SoC and the excess amount of bromine in [C6Py]Br electrolytes
(dots), [C2Py]Br electrolytes (dotted lines) from ref. [15] and pure HBr solution
(orange line) from ref. [11, 86, 87]. Values are tabulated in the ESI in Tables S-
7, S-8 and S-9. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

for SoC 0 % are shown in Table 2. The trend is similar with the con-
ductivity behavior of [C2Py]Br electrolytes.

For electrolytes with [C6Py]Br and excess amounts of Brj in series
no. 3 and 4, conductivities are approximately equal to those of BCA-free
HBr/H;0 solutions with high values between 647.3 < x(aq) < 781.2 mS
cm ! in this SoC range. As electrolytes of series no. 3 and 4 are free of
[C6Py] "-cations for SoC > 20 % and have maximum [C6Py]" concen-
trations of 32 mM, the organic cations have limited influence on the
aqueous electrolytes’ conductivity.

For 60 < SoC < 100 % the conductivity is independent of the [BCA]"
cations and nearly exclusively depends on the HBr concentration, which
decreases with increasing SoC due to the cell reaction. Detailed expla-
nation is provided in ref. [19].

By applying an excess amount of Bry, organic [C6Py]™ cations are
increasingly transferred into the fused salt and electrolyte conductivity
increases as shown earlier for [C2Py] T_cations [15]. As the conductivity
of BCA-free HBr/H,O solutions is reached, a maximum and finite con-
ductivity purely defined by HBr concentration is nearly reached, even
when there are low amounts of Bry in the aqueous electrolyte. High
conductivities in [C6Py]Br electrolytes lead to high performance. Since
the electrolyte conductivities are very high, they do not become a
limiting factor in cell tests during charge and discharge.

3.6. DFT studies of the interaction between BCA and polybromides

DFT studies are performed to theoretically investigate the interaction
between [C2Py]"/[C6Py]™ cations and bromide/polybromides
(Bran+1), respectively, and to validate conclusions derived from exper-
imental results. The most stable structures of the bromide and poly-
bromide form in contact with the [BCA]™ cations ([C2Py]Bra,+1 and
[C6Py]Bran 11 where n = 0-3) are depicted in Fig. 7.

The free energy profiles of the reactions have been calculated using
the most likely pathways as [C2Py]Br reacts with Bry and forms [C2Py]
Brs which then further reacts with Bry and forms [C2Py]Brs, [C2Py]Br;
etc. by calculating the Gibbs free energy change AG for the reactions in
various intermediate steps. Ion pairing free energies (AG) of the
respective reaction equilibria of [C2Py]Br, [C2Py]Brs, [C2Py]Brs and
[C2Py]Br7 are shown in Table 3/column 2. In general, similar AG values
for [C6Py]Brs, [C6PylBrs and [C6Py]Br; in comparison to [C2Py]™
components are obtained (Table 3/column 3).
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[C6Py]Br,

[C6Py]BTr,

Fig. 7. Minimized structures of the [C2Py]Bro,,; and [C6Py]Bry,, 1 (where n = 0-3). White, Grey, Blue and Cyan spheres represent H, C, N and Br atoms,
respectively. The dotted Red lines represent the Br interactions of the polybromides with the nearest H atoms of the [BCA]™ cations. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Gibbs free energy of ion pairing (AG/kJ mol ") for the ion pairing of [C2Py] "
cations and [C6Py]™ with bromide [BCA]Br (n = 0) and the addition of Br, to
form tribromides [BCA]Br; (n = 1), pentabromides [BCA]Brs (n = 2) and hep-
tabromides [BCA]Br; (n = 3).

Ton pairing free energy (AG)/kJ mol ™!

[C2Py] "+ -Brans1 [C6Py] "+ -Brans1

[BCA]" + Br~ = [BCA]Br 3.87 4.72
[BCA]Br + Bry 2 [BCA]Br3 —34.02 —34.89
[BCA]Br3 + Bry 2 [BCA]Brs 5.56 2.15
[BCA]Brs + Bry 2 [BCA]Br; 16.13 13.16

Tonic pairing of [C2Py]" and [C6Py] " with bromide to obtain [C2Py]
Br and [C6Py]Br, respectively, in aqueous HBr/Bry/[BCA]Br solution
requires energy, as shown by the positive AG values (Table 3/column 2
and 3). The bromide form of the salts [C2Py]Br and [C6Py]Br, as is
known from previous studies [19], is soluble in aqueous HBr/Brj solu-
tion at high concentration and prefers to form two solvated ions. In
aqueous solutions, solvated ions of [BCA]Br reach the lowest energy
values. This is confirmed by the DFT study.

The formation of tribromides [BCA]Br3 from [BCA]Br is preferred,
reaching the lowest free energy values compared to the formation of
[BCA]Br, [BCA]Brs and [BCA]Br; (Table 3). Ion pairing energies AG of
[BCA]Brs compared to [BCA]Brs and of [BCA]Br; compared to [BCA]
Brs are more positive compared with [BCA]Br3 complex formation. In
the presence of Brj in the electrolyte solution, the [BCA]Br3 is the most
preferred form for ion pairing, followed by [BCA]Br5 and then [BCA]Br;.
The interaction between the [BCA]™ cations and the polybromides
Bran+1 which is strongest for tribromides, followed by pentabromides
and heptabromides. This behavior appears qualitatively for both mole-
cules and thus is independent of the length of the alkyl side chain. As the
absolute Brp concentration increases during charging of the battery the
majority of Brp continues to be stored in the fused salt as the poly-
bromide salt, specifically as Brs and Br;. However, Brs and Br; interact
less strongly with the [BCA]™ cations.

The formation of the ion pair of [C6Py]+ and Br™ occurs less pref-
erentially than the formation of [C2Py]Br in aqueous solution, since a
higher energy value is determined for [C6Py]Br compared to [C2Py]Br.

In all steps, [C6Py]Br reacting with Br; is energetically more favourable
compared to [C2Py]Br. It is evident from experiments that Bry con-
sumption is higher in the presence of [C6Py]" compared to that in the
presence of [C2Py]", and this is also evident from our computational
results. The longer n-hexyl side chain allows a stronger interaction be-
tween the negatively charged polybromides Bra,.; and the larger
number of hydrogen atoms of the n-hexyl side chain compared to the
shorter ethyl side chain. Particularly in the presence of Brs and Br7 in
the solution, the [C6Py]+ form of the salt retains the lower energy level
compared to the [C2Py]+ cations. As a result, even in the presence of
excess bromine, the Bry, which forms polybromides Bra,;; is more
firmly attached to the [C6Py]" compared to [C2Py]™.

3.7. Cycling tests of [C6Py]Br electrolytes

To investigate the cycling ability of electrolytes containing [C6Py]Br
in a Hy/Bry-RFB single cell, galvanostatic cycling tests are performed for
all 4 electrolyte series. All electrolytes are discharged starting from a SoC
of 100 % and then are charged back to SoC 100 %. Cycling of electrolytes
containing [C2Py]Br have been discussed in ref. [12, 15, 21] and is not
shown in this work. Cell voltages as a function of the cycling time
(Fig. 8a—d) and ohmic cell resistances as a function of the cycle number
before and after discharge operation (Fig. 8f) have been measured for all
four electrolytes for up to 12 cycles, respectively. From cell voltages and
currents, cycling efficiencies (Fig. 8f) and applicable electrolyte capac-
ities and discharge energy densities as a function of the cycle number
(Fig. 8g-h) are calculated to discuss influence of [C6Py] +-electrolytes on
the cell performance. Limiting phenomena of the cell are confirmed and
discussed based on the half-cell potential of the Bry/Br~ half cell, the
redox potential of the Bry/Br~, the overvoltage of the positive Bry/Br™
half cell, and the residual potential AEggg.

3.7.1. Cycling performance results

Although all electrolytes are charged and discharged with the same
current density of £100 mA cm 2, different depths of discharge of the
electrolytes starting from SoC 100 % are reached, which is visible due to
different time scales and cycling times in Fig. 8a—-d. A complete cycle
with a targeted charge and discharge capacity of 179.6 Ah L™! requires a
time period of 8.08 h. However, complete discharge and charge
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Fig. 8. Galvanostatic cell test at a current density of 100 mA cm™2 for HBr/Bry/H,0 electrolytes containing [C6Py]Br as BCA with different bromine excess
amounts up to 12 cycles: Cell voltage of electrolyte (a) +0.00 M Bra/series no. 1 (b) +0.84 M Bry/series no. 2 (c) +1.68 M Bry/series no. 3 and (d) +2.54 M Bry/series
no. 4 as a function of the time, (e) energy efficiencies as a function of the cycle number, (f) ohmic cell resistance before and after discharge operation as a function of
the cycle number and (g) usable charge/discharge electrolyte capacities and (h) discharge energy densities (dots) as a function of the cycle number. For comparison
of capacities (g) and energy densities (h) available values for [C2Py]-electrolytes from our own data of ref. [15] are shown (dashed lines).
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operation is only achieved for series no. 4 within the first 6 cycles, shown
in Fig. 8d, when an excess of bromine of +2.51 M is provided. For
electrolyte series no. 1 to 3 (all cycles), as well as for series no. 4 for cycle
7 to 12, the discharge process is terminated in each cycle by a collapse of
the cell voltage and reaching the defined lower voltage threshold (0.25
V) before reaching the maximum discharge time of 8.08 h, while in
series no. 4 (cycle 1 to 6) the discharge process is terminated by reaching
the defined maximum discharge capacity.

Due to lower discharge operation times, electrolytes of series no. 1 to
3 offer much lower usable electrolyte capacities as shown in Fig. 8g.
Those capacities strongly depend on the excess concentration of
bromine in the electrolyte in the different series no. 1 to 4. With
decreasing bromine excess from series no. 4 to no. 1, the usable elec-
trolyte capacity decreases significantly (Fig. 8g). However, capacities
are approximately independent of the number of cycles for each series.
Average values of the usable electrolyte capacities and SoC ranges are
shown in Table 4. For electrolyte series no. 4 almost the maximum
possible usable electrolyte capacity (176.69 Ah L7!) is available
throughout the 12 cycles, while for an electrolyte without a bromine
access (series no. 1) only 44.20 Ah L™! are usable during operation.

The use of [C6Py]Br as BCA leads to largely steady usable electrolyte
capacities. This is not the case for the use of [C2Py]Br electrolytes
(Fig. 8g). There, the useful capacity for series no. 3 and 4 decreases more
sharply, respectively, as the number of cycles increases. With [C6Py]Br,
capacities are achieved which are much more stable and show only low
decrease rates. Capacities for [C2Py]+ electrolytes have been extracted
from ref. [15].

For all studied electrolytes, the energy efficiency as a function of the
cycle number (Fig. 8e) has values between 62.8 and 74.4 % for charge
and discharge current densities of +100 mA cm 2. For the first cycle, the
increasing excess of bromine in the electrolyte leads to an increase in
energy efficiency between 67.1 and 74.4 %. For electrolytes of series no.
1 to 3, the energy efficiencies are almost constant with average values of
EE = 67.0 % (series no. 1), EE = 68.2 % (series no. 2) and EE = 68.1 %
(series no. 3). For series no. 4 instead, EE decreases slightly between
cycle 1 and cycle 8 from 74.4 to 61.7 % and stabilizes around that value
for cycle 8 to 12. Besides this trend for series no. 4, the efficiencies are
approximately independent of the number of cycles in the investigated
range and independent of the excess of bromine in the electrolyte.

While EE and usable capacities are approximately steady throughout
the number of cycles, variations in ohmic cell resistance occur as a
function of the number of cycles and the bromine excess in series no. 1 to
4. Before the first discharge cycle, all cells used for the different

Table 4

Tabular summary of galvanostatic cell tests for HBr/Bry/H30 electrolytes with
[C6Py]Br as BCA for various bromine excesses at SoC 0 %: Reason for discharge
limitation, average applicable SoC range, actual usable capacity, average charge
and discharge voltages and amount of energy output.

Electrolyte Average Average Average Average Average
series with useable useable charge discharge change of
[C6Py]Br SoC capacity/ cell cell discharge
range/% AhL7! voltage/ voltage/V energy
\4 density
(WhL!
cycle™)
Series no. 1 24.62 44.20 1.118 0.749 1,13
(+0.00 M
Bra)
Series no. 2 57.19 102.66 1.073 0.728 —-0.34
(+0.84 M
Bry)
Series no. 3 75.60 135.72 1.018 0.682 -1.73
(+1.68 M
Bry)
Series no. 4 98.43 176.69 1.015 0.640 -2.21
(+2.51 M
Bry)
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electrolyte series have an approximately equal ohmic cell resistance
Ronmic of around 0.60 Q cm?. For series no. 1 and 2, the ohmic cell
resistance as a function of cycle number slowly increases before and
after discharge operation for [C6Py]Br electrolytes, reaching values
between 0.70 < Rommic < 0.81 Q cm? for cycle 12. Instead, for series no.
3 and 4, ohmic resistances of the cell after discharge rise and terminate
at much higher values (1.26 < Rogyc < 1.38 Q cm?) compared to their
resistances before discharge. Before the discharge process (series no. 3
and 4) the ohmic cell resistance remains low and comparable to re-
sistances of the cell operated with electrolytes of series no. 1 and 2. Since
the ionic conductivity of the electrolyte is high (Fig. 6) and electrodes,
current collectors and copper plates offer constant ohmic resistances,
any change in cell resistance is attributed to changes in the electrolyte
composition in the Nafion membrane at the sulphonate groups.

In parallel, the usable discharge energy densities (Fig. 8h) are
investigated to combine results of energy efficiency (Fig. 8e), ohmic cell
resistance (Fig. 8f) and capacities (Fig. 8g). For series no. 1 and 2, the
usable discharge energy densities are largely independent of the number
of cycles from the 2nd cycle onward (Fig. 8h), reaching the following
average values of 33.49 Wh L~! (series no. 1) and 73.14 Wh L™ ! (series
no. 2). For electrolyte series no. 3, the useable discharge energy density
of the electrolyte slowly decreases by about 1.73 Wh L™} cycle™! with
increasing cycle number from a maximum value of 115.15 Wh L.
Electrolytes of series no. 4 reach the full discharge capacity of 179.6 Ah
L~! during the first 6 cycles, yet decreasing discharge voltages (Fig. 8d)
show that less energy is released. Thus, the usable discharge energy
density of the electrolyte decreases continuously from a maximum value
of 138.91 Wh L™}, with an energy amount 2.21 Wh L™} cycle™! less
available during cycling.

Again, the discharge energy densities for electrolytes with [C2Py]Br
of series no. 3 and 4 (Fig. 8h (dashed lines)) decrease stronger than for
electrolytes with [C6Py]Br. For electrolyte series no. 3 ([C2Py]Br), the
useable discharge energy density of the electrolyte decreases from
104.99 Wh L™! by about 2.87 Wh L™! cycle™!. For series no. 4 ([C2Py]
Br) the usable discharge energy density of the electrolyte decreases
continuously from a maximum value of 133.68 Wh L™}, with an energy
amount 5.10 Wh L™! cycle ™! less available during cycling.

Taking all these parameters into account, the application of [C6Py]™"
cations as BCAs lead to a rather stable performance of the electrolyte in
the Hy/Bry-RFB single cell compared to [C2Py] "-containing electrolytes.

3.7.2. Limitation of the usable capacities in relation to the excess amount of
Bry during discharge

Series no. 1 to 3 and series no. 4 electrolytes from cycle 7 onwards
cannot be completely discharged and charged with capacities of 179.6
AhL~!. By means of the cell voltages, half cell potentials, redox potential
of the electrolyte, the overpotential of the positive Bro/Br ™~ half cell and
the residual potential AEggs shown in Fig. 9 for cycle no. 5 and 6, the
origins of this limiting effect are investigated and discussed for each
series. For all experiments, the potential of the negative hydrogen half
cell remains nearly constant and independent of the charge and
discharge process as shown in Fig. 9a-d (blue line), resulting in a cell
voltage not limited by the hydrogen half cell performance.

For the application of [C6Py] " cations as BCA, no formation of low
conductivity fused salt in the cell is observed in the experiments. This is
evident since no voltage peaks are observed in the first half of charge
process in any cell test. For experiments with [C2Py] " cations in the past
charge performance was reduced due to formation of fused salt in the
cell [12,15].

For series no. 1 and 2 (Fig. 9a-b), a mass transport limitation is
observed during the discharge process caused by a lack of Bry in the
positive Bry/Br ™ half cell: The discharge process for electrolyte series no.
1 and 3 is terminated by a significant collapse of the cell voltage (black
line) and reaching the lower voltage threshold. The collapse of the cell
voltage is caused by the sudden and parallel potential drop in the Bry/
Br™ half cell (red line). At the same time, the redox potential (green line)
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{a) Electrolyte series no. 1/+0.00 M Br, (b) Electrolyte series no. 2/ +0.84 MBr, (c) Electrolyte series no. 3/+1.68 MBr, (d) Electrolyte series no. 4/ +2.51 M Br,
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referred to the web version of this article.)

of the electrolyte remains at a higher value. The calculated overvoltage
of the positive half cell (yellow line) remains approximately constant
throughout the charge and discharge process, except at the moment
when the cell voltage collapses. The parallel existence of cell voltage
drop, the half cell potential drop of the Bro/Br™ electrode and the sudden
drop of the overvoltage of the Bry/Br~ half cell (Fig. 9a-b) confirm a
mass transport limitation due to a lack of Br, as reactant in the positive
half cell for series no.1 to 3.

During discharge, Brp from the aqueous phase is reduced to form
bromide. Due to the strong bromine binding strength of the [C6Py]™"
cation, Bry is transferred and bound in the fused salt and the Bry con-
centration in the aqueous electrolyte is not sufficient to discharge with a
current density of i = —100 mA cm™2 within the entire capacity range.
Those low Bry concentrations cause mass transport limitation in the
positive half cell resulting in low depths of discharge, low usable ca-
pacities and low discharge energy densities of the electrolytes at the
given operation conditions (Fig. 8a, b, g, h). However, since this process
is completely reversible, the associated parameters show constant
values.

Fig. 10b shows the concentrations of Bry(aq) and [C6Py]+(aq) at
equilibrium (both from previous Sections 3.1 and 3.2) and compares
them directly to the usable SoC ranges and electrolyte capacities in
Fig. 10c. Dashed grey lines in Fig. 10b show the SoCs in agreement with
Fig. 10c, when the lowest possible discharged SoC is present after
discharge operation from Table 4.

In electrolytes of series no. 1 and 2, [C6Py]™ cations have high
concentrations at low SoCs (Fig. 10a), but a discharge starting from SoC
100 % down to this SoC range is not possible under the selected oper-
ating conditions (Fig. 10) due to the lack of Bry in front of the Bry
electrode. For equilibrium concentrations c(Bra(aq)) < 0.21 M the
discharge operation in given cell is not feasible any further (Fig. 10).
Thus, the SoC range in which cycling is possible involves aqueous
electrolytes that are free of [C6Py]+ cations. Due to the BCA-free
aqueous electrolyte in the cell the membrane resistance gets only
rarely affected by [C6Py]™ cations and stays low (Fig. 8f).

For electrolyte series no. 4 (Fig. 9d), instead limitation of cell per-
formance is caused by interaction of [C6Py]+ cations with the sulpho-
nate groups of the PFSA membrane. The electrolyte is completely
discharged from SoC 100 % to approx. SoC 0 % in the cell and is then
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Fig. 10. Summary of results and superposition of individual phenomena
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cyclable SoC ranges of the electrolyte including the maximum usable electrolyte
capacities for all electrolyte series no. 1 to 4. The orange dashed line and dots
show the minimum usable Br; equilibrium concentration at 0.21 M Br, for all
series no. 1 to 4.

charged to reach SoC 100 % again. The cell voltage (black line)
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decreases during the discharge process, while the half cell potential of
the bromine half cell (red line) does not follow the cell voltages’ trend.
The overvoltage in the positive half cell (yellow line) is approximately
constant and no mass transport limitation due to lack of Bry is present in
this electrolyte. However, the decrease of the residual potential AEggs
(violet line) is pronounced during the discharge process, indicating a
decrease of membrane conductivity. From cycle 7, due to the increasing
residual potential AEggs, the lower voltage threshold is reached and
complete discharge operation is no longer achievable. Ohmic cell re-
sistances after discharge operation increase and terminate at high values
throughout the number of cycles (Fig. 8f). Such behavior is indicative of
the interaction between [C6Py]+ cations with sulphonate groups of the
Nafion117 membrane, drying the membrane due to their hydrophobic
cation character (Section 3.4).

While for the application of [C2Py]™ cations in electrolytes it was
found that the membrane resistance increases irreversibly with rising
cycle numbers [12], the application of the same electrolytes (series no. 3
and 4) with [C6Py]™ as BCA shows that the membrane resistance is
decreased during the charge process. The process appears to be revers-
ible when [C6Py]™ is applied for 12 cycles in series no. 3 and 4 (Fig. 8f).
We assume that [C6Py]Jr is present only in small amounts in the elec-
trolyte during discharge (Fig. 10) and adheres to the sulphonates only at
the surface of the membrane. Since crossover of the [C6Py]" cation
across the membrane is much more inhibited than for [C2Py]+ cations
(Fig. 5), entry and passage of [C6Py] " across the membrane is less likely
at lower concentrations in the solution. The resistance increases strongly
due to the occupancy of the sulphonate with [C6Py]™ cations and their
hydrophobic properties in the surface region of the membrane. Although
according to Fig. 10a for series no. 4 hardly any [C6Py]" cations are
present, this effect occurs.

In electrolyte series no. 3, both effects of mass transport limitation
and rising membrane resistance are superimposed. Indeed, the discharge
process of the cell test is primarily terminated by the sudden cell voltage
(black line) and potential drop in the bromine electrode (red line) due to
a lack of Bry (Fig. 9¢). However, Fig. 9c shows from the increasing re-
sidual potential (yellow line) and the increase in cell resistance in Fig. 8f
that there is also a pronounced interaction of [C6Py]+ cations with the
Nafion117 membrane, which is reversible and only appears after
discharge operation.

For a current density of i = —100 mA cm ™2 at a flow rate of 30 mL
min~! it can be seen from Fig. 10b that a minimum Bry concentration of
0.21 M is required at equilibrium for all cell tests in aqueous solution.
However, by calculation according to Faraday’s law, we find that only
1.24 mmol Br, min~! is consumed during the reaction, while theoreti-
cally 6.30 mmol Bry min ! is supplied to the cell at a concentration of
0.21 M Bry. We assume that the release of Bry from the fused salt is
severely limited, which means that the necessary amount of Bry is not
present in the aqueous solution during discharge for low SoCs.

4. Conclusions

In this work, for the first time a long side chain quaternary ammo-
nium molecule 1-n-hexylpyridin-1-ium bromide [C6Py]Br has been
investigated as a bromine complexing additive (BCA) for use in aqueous
bromine/hydrobromic acid electrolytes in Hy/Bry-RFB. Results have
been compared with data of 1-ethylpyridin-1-ium bromide [C2Py]Br
electrolytes from ref. [12, 15, 19, 23]. To improve electrolyte perfor-
mance in terms of its capacity and discharge energy density excess
amounts of Bry have been used in the electrolyte with the aim to store
[C6Py]Br completely in the fused salt phase of the electrolyte:

Due to the low solubility of [C6Py]+ cations in contact with poly-
bromides Bra, 1 in the electrolyte and due to large excess amounts of
bromine, [C6Py]™ cations are mainly transferred to the fused salt
throughout the whole SoC range. Only 0.4 mol% of the [C6Py]" cations
remain in the aqueous electrolyte for solutions including an excess
amount of +2.54 M Bry (series no. 4). For [C2Py]+ cations in same
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electrolyte still 6.0 mol% of [C2Py]™ cations remain in the electrolyte.
The approximate absence of [C6Py]™ cations in the aqueous electrolyte
prevents in cell tests form the disadvantageous formation of fused salt in
the cell does not occur and the large increase in membrane resistance.
Bromine concentrations in aqueous solution depend on the BCA for SoC
< 50 % and lead to lower concentrations of Brs in [C6Py]+ electrolytes
compared to [C2Py]+ electrolytes. However, the excess amount of
bromine in the electrolyte dominates the concentration trend. Electro-
lyte conductivities reach maximum values of pure HBr/HO solutions in
the presence of excess bromine and do not limit cycling tests.

First time migration of [C6Py]" cations and [C2Py]™ cations have
been investigated and compared in high concentrated HBr electrolyte
and both migrate into and even through the Nafion117 membrane uti-
lized, but [C6Py]™ has lower crossover rates compared to [C2Py] " due
to its size and stronger hydrophobic character. Like [C2Py]" cations,
[C6Py] ™ cations interact with the sulphonate groups of Nafion117 and
lead to decreasing membrane conductivities. However, this increase in
resistance is reversible, as the [C6Py] " cations might only be adsorbed at
the membranes’ surface within the cycling experiment.

For the first time, the interaction between [C6Py]™ or [C2Py]™ cat-
ions and polybromides Bra, ;1 in aqueous HBr/Br electrolytes has been
analyzed by means of DFT studies. In this study, the experimental results
have been confirmed. Both [BCA]™ cations reach lowest free energy
values when interacting with tribromide Brs, which is why [BCA]Br3
formation is the preferred ion pairing. [C6Py]™ interacts more strongly
with all polybromides Brj; 1 and less with bromide Br™ than is the case
for [C2Py]™" cations. Due to the intense interaction with polybromides
and the lower solubility of [C6Py]" based salts, [C6Py] ™" is preferentially
bound in the fused salt phase, leading to an enhanced usability in the
electrolytes and the Hyp/Bro-RFB.

In cell tests, it has been shown that the selection of [C6Py]+ cations
as BCAs causes significant differences from the application of [C2Py]™
cations: (1) Low amounts of excess Bry concentrations of +0 M or + 0.84
M Br;, (series no. 1 to 2) in the electrolyte lead to limited depths of
discharge of the electrolyte due to mass transport limitation of Bry in the
bromine electrode. The discharge operation is severely limited causing
low capacities <120 Ah L7L. (2) The excess of Br; of +2.51 M Brs, (series
no. 4) in [C6Py]" does not lead to a mass transport limitation, which
allows a utilization of an average electrolyte capacity of 176.7 Ah L.
However, even smallest amounts of released [C6Py]+ cations in contact
with the membrane lead to a reversible increase of the membrane
resistance.

The capacity remains stable over 12 cycles with 176.7 Ah L™! for
series no. 4, while for [C2Py]Br electrolytes, there is a significant
decrease in capacity of 19.0 % referred to 179.6 Ah L. The discharge
energy density also decreases more slowly for [C6Py]Br electrolytes
from 138.91 Wh L™! by 2.21 Wh L™! cycle™! than for [C2Py]Br elec-
trolytes from 133.68 Wh L™1by 5.10 Wh L ™! cycle ™.

Due to the enhanced cycling stability, high and stable electrolyte
capacities and discharge energy densities, as well as the reversibility of
the increasing membrane resistances, [C6Py]Br is more suitable as a
BCA than [C2Py]Br for use in a performant Hy/Bry RFB.
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