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The redox flow battery (RFB) is a promising technology for the
storage of electric energy. Many commercial RFBs are often based
on acidic vanadium electrolyte solutions that have limitations
regarding stability and energy density. Here, a new approach is pre-
sented that is inspired by nature’s electron storage, i.e. iron—sulfur
clusters [Fe;S4(SR)41%~. In combination with imidazolium cations,
new ionic liquid electrolyte materials were obtained and character-
ized with regard to their physico- and electrochemical properties.
For flow battery tests, the bromide/bromine redox-couple was
used in the second half cell in an ionic liquid solution. In these
measurements, liquid iron—sulfur clusters show high coulombic
(>95%) and energy (69%) efficiencies combined with a high theore-
tical energy density (88 W h L™%).

Introduction

The increasing share of renewable energies leads to an inter-
mittent generation of electric energy. Therefore, it is necessary
to provide ways for efficient energy storage, which requires
high energy and power densities. Furthermore, a high cycling
stability and a low price are targets. Here, the redox flow
battery (RFB) is a promising technology. The separated electro-
lyte tanks ensure a low self-discharge and independent scaling
of power and energy outputs up to multi-MW/MWh systems."
Today’s most commonly applied all-vanadium RFBs, however,
suffer from a low energy density of max. 40 W h L™" (ref. 2)
compared to Li ion batteries that reach up to ~700 W h L™".>*
Recently, new RFB systems have been described using metal
complexes or organic substances in aqueous or non-aqueous
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solution.”™*® The focus of many studies is on energy density

but costs, stability, membrane selectivity and current density
are also investigated. The maximum theoretical energy density
is proportional to the number of transferred electrons n, the
concentrations of the electrolytes ¢ and the potential difference
of the two half cells AE. This provides three possibilities to
improve the energy density:

(i) To increase AE, the electrochemical window of the
solvent must be wide; therefore water is a limiting factor. Here,
ionic liquids (ILs) show great potential due to their wide
electrochemical window."**°

(if) High concentrations can be achieved if the redox active
component is part of the IL as one of its ions. Only two such
systems have been described in the literature so far, ie a
semi-flow battery that deposits copper®’ and two systems
using liquid metal salts®* or organic anions.*® However, the
energy density is not discussed in the latter publication.
Therefore, we targeted new redox active ionic liquids with high
potentials.

(iii) Finally, the number of transferred electrons per mole-
cule can be increased. This was utilized by the application of
different  polyoxometalates  (POMs)**>° and  organic
molecules™>*~*> but often due to low concentrations, only
low energy densities were achieved.

With respect to these considerations, liquid iron-sulfur
cluster salts are proposed as a high energy density electrolyte.
These clusters [Fe;S4(SR)4]"” (Fig. 1) are well-known from ferre-
doxin-proteins and serve as electron reservoirs in nature for
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Fig. 1 lonic liquid cations (left) and the general structure of cubane-
type iron—sulfur clusters (right).
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numerous purposes.’” They are composed of four iron atoms
that are bridged by four p*-sulfido-ligands and coordinated by
a variable thiolato ligand (RS™). They are known to exist in four
different oxidation states, making them interesting for energy
storage (cf. iii)). Additionally, the high abundance of iron and
sulfur makes them attractive, inexpensive and environment
friendly energy storage materials. By the combination of the
anionic clusters with IL cations (Fig. 1), liquids with promising
electrochemical properties are anticipated.

The use of ILs is emphasized by their beneficial properties
like low volatility, non-flammability, good thermal and chemi-
cal stability and intrinsic conductivity.>*™*° The large amount
of different ILs offers numerous possibilities for the synthesis
of ILs with specific properties. Therefore, ILs are highly inter-
esting for RFB applications;"' however only a few IL-based
systems have been reported so far.>***** Additionally, in com-
parison with acidic and aqueous electrolytes, like the classic
vanadium system, ionic liquids are not corrosive and thus
allow the use of less robust materials (e.g. pump, tank, and
tubing). Also they are inflammable and non-volatile in contrast
to the recently applied organic solvents resulting in a saver
application.

Already known ILs with multi-electron transfers are POM-
based.**** Such ILs were also previously investigated by our
group;*® however, due to their low intrinsic energy density,
they were not further considered for RFB applications. Other
multimetallic systems besides POMs are rare, but a few with
oligomeric structures®”*' were reported that aim for an
increase in the number of electrons or larger structures to
prevent crossover.

Results and discussion
Synthesis

The preparation of iron-sulfur clusters is well established.”” A
sodium thiolate is reacted with FeCl; and sulfur forming
[Fe,S4(SR)s]>~ in solution, which can be isolated by the
addition of an appropriate organic cation. To obtain ionic
liquids, we chose suitable cations, e.g. imidazolium salts. In a
synthetically more simple procedure, the tetramethyl-
ammonium (TMA) salt of the cluster with R = Me was prepared
at first and characterized by NMR and X-ray crystal structure
analysis (¢f: the ESIT). The cation can be exchanged afterwards
by a typical IL cation (eqn (1)). With imidazolium cations,
cluster salts were obtained as room temperature ILs and
characterized (Scheme 1). However, apparent high viscosities
make them unsuitable for RFBs.

It is known that ILs with low viscosity often contain fluori-
nated anions, e.g. BF,~ and PFs .*® Therefore, a new cluster
with a fluorinated thiolato ligand was sought. In this case,
2,2,2-trifluoroethanethiol was used to prepare the -cluster
[Fe,S,(Stfe),]*~ (Stfe = trifluoroethanethiolate) by refluxing a
solution of [Fe,S,(SMe),]*~, while removing gaseous metha-
nethiol from the reaction mixture (eqn (2)). The X-ray crystal
structure®® of the TMA salt of [Fe,S,(Stfe),]*” (Fig. 2) shows the
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16 min.
(MegN)2[FeqSq(SR)g]  + EMIMBr  ———— (EMIm);[FesS4(SR)4] (1)
MeCN
-Me,NBr 84 %
18 h, reflux
(MegN)2[FesSq(SMe)y] + CF3CH,SH 7’ (MegN)2[FeqSq(Sthe)q] (2)
-MeSH 89 %

Scheme 1 Synthesis of iron—sulfur cluster based ionic liquids.

Fig. 2 ORTEP-plot (50%) of (Me4N),[FesS4(SCH,CF3)4]. A co-crystal-
lized THF molecule and the hydrogen atoms are omitted for clarity
(@Fe,oS,@eF, ®eN, ®C).

structural characteristics of cubane iron-sulfur

typical
clusters.>®

Thermo- and physicochemical properties

After cation exchange, several liquids could be obtained. Their
melting points were determined by differential scanning
calorimetry (Table 1). These salts undergo glass transitions at
temperatures between —30 °C and —50 °C. The Stfe-cluster
salts show glass transition temperatures T, lower than those of
SMe-cluster salts. As it is known for imidazolium ILs, Ty
increases with increasing alkyl chain-length and decreases
with methyl substitution in the 2-position.** The first trend is
not observed in this case; however, such a behavior has been
reported for other imidazolium ILs.>"

The thermal stability of the EMIm- and TMA-salts of
[Fe,S4(Stfe),]>~ was investigated by thermogravimetric analysis
(TGA), which proved that the salts are stable up to 150 °C. For the
application of an ionic liquid in an RFB, its viscosity is also an
important parameter. At room temperature, (EMIm),-[Fe,S,(Stfe),]

Table 1 Glass transition temperatures of IL iron—sulfur clusters [°C]

Cation
Thiolate EMIm BMIm HMIm HDMIm
SMe —42 -39 —41 —-32
Stfe —45 —50 —50 —49
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has a viscosity of 1800 mPa s, which decreases significantly to
366 mPa s at 50 °C and further to 117 mPa s at 80 °C. The electric
conductivity of neat (EMIm),[Fe,S,(Stfe),] was determined at
different temperatures reaching from 0.16 mS cm™" at 18 °C to
5.81 mS cm™' at 101 °C. These values are typical of ionic
liquids,**”*>* but are below those of aqueous systems.”" This can
lead to a higher cell resistance in the RFB.

The electrochemistry of [Fe,S,(Stfe),]>~ was investigated by
cyclic voltammetry (Fig. 3). In THF, two quasi-reversible
reductions (AE,; = 97 mV, AE,, = 190 mV at 100 mV s™!) can
be observed at —1.55 V and —2.23 V vs. Fc/Fc'. The measure-
ment of multiple cycles did not alter the shape of the CV-
curve, confirming reversibility (s. ESI, Fig. S47). In ILs, the
redox-potentials obtained from the CV are shifted towards
more positive potentials (s. ESI, Fig. S37).

The rate constants of the reduction processes were deter-
mined according to the Nicholson method® from the peak
separation in the CV. In EMImNT,, the first reduction has a
rate constant of 5.1 x 10~ ¢cm s™*, while the second reduction
shows a rate constant of 4.1 x 10> cm s™*. In acetonitrile, the
rate constants are 0.91 x 107> cm s~ ' and 0.78 X 10> cm s~ "
for the first and second reduction, respectively. This fast elec-
tron transfer is common in non-aqueous media in contrast to
many aqueous systems, e.g. vanadium electrolytes, where
slower kinetics are frequently observed.®"*>°

This reversibility in ILs and the strongly negative redox
potentials support the application of iron-sulfur clusters as a
redox-active ionic liquid RFB electrolyte.

Flow battery measurements

To investigate the iron sulfur cluster in an RFB, the bromide/
bromine redox couple was used as the positive electrolyte in
ionic liquid solution (Scheme 2). The Br /Br, couple - or in
excess of Br~, the Br /Br;~ couple - is well-known from the
aqueous Zn/Br-RFB; however, it was not applied in an IL-
medium previously. This results in a cell voltage of 1.4 V. For
initial tests, a 0.1 M solution of (EMIm),[Fe,S,(Stfe),] and a
0.15 M solution of EMImBr in EMImNTf, were used in the
respective half-cells. Both half-cells were separated using an
F-14100 (FuMATech) cation exchange membrane. This cell was
charged with 1 mA em™ until the first reduction step of the
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Fig. 3 Cyclic voltammogram of [Fe4S4(Stfe)4]2~ (vs. Fc/Fc*), THF (0.1 M
nBu4NPFg), 100 mV s,
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Scheme 2 Redox-reactions of the iron—sulfur cluster ionic liquid RFB.

cluster was completed using cut-offs at 1.8 V and 0.5 V as
limits. This results in a relatively high energy efficiency (EE) of
69% (Fig. 4b), which is comparable with that of other RFB
systems.”*>*"7 1t must be emphasized that the applied mem-
brane is optimized for proton transport and not for the much
larger imidazolium cations, which impedes the application of
higher current densities in combination with the moderate
conductivity of ILs. The coulombic efficiency (CE) is at a high
level at about 95% considering the early stage of development.
With the Br/Br;~ half-cell, a maximum theoretical energy density
of approximately 70 W h L™" (for calculations see ESI, eqn (4)7)
can be reached considering that the neat ionic liquid
(EMIm),[Fe,Sy(Stfe),] has a 1.5 M concentration and a 3 M con-
centration of EMImBr in EMImNTY, is possible. With the room
temperature IL HMImBr which is 5 M, the energy density can be
increased to 88 W h L™". This value could certainly be even further
improved by using a catholyte with a more positive potential.

The charge/discharge behavior was investigated at different
current densities in order to improve the performance of the
battery. By increasing the current density up to 5 mA cm >, the
charge and discharge potentials are shifted towards higher
and lower potentials, respectively (Fig. 4c).

Due to this, the energy efficiency is decreased to 56% at
2 mA cm™? and further to 33% at 5 mA cm™ > (Fig. 4d). The
coulombic efficiency is not affected by current density though.
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Fig. 4 (a) Charge/discharge voltage-profile at 1 mA cm™2 with 0.1 M
(EMIm),[Fe4S4(Stfe)s] and (b) the corresponding coulombic (@) and
energy (M) efficiencies. (c) Charge/discharge voltage-profiles at different
current densities (SOC: state of charge) and (d) the corresponding cou-
lombic (@) and energy (M) efficiencies.
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In order to demonstrate that ionic liquid electrolytes can be
applied for RFBs with high energy density, (EMIm),-
[Fe,S4(Stfe),] was used in 1.0 M concentration. Note that this is
close to the concentration of the neat redox-active IL of 1.5 M.
The measurements were performed at 50 °C to decrease the
viscosity of the ionic liquid and at the same time increase its
conductivity. The obtained charge/discharge profile (Fig. 5)
shows a similar behavior to that of the diluted sample.
However, the CE is decreased to approximately 80% in the first
cycles, but increases afterwards and reaches 95% after 15
cycles. As a result of the lower CE, a decrease in EE to 60% is
observed. In contrast to the increase in CE during the
measurement, the EE decreases over time. This effect is most
likely caused by the degradation of the membrane causing a
higher cell resistance and therefore energy losses. This
increased cell resistance could be observed by impedance spec-
troscopy (see ESI, Fig. S77).

The behavior of the 0.1 M electrolyte was investigated by '°F
NMR spectroscopy. The paramagnetic shift of the '"F NMR
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Fig. 5 (a) Charge/discharge voltage-profile at 1 mA cm™2 with 1.0 M
(EMIm),[Fe,S4(Stfe)s] and (b) the corresponding coulombic (@) and
energy () efficiencies.
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signal of the trifluoroethyl group provides insight into the
species present during cycling. While charging the battery,
new signals at —2.4 ppm and —55.3 ppm were observed and
assigned to [Fe(Stfe),]*” and [Fe;S,(Stfe),]>~ corresponding to
the dismutation of the reduced cluster. This is in contrast to
the expected formation of [Fe,S,(Stfe),]>”, nevertheless upon
discharging, [Fe,S,(Stfe);]*~ was restored. During the second
cycle, the aforementioned complexes were again formed and
in addition [FesSo(Stfe),]>~ was generated, as well as non-co-
ordinated tfeS™. These processes explain the non-ideal shape
of the charge/discharge profile. This behavior is in contrast to
the CV data as well as the bulk electrolysis experiments in
acetonitrile, which led to the isolation of (Bu,N);[Fe,S,(Stfe),]
(s. ESIT). This species was characterized and found to be stable
for weeks. So far this differing behavior in the flow cell
remains unaccounted, but is further investigated. This flexi-
bility of iron-sulfur cluster structures prevents actual
decomposition especially since [Fe,S,(Stfe),]>~ is known to be
a thermodynamic sink in iron-sulfur-thiolate chemistry®®>%>°
and thus can be reformed.

Another issue that may lead to a capacity decrease is the
crossover of bromide or tribromide ions through the membrane.
For hydrogen-bromine cells, crossover rates in the range of
10 mg h™" ecm™ were reported®®®! that were confirmed for
quinone-bromine RFBs.®” These values may be in the same
range for ILs as well and therefore could contribute to the
capacity decay. Thus, this issue will receive further attention in
our research concerning the improvement of cell performance.

A comparison with other multimetallic electrolytes is given
in Table 2. This shows that the presented ionic liquid electro-
Iyte possesses a higher theoretical energy density than most

Table 2 Multimetallic RFB electrolyte systems and their energy density, current density and energy efficiency

System Theor. ED* [W h L] Appl. ED’ [W h L™ J[mA em™?] EE [%)] Ref.
[SiV3Wo0,0]"" ~73 1.6 2.0 ~30 24
[SiV3W5040]"""
[CogSs(PTA)] 1.5 0.023 ~0.1 ~50 63
Methylviologene
[COW12040] - 15.4 15.4 25-100 86 25
[CoW1,040]°~
[SIW12040] ? ~7 30-60 70 26
[PV14O42:|

1 e . . . ~.
[TiV5s04(OMe)5]” 15.8 0.16 0.015 50 27
[TiV504(OMe) 5|
[PaW,1506,]°~ 1000 225 50 76 28
Br~
[V6O7(OR)o(OCH,);R’] 14.6 8.6 0.4 45 29
[V607(OR)s(OCH,);R’]
Perylene diimide 20.0 4.6 1.16 68 30
C(O(CH,)eFc),
EMIm,[Fe,S,Stfe),]>~ 87.7 43.6 1.0 69 Herein
Br-

@ Maximum possible energy density calculated with the maximum solubility and redox-potentials. ” Applied energy density in a test cell calculated

with the utilized concentrations.
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systems as well as one of the highest demonstrated energy den-
sities. The achieved current density is relatively low; however,
this is not uncommon for non-aqueous systems in the early
stage of development. The energy efficiency is also sufficiently
high and in the same range of other systems. Only the remark-
able system of Cronin et al.*® which was only recently pub-
lished shows a significantly higher energy density than every
other RFBs.

In comparison with aqueous all-vanadium RFBs, a signifi-
cant increase in energy density is achieved. However, the acces-
sible current density is two orders of magnitude lower than
that for vanadium systems.

Conclusions

In summary, for the first time, nature’s electron storage iron—
sulfur clusters were adopted for energy storage in RFBs. For
this purpose, new room temperature ionic liquids were pre-
pared and characterized. Their electro- and physicochemical
properties were investigated, showing two redox waves, a
sufficient viscosity and conductivity. Together with their high
thermal stability, these redox-active ionic liquids are promising
electrolytes for one of the first IL-based RFBs. In combination
with a bromide/tribromide based IL, the energy storage capa-
bility was demonstrated with a high energy density. Further
adjustments to improve the performance of this system
especially concerning the use of other membrane materials are
currently ongoing.
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