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Electrolyte chemistry is critical for any energy-storage device.
Low-cost and sustainable rechargeable batteries based on
organic redox-active materials are of great interest to tackle
resource and performance limitations of current batteries with
metal-based active materials. Organic active materials can be
used not only as solid electrodes in the classic lithium-ion bat-
tery (LIB) setup, but also as redox fluids in redox-flow batteries
(RFBs). Accordingly, they have suitability for mobile and sta-
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tionary applications, respectively. Herein, different types of
electrolytes, recent advances for designing better performing
electrolytes, and remaining scientific challenges are discussed
and summarized. Due to different configurations and require-
ments between LIBs and RFBs, the similarities and differences
for choosing suitable electrolytes are discussed. Both general
and specific strategies for promoting the utilization of organic
active materials are covered.

1. Introduction

With the booming development of electrochemical energy-
storage systems from transportation to large-scale stationary
applications, future market penetration requires safe, cost-ef-
fective, and high-performance rechargeable batteries." Limited
by the abundance of elements, uneven resource distribution
and difficulties for recycling, it is considered that metal-based
batteries would be too expensive for scale-up to large-scale
systems.? In addition, state-of-the-art battery technologies,
such as lithium-ion batteries (LIBs) and vanadium redox-flow
batteries (RFBs), as representatives for portable and stationary
batteries, respectively, are approaching their performance limi-
tations, in terms of maximum capacity for reversibly hosting
lithium cations®™® and the solubility of vanadium species.”’ In
comparison, the search for alternatives to realize sustainable
battery chemistries by using organic redox-active materials is
very promising.”"” Organic materials can be obtained through
synthetic chemistry or from renewable and sustainable resour-
ces. Their structural variability allows the tuning of the redox
potential, stability, and theoretical capacity by carefully design-
ing the versatile molecular structure and functional groups.
With good flexibility, organic materials are also suitable as
electrodes in flexible electronics."'™'?

Interestingly, organic redox materials have shown broad
applicability in LIBs,”’ beyond-Li systems (such as Na*, K*, and
multivalent cations including Mg®*, Ca’", Zn**, or AF*)[1478
and RFBs."®2? The first two use organic materials as solid
electrodes assembled inside the electrochemical cell (Figure 1),
whereas RFBs store energy by using the electrochemical reac-
tions of organic materials as dissolved species that are trans-
ported to reaction sites in the battery by the forced flow of
redox electrolytes. Thus, RFBs utilize external tanks to store the
liquid redox electrolytes and pumps to circulate the electro-
lytes.”® The electrode materials for RFBs are typically porous
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Figure 1. Schematic illustration of the use of sustainable organic energy-
storage materials in LIBs and beyond-lithium batteries as solid electrodes,
and in RFBs as redox fluids, the different system architectures and compo-
nents of LIBs and RFBs for transportation and stationary applications,
respectively.

carbon-based materials in thick felt (ca. mm) or thin paper
(ca. um) forms, perfused by the liquid redox electrolytes.”” The
general architecture of RFBs offers the advantage of
decoupling energy storage and power output capability by
individually changing the volume of the redox electrolytes (i.e.,
the tank size) and the electrode area (i.e., the cell size),
respectively.®

As compared in Figure 1, LIBs and beyond-lithium batteries
use porous polymer separators to allow the transport of ionic
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species between the cathode and anode, and to isolate the
two electrodes electronically. The same electrolyte is common-
ly used in the two compartments of the electrochemical cell.
The organic redox electrode materials should be ideally insolu-
ble in the electrolyte media. In contrast, for RFBs, the redox
fluids, that is, the anolyte and catholyte, contain active materi-
als of different types and/or oxidation states, which are sepa-
rated by either an ion-exchange membrane or a porous size-
exclusion membrane.”” Cross-contamination of the anolyte
and catholyte due to the diffusion of fluidic redox species
through the membranes in RFBs is often inevitable and should
be minimized. The transport rate of charge-balancing ions
through the membranes and the chemical diffusion of active
species in the bulk electrolytes largely affect the power per-
formance of RFBs. In addition, for RFBs, the organic materials
need high solubility in the supporting electrolytes to achieve a
high volumetric capacity.?®%”!

For organic, solid electrode materials, reversible charge stor-
age occurs through an ion-coordination mechanism and/or the
adsorption/desorption of electrolyte ions.®'¢2%3% Accordingly,
the electrochemical behavior of organic electrodes depends
less on the type and radius of the charge-carrier ions. This is
different from inorganic intercalation materials for which the
reaction rates could be limited by the (de)solvation process at
the electrode/electrolyte interface. However, some challenges
remain to be solved, such as the unwanted high solubility of
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organic electrode materials in aprotic electrolytes, detrimental
reactions at the electrode/electrolyte interface, ion trapping,
and rapid self-discharge."”

For both LIBs and RFBs, new strategies towards the rational
design of superior electrolyte formulations, allowing for an
optimized battery performance, are very important to speed
up the utilization of organic materials. The selection of suitable
electrolytes should consider the safety of the solvent, the dis-
solution and chemical stability of the charge-carrier ions, the
associated transport within the electrolyte, the ionic conductiv-
ity and electrochemical stability of both solvent and ions, the
operating temperature range, and so forth.®" The electrolyte
compositions, which are widely investigated for inorganic elec-
trode materials, are empirically selected as a starting point on
the way to the further development of organic electrode
materials. They include organic solvents that can assure a high
operating voltage; ionic liquids (ILs) that are potentially non-
flammable and often characterized by high electrochemical
stability; polymers towards all-solid-state batteries, while allow-
ing the use of size-exclusion membranes in RFBs; as well as
aqueous systems that are cheap, safe, and may have high
power densities due to the high ionic conductivity. Meanwhile,
drawbacks for choosing these electrolytes also need to be con-
sidered, such as the generally limited operating voltage
(<1.5V) of water-based electrolytes,* high flammability and
often toxicity of organic solvents, and high viscosity and poor
transport properties of ILs.**3*¥ The same applies for the RFB
electrolytes.**?*?”*! Depending on the polarity, functional
groups, and costs for the synthesis of organic active materials,
different solvents and conducting ions with good chemical
compatibility need to be selected.

Herein, based on the different working principles and char-
acteristics of organic redox solid electrodes and organic redox
fluids, we focus on the discussion and comparison of the
electrolyte formulation, particularly with respect to important
parameters, such as safety,®" output voltage, cycling stability,
and rate performance, in two distinct classes of rechargeable
batteries: LIBs and RFBs. We provide an overview of the cur-
rent status and perspectives for future optimization. Typical
electrolyte components, including different solvents (organic
solvents and water), ionic salts, and polymers, and the related
challenges and opportunities for designing high-performance
batteries are discussed.

2. Electrolytes for Redox Organic Electrodes

The requirements for an ideal electrolyte for organic electrode
materials are, to a certain extent, the same as those for inor-
ganic materials. It must have a high ionic conductivity for suffi-
ciently fast (dis)charge of the cell, be (electro)chemically inert
towards all other cell components, provide high safety, low
toxicity, low cost, and be accompanied by a wide electrochem-
ical stability window (ESW).2"*¢38 There are, however, some
differences. First, an ESW of about 3.5 to 4.0V is commonly
sufficient, since most positive electrode materials are electro-
chemically active at about 3.0 V.2**" Second, the charge-carrier
diffusion in the active-material particles is sometimes limited
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and requires electrolytes that can easily access highly porous
electrode architectures, especially if the focus is on high-power
applications. Third, in the case of organic radical battery mate-
rials, the conducting salt is actively involved in the (dis)charge
process. The cost penalty should be considered if a high con-
centration of salt is applied. With this in mind, we discuss dif-
ferent electrolyte systems, from conventional organic-solvent-
based electrolytes to ionic-liquid- and polymer-based electro-
lytes, and finally, the latest progress in highly concentrated
and environmentally friendly water-based electrolyte systems
is highlighted.

2.1. Conventional organic-solvent-based electrolytes

Liquid organic-solvent-based electrolytes are the most investi-
gated electrolyte systems used in combination with organic
active battery materials."? These electrolytes consist of a
conductive salt dissolved in a liquid organic solvent. To provide
practical ion transport and sufficient charge compensation
during the charge/discharge process, the salts and solvents uti-
lized have to meet specific requirements. In general, the salt
used should provide high ion mobility, and thus, high ionic
conductivity, chemical inertness towards all cell components,
and oxidative and reductive stability. In addition, it should
completely dissociate in the solvent. Meanwhile, the solvent
should have a high dielectric constant to dissolve the salt in a
reasonable amount, a low viscosity, a broad ESW, and a wide
operating temperature. All electrolyte components should be
nontoxic and environmentally friendly.>**

To date, the vast majority of studies that have addressed the
topic of organic redox-active materials have been performed
in combination with LIB electrodes (with increasing activities
for sodium-ion batteries).”#*424 As a consequence, a large
number of proposed electrolytes for organic active materials
are based on well-characterized and optimized LIB solvents.
These are mostly linear and cyclic carbonates, such as ethyl
methyl carbonate (EMC), dimethyl carbonate (DMC), propylene
carbonate (PC), and especially ethylene carbonate (EC).“>*
Because most of these carbonates cannot fulfill all properties
required for LIB technology, such as low viscosity, high dielec-
tric constant, and solid/electrolyte interphase (SEl)-forming
ability, mixtures of cyclic and linear carbonates are thus ap-
plied.®® Therefore, a mixture of EC (which provides a high die-
lectric constant, but suffers from high viscosity) and DMC (with
low viscosity, but a lack of a sufficient dielectric constant) in a
ratio of 1:1 is the state-of-the-art solvent for LIBs, and there-
fore, for organic redox materials.”” However, these solvents
suffer from safety problems because they are volatile and flam-
mable."?

Next, suitable conducting salts for organic redox-active ma-
terials need to be selected. Because the applied LIB electrodes
demand the presence of Li* ions to store charge through the
Li* intercalation process, there is no possibility to use other
cations. Accordingly, only lithium salts with versatile anions
can be selected. In this regard, anions such as perchlorate
(Clo,"), tetrafluoroborate (BF,”), hexafluoroarsenate (AsFg),
and Dbis(trifluoromethanesulfonyl)imide (TFSI") were pro-
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posed.”**! However, by far the most utilized salt is LiPFs be-
cause it displays an overall well-balanced series of properties,
for example, reasonable ion mobility, degree of dissociation,
and SEl-forming abilities.***! Considering all of these points,
1™ LiPF4 in EC/DMC (1:1) is currently adopted as a convention-
al electrolyte for organic redox-active materials, especially for
the half-cell performance evaluation of organic redox materials
versus the lithium-metal counter electrode.

The only possibility to overcome the limitations of LIB
electrolytes for organic electrodes is to move to other battery
concepts, for example, all-organic systems. Because the charge
compensation process for all-organic batteries has no direct
need for any specific metal ions during the charge/discharge
process, a combination of various cations and anions can thus
be used as conducting salts.®! Therefore, a larger variety of
organic liquid electrolytes should be investigated for these
metal-free battery systems.

2.2. lonic-liquid-based electrolytes

ILs have attracted extensive interest as the electrolyte compo-
nent for LIBs and lithium-metal batteries, owing to their com-
monly negligible vapor pressure, low flammability, high ionic
conductivity, and electrochemical stability.?"*>? They have
also been investigated for batteries based on organic active
materials, exhibiting promising properties. In this section, we
briefly review the great versatility of ionic-liquid-based electro-
lytes and their unique roles to suppress the dissolution of
organic electrode materials and to enable cycling at high
temperatures.

Gurkan et al. used 1-methyl-1-propylpyrrolidinium bis(fluoro-
sulfonyl)imide (PY,3FSI) and NaFSI as the electrolyte for 2,5-
disodium-1,4-benzoquinone.”® The organic redox-active mate-
rial was immobilized on high-surface-area ordered mesoporous
carbon. Compared with standard organic carbonate based
electrolytes, substantially improved electrochemical per-
formance, in terms of reversible capacity and cycling stability,
were observed for ionic-liquid-based electrolytes. From 22 to
60°C, the capacity increased from about 150 to 300 mAhg™'
for ionic-liquid-based electrolytes. Moreover, at 60°C, steady
capacity over 300 cycles has been observed. In contrast, at
60°C, the cell with organic carbonate based electrolytes
showed rapid capacity fading during the first 50 cycles due to
their poor thermal stability.

As weak polar organic molecules, quinone-based materials
often suffer from poor cyclability due to quinone dissolution in
aprotic electrolyte (Figure 2). By using PY,;TFSI and NaTFSI as
electrolyte, Wang et al. reported superior capacity retention of
calix[4]quinone (C4Q) and 5,7,12,14-pentacenetetrone.”¥ The
inhibited dissolution of these quinones has been correlated to
the weaker polarity, lower electron-donor ability, and lower in-
teraction energy of the ILs. As a result, C4Q showed a capacity
retention of 99.7 % after 300 cycles at a rate of 0.29 C versus a
metallic sodium anode. Moreover, TFSI~, with a lower donor
number, can better suppress the dissolution of quinones,
compared with FSI™ anions.

ChemSusChem 2020, 13, 2205 -2219
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Figure 2. Suppressed solubility of quinones in ionic-liquid-based electrolytes
as a result of the reduced interaction between the IL and active material.
Reproduced from Ref. [54] with permission. Copyright 2019, Elsevier.

Different from the common approach of employing ILs as a
“solvent” for the conducting salt, Karlsson et al. reported the
use of nonstoichiometric protic ILs as electrolytes for com-
pletely metal-free all-organic proton batteries.* In this case,
molecules such as 1,2,4-triazole or 1-methyl-1,2,4-triazole act as
a proton acceptor and their protonated derivatives, which are
counterbalanced by the TFSI™ anion, serve as a proton donor.
In other words, the IL acts as a “vehicle” for the proton that is
reversibly shuttled between the organic active material, qui-
none-functionalized poly(3,4-ethylenedioxythiophene) (PEDOT),
as schematically illustrated in Figure 3. In addition, the ionic
conductivity of such electrolytes is rather high (ca. 1.2 Scm™)
at elevated temperatures, which allows for an excellent rate ca-
pability of the organic proton battery. However, the cycling
stability remains to be improved, with a capacity retention of
only 60% after 100 cycles.

Another approach of employing ILs for metal-free organic
batteries has been recently reported by Qin et al.*® The combi-
nation of an n-type organic anode and a p-type organic cath-

Cathode

Figure 3. Schematic illustration of the working principle of protic ionic-
liquid-based electrolytes in all-organic proton batteries. Reproduced from
Ref. [55] with permission. Copyright 2018, American Chemical Society.
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Later, PVdF-HFP copolymer was replaced by a mix-
ture of poly(methacrylate) (PMA) and poly(ethylene
glycol) (PEG) to offer satisfactory ionic conductivity
(ca. TmScm™' at room temperature), because PEG
was able to absorb large amounts of liquid electro-
lyte (0.7 m LiCIO, in DMS0).®® Nevertheless, such an
approach does not truly address the solubility issue
because there is still a substantial liquid fraction in
the electrolyte. Accordingly, DMSO solvent was then
replaced by SiO, nanoparticles (7-10 nm) to realize
all-solid-state batteries.™ The PMA/PEG-LiCIO,-SiO,
(3 wt%) composite showed an optimum ionic con-
ductivity of 0.26 mScm™' at room temperature. By
using a pillar[5]quinone (C55H,,0;0, P5Q) cathode, a
cell voltage of 2.6V versus a lithium anode and a
high initial capacity of 418 mAhg™' were achieved.
The resulting P5Q/Li cell showed good capacity re-
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Figure 4. Schematic illustration of the general working principle of all-organic batteries

based on n-type negative electrodes and p-type positive electrodes, with pure ILs as the
electrolyte (e.g., [EMIm][TFSI]). The corresponding voltage profiles, some potential advan-
tages, and the long-term cycling stability of a full cell at a rate of 20 C are also provided.

Reproduced from Ref. [56] with permission. Copyright 2019, Elsevier.

ode allows for the use of pure ILs as an “electrolyte,” without
any conducting salt. In this configuration, the ionic-liquid
anion (TFSI™) and cation (1-ethyl-3-methylimidazolium, EMIm™)
are actively involved in the charge-storage mechanism and
induce the reversible reduction and oxidation of the n- and p-
type organic active materials, respectively (Figure 4). Accord-
ingly, such a device might be considered a hybrid between a
supercapacitor®™ " and a dual-ion battery,®” for which the
amount of electrolyte used plays a decisive role in the achiev-
able energy density. Interestingly, the essentially pseudocapaci-
tive charge-storage mechanism allows for an excellent rate
capability of up to 200 C and highly stable long-term cycling
of the full cell (polyimide anode versus polytriphenylamine
cathode) for 5000 cycles with a capacity retention of 75%
(Figure 4). The potential application of ILs in such batteries
might trigger additional fundamental studies on the electro-
chemistry of organic molecules and polymers in ILs.”"

2.3. Polymer electrolytes

It is a straightforward approach to use polymer-based electro-
lytes for addressing the dissolution issue of organic active
materials and for suppressing flammability.®" Initially, gel-type
polymer electrolytes were studied, in which a polymer matrix
(e.g., poly(vinylidene fluoride-co-hexafluoropropylene), PVdF-
HFP) served as a physical host for a standard liquid organic
electrolyte, such as LiPF,, in mixtures of organic carbonates.’””

ChemSusChem 2020, 13, 2205-2219 www.chemsuschem.org

oxide) (PEO); LiTFSI; a lithium-metal anode; and a
solid electrolyte interlayer of PEOQ/LITFSI (Figure 5)*
Remarkably, this cell design allows for a reversible ca-
pacity of about 215 mAhg™" at 100°C, which is close
to the theoretical capacity of TMQ (235 mAhg™') and
about twice as high as the maximum capacity with a
liquid carbonate based electrolyte at 20°C. In addi-
tion, the cycling stability was far superior to that of
the reference cell comprising a carbonate-based electrolyte,
even though dissolution of the active material could not be
fully suppressed, as indicated by the change in color of the
PEO/LiTFSI-based polymer membrane.

A comparable improvement in cycling stability has been re-
ported by Li et al. for an anthraquinone-based cathode versus
a lithium metal anode with a PEO/LiTFSI-based electrolyte,
containing y-LiAIO, as a ceramic filler and plasticizer.*® The ce-
ramic filler helps to obtain a higher capacity at an elevated
temperature of 65°C. However, it cannot fully prevent dissolu-
tion of the active material. Better cycling stability was obtained
by using nanosized LigsLagsesTiO; (LLTO) instead of y-LiAlO,,
with a polymerized quinone derivative as an organic active
material.*”’ It was found that the eventual LLTO content had a
relatively minor effect on the ionic conductivity. These cells al-
lowed for a remarkable capacity retention of about 90% after
300 cycles. These results suggest effective strategies to over-
come the solubility issue of organic active materials.

Fei et al. studied poly(propylene carbonate)- and KFSl-based
electrolytes, supported by nonwoven cellulose for organic po-
tassium-metal batteries.®® Despite a rather low ionic conduc-
tivity of about 1.4x1072mScm™', the resulting cells, incorpo-
rating 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) as
a cathode, provided a specific capacity of 118 mAhg™" at a low
current density of 10 mAg~'. Remarkably, enhanced cycling
stability was observed (Figure 6), compared with a standard
carbonate-based liquid electrolyte.

2209  © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Schematic illustration of the organic lithium polymer battery.
Reproduced from Ref. [65] with permission. Copyright 2015, Elsevier.
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Figure 6. Cycling stability of a PTCDA/K cell at 20 mAg~" with a poly(propyl-
ene carbonate)- and KFSl-based electrolyte (black), in comparison with a cell
comprising KFSI in a 1:1 EC/DEC (red). Inset: the dissolution of PTCDA in the
carbonate-based electrolyte. Reproduced from Ref. [68] with permission.
Copyright 2018, Elsevier.

Studies on polymer-based electrolytes for organic active ma-
terial based batteries are still rare, but are promising strategies
to overcome the solubility issue of organic active materials,
especially for small molecules. Further improvement is still
needed.

2.4. Recent progress in the use of concentrated electrolytes

The dissolution of organic active materials into the organic-sol-
vent-based electrolyte of the battery system is a well-known
drawback and leads to reduced cycle life, especially if small
molecules, such as carbonyls, are exploited as energy-storage
materials.*”% Several approaches to reduce this dissolution
have been proposed, such as cross-linking,”” attachment of
side groups that change the polarity of the active materials,”*”
and polymerization.”"” However, these attempts lead to an in-
crease in the molar mass of the active materials used, and
therefore, a decrease in the gravimetric capacity. Another ap-
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proach is to use concentrated electrolytes, which bear high
concentrations of conducting salts (>1m); these have several
advantages.”””’? 1) The increased salt concentration in the
electrolyte could suppress the ability of the solvent used to
dissolve organic active materials of the electrodes. 2) The in-
crease in salt concentration increases the viscosity of the elec-
trolyte, which also kinetically reduces the dissolution rate of
active materials. 3) Solvent-deficient electrolytes can reduce
the undesired oxidation of solvents and side reactions,
enhance the thermal stability, and suppress the flammability
(flash point) of organic solvents.

In this regard, Chen et al. investigated the beneficial effect
of highly concentrated electrolytes on an anthraquinone or-
ganic active material.”® In previous studies, it was shown that
ether-based solvents could dissolve large amounts of conduc-
tive salts and suppress the dissolution of active material in
sulfur-based batteries.” In their work, Chen et al. proved the
same concept for a 9,10-anthraquinone cathode material in a
sodium battery, for which they used sodium trifluoromethane
sulfonate (NaTFS) salt with concentrations up to 4™ in triethy-
lene glycol dimethyl ether (TEGDME), which displayed a viscos-
ity of 97 mPas and a conductivity of 0.79 mScm™' at 25°C."*
In this specific system, the highly concentrated 4 m electrolyte
displayed a better cycling performance than that of the others,
with a high coulombic efficiency near 100% (instead of ~88%
in 1™ solution), the highest initial specific capacity of
208 mAhg™' at 0.2 C (compared to only about 160 mAhg™" in
1™ electrolyte) and a better capacity retention of 88% after 50
cycles (compared with about 50% for the 1m electrolyte;
Figure 7).

Another example of improved cycling stability in highly con-
centrated systems is the use of tannic acid (TA) as an organic
anode material for LIBs.” In typical LIB electrolytes (e.g., 1™

w
(=3
(=3

¢ 1M |
250 e 2M
< A 3M
‘._.("’2001,% N
E150
>
2100/ \
s
50-
S ()
"0 10 20 30 40 50
Cycle number
110
g
| piere—————
2 =
2 e
090 o AP
R e Ve " ad IR
2 e 2M
o
(3] 80 b A 3M
( ) u_4M
T T T T —
10 20 30 40 50

Cycle number
Figure 7. a) Cycling stability and b) coulombic efficiency of 9,10-anthraqui-

none in 1, 2, 3, and 4 m NaTFS in TEGDME. Reproduced from Ref. [73] with
permission. Copyright 2015, Wiley.
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LiPF¢ in EC/DEC), TA dissolves rather fast, and thus, limits the
cycle life of the electrochemical cell. To overcome this limita-
tion, high concentrations of LiTFSI salt (1, 3, and 5m) in the
same solvent, EC/DEC, can be used.” Although large amounts
of salt in this system reduce the initial specific capacity, a very
stable cycling capacity of 110 mAhg™' over 250 cycles is ach-
ieved in the 5m electrolyte. In the meantime, TA loses 45 % of
its initial capacity in 1m LiTFSI and 75% in 1™ LiPF, (the
capacity decays to below 50 mAhg™" after 100 cycles).

The loss in cycle life is related to the very prominent self dis-
charge of organic active materials. This phenomenon is often
caused by the dissolution of active redox material. One exam-
ple for this is poly(2,2,6,6-tetramethylpiperidinyl-N-oxymetha-
crylate) (PTMA), for which the self-discharge process is caused
by a shuttle effect of dissolved redox-active moieties in the
electrolyte.”® Recently, it has been shown that the increase in
the concentration of 1-butyl-1-methylpyrrolidinium tetrafluoro-
borate (Py,,BF,) in PC (1, 2, and 3 ™) retards the self-discharge
of PTMA (Figure 8),”” which can be explained by a decreased
dissolution of organic redox groups in the concentrated elec-
trolyte. This inhibits capacity loss during cycling, as well as self-
discharge, by the proposed shuttle effect. However, a reduced
specific capacity was found for PTMA if it was used in highly
concentrated systems. This is caused by a decrease in ion
mobility and an inhibition of the wetting of the electrode
surface.”®

The above-discussed examples clearly emphasize the benefi-
cial effect of highly concentrated systems, in terms of cycling
stability and self-discharge behavior. Nevertheless, in practical
systems, a proper electrolyte concentration should be studied
to provide reasonable cycling stability and accessible specific
capacity.
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Figure 8. Voltage excursion of PTMA during 11 days of self-discharge tests in
1,2 and 3™ Py,,BF, in PC. 1 m loses all charge after 5 days, 2m after 9 days,
3™ is able to deliver residual charge after 11 days of self-discharge.
Reproduced from Ref. [77] with permission. Copyright 2019, Wiley.
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2.5. Recent progress in the use of aqueous electrolytes

To overcome the limitations of traditional organic carbonate
based LIBs, safe and environmentally friendly aqueous electro-
lytes have been widely investigated.”®? Dahn and Wainwright
first reported aqueous LIBs in 1994 by using a 5M aqueous so-
lution of LiNO;, which showed a higher energy density than
that of lead-acid batteries.®™ The ionic conductivity of aque-
ous electrolytes is typically higher than that of organic-solvent-
based electrolytes by two orders of magnitude, resulting in
good rate and power performance.®”

Electrode materials with charge-storage potentials within
the ESW of aqueous electrolytes can be used,® leading to a
relatively low cell voltage. Organic electrodes, such as polytri-
phenylamine, have a high operating potential of 3.9V versus
Li*/Li,® which is close to that for LiCoO, and LiMn,0,, and is
promising to maximize the cell voltage. However, in neutral
aqueous electrolytes, parasitic O, evolution reactions occur
during continued charging due to the adsorption of H,O on
the surface of the polytriphenylamine electrode.

To suppress the side reactions of water splitting, a previously
reported “water-in-salt” electrolyte of 21m (m=molkg™ /)
LiTFSI for inorganic intercalation materials®” has been adopted
for an all-organic battery.®® The water molecules are bound by
the salt, and the electrochemical activity of water is substan-
tially suppressed. Concentrated aqueous electrolytes were fur-
ther developed to extend the ESW to 1.83-4.9V versus Li*/Li
by using a “water-in-bisalt” electrolyte,®™ and to 1.25-5.05V
versus Li*/Li by using a Li(TFSI),,[N(SO,C,Fs),]l,52 H,O hydrate-
melt electrolyte.®® At potentials below 1.2V versus Li*/Li, a
dramatic increase in the repulsion between the anode surface
and the anions (TFSI~, trifluoromethane sulfonate (OTf7)), as
revealed by molecular dynamics simulations, precludes the
approach of anions on the anode surface, and consequently,
prefers water adsorption.””

Quinones, as sustainable electrode materials, often show un-
wanted dissolution in aprotic electrolytes, resulting in detri-
mental shuttle effects, fast capacity decay, and short service
life.® Compared with the strategies targeting modification of
the electrode to stabilize the organic materials, or the intro-
duction of specific separators to prevent such shuttling of the
dissolved species,"¥ Yao and co-workers demonstrated that
aqueous electrolytes permitted the widespread applicability of
quinone-based anode materials, such as pyrene-4,5,9,10-tetra-
one and its polymerized version, versus industrially established
cathodes, and thus, exhibited excellent aqueous cycling stabili-
ty for up to 3000 cycles and very low water solubility
(ca. 10°°m). @

3. Organic Materials as Redox Electrolytes for
Flow Batteries

Unlike organic solid electrodes, for RFBs, the organic species
are dissolved in supporting electrolytes, including solvents and
conducting ions. Accordingly, general solution properties, such
as viscosity, ionic conductivity, and freezing and boiling points,
as well as key performance-determining properties, such as the
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solubility of active organic compounds, the ESW of liquid elec-
trolytes, chemical stability, and electrochemical reversibility of
the organic species, need to be considered for formulating the
electrolytes.”® A high volumetric energy density of the RFBs re-
quires a large redox potential gap of the active species in the
anolyte and catholyte, high solubility, and preferably a multie-
lectron-transfer reaction for the active materials, whereas a
good power performance requires fast diffusion of the organic
redox species in the solvent and fast reaction kinetics at the
electrode surface. In this section, we discuss the features and
rational design of redox fluidic electrolytes that use organic
materials as the active components. For a contradistinctive
study, the supporting media are discussed in the same order
as that presented in Section 2.

3.1. Organic solvents

RFBs utilizing organic-solvent-based electrolytes were first
proposed by Matsuda et al. in 1988,“? containing a metal com-
plex, tris(bipyridine)ruthenium(ll) ([Ru(bpy);]*"), in acetonitrile.
A high open-circuit voltage of 2.6V has been observed. In
2011, Li et al. proposed a RFB by using all-organic redox spe-
cies, with 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) and N-
methylphthalimide in acetonitrile, and a NaClO, salt.”” The
flow cell tests showed a low coulombic efficiency of about
90%. Next, a hybrid metal-organic RFB was developed with a
lithium-metal anode and an anthraquinone-based active catho-
lyte material, with LiPF¢ in PC.®¥ This earlier work demonstrat-
ed high-voltage RFBs (>2V) with organic active materials,
which were enabled by using organic solvents. Later, low-mo-
lecular-weight organic materials were studied; these are more
favorable in terms of costs and solubility.*

However, many organic-solvent-based RFBs suffer from
rather low operating current densities (< 10 mAcm™). In addi-
tion, ion-exchange membranes showed relatively poor conduc-
tivity in organic-solvent-based electrolytes, leading to a low
power output.®® Microporous separators that can conduct
charge carriers fast and avoid the crossover of active materials
through a size-exclusion effect are preferred in such cases, as
discussed in Section 3.3.

Conducting salts containing tetraalkylammonium cations
and BF,, ClO, , PF,~, and TFSI™ anions are often used in or-
ganic solvents.”” Apart from their role as charge carriers, it
was also found that they might interfere with electrochemical
reactions and the chemical stability of organic active species.”
Furthermore, a compatibility issue between the organic
radicals and organic solvents was also found.

The solubility of many organic redox materials in organic
solvents is often limited, which is insufficient for use as electro-
lytes for RFBs. For instance, 2,5-di-tert-butyl-1,4-bis(2-methoxy-
ethoxy)benzene (DBBB),”® which is known as a redox shuttle
molecule for overcharging protection in LIBs,** ' shows a sol-
ubility of about 0.4 m in carbonates."” PEO chains of different
lengths have been incorporated into the DBBB motif, which
results in liquid organic redox-active materials at room temper-
ature." Such liquid redox materials can work as cosolvents
for the conducting salts. Additional organic solvent, such as

ChemSusChem 2020, 13, 2205 -2219

acetonitrile has been used to reduce the overall viscosity,"*?

by sacrificing the volumetric capacity of the electrolytes. How-
ever, practical demonstrations of flow cell performance are
only at very low current densities.'® In addition, the pressure
drop and pumping losses need to be considered for viscous
electrolytes.

3.2. lonic liquids (ILs)

The use of ILs in flow battery electrolytes arises from the
assumption that high energy density can be realized because
of the possibility of elevating the cell voltage far beyond that
of aqueous electrolytes.?” In addition, ILs may provide broad
temperature adaptability due to their high thermal stability,
low volatility, and often nonflammability. ILs have been used as
active components,'® %! reaction media,"”” % additives," "
and redox mediators"™ for redox-active species. If the redox
species are part of the anion or cation of the ILs, a high effec-
tive concentration can be obtained for energy-rich electrolytes.
For instance, TEMPO and anthraquinone derivatives as redox-
active counteranions have been incorporated into poly(IL)s for
RFBS.[HZ]

Different from aqueous electrolytes, different reaction mech-
anisms, solubility, and reaction kinetics"™® of redox species can
be obtained in ILs. Side reactions related to water molecules,
such as hydrolysis and hydroxylation reactions, can be avoided.
The formation of complexes,"”" a change in the coordination
environment, and enhanced intermolecular interactions be-
tween the redox species and constituent ions of the ILs in elec-
trolytes may be responsible for the distinct physio- and elec-
trochemical properties. Depending on the absence/presence of
a proton donor/acceptor in [BMIm][BF,] and [BMImI[PF]
(BMIm = 1-butyl-3-methylimidazolium), benzoquinone and hy-
droquinone showed different electron-transfer mechanisms,
with or without the involvement of (de)protonation.™ This
character is important in the case of the chemical instability of
organic materials, which are associated with water attack.
para-Benzoquinone, which is insoluble in water, exhibits a sig-
nificant solubility of 0.4 m and reversible electrochemical redox
reaction in [Py, J[TFSI1."" An all-organic flow battery contain-
ing benzophenone and 1,4-di-tert-butyl-2,5-dimethoxybenzene
in acetonitrile (0.01 m active species) with [TEA][TFSI] (TEA=
tetraethylammonium) as the supporting salt was tested by
using a microporous separator.'® Despite a high open-cell
voltage of 2.95V, the cell showed a low energy efficiency of
only 44% at 1mAcm 2 In addition, continuous capacity
fading was observed over 50 charge/discharge cycles.

Metal complexes with organic ligands are promising for im-
proving the energy density by utilizing multielectron reac-
tions."7 1718 However, insufficient solubility (typically <0.1m)
of these organometallic compounds in ILs and poor electro-
chemical reversibility restrict their applications. In addition, ILs
as supporting electrolytes with a large complex cation and
anion may cause difficulties in the selection of ion-exchange
membranes to quickly conduct charge carriers, which is often
a limiting factor towards a high operating current density.
Other issues, such as high viscosity (>100 mPas) and poor
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Capacity (Ah/l) active molecules in aqueous electrolytes can be
(@) MeO-TEMPO (b)4,5 © 4,0 il largely extended without the involvement of the hy-
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T
Charge J

drogen evolution reaction. Additionally, as supporting
electrolytes, the mixture of water and ILs can extend
the temperature stability window. An aqueous flow
cell operating at —32°C has been demonstrated by
using metal phthalocyanine and iron redox pairs (Fig-
ure 10b)."?" Importantly, the solubility limit of organ-
! ic molecules can be extended in the proposed sup-

sm "::'b.“ 3 2 1.21 mAh
1:1 molar 201 e 10
mixture Capacity (mAh)

4p _ Charge
LILrUUuiguiue
Discharge

Electrode
assembly

LiTFSI

Figure 9. a) The formation of a liquid mixture of 4-methoxy-TEMPO and LiTFSI (MTLT; 1:1)
at room temperature. b) Voltage profiles and cycling stability of a static cell with a catho-
lyte consisting of MTLT+ 17 wt% H,O versus a Li anode. c) The corresponding flow cell
setup and charge/discharge behavior. Reproduced from Ref. [102] with permission.

Copyright 2015, Wiley.

ionic conductivity (<1 mScm™) of typical room-temperature
ILs, further hinder the utilization of ILs for flow systems,
making them unattractive.

In addition to traditional ILs as supporting electrolytes, “sol-
vate ILs,""™ consisting of complex ions (i.e., solvates, [Li-4-me-
thoxy-TEMPO] ") and their counterions (TFSI7) in a molten state
(Figure 9a), have been explored as a highly concentrated cath-
olyte for a hybrid RFB.'™ It was considered that an ordered
ionic structure formed with contacted ion pairs due to strong
interactions between the Li* ions and the N-O sites of the or-
ganic radicals. A lithium-ion-conducting ceramic separator was
used for the assembly of a hybrid flow cell with a lithium-
metal anode. Certain amounts of water (17 wt%) were added
to the organic radical catholyte to reduce the viscosity. The
proof-of-concept was demonstrated under static conditions at
current densities below 1 mAcm™2 (Figure 9b) and under flow
conditions with capacity control (Figure 9c).

Recently, the concept of “water-in-ILs” by using hydrophilic
ILs and a small halide anion (such as imidazolium chloride and
ammonium chloride) makes it possible for the effective use of
ILs for RFBs."*'2 A good flowability (viscosity < 10 mPas) and
high ionic conductivity (>10mScm™") have been obtained,
which are superior to those of common organic solvents and
room-temperature ILs. Meanwhile, a broad ESW (ca.3V; Fig-
ure 10a) for water-in-ILs has been observed, which is suitable
for most reported organic redox couples.”® It was found that
such supporting electrolytes allowed access to the low nega-
tive redox potentials (—0.2 to —1.6 V vs. Ag) of metal phthalo-
cyanines in agueous media. Thus, the selection space of redox-
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porting electrolyte, such as 6 M 2-methoxyhydroqui-
none in 10Mm [BMIm]CI/H,O, in contrast to 1.8Mm in
pure water,'” and 4.3m 4-hydroxy-TEMPO in 3™
[BMIm]CI/H,0, compared with 2.1 m in pure water,"*
arising from enhanced molecular interactions be-
tween the BMIm™ cations and organic molecules.

By utilizing the different solubilities of organic mol-
ecules in water and in hydrophobic ILs (Figure 11a), a
liquid-liquid biphasic electrolyte system without the
use of a membrane has been designed (Fig-
ure 11b,c)."* The thermodynamic equilibrium of the
two phases is governed by the partition coefficients.
Flow cell tests were performed with a low concentra-
tion of quinones (<0.1™m) and a low current density
(<0.5 mAcm™). Slope charge/discharge curves were
observed with a high coulombic efficiency, similar to
those of membrane-based systems. The overall cell
performance is limited from the anolyte side contain-
ing IL with high viscosity (83 mPas) and low ionic
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Figure 10. a) ESW as a function of the temperature of 10 m [BMIm]CI/H,O

supporting electrolyte. b) Redox flow cell tests at —32 and —20°C by using

Ni phthalocyanine anolyte and FeCl, catholyte. CE=coulombic efficiency,

VE =voltage efficiency, EE=energy efficiency. Reproduced from Ref. [121]
with permission. Copyright 2019, American Chemical Society.
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groups, have recently been proposed as flow battery
electrolytes,*® which is rather attractive towards in-
expensive, large-scale energy storage.

Nevertheless, some implementation challenges
remain for the utilization of redox-active polymers. A
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Figure 11. a) A membrane-free concept of using immiscible redox electrolytes. b) Flow
cell with a horizontal design. c) Cyclic voltammetry curves of the nonaqueous anolyte
(parabenzoquinone in [Py,,J[TFSI]) and aqueous catholyte (hydroquinone in aqueous

HCI). Reproduced from Ref. [124] with permission. Copyright 2017, Wiley.

conductivity (2.2 mScm™). Self-discharge due to the contact of
redox pairs at the liquid/liquid interface and cross-mixing of
active species through the interface are issues that remain to
be solved in the future.

3.3. Redox-active polymers

Unlike the batteries discussed in Section 2 with solid electrode
materials and porous separators, RFBs with liquid redox
electrolytes require high-performance membranes to avoid
solution mixing. It is one of the key factors for the successful
operation of RFBs. However, to date, commercially available
membranes for RFBs are rather limited."*' Unwanted high per-
meability of active species through the membranes will even-
tually lead to failure during long-term cycling. Additionally, the
compatibility issue between ion-exchange membranes and
redox electrolytes must be considered. To tackle these issues,
new design strategies for materials have been developed.
Compared with small organic molecules for RFBs, the use of
redox-active polymers, with redox pendants, such as
TEMPO,!'® dimethoxybenzene, viologen, and cyclopropenium
ions,?” has advantages, such as 1) possible replacement of ex-
pensive and poorly performing ion-exchange membranes with
low-cost, porous, size-exclusion membranes;'*® and 2) effec-
tive inhibition of the migration of redox species between elec-
trode compartments during battery cycling. The development
of a new generation of size-exclusion RFBs is promising in
terms of costs and reliability. Charge transport may occur
through electron hopping between neighboring redox units of
the pendent groups, through the polymer backbones, or by
using small redox shuttle molecules."?® Such long-distance in-
traparticle charge transfer requires high charge mobility. Fur-
thermore, it was found that the electroactivity and reversibility
depended on the length of the tether groups.'”” Low-cost
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As opposed to redox polymers, redox-active oligo-
mers with tunable molecular dimensions, paired with
microporous polymer membranes with pore sizes
smaller than that of the hydrodynamic radii of the
redox oligomers, have been reported to facilitate
charge and mass transfer.®*"* Chemical cross-link-
ing can be used to restrict pore swelling and to con-
trol the pore size of the polymer separators. By using mem-
branes composed of polymers with intrinsic microporosity
(PIMs), crossover-free flow batteries may be realized.!'** 3¢

In addition, the use of cross-linked and dispersible polymer
colloids™” and particulate slurry electrolytes,"* instead of
soluble organic polymers,"*""** may reduce the viscosity due
to weak interactions between particulates and solvent mole-
cules, and break the solubility limit of active materials. Despite
the novelty and merits discussed above, the successful opera-
tion of these all-polymer RFBs remains challenging.'*”

3.4. Aqueous systems

Early studies on aqueous RFBs with hybrid organic and
inorganic active materials were reported in 2009."*" Later, Aziz
et al. demonstrated a high-performance, metal-free organic/in-
organic RFB in acidic aqueous electrolyte.™? 9,10-Anthraqui-
none-2,7-disulfonic acid and Br,/Br~ as redox pairs showed a
high peak power density of 0.6 Wem™2 at 1.3 Acm ™2, owing to
a rapid electron-transfer reaction of the redox species'* and a
high conductivity of the electrolyte and membrane.'* Qui-
nones are known redox species. Narayanan et al. studied an
aqueous RFB with all-quinone-based active materials for the
anolyte and catholyte.'*¥ Anthraquinones, which can be ex-
ploited from waste products of the pulp industry, are promis-
ing for largely reducing the costs of materials compared with
the state-of-the-art vanadium electrolyte "> 144146

To replace toxic bromine,"*? Aziz et al. reported a nontoxic
ferrocyanide paired with anthraquinone derivatives in less cor-
rosive alkali electrolyte."*” This led to a decrease in the cross-
over rate of active materials, costs, and corrosion issues. The
cell voltage was further increased by pairing ferrocyanide with
2,5-dihydroxy-1,4-benzoquinone (DHBQ) as the anolyte active
material, which had a low reduction potential of —0.72V

2214 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12. Redox potential and effective electron concentration of representative organic materials in aqueous electrolytes of different pH values. DHPS =7,8-
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acid, BTMAP-Fc = bis((3-trimethylammonio)propyl)ferrocene dichloride, HO-TEMPO = 4-hydroxy-TEMPO, MB = methylene blue, TEMPOSP =TEMPO-4-sulfate po-
tassium salt, TEMPTMA =N,N,N-2,2,6,6-heptamethylpiperidinyl oxy-4-ammonium chloride. Reproduced from Ref. [150] with permission. Copyright 2019, Wiley.

versus a standard hydrogen electrode (SHE).'*® Moreover,
reduced nucleophilic attack of DHBQ by water and OH™ was
expected, leading to good chemical resistance. Recently, the
alkali RFB was further studied by exploring a new class of allox-
azine derivatives as anolyte active materials by Aziz et al.,"*
which was important to enrich the organic material candidates.
These materials exhibited excellent cycling stability over 400
cycles (a capacity fading of 0.02% per cycle) versus ferro-
cyanide.

The redox potentials of organic materials are mostly deter-
mined by their types, molecular structures, and functional
groups.®'™" |n addition, in aqueous electrolytes, the change
in pH value may cause a shift in the thermodynamic redox po-
tentials of proton-related reactions (such as that for qui-
nones). 271461301521 Mostly, organic materials can only be used
within certain pH ranges (Figure 12), which leads to difficulties
in combining redox pairs to maximize the cell voltage and
their concentrations. In general, the solubility of organic
materials in aqueous systems can be improved by structurally
introducing hydrophilic groups, such as hydroxy, ammonium,
sulfate, and phosphate.!*'% 1531591 Computational screening
has proven to be a powerful method to determine their deriv-
atives,"™® with improved cycling stability and fast electron-
transfer rate."”

Yu et al. recently explored a class of heteroaromatic pheno-
thiazine derivatives (for instance, MB (Figure 7)) in acidic catho-
lyte, which exhibited a high electron concentration of 3m and
excellent chemical stability.” A high electrolyte utilization of
about 87% and a steady cycling stability (a capacity fading of
0.074% per cycle) at 80 mAcm 2 have been observed for a
concentrated catholyte of 1.5M MB (two-electron reaction
materials).

Generally, ion-exchange membranes show good ionic
conductivity at low or high pH, but poor ionic conductivity in
neutral aqueous electrolytes.'®"**'3% Thijs is also an important

ChemSusChem 2020, 13, 2205 -2219

www.chemsuschem.org 2215

factor that should be considered in the combination of active
materials with membranes.

4. Summary and Outlook

The use of organic redox-active materials, containing abundant
elements, such as hydrogen, nitrogen, carbon, and oxygen, is
attracting increasing attention for the development of
rechargeable batteries. To promote their utilization as either
traditional solid-state electrode materials for LIBs or dissolved
fluidic redox species in liquid catholytes and anolytes for RFBs,
it is of great importance to explore better performing electro-
lytes towards the realization of safe batteries,®*" with improved
cycling stability, high round-trip efficiency, and suitable energy
and power densities. Herein, by surveying representative ex-
amples of different organic active materials and electrolyte
components, we discussed the performance-limiting scenarios
and highlighted some recent illuminating improvements for
new electrolyte formulations.

Despite the use of different system architectures for LIBs
and RFBs (Figure 1), they have some common requirements for
a given electrolyte (Figure 13), including safety; wide ESW; fast
ion transport; broad temperature adaptability; long-term
cycling stability; and high efficiency, that is, minimized side
reactions. From a performance point of view, nonaqueous
electrolytes dominate state-of-the-art LIBs, whereas aqueous
electrolytes prevail for RFBs.

Depending on the number of ions present in the given
solvent (Figure 13), concentrated electrolyte,"*® water-in-salt
electrolyte,®® and water-in-IL""*'* 'Y concepts have been
developed. If the ions outnumber the water molecules in the
electrolyte, the ESW of water-based systems can be largely ex-
tended (Figure 14).5781131201210 | addition, the cycling stability
of the organic redox materials in these concentrated electro-
lytes can be improved due to the inhibition of chemical attack

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

35UB017 SUOWILLIOD BA1IEBI0 3[ed 1 dde aU) Ad PoUIBAOB 16 AP O 85N J0 S9N 10y AReic]1 ] BUIIUO AB]YM UO (SUOIPLOD-PUE-SULBY W00 A 1 ARe.q 16U 1|Uo//SAIIL) SUOBIPUOD PUe S | 841385 [220Z/0T/TE] U ARIqIT8ulIuO AB1M *AUBwion aUeI00 Ad Z8EE06T0Z 9SS/Z00T OT/10p/wod A 1 Akeiq jpu |uo'adoine-Auis Ieyo//sdily woiy pepeojumod ‘6 ‘ozI)z XpOSyO8T


http://www.chemsuschem.org

Chemistry

Minireviews Europe
ChemSusChem doi.org/10.1002/cssc.201903382 e
i il erformance, and long-term durability. An optimized
cycling stability round-trip efficiency P L g. . Y . P
combination of organic active materials, solvents,
— side reactions and conducting ions appears to be key in this regard,
e considering also other specific requirements, such as
25 MUMBE! of lon> \ temp. range membrane-related issues for RFBs.'" Although self-
ESW ,e& %}} \ discharge can also occur for RFBs, it is not as signifi-
S % cant as that for LIBs, since the majority of the two
safety g § electrolytes is located in tanks and only a very small
-2 organic ‘2' volume is located inside the electrochemical cell,
5 flrugture | o roups which might be affected by chemical diffusion, and

type of ions _,.‘

P

self-discharge
type of solvents

unwanted dissolution CLOSSOVER

high solubility

Figure 13. A wraparound overview of the components and functions of electrolytes that
affect the physio- and electrochemical properties of organic energy-storage materials for

LIBs and RFBs, highlighting common issues and differences.

714 organic solvents
lonic liquids
613 AN
water-in-ionic liquid gar-- S FNcF
5 4 F>|/ % d \'<F
water-in-salt —Ae— F F
- 512 FJ‘ __.F ﬁ
= w H.O o, 3 §—0
+ T M £ Il
a uo, zlE T o S| oluel =
44711 ¢ N HE 8 ole|z|
> > o6 ol |- 515|513
> > =|3 §“‘ z E + |+ ; +
£ s
St Zle HEE 2[R|2(E
S e 5|8 £o|2 &
€ = z SR
o s M = HE E
- =1 u|<IE
E 2 1§ =
112 -- \\N/\ﬁ/
\—/
A~
01-3 o o~
e \‘HlPssmr

Figure 14. A comparison of the ESW of different solvents and supporting
electrolytes, 8”88 113120.121.158-160] EM{MIm = 1-ethyl-2,3-dimethylimidazolium.

by solvent molecules with largely reduced content. Further-
more, different solvation models, molecular and ionic coordina-
tion environments, and molecular interactions can affect the
dissolution behavior and possible side reactions with organic
active materials. Interestingly, water-deficient electrolytes, as
shown in Figure 14, allow for a combination of a wide range of
organic redox species with a large redox potential gap. The
cathodic and anodic stability boundary can be significantly
shifted (Figure 14). Compared with water-in-salt electro-
lytes,’ 8 water-in-IL electrolytes allow for the lower boundary,
in particular, to be extended to even lower potentials."'>'%21!
They are promising as alternatives to flammable organic sol-
vents" and viscous ILs, enabling a moderate cell voltage of
about 2 to 3 V.'”

Different types of conducting ions and solvents allow for the
realization of tunable physio- and electrochemical properties.
They play a critical role in the safety,*" accessible capacity, rate

ChemSusChem 2020, 13, 2205-2219 www.chemsuschem.org

membrane-related
issues: conductivity,

thus, cause self-discharge.

High-voltage (>3 V) batteries still require organic-
solvent- or ionic-liquid-based electrolytes (Figure 14).
Several promising strategies have been demonstrat-
ed to inhibit the dissolution of organic solid-elec-
trode materials, such as the use of concentrated car-
bonate-based electrolytes, ILs with reduced interac-
tion with organic active materials, or polymer electro-
lytes with inorganic materials as fillers. Further opti-
mization is needed to obtain better compatibility
between the type of organic active materials and se-
lected electrolytes. Moreover, the transition from
hybrid lithium (or other metals)/organic material based batter-
ies to all-organic batteries (such as for dual-ion batteries and
proton batteries) may enable great flexibility for the selection
of suitable electrolytes. In addition, polymer- and ionic-liquid-
based electrolytes also allow for the operation of batteries at
elevated temperatures, showing largely improved capacities,
reaction kinetics, and cycling stability.

For RFBs, nonaqueous electrolytes generally show insuffi-
cient power performance, which is related to slow mass trans-
port, sluggish reaction kinetics, and low ionic conductivity of
the membrane. Further optimization requires the rational
design of the flow channel, cell configuration, use of catalysts,
and synthesis/selection of high-performance membranes.
Membrane-free RFBs and size-exclusion RFBs with polymer
active materials are still at an early stage of research. So far,
there is a lack of successful operation of these flow cells at
high concentrations and current densities.
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