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ABSTRACT

Compared to lithium-ion batteries, redox-flow batteries have attracted widespread attention for

long-duration, large-scale energy-storage applications. This review focuses on current and future directions

to address one of the most significant challenges in energy storage: reducing the cost of redox-flow battery

systems. A high priority is developing aqueous systems with low-cost materials and high-solubility redox

chemistries. Highly water-soluble inorganic redox couples are important for developing technologies that

can provide high energy densities and low-cost storage. There is also great potential to rationally design

organic redox molecules and fine-tune their properties for both aqueous and non-aqueous systems. While

many new concepts begin to blur the boundary between traditional batteries and redox-flow batteries,

breakthroughs in identifying/developing membranes and separators and in controlling side reactions on

electrode surfaces also are needed.
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INTRODUCTION TO ENERGY STORAGE
AND BATTERIES

Energy storage is a key technology that is becoming
more and more important in the energy infrastruc-
ture. Currently, approximately 30% of energy con-
sumption is in the transportation sector, and 40%
of that use is in the form of electricity [1]. The in-
creasing supply of electrical energy from renewable
resources causes great concerns for the performance
and reliability of the electrical grid infrastructure. It
is predicted that by 2020, renewable wind and solar
resources will supply 12% of electricity in the USA
and 20% in Europe [2]. Electrical-energy storage is
a powerful tool for improving the flexibility of inte-
grating renewable energy into the grid, improving
grid reliability, increasing the use of renewable re-
sources, extending the service life of the infrastruc-
ture and improving power quality.

Rechargeable batteries have many applications.
As displayed in Fig. 1a [3], a battery is normally
made of a cathode and an anode material immersed
in an electrolyte. Energy is stored in the electrode
materials. Ions are shuttled between the cathode
and anode through the electrolyte, while electrons

are transported as electrical current through external
circuits. Rechargeable secondary batteries are com-
monly made of solid-state cathode and anode ma-
terials. These include lithium-ion (Li-ion) batteries,
lead-acid batteries, sodium-sulfur batteries, nickel-
cadmium batteries, etc. [4,5]. Currently, because of
its low cost and wide-ranging applications, the lead-
acid battery is the most extensively used technology
in the marketplace [6]. However, lead-acid battery
technology is limited by shallow charge—discharge
capacity, short cycle life and the use of hazardous
lead. Li-ion and redox-flow batteries (RFBs) are the
two main technologies currently competing with
lead-acid battery for future applications. Although
there have been many excellent reviews on RFBs,
there are still doubts regarding the future of this tech-
nology when compared to Li-ion batteries, and ques-
tions remain regarding breakthroughs needed to en-
able large-scale deployment of RFBs.

RFBs

Batteries can be made with a range of solid and lig-
uid electrode material combinations (Fig. 2). In an
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Figure 1. Schematic of different configurations of electrode materials in batteries. (a) Traditional Li-ion battery made of solid
electrode materials [3] (Copyright 2014 Royal Society of Chemistry). (b) Redox-flow batteries in which the electrode materials
are made of liquids [12] (Copyright 2011 Wiley). (c) A hybrid battery, in which half the cell is made of liquid electrolyte, and
half is made of solid electrode material [36] (Copyright 2015 Wiley). (d) A semi-solid battery in which the active materials are

dispersed in electrolytes [87] (Copyright 2011 Wiley).

RFB, the cathode and anode materials are made of
electrolyte solutions (i.e. catholytes and anolytes)
in which the energy is stored. As shown in Fig. 2b
[7], electrolyte at the anode and cathode sides is
pumped through porous electrodes located at each
side in a cell stack, where they are separated by an
ion-exchange membrane or porous separator to pre-
vent mixing. Electrochemical redox reactions occur
on the electrode surfaces. This unique architecture
of RFBs allows independent scaling of the power
and/or energy. The power is defined by the size
and design of the electrochemical cell (the stack)
whereas the energy depends on the amount of stored
electrolyte. The energy to power ratio (E/P) can be
varied over awide range. A high E/P ratio can reduce

the cost of the whole system by more than 50% on an
energy basis [8]. On the other hand, because theyare
particularly well suited for small- and intermediate-
scale applications and for short-term duration and
fast response times, Li-ion batteries are well posi-
tioned for applications in the electronics and auto-
mobile industries. However, scaling up Li-ion batter-
ies is difficult and requires additional management
systems for small-format battery cells [9-12].

There are many scientific and technological
challenges, including cost, reliability and safety,
equitable regulatory environments and industry ac-
ceptance, for large-scale deployment [13]. Data in
the open literature suggest that most battery tech-
nologies still cost over $500/kWh [14,15]. The
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Figure 2. (a) Distribution of costs for 4-MWh mixed-acid VRB [8] (Copyright 2014 Else-
vier). (b) Allowable chemical cost factor on an active species basis (in $/kg) vs. OCV for
a range of reactor costs (caR in $m<2). All points on a line give a system price of $120
per kWh. The region U < 1.5 V is considered to be available to aqueous systems. The
dark-shaded triangles are considered to have a higher likelihood of achievability com-
pared to the larger lighter-shaded triangles. The leftmost inset vertical scale shows
the required solubility (in kg/kg) of a non-aqueous active species when solvent and
solute cost $5/kg. The rightmost inset vertical scale on the right shows the molar con-
centration, assuming specific volumes of 1 L/kg [11] (Copyright 2014 Royal Society of
Chemistry). (c) Summary of the reported cell voltages, effective molarities and energy
densities of various aqueous and non-aqueous RFBs [19] (Copyright 2014 Wiley).

capital cost target needs to be close to $100/kWh to
compete with the cost of electricity in the USA [11].
The US Department of Energy (DOE)’s Advanced
Research Projects Agency—Energy has established
a capital cost target of $100/kWh for one hour of
storage for widespread adoption [16]. The DOE’s
Office of Electricity Delivery and Energy Reliability
proposed a cost target of $250/kWh to be achieved
by 2015, and decreasing to $150/kWh in the future
for fully integrated distributed energy-storage sys-
tems providing four hours of storage [17].

The cost of an RFB is determined by the active
redox materials, the supporting electrolyte, the stack
(which includes the electrodes, membranes, frames,
and bipolar and end plates) and the accessory com-
ponents (pumps, plumbing, etc.) [8,18]. In addition

to the cost of raw materials, Fig. 1a shows an ex-
ample of the cost breakdown of a typical 4 MWh
vanadium RFB (VRB) [8]. Clearly, the cost of the
active material is significant. Gallagher et al. [11]
analysed the cost and performance of various redox
chemistries. As shown in Fig. 1b, both non-aqueous
and aqueous flow batteries have the potential to be
produced for $120/kWh. The chemical cost factor
(cm, $/ kg) is determined by the costs of active ma-
terials, salts, solvents and storage vessels. The fac-
tor of c,R represents the reactor (stack) cost. From
Fig. 1b, to meet a cost target of $120/kWh, a lower
chemical cost is required with decreasing open cir-
cuit voltage (OCV) or increasing reactor cost. The
required chemical costs for an aqueous system is
much lower than that for non-aqueous systems be-
cause of a lower OCV. The cost of active species
in non-aqueous and aqueous systems should be less
than $19/kg and $8/kg, respectively. Non-aqueous
electrolytes should be no greater than $5/kg, and
aqueous electrolytes must be almost free. The solu-
bility of active materials in aqueous systems and non-
aqueous systems should reach 5 M and more than
2 M, respectively. Obviously, one approach for re-
ducing the costis to use inexpensive active redox ma-
terials, the supporting electrolyte and stack materi-
als. The cost also can be reduced by performance op-
timization of flow batteries. For example, increasing
the conductivity of membranes and kinetics of elec-
trode toward a redox reaction in electrolytes would
decrease cell overpotentials, which suggests the re-
quired stack size could be reduced for an equivalent
power output (i.e. power density). The increase in
energy density for a flow battery system suggests that
the footprint cost could be reduced because the en-
ergy is stored in anolytes and catholytes inside tanks.
In addition, system costs can be reduced by simplify-
ing manufacturing and management requirements.
Finally, improved reliability of flow battery systems,
which is determined by the chemical stability of elec-
trolytes, membranes, electrodes, etc., would signif-
icantly contribute to increased battery service life,
thus greatly reducing the life cycle costs.

So far, a wide range of redox-flow chemistry
systems have been studied. Figure 1c shows that
energy density is a function of concentration and
cell voltage for different flow battery systems [19].
As seen in Fig. 1c, lithium/sulfur (Li/S) and zinc-
polyiodide (ZIB) battery systems exhibit the high-
est energy densities because of the high solubility
of the active materials. Non-aqueous RFBs, such as
organometallics and all-organic systems, show lower
energy densities than most aqueous RFBs because
of the lower solubility of active species, although the
cell voltages of these systems are higher. While more
detailed discussions will be provided for selected
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Figure 3. (a) Redox potential of various inorganic redox couples [22] (Copyright 2011 American Chemical Society). (b) The
cost of active species displayed in (a). (c) The charge and discharge energy densities as a function of the concentration of
I~ [37] (Copyright 2015 NPG). (d) Ternary phase diagrams of Li,S,. (e) Calculated reduction potentials of AQDS substituted
with —OH groups (black), calculated AQDS and DHAQDS values (blue), and experimental values for AQDS and DHAQDS (red

squares) [51] (Copyright 2014 NPG).

redox chemistries, most redox materials are too ex-
pensive and have solubility far below the required
levels needed to attain cost targets.

AQUEOUS REDOX-FLOW CHEMISTRY

Because of good safety characteristics and high
power densities (e.g. VRBs and hydrogen/bromine
RFBs) [20,21], aqueous systems have attracted
widespread interest. One of the disadvantages is the
lower energy density. Figure 3a shows the potentials
of traditional redox couples made of inorganic ma-
terials [22]. The availabilities, toxicities and approxi-
mate costs of the materials are listed in Fig. 3b. From
these results, most of the materials are still too expen-
sive within the stability window of water. The most
widely studied redox species, vanadium, is expensive
and toxic in its oxidized form. Ideally, low-cost, envi-
ronmentally friendly species made ofiron, zinc, man-
ganese or sulfur could be used. There has been great

interest in completely or partially replacing vana-
dium with iron and chromium [23,24]. However,
hydrogen forms at the anodes of the iron/chromium
(Fe/Cr) RFBs [25] and expensive vanadium is used
atboth sides in iron/vanadium (Fe/V) RFBs to min-
imize crossover contamination [24,26].

Vanadium flow battery

Since 1986 [27], VRBs have been widely inves-
tigated because electrolytes on both anode and
cathode sides use vanadium species to minimize
crossover contamination. Sulfuric acid has been
used as supporting electrolytes. While the traditional
VRB system was first scaled up to 250 kW/2 MWh
for demonstration in the USA in 2004, there is still a
concern about the high cost, low solubility and pre-
cipitation of V,Os over a wide temperature range
[28]. The low solubility of vanadium ions (<1.7 M)
limits the system to alow energy density of 25 Wh/L
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[29-31]. The potential for precipitation of V,Os in
the catholyte when electrolyte temperature exceeds
40°C for an extended period of time may reduce re-
liability and battery life. Recently, a mixed-acid VRB
system was reported, in which chloride ions were
added to vary the solvation structure of vanadium
ions in the solution, thus increasing the solubility to
over 2.5 M. The energy density of mixed-acid VRB
was increased by more than 70% relative to tradi-
tional VRB while expanding the temperature oper-
ation window by 80% [7]. The mixed-acid system
has been successfully scaled up and is commercially
produced [32]. Still, as mentioned earlier, vanadium
is expensive. The ultimate solution is to find highly
soluble, low-cost redox materials for aqueous sys-
tems. In addition, in VRBs, perfluorosulfonic acid
ionomer (Nafion) membranes are used [33-35].
Nafion membranes consist of a perfluorinated back-
bone with pendant vinyl ether side chains termi-
nated with sulfonic acid (SO3H) groups. The ion
conductivity is limited, not selective enough and de-
grades over time. It also happens to be the second
most expensive component in the system [8]. Ca-
pacity fading originating from active-ion crossover
might not be avoided because of the poor ion se-
lectivity or the chemical instability of the mem-
branes. To retard capacity fading, chemically stable
and highly ion-selective membranes are required.

Hybrid flow battery systems

In traditional RFB systems, such as VRBs and Fe/Cr
RFBs, energy-density calculations include two lig-
uid electrolytes on both sides (Fig. 2b). However, as
shown in Fig. 2c [36], for a hybrid flow battery de-
sign, energy density is determined only by the liquid
volume on one side. In this design, one half-cell fea-
tures a solid electrode and the electrolyte possesses
ambipolar and bifunctional characteristics. In such
electrolytes, cationic and anionic ions from a single
soluble compound are both energy-bearing redox-
active species, thus eliminating the need for non-
active counter ions such as CI~ and SO, that are
commonly used in VRB and Fe/Cr RFB systems.
This design minimizes the amount of electrolyte in
one half-cell and achieves a high active species con-
centration in the other half-cell [37]. The traditional
aqueous zinc/bromine RFB (ZBR) [38], ZIB RFB
[37] and Li metal-based hybrid flow battery that are
discussed below all follow the above design strate-
gies.

When ZBR systems are being charged, zinc metal
is plated on the anode side of a carbon-based
electrode. Meanwhile, bromide ions (Br~) are oxi-
dized to bromine (Br,) at the cathode side. During

discharge, the reverse process occurs [39]. This sys-
tem has a high cell voltage and energy density, and
expectations are that low-cost materials can be used.
However, demonstration of ZBR systems has been
limited because of material corrosion, dendrite for-
mation and electrical shorting, high self-discharge
rates, low energy efficiencies and short cycle life. The
existence of corrosive bromine at the cathode side
is the cause of some of these problems. Expensive
cell electrodes, membranes and fluid-handling com-
ponents are needed to withstand the chemical con-
ditions. In addition, bromine has limited solubility
in water and is toxic. Therefore, it is critical that or-
ganic agents be used to complex the bromine to mit-
igate the crossover contamination and toxicity of
bromine when it sinks to the bottom of the catholyte
tank. In 2014, Li et al. reported a new environmen-
tally friendly flow battery system [37]. They devel-
oped a novel ZIB system in which bromine was re-
placed with soluble I;/I” redox couples. A high en-
ergy density of 167 Wh/L, which approaches that
of Li-ion batteries, is achievable (Fig. 3c) based on
the high solubility of zinc iodide electroytes (>7 M).
The ambipolar and bifunctional designs of the ZIB
use zinc ions as both the redox-active species and
charge carriers, eliminating the need for non-active
counter ions. Together with the high selectivity of
the Nafion membrane against iodide anions, the
ZIB system delivers a very high coulombic efficiency
(CE) value (~99%). The energy efficiency (EE) val-
ues decrease from 90.9% to 76.0% as the concen-
tration of Znl, increases from 0.5 to 3.5 M when
operated at a current density of 20 mA/cm?. The
cell shows excellent cycling performance. Figure 4a
shows the typical charge/discharge curves at 1.5 M
Znl,. The addition of an alcohol (ethanol) induces
ligand formation between oxygen on the hydroxyl
group and the zinc ions, which expands the stable
liquid electrolyte temperature range from -20°C to
50°C. As we know, dendrite growth is one of the
issues to be addressed for most metal anode-based
batteries, such as Zn- and Li-based systems, which
would cause serious short-circuit and safety con-
cerns. Here, the addition of an alcohol was found to
effectively ameliorate the zinc dendrite propagation.

Aqueous lithium flow battery

The similar metal anode concept has been in-
vestigated in Li flow systems. Taking advantage
of the high solubility and low viscosity of aque-
ous solutions and the low potential of Li/Li",
Goodenough’s group [40] and Zhou’s group
[41] proposed a cell that uses Li metal with a
non-aqueous electrolyte at the anode side and
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Figure 4. (a) Typical charge/discharge curves for ZIB systems at 1.5 M Znl, [37] (Copyright 2015 NPG). (b) Representative
voltage versus time curves during 100 charge—discharge cycles at 100 mA/cm?, recorded between the 10th and 19th cycles
[56] (Copyright 2015 AAAS). (c) Typical cycling voltage curves of the flow cell using 0.5 M FL/0.5 M DMBBM/1.0 M TEA-
TFSI/MeCN at 15 mA/cm? [76] (Copyright 2015 Wiley). (d) Two iterations of injection and galvanostatic cycling for a full
lithium-ion flow cell operating between 0.5 and 2.6 V at C/8 rate. Suspensions are 20 vol% LiCo0,, 1.5 vol% Ketjen black
and 10 vol% Li4Tis042, 2 vol% Ketjen black, both in 1 M LiPFg in dimethyl carbonate [87] (Copyright 2011 Wiley).

aqueous solutions as the catholytes on the other
side. To prevent the reaction of Li metal and water,
a dense solid electrolyte separator (e.g. LISICON:
Li1+x+3zA1x(TiJGe)foSi3zP3fz012) with hlgh
Li-ion conductivity is a critical component of this
configuration.

Investigations of Li systems have led to high
interest in the use of sulfur, which is widely available
and very inexpensive compared to other materials.
The high solubility of polysulfide species also could
also lead to battery systems that possess high energy
densities (Table 1). Figure 3d shows ternary phase
diagrams of LiS,. The theoretical sulfur capacity
can be as high as 1672 mAh/g. Cui’s group [42] and
Liu’s group [43] studied rechargeable redox-flow Li-
S cells using traditional non-aqueous electrolytes.
However, a critical problem in the liquid cell is
precipitation of short-chain lithium sulfides. An
interesting approach was developed by Zhou
et al. [44] and Visco et al. [45,46]. Both groups
proposed aqueous lithium-polysulfide Dbatter-
ies, which are based on a short-chain lithium
sulfides (Li,S;-Li,S) redox reaction. In this sys-
tem, a Li-ion conductive glass separator (LATP:
Li1_35Ti1_75A10'25P2'7Si0‘3012) isolates the Li metal
and aqueous polysulfide electrolytes. The battery
shows an OCV of approximately 2.67 V. The
unique advantages of aqueous lithium-polysulfide
batteries are that the Li;S4~LiS redox couple
possesses high solubility (over 5.0 M [46,47] in
the aqueous electrolyte, leading to a high energy
density of 387 Wh/L. The LATP separator impedes

the polysulfide shuttle during cycling and prevents
lithium dendrite growth. However, the reduction of
TilV in the separators (i.e. LATP or LISICON) at
low potential (<1.6 V vs. Li* /Li) makes it unstable
when in direct contact with metallic Li. Therefore, a
buffer layer is required to separate the glass ceramic
from Li during long-term operation.

Other inorganic materials, such as FeCly [41],
K;Fe(CN)g [48], Lil [49] and LiBr [50], can reach
a high concentration in water and were also stud-
ied for use as the cathode materials. The correspond-
ing cells all demonstrated good cycling performance
(except for FeCl, which has a low pH), high cell
voltage (>2.5V) and high energy density. However,
the low conductivity of the solid electrolyte separa-
tor (~107*S/cmvs. 0.1 S/cm for Nafion) produced
a smaller operating current density and, therefore, a
lower power output.

Organic flow battery

Although inorganic redox materials have attracted
widespread attention, organic redox materials can
offer more flexibility to tune the redox activity, sol-
ubility and stability. In 2014, the Aziz group [S1]
and Narayanan group [52] proposed the use of a
water-soluble, metal-free organic redox couple (i.e.
quinone-based) in RFBs. Quinone derivatives are
attractive because of their low cost ($5-$10/kg vs.
$27/kg for vanadium) and their availability from bi-
ological processes.

220z 1snBny |z uo 1senb Aq Z9¥9982/16/1/v/910IME/ISU/W0D dNo"dlWepESE//:SAY WOI) PAPEOjUMOQ



Table 1. Calculation of energy density of Li—S flow batteries with different sulfur concentrations.

Sgr —S,% Sgr =8, Sg0 — 8,2 Sg0 —8,2 Sg0—§*
Capacity (mAh/g) 209 627 418 836 1672
Voltage (V) 22 2 22 2 2
Energy (weight) density (Wh/kg) 459 1254 919 1672 3344
Volumetric energy density (Wh/L) 0.5M 7 20 14 26 s3
1M 14 40 29 53 106
2M 29 80 58 107 213
SM 73 125 147 214 534
10M 146 250 294 428 1068

The Aziz group chose 9,10-anthraquinone-2,7-
disulfonic acid (AQDS) and bromine as anode
active material and cathode active materials, re-
spectively, which revealed a high rate of 7.2 x
1073 cm/s for two-electron reduction of AQDS to
AQDSH),; on a carbon electrode surface. The cell
was cycled for 50 cycles with an OCV of 0.8 V
and approximately 99% capacity retention per cy-
cle. It also demonstrated 0.6 W/cm? at 1.3 A/cm?.
Recently, the power output of quinone-bromine
RFBs was increased to 1 W/cm? at 4 A/cm? [53].
Crossover of bromine or bromide ions and decom-
position of quinone molecules contributed to ca-
pacity loss [S4]. Density function theory calcula-
tions showed a strong dependence of the standard
potential on the position and number of hydroxyl
groups (Fig. 3e). Aspuru-Guzik et al. also intro-
duced a high-throughput computational screening
approach to study 1710 quinone and hydroquinone
redox couples to identify promising candidates [ 5S].
They found that the class of 9,10-anthraquinones
(AQ) is a suitable target for the negative side
whereas the classes of 1,2-benzoquinones (BQ), 2,3-
naphthoquinone and 2,3-AQs are more appropri-
ate for the positive side. Using electron-donating
groups (-OH and -NH, ) and electron-withdrawing
groups (-SO3H, -PO3H, and -NO; ) can decrease
and increase the stand potential. Moreover, the ef-
fects of these groups (electron-donating or electron-
withdrawing groups) on varying the stand potential
are increased when these groups are positioned close
to the quinone ketone groups.

On the basis of the above predictions, Aziz et al.
developed the alkaline quinine flow battery [56]. In
the alkaline solution, the -OH groups are deproto-
nated to increase the solubility and good electron-
donation capability, which results in an increase in
the OCV of 47% over the previously reported sys-
tem. At the negative side, tuning the pH could shift
the thermodynamic potentials of proton-dependent
reactions to more negative values. At the positive
side, they replaced bromine with the nontoxic fer-
ricyanide ion. Figure 4b shows the representative

charge/discharge curves at 100 mA/ cm? for these
systems. Flow cells with 0.5 M 2,6-DHAQ dipotas-
sium salt dissolved in 1 M KOH at the negative
side and 0.4 M K,Fe(CN)q dissolved in 1 M KOH
at the positive side can achieve power densities
> 0.45W/cm? atroom temperature and 0.7 W/ cm?
at45°C. Recently, Aziz et al. used a water-soluble or-
ganic compound, alloxazine, which is a tautomer of
the isoalloxazine backbone of vitamin B2, to replace
quinone-based compounds at the negative side. The
alkaline-soluble allooxazine 7/8-carboxylic acid pro-
duces an RFB with an OCV approaching 1.2 V
and CE and capacity retention exceeding 99.7% and
99.98% per cycle, respectively. Structural modifica-
tions of alloxazine with electron-donating groups are
calculated to be able to further increase the battery
voltage [S7].

The Narayanan group presented all-quinone-
based RFB [52]. A solution of 1,2-benzoquinone-
3,5-disulfonic acid (BQDS) and a solution of
anthraquinone-2-sulfonic acid (AQS) acted as
catholytes and anolytes, respectively. The cells did
not show noticeable changes in capacity over at
least 12 cycles. However, the standard potentials
of BQDS and AQS redox couples are 0.85 V and
0.09 V, respectively, leading to alow OCV.

One obstacle in aqueous quinone-based RFB
is the low water solubility of quinones. The aque-
ous solubility limits of BQDS, AQDS, AQS and
AQDH (in 1 M KOH) are 1.7 M, 0.5 M, 02 M
and 0.6 M, respectively. Choosing a substituent to
modify quinone-based molecules appears to be one
of the most promising approaches to overcome the
solubility challenge. The investigations of Aspuru-
Guzik et al. suggested substitutions of hydrophilic
groups suchas -OH, -NH,,-COOH, -SO;Hand -
PO;H, could increase the solubility. Moreover, full
substitutions are more useful than single substitu-
tions in improving solubility in water. Functionaliza-
tion away from the ketone group provides molecules
with the highest solubility [S5].

The results on quinone systems also sug-
gest that other water-soluble organic molecules
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should be studied, particularly those that can be
produced from natural products. For example,
Liu et al. investigated an aqueous organic flow
battery using methyl viologen as the anolyte and
4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (4-
HO-TEMPO) as the catholyte [$8]. The OCV is
1.25 V, which is similar to that of the VRB. Both
organic compounds are highly soluble in water, with
solubility over 2 M. The use of an anion-exchange
membrane significantly reduces crossover of the
cationic redox species, leading to high cycling sta-
bility. Similar studies were performed by Schubert’s
group [59].

NON-AQUEOUS RFBs

In aqueous RFBs, the cell potential is constrained
by water electrolysis. Therefore, some recent efforts
have shifted to developing non-aqueous RFBs be-
cause of the potential to achieve high energy den-
sities due to their wider electrochemical windows.
Current non-aqueous RFB research is primarily fo-
cused on finding viable redox materials for various
flow chemistries, such as metal-ligand complexes
and organic redox molecules. Figure 5a shows the re-
dox potentials (vs. Li/Li") of representative redox-
active organic and organometallic compounds [60].
The organic and organometallic compounds have a
wide potential window in the range of 0.7-4 V. The
redox potential (vs. Li/Li") of promising candidates
used as anode and cathode materials should be lower
than 2 Vand close to or higher than 4V, respectively,
to achieve high cell voltage (>2 V). Some of the or-
ganic materials in Fig. Sa, with proper modifications
to tailor redox potential, solubility and electrochem-
ical activity, have potential for non-aqueous RFBs.

Organometallic flow battery

The first study of an RFB with a metal-ligand com-
plex ([Ru(bpy);]*") was performed by Matsuda
et al. [61]. This flow chemistry exhibited an OCV of
2.6 V and low efficiency of 40%. Thereafter, other
metal-ligand (with the metals being Ru, V, Cr, Mn,
Fe and Co, and the ligands being bpy, acac, aca-
cen, phen, mnt) non-aqueous RFBs were studied
[62-69]. However, most metal-ligand, non-aqueous
RFEBs suffer from low CE due to chemical degrada-
tion of the redox molecules and poor solubility. To
date, the most soluble transition-metal complexes
examined for non-aqueous RFB applications involv-
ing multiple electron transfers reach saturation at
0.8 M in acetonitrile. Single-electron transfer com-
plexes reach 1.8 M in carbonate solvents. Their en-
ergy densities are much lower than those of aqueous
systems, although cell potential is larger (>2.0 V).

The complicated synthetic procedures, the inherent
low solubility and poor chemical stability of metal-
ligand complexes have gradually shifted the atten-
tion of the research community to all-organic redox
molecules.

All-organic flow battery

All-organic flow batteries can take advantage of
wide structural diversity and availability of redox
molecules from natural abundant resources. The
first all-organic RFB was built by Li et al., which used
2,2,6,6,-teramethyl-1-piperidinylxy (TEMPO) and
N-methylphthalimide in acetonitrile as catholytes
and anolytes, respectively [70]. NaClO,4 was added
as a conductive salt. Brushett et al. at Argonne
National Laboratory (ANL) proposed another
all-organic, non-aqueous RFB with 2,5-Di-tert-
butyl-1,4-bis(2-methoxyethoxy)benzene (DBBB)
and 2,3,6-trimethylquinoxaline as the catholyte and
anolyte, respectively [71]. The proof-of-concept
static cell showed a low CE (70%) and EE (37%).
In addition, the theoretical energy density was in
the 12-16 Wh/L range and was limited by the low
solubility of DBBB (0.4 M in propylene carbonate).
Odom et al. assembled an all-organic flow cell that
replaced DBBB with 3,7-bis(trifluoromethyl)-N-
ethylphenothiazine (BCF3EPT) at the positive
side [72]. BCEF3EPT has a similar solubility and
redox potential to DBBB. UV-vis absorption spectra
measurements revealed that its radical cation was
more stable than that of DBBB.

Similarly to aqueous organic systems, the solu-
bility of insoluble species such as AQ and ferrocene
are significantly improved by incorporating oligo
ethylene oxide or quaternary ammonium moieties
because of their strong solvation with organic sol-
vents [36,73,74]. Even fine-tuning the molecular
symmetry can dramatically change the form of redox
materials. In dialkoxy-di-tert-butylbenzene deriva-
tives, the redox center symmetricity is maintained
to keep the electrochemical stability, while the in-
corporated poly ethylene oxide (PEO) chains help
to improve the solubility in carbonated based po-
lar electrolyte solutions [75]. These molecules show
similar electrochemical reversibility with the redox
potentials around 4.0 V vs. Li/Li*. Owing to the
asymmetric incorporation of PEO in ANL-8 and
ANL-9 and corresponding additional intramolecu-
lar dipole moments in them, they have higher sol-
ubility to symmetric DBBB and ANL-10. As shown
in Fig. Sb, unsymmetrical ANL-8 and ANL-9 are lig-
uid at room temperature, while symmetrical DBBB
and ANL-10 have much a lower solubility. Among
them, ANL-8 appears to be the best candidate
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Figure 5. (a) Redox potential of representative redox-active organic and organometallic compounds with potential vs. Li/Li* [60] (Copyright 2015 Royal
Society of Chemistry). (b) Chemical structures of picture of DBBB, ANL-8, ANL-9 and ANL-10 materials [75] (Copyright 2015 Wiley). (c) Plot of viscosity
vs. PEO chain lengths of various ANL molecules [75] (Copyright 2015 Wiley). (d) Diffusion coefficient of DBBB, ANL-8, ANL-9 and ANL-10 in various
electrolytes [75] (Copyright 2015 Wiley).

because of its liquid nature, higher diffusion co-
efficient and lower viscosity (Fig. Sc and d). Wei
et al. coupled ANL-8 with a highly soluble anolyte
compound, 9-fluorenone (FL) [76]. The cell volt-
age was more than 2.0 V. A microporous separator
was used to enable good cell conductivity and high
current operation (15 mA/cm?, a 30-fold increase).
Meanwhile, a mixed-reactant electrolyte design was
adopted to mitigate crossover of active species. Fig-
ure 4c shows the typical cycling voltage curves of the

flow cell using 0.5 M FL/0.5 M DMBBM/1.0 M
TEA-TFSI/MeCN at the current density of
15 mA/cm?. The flow cell achieved an EE > 70%,
but was limited by continuous capacity fading. A
mechanistic study revealed that the performance
degradation is caused by limited chemical stability
of charged radical species, especially the FL®".
Currently, the cost of non-aqueous RFBs is still
limited by several major factors. First, non-aqueous
chemistries mostly use flammable solvents, which
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is not ideal for large-scale applications. Some of
the solvents and salts such as acetonitrile, TESI™ or
PF¢~ will also significantly increase the cost. In ad-
dition, non-aqueous RFBs are normally operated at
lower current densities because of lower electrolyte
conductivity, which significantly affects the cell ef-
ficiency and power density, and thus increases the
cost. The low current density (therefore low power)
inherently leads to increased stack size, thereby af-
fecting the overall cost.

Recent calculations have shown that all the
organic-chemistry-based battery systems studied to
date may not be promising for low E/P applications
because the lower power densities do not allow for a
small stack area. However, organic-chemistry-based
systems show good promise for high E/P applica-
tions provided the concentration can be increased
and divalent or more active species are used. The
cost of the solvent and the active materials would
still be a key factor, however. In a high E/P case
of 48 hours of storage with optimistic component
costs, 2 M concentration and two electrons per
mol, the total cost comes to $80/kWh—a path-
way to a system that costs less than the $100/kWh
goal.

One possible direction for future research for
both aqueous and non-aqueous redox systems could
come from the experience in solid organic electrode
materials for Li-ion batteries [77,78]. For inorganic
materials, the redox reaction is based on the va-
lence change of the transition-metal or elemental
substance, while, for organic materials, the redox re-
action is related to the charge state change of the
electroactive organic group or moiety. Generally, or-
ganic materials potentially used for batteries could
be divided into several groups: conjugated hydrocar-
bon, conjugated amine, conjugated thioether, organ-
odisulfide, thioether, nitroxyl radical and conjugated
carbonyl. Their reaction mechanisms are shown in
Table 2 [78]. Among the seven types of structures,
organodisulfide and conjugated carbonyl belong to
n-type organic materials (electron transport), con-
jugated amine and conjugated thioether belong to
p-type organics (hole-transport), while conjugated
hydrocarbons and nitroxyl radicals belong to bipolar
organic materials. A reversible redoxreaction usually
takes place in an organic group or moiety with con-
jugated structure and atoms with lone-pair electrons,
such as O, N and S, because a conjugated structure is
beneficial to the electron transportation and charge
delocalization, and lone-pair electrons usually have a
higher reaction activity.

Based on each structure listed in Table 2, the re-
dox molecules could be rationally designed. Some
basic requirements for these organic candidates in-
clude the following factors:

¢ Electrochemical reaction reversibility. This factor
can determine cell polarization. Among the struc-
tures shown in Table 2, nitroxyl radical presents
the highest reaction kinetics. On the contrary,
organodisulfide and thioether show slow reaction
kinetics because the bond breaking/forming of
the S-S or S = O requires a high-activation en-
ergy.
* Redox potential. This factor determines the side
(anode or cathode) on which the organics can
be used. Generally, p-type organics (e.g. nitroxyl
radical) have a higher redox potential than n-type
organics (e.g. conjugated carbonyl). In addition,
as discussed above for quinone-based organ-
ics, electron-withdrawing and electron-donating
groups can effectively tune the redox potential.
Solubility. Small organic molecules tend to dis-

solve in either aqueous or non-aqueous elec-
trolytes. In addition, a proper substituent (e.g. hy-
drophilic groups for aqueous systems) or a change
of structure symmetricity can effectively increase
the solubility of organic materials.

Chemical stability. This factor is very important
for organic materials used in long-term applica-
tions. Degradation of some radical compounds
(e.g. FL™) is closely associated with the nature of
solvents and salts. For example, FL™ fades faster in
acetonitrile solvents and salts containing BF,~ be-
cause of side reactions [76].

In addition, a lack of suitable membranes is one
of the major technical hurdles impeding develop-
ment of non-aqueous flow batteries. For porous
separators, crossover of redox materials could cause
irreversible performance degradation. Two size
exclusion-based strategies have been attempted to
overcome this limitation. The first strategy involves
reducing the membrane pore size to increase selec-
tivity. Helms et al. fabricated a porous membrane
from polymers of intrinsic microporosity (PIM)
with 0.8-nm pore size [79]. This PIM membrane
yielded a 500-fold increase of polysulfide-blocking
ability in a Li/S battery compared to Celgard
(~17-nm pore). The second strategy is to put
redox moieties onto polymeric backbones. Moore
et al. demonstrated that increased size of viologen-
bearing polymers greatly improves the selectivity
of Celgard [80]. This method also was tried with
water-soluble polymers in an aqueous flow battery
[81]. However, the conductivity of PIM membranes
and the solubility of redox polymers still remain a
concern.

In some non-aqueous and hybrid systems, Li-
ion-conducting ceramic membranes also are used;
however, such membranes have limited ion con-
ductivity and are difficult to manufacture and scale
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Table 2. Structures and redox mechanisms of various types of organic materials.
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up. The high resistance across the interface between
the membrane and the electrode and poor chemi-
cal compatibility also are a significant problem. The
solution is likely a composite membrane or a mul-
tilayer structure that includes both ceramics and
polymers. The key challenge for these alternative
membranes is maintaining or improving the ionic
conductivity, selectivity and chemical stability. Be-
yond ionic conductivity, chemical stability to re-
dox electrolytes, physical stability in large-format
cells and species selectivity are also very impor-
tant. Replacing ion-exchange membranes with in-
expensive porous separators can effectively reduce
the total cost for both aqueous and non-aqueous
systems [26,76,82,83]. Many groups have studied
‘single-ion” polymers based on block copolymers,
including PEO and polystyrene polymer with Li
salts [84,85] and star-shaped poly(styrene)-block-
poly[poly(ethylene glycol) methyl ethyl methacry-
late] [86]. The basic idea is to enhance ion conduc-
tivity in the soft phase, and to improve stability in the
rigid phase. To date, new commercially viable com-
posite membranes have not emerged.

SEMI-SOLID FLOW BATTERIES

Because all redox chemistry is currently limited by
the solubility of the electroactive species, Chiang’s
group first proposed the concept of a semi-solid
REB, enabling the RFB to be comparable to Li-ion
batteries [87]. As shown in Fig. 2d [87], the particu-
late active materials are dispersed in the electrolyte
as suspensions, essentially achieving ‘infinite solu-
bility’ compared to traditional redox solutions. To
achieve electronic charge transfer between the ac-
tive material particles and the current collector, the
active materials and conductive additives (carbon)
were dispersed in a typical Li-ion battery electrolyte
solution to form a percolation nanoscale conductor
network in the flowable electrode suspensions. The
high ‘solubility’ of the active materials in the suspen-
sions and the high cell potential lead to significant
increases in energy density. For example, semi-solid
LiCoO,/Li4TisOy, produced an average 2.35-V
discharge voltage with 397 Wh/L of theoretical en-
ergy density. Figure 4d shows the charge/discharge
curves of this full cell. This concept was extended
to a Li/S flow battery to fully use sulfur species in
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the regime of Li,S-Li,Sg and reach a high energy
density [88], unlike Li/S flow batteries in traditional
configurations that rely only on soluble polysulfides
(Li,S4-Li,Sg) in non-aqueous electrolytes [42,43].
Yang et al. constructed a metal-free, all-organic,
semi-solid flow cell. They used polythiophene mi-
croparticles as both anolyte and catholyte active
couples with a cell potential of 2.5 V. The active
polythiophene microparticles were dispersed in 1 M
TEABF,-PC solution and circulated through the
flow cell. It showed stable charge/discharge perfor-
mance, with a high EE 0f 60.9% at 0.5 mA/cm? [89].
Similarly to a Li-ion battery, Ventosa et al. reported
proof-of-concept for a non-aqueous, semi-solid flow
battery based on Na-ion chemistry using P2-type
NaXNi()'zzCO()'lanoﬁé 02 and NaTi2 (PO4)3 as pos-
itive and negative electrodes, respectively, although
the energy density of the cell was around 9 Wh/L
[90].

Similarly to the traditional RFB, the E/P ratio can
be tuned in the design of a semi-solid flow battery to
reduce the cost. In addition, low-cost active materi-
als in powder form and low-cost carbon-conductive
materials can be used. The battery-manufacturing
approach can be similar to RFBs, which can be very
different from the manufacturing approach for tra-
ditional Li-ion batteries [91]. A typical lithium-ion
battery-manufacturing process starts with metal foil,
and then layers liquid ‘ink or paint’ on it to form its
electrodes; these steps are followed by drying and
calendering. These processes need to be conducted
in dry rooms or protected atmospheres. However,
for a semi-solid flow battery, the manufacturing pro-
cess can be simplified with the focus on prepara-
tion of semi-solid flowable inks. The cost of semi-
solid flow systems was predicted to be less than
50% of that of Li-ion battery and could be less than
$100/kWh [91].

The semi-solid flow battery still needs to be care-
tully engineered and optimized. Scale-up of the sys-
tem could still be difficult. Current RFBs depend
on multiple reaction stacks to increase the energy
and power capacity. In a semi-solid system, the elec-
trolyte (i.e. a suspension) needs to be conductive
enough to transfer the electrons. Conductive elec-
trolyte systems cannot be used in multiple stacks be-
cause of the shunt current through the electrolyte
connecting multiple series-connected cells in a stack
driven by the voltage difference between the cells. In
addition, the chemistry and the physical properties
of the suspension need to be carefully controlled. A
high solid loading is normally desired to achieve high
energy, but the high suspension viscosity could con-
tribute to pumping-related energy losses. As a result,
it is necessary to operate in either stoichiometric or
intermittent flow mode. It has been suggested that

either of these operating modes is capable of reduc-
ing pumping energy loss to <1% [92].

In traditional Li-ion batteries, performance de-
pends on the formation of stable solid electrolyte in-
terphase layers on the solid electrode materials [93].
Such stable interfaces and interphases may not exist
in semi-flow battery configurations. The long-term
stability of the electrode materials and the efficiency
of such systems need to be carefully evaluated.

PROSPECTIVE

Opverall, discussions so far suggest that aqueous re-
dox batteries with highly soluble, low-cost materi-
als have potential for ultra-low-cost solutions. The
aqueous system is also a safer option. In 2014, the
DOE released the Energy Storage Safety Strategic
Plan [94]. Validation of energy-storage safety and
reliability has attracted significant attention. Several
safety concerns should be addressed, such as re-
lease of the stored energy during an incident, cas-
cading failure of battery cells, fires, etc. Therefore, an
aqueous flow battery is a prime candidate because
of its safety, reliability and low cost. Redox materi-
als, such as highly soluble iodine, polysulfide and all-
organic materials, have demonstrated that low-cost,
aqueous redox batteries also can achieve high energy
or high power. Still, in these studies, stable and op-
timized redox couples have not been demonstrated
for practical battery applications.

In addition, there is great potential in rational de-
sign of organic redox couples based on lessons from
solid-state polymer electrode materials through sys-
tematically tuning the redox potential, conductiv-
ity, stability and solubility for both aqueous and
non-aqueous systems. Hybrid battery designs in-
volving either metal anodes or particulate suspen-
sions should be investigated further. Such hybrid
concepts begin to blur the boundary between tradi-
tional batteries (e.g. Li-ion battery) and RFBs, but
the metal anode must be protected to prevent the
metal from reacting with the electrolyte or forming
dendrites [95].

There also are some non-traditional chemistries
and technologies that appear to have potential to
compete with Li-ion batteries in terms of energy
density [96]. A very careful examination revealed
that the electrolyte actively participated in electro-
chemical reactions in these systems. In this case, en-
ergy density is not entirely determined by the ca-
pacity of the solid-state electrode materials. Rather,
it can be dictated by the concentrations of the re-
dox species in the electrolytes. Therefore, such non-
traditional chemistries actually behave more like the
redox batteries we have discussed in this article. The
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Figure 6. Energy density vs. power density for different
types of RFB systems discussed in this article.

importance of solution chemistry also may apply to
some other battery systems of interest, such as aque-
ous zinc-manganese rechargeable batteries [97-99].
The aqueous zinc-manganese system is particularly
attractive because it uses some of the most abun-
dantly available materials. The crossover between
traditional batteries and RFBs and lessons learned
from controlling reactions in the electrolytes have
great potential to contribute to development of the
ultra-low-cost technologies for the future.

As a summary, for a promising flow battery sys-
tem, the primary considerations are an EE as high as
possible and negligible capacity decay, which might
be caused by crossover of active species through
membranes or chemically unstable active species.
In addition, high energy densities and power den-
sities must be achieved to reduce the cost. Figure 6
shows energy densities and power densities of the
different types of flow battery systems discussed in
this article. There are two important categories of
technologies: hybrid and semi-solid designs. These
designs can possess high energy densities, but they
suffer from low power output due to large cell
resistances. The main challenge is to develop highly
conductive membranes that are needed for high
power output. On the other hand, although high
power density can be attained in all-liquid designs,
their energy densities are usually limited by low
solubility of active species and cell voltage. Conse-
quently, efforts should focus on finding low-cost, ac-
tive redox couples with high solubility and cell volt-
ages. In this regard, a highly soluble, low-cost aque-
ous system is the most attractive approach.
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