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Energy Storage

The development of various redox-flow batteries for the storage of
fluctuating renewable energy has intensified in recent years because of
their peculiar ability to be scaled separately in terms of energy and
power, and therefore potentially to reduce the costs of energy storage.
This has resulted in a considerable increase in the number of publi-
cations on redox-flow batteries. This was a motivation to present

a comprehensive and critical overview of the features of this type of
batteries, focusing mainly on the chemistry of electrolytes and intro-
ducing a thorough systematic classification to reveal their potential for

future development.

1. Introduction

The growing contribution of fluctuating renewable energy
sources to the electrical grid has resulted in energy storage
becoming increasingly important to be able to ensure
a reliable supply to consumers at all times."?l The required
storage time, which can range from a few milliseconds to
months, is determined by the relevant application in the grid:

milliseconds to seconds
seconds to minutes
minutes to hours

hours to weeks

months

quality of supply
frequency stabilization
peak load displacement
long-term storage
seasonal storage

There are several different appropriate storage technol-
ogies for each applications.”! Physical storage devices such as
capacitors or fly wheels are appropriate for short-term
storage; pumped-storage power plants, compressed air reser-
voirs, or batteries for medium time ranges; and secondary
energy carriers such as hydrogen or methane (power to gas)
for the longer term.[! Currently the most popular battery
technology is the lead-acid battery. Lead-acid batteries have
relatively low investment costs. However, they also have
a limited capacity for charging/discharging cycles, and need to
be replaced once that has been exhausted. Other types of
battery, such as nickel-cadmium, nickel-metal hydride and
lithium-ion batteries have higher energy densities and higher
numbers of cycles, but also carry higher costs. The most
important requirements for a decentralized storage system for
renewable energy to provide an alternative to fossil fuels are
low costs for the stored energy and an optimized energy
system.! This is the reason why the focus—in contrast to most
other electrochemical energy storage devices—is not on high
energy and power densities or on simple and compact
systems, but rather on reliable and long-lasting storage
devices, with low throughput costs for storage times of a few
hours. As they offer independent scaling of energy and power,
modular construction, replaceability of defective components,
as well as cost-efficient media for storing energy, redox-flow
batteries (RFBs) have the potential to meet this need. Redox-
flow batteries are devices for the storage of electrochemical
energy, in which the redox-active substances are flowing
media and the redox reactions take place in an energy
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converter akin to a fuel cell. However, in contrast to fuel cells,
the reactions can be electrochemically reversed. RFBs are,
therefore, unique in that, depending on the process control
and direction of electrical current, they can take the place of
nearly every type of electrochemical energy converter and
energy-storage device (Figure 1).

Electrochemical Reversibility

Irreversible Reversible Irreversible

Batch Process

Continous Process

Out Out/In In

Electrical Energy

Figure 1. Position of redox-flow batteries in relation to other electro-
chemical energy storage devices and energy converters.”!

As a result of the low costs and high availability of fossil
fuels, RFBs had a niche existence in the 20th century, since
renewable energy sources were at that time still expensive and
only small amounts of it were available. Therefore, there was
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no any need for the electrochemical storage of renewable
energy. The intensity of the research, development, and
commercialization of RFBs has increased noticeably in the
last 10 years. The reason for this is, above all, the reconfigu-
ration of the energy grid with an ever larger share of
renewable energy, at the same time as costs of fossil fuels
are increasing and prices for photovoltaic and wind energy are
falling.

The development of redox-flow batteries goes back to
a patent granted to Kangro in 1949. In that patent, the
author described the possibility of storing electrical energy in
liquids through redox reactions of dissolved redox couples at
electrodes, amongst other things for use as an energy buffer
for fluctuating electricity producers such as wind turbines and
tidal power plants. The first claim describes a system in which
the substances dissolved in fluids are transferred in oxidized
or reduced forms, as they pass through half-cells into separate
tanks. They can be passed back through, to reverse the
reaction. The second claim merits particular attention,
according to which “a single substance, which can appear in
three or more valence states, is used as an electrochemically
active substance in solution”, thereby allowing problems with
diffusion, efficiency, and energy density to be minimized. This
type of RFB was demonstrated on the basis of Cr'™/Cr"//CrY/
Cr'™ (Cr-RFB; see Section 3.2.2.3) and it was only in the 1980s
that the vanadium redox-flow battery (VRFB) was developed
as a further example. As well as the Cr system, Kangro also
named the two systems Fe™/Fe"//Cr/Cr™ and Ti"V/Ti"™//Cly/
Cl.

In the following years, further limitations were identified
through the work of Pieper,® who undertook theoretical
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considerations of many elements in various oxidation states
(Zn", Zn™, Pb", Pb™, As™, AsY, Sb™, SbY, Cul, Cu", Au', Au™,
HgI, HgH, GaH, GaIH, TII, TIHI, CeIH, CCIV, TiIH, TiIV, VH, VIH,
VIV, Vv7 CrH, Crm, CrVI, Mom, MOV, MOVI’ MnH, Mnm, Mnl\/’
Fe"l, Fe™, Co", Co™). A system using the redox couples V",
VI VI and VY was not pursued further, as previous studies
had resulted in hydrogen generation during the reduction of
V™ at platinum electrodes. Furthermore, the high price of
vanadium at the time meant that its use as a medium for
storing energy was not feasible. A system of Ti"V/Ti'™' as
anolyte and Fe"/Fe"" as catholyte was investigated in much
closer detail (see Section 3.2.5.6). Kangro and Pieper con-
cluded in 1962 that a Ti/Fe accumulator of this sort can be
used for the storage of wind energy under a high storage/
power relationship in an economically competitive way
compared to lead— and nickel-iron batteries."”’

During the 1970s, with the background of the first oil
crisis, the National Aeronautic and Aerospace Administra-
tion in America (NASA) was active in the development of
cost-effective electrochemical energy storage for storing
renewable energies. Thaller et al.'®!"%1 examined various
redox couples for their suitability for storing energy. Their
focus was particularly on cost-effective materials. This finally
resulted in the concept of redox-flow batteries with the redox
couples Cr**/Cr** and Fe*'/Fe*" in hydrochloric solutions (see
Section 3.2.2.1).

During the 1980s, Skyllas-Kazacos et al.l'”l developed the
vanadium redox-flow battery, which today is the RFB system
that has been most thoroughly investigated. To date, a great
number of electrodes, electrolyte compositions, membranes,
models, and systems have been investigated (see Sec-
tion 3.2.3.1).110-%
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At the beginning of the 21st century, many new battery
systems such as Zn/Ce, Pb, V-CIBr, and V-C1 /SO~ were
developed and investigated, alongside the commercialization
of Fe/Cr-, Zn/Br-, and V-RFBs. Newer systems with aprotic,
non-aqueous RFBs have only emerged in the last ten years
(see Section 3.5).') Several reviews of RFBs have been
published in the last three years alone. These reviews often
focus on historical, commercial, or technical aspects,[”’ls] or
on materials, operational parameters, and constructional
peculiarities.">') In this Review, we draw a clear distinction
between redox-flow batteries and other energy-storage tech-
nologies to provide a critical overview of the relevant
chemical aspects of the various technologies and, in partic-
ular, the chemical properties of the various redox couples and
their combinations.

2. General Structure of a Redox-Flow Battery

As with all other types of accumulators, in redox-flow
batteries substances react in reversible reactions on electro-
des through energy conversion in an electrochemical cell. The
particular qualities of RFBs are characterized by the fact that
the redox-active substances are always in flowing media
(fluids, gases, suspensions etc.) and thereby allow an almost
complete separation of the scaling of energy and power.”"!
RFBs share this characteristic with fuel cells, although those
utilize reactions that cannot be electrochemically reversed. In
this way, the general structure of the electrochemical cells and
cell stacks of the redox-flow batteries are, in principle, similar
to those of fuel cells; however, they vary considerably in the
detail, depending on the redox couples utilized. Figure 2

Membrane

/—'—\ Electrode

Electrode

Electrolyte | & ©)

Electrolyte

Pump

;I—/Pump
4

| Power source/load |

Figure 2. Redox-flow batteries with electrolytes as the media for energy
storage.

shows schematically the general structure for the use of liquid
media.

The electrochemical cells are divided by a membrane into
two half-cells, through which the relevant solutions are
pumped in circulation. The discharging process is observed,
in keeping with battery convention,”"! and the positive
electrode is always referred to as the cathode and the
negative one is referred to as the anode. The associated
energy storage is referred to as the catholyte and anolyte. In
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Figure 3. Exemplary structure of a redox-flow battery cell: a) end plate,
b) isolation plate, c) graphite plate, d) graphite felt, e) flow frames,
f) membrane.

the case of RFBs, both single cells and systems of connected
single cells are regarded as batteries. Batteries in which not all
the redox-active material exists in a flowing form in a max-
imum of one half-cell, as is the case with, for example, Zn-
based batteries, are referred to as hybrid RFBs.

Figure 3 shows the construction of an RFB cell. The end
plates ensure the mechanical stability of the structure, the
isolation plate provides electrical isolation between the half-
cells, and the graphite plates close off the half-cells. The flow
frames allow the distribution of the electrolyte, the graphite
felts act as electrodes with a large surface area, and the
membrane ensures the material separation of the two half-
cells. In principle, a structure resembling a fuel cell with flow
fields from structured graphite plates and diffusion electrodes
could also be used. These structures are complicated to use,
particularly as cell stacks, on account of the conductive
electrolyte, since contact between the electrolyte and the
electrode can only take place inside the cell to avoid
overpotential. Cells without membranes are based on co-
laminar fluid flows, of which Goulet and Kjeang provide an
overview.”!

The complete system of cells, fluid technology, pumps,
heat management (where necessary), actuators, sensors,
battery management systems etc. makes up the redox-flow
battery. The complete battery system as well as the design of
cells and cell stacks varies considerably depending on the
battery chemistry used.

Important parameters of batteries that come up fre-
quently are the overall current efficiency, cell efficiency, and
energy density. The overall current efficiency (CE) is the
product of the relevant current efficiency of the forward and
backward reactions. It is principally a measure of secondary
reactions. The energy efficiency (EE) is the ratio of the energy
extracted and introduced and can be differentiated according
to the system boundary, for example, into half-cell, cell, and
battery efficiency. Often the energy efficiency of cells is given
without any consideration of the peripherals. The question of
energy density is similarly diffuse, as it is often given as the
maximum storable energy at open-circuit voltage, which is
related to the electrolyte solution under normal conditions.

www.angewandte.org
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When examining single cells, energy density values are also
mostly related to the electrolyte solutions, in any event with
an actual voltage curve in the discharging process, although
this value lays some way below the maximum value. With
other battery systems, comparable values are only obtained
when the energy density of the complete battery structure is
determined and defined inclusive of all components, which is
the case almost only with commercial RFBs.

2.1. Electrodes

Alongside other components, electrodes are central in
determining the capacity and the long-term stability of the
RFB. They should possess a high electrochemical stability
with simultaneously high reaction kinetics of the redox
couple, as well as high electrical conductivity and mechanical
stability at low cost. Through the use of redox couples with
negative or strongly positive standard electrode potentials in
aqueous media, carbon-based materials are most commonly
considered as a consequence of their inert character and high
levels of hydrogen and oxygen overvoltage, despite the fact
that they have a low level of electrical conductivity and
mechanical stability." The actual electrode is made out of
a material with a high specific surface area, such as graphite
felt, in which the electrolyte is mostly conducted through the
electrode. A graphite or bipolar plate provides the electrical
contact between the half-cells and a polymer filling prevents
electromigration from the electrolyte solution out of the half
cell. The kinetics of the reactions and the surface area of the
electrode materials can be increased by various types of
pretreatment. The electrode surface can be oxidized chemi-
cally, electrochemically, or thermally, for example, to influ-
ence the redox reactions sensitive to the chemical state of the
electrode surface.™ " Further procedures include chemical
doping®®* and the addition of nanomaterials.*>="

Cell design with structured graphite composite plates use
carbon paper or graphite fleece as diffusion electrodes, as in
fuel cells.’”-3>%1 In this way, clear increases in power density
could be aimed for in some cases.*

Dimensionally stable anodes (dsas) composed of titanium
and a metal coating proved to also be suitable. For example,
vanadium® and ceriumP**! had a good reversibility at
platinized titanium, as well as vanadium at IrO,-covered Ti.
The disadvantages compared to carbon-based electrodes are,
however, the high price and the fast kinetics of oxygen
evolution.” Metal electrodes often have the disadvantage
that they are not chemically stable in the solution or that they,
similar to Pb and Ti, become passive through oxidation.

Chakrabati et al." and Parasuraman et al.l'! provide an
overview of the development of the electrode materials for
redox-flow batteries.

2.2, Separators
Separators were introduced into RFBs to prevent any
mixing of the electrolyte solutions, and thereby stop an

uncontrolled reaction between the half-cells. The majority of

www.angewandte.org
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publications that have appeared to date that exclusively deal
with the development and optimization of separators for
RFBs are concerned with vanadium redox-flow batteries.!""!
Other flow batteries generally use separator materials that
have already been developed for fuel cells, electrolyzers, or
water treatment.

In principle, the separators can be classified into four
groups: 1) mesoporous separators, 2) ionic exchange mem-
branes, 3) hybrid membranes, and 4) solid ionic conductors.

1. The porous separators currently used are generally
flexible polymer systems. For porous solid objects, distinctions
are drawn according to the pore size (PS) between nano-
porous (PS <1 nm), microporous (1 <PS <2 nm), mesopo-
rous (2 nm <PS <50 nm), and macroporous materials (PS
> 50 nm). In contrast, the divisions for the filtration mem-
branes for membrane separators are taken to be nanofiltra-
tion membranes (PS < 5 nm), ultrafiltration membranes (5 <
PS <100 nm), and microfiltration membranes (100 nm <
PS <10 um). Conventional battery separators of stretched
polyolefin films are generally in the realm of microfiltration
membranes. The passing of redox-active ions through the
pores means that the efficiency of an RFB drops, which means
that these separators cannot be used without further modi-
fication. The use of commercial separators for lead batteries
(Daramic) without pretreatment has previously, therefore,
only been recommended for iron-vanadium redox-flow
batteries.’””l A frequent variation is the retroactive modifica-
tion of the Daramic separators with cross-linked polymers®
or filler. Filling the pores in this way should prevent the
passing of larger ions, without limiting the conductivity of the
protons. To achieve a high level of selectivity, the pores of
microfiltration membranes are frequently postmodified by
filling with solutions of ion exchangers, known as ionomer
solutions.*#!

Microfiltration or ultrafiltration membranes can also be
produced according to the phase-inversion methods devel-
oped by Loeb and Sourirajan.’! These methods can produce
asymmetrical membranes, in which the pore radius is shrunk
to the thickness of a membrane. Examples of these are
membranes based on polyacrylonitrile (PAN),*! polyether-
sulfone mixed with sulfonated polyether ether ketone (PES/
SPEEK),"! and polyvinylidene fluoride (PVDF).*! The
pores can also be filled and covered with inorganic fillers
such as methyl orthosilicates to increase the selectivity and
wetting of the pores.*’!

2. Ionic exchange membranes are generally formed from
a base polymer, known as the “polymer backbone”, to which
acidic or basic side chains are introduced. The polar func-
tional groups of organic acids or bases bind water or dipolar
solvent molecules, which leads to a swelling of the polymer. If
the swelling is completely successful, ionic charges can be
exchanged through a network of solvent molecules. The
bonded ionic groups in the polymer form a charged stationary
phase, which provides, by means of an electrostatic shield,
a largely selective transfer of cations or anions through the
membrane. Ionic exchange membranes can be divided into
three groups according to the charge of their stationary phase:
a) cationic ion-exchange membranes, b) anionic ion-exchange
membranes, and c¢) amphoteric ion-exchange membranes.

Angew. Chem. Int. Ed. 2015, 54, 9776 — 9809
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a) Cationic ion-exchange membranes can be divided into
subgroups of fluorinated and nonfluorinated membranes
depending on their base polymer.

Fluorinated cationic exchange membranes are character-
ized by a high chemical stability towards oxidants and
reductants. They are stable in moderately concentrated
acids and alkalis. The standard materials for fluorinated
exchange membranes are perfluorosulfonic acids (PFSAs).
The main example of this sort of exchange material is
NAFION, manufactured by the company DuPont. This
membrane material, which was developed for chlorine-
alkali electrolysis, is often regarded as a form of standard
material for cationic exchange membranes. In NAFION, the
sulfonic acid groups are bound to the polymer backbone by
fully fluorinated polypropylene glycol ether. The number of
fluoropropyl ether groups determine both the chemical
stability of the polymer and also its swelling behavior.
These days various firms offer PFSA membranes with various
side-chain lengths.

PFSA membranes can be produced in two different ways.
They can be extracted from solution (“solution casting”) or be
obtained through extrusion of the fluorosulfonic acid pre-
cursor and subsequent alkali hydrolysis. The casting of
membranes from a solution offers the advantage over the
extrusion method that conductive domains form as inverse
micelles in the solution, which lead to ionic channels. For
information about the theory of ionic conductivity in PFSA
exchange membranes, see also Yeager and Steck.[*¥l

“Solution casting” offers the capability to scrape mem-
branes out of aqueous or alcoholic PFSA solutions on
a polymer carrier. There is also the capability for mixing
solutions with various other polymers and cross-linkers to
achieve the appropriate properties in one membrane. Devel-
opment goals for modified membranes from solution are high
ionic conductivity, limited expansion during swelling, higher
selectivity, more limited electro-osmotic mobility, and low
permeability to large cations, also called permselectivity.

A disadvantage of PFSA membranes is an accumulation
or deposition of vanadium species on the surface area and
internally within the membrane. This phenomenon is called
“fouling”.’!

Nonfluorinated cation exchangers are generally formed
from sulfonated polyether ether ketone (SPEEK).F” A
further method of obtaining nonfluorinated membranes is
the postmodification of polyphenylene sulfone™! (PPS, PS,
PES) or polyimides by sulfonation.’>** However, membranes
from aromatic, nonfluorinated polymers frequently do not
have a sufficient chemical stability to vanadium electrolyte
solutions®™*! and tend to form cracks.

b) Anionic exchange membranes have a higher permse-
lectivity than cationic exchange membranes, which results in
a higher current efficiency of the RFB. As cationic groups,
triethylamine groups are generally inserted into a base
polymer by chloromethylation. Base polymers include poly-
(vinylbenzylstyrene) copolymer cross-linked with adipic
acid,” poly(fluorenyl ether),””! or poly(aryl ether ketone
phtalazinone) (PAEKP).5?]

¢) Amphoteric ion-exchange membranes have both cat-
ionic and anionic groups. These membranes are generally
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obtained by the radiation-graft copolymerization of prefab-
ricated films or powdered PVDF**%! or ETFE"" with the
help of gamma rays. Cationic groups are inserted using
grafted polystyrene or o-methylstyrene and subsequently
sulfonated with chlorosulfuric acid. Anionic groups are
obtained by copolymerization of dimethylaminoethyl meth-
acrylate or trimethylaminoethyl methacrylate.

3. Composite membranes comprise inorganic substances
which are inserted into the polymer matrix during solution
casting following the sol-gel process. The aim is to reduce the
size of the pores in these membranes and thereby increase the
permselectivity of the membranes. Examples of such mem-
brane systems are silicates in NAFIONI 7 or partially
fluorinated SPEEK,"!! zirconium phosphate in partially
fluorinated SPEEK,” and polytungstate in sulfonated poly-
phenylene sulfide (PPS).["

4. Solid-state conductors are rarely used in an RFB, since
ion-conducting crystals, ceramics, or glasses usually only have
sufficient conductivity at temperatures over 300°C. The
conductivity of these systems is generally up to one or two
orders of magnitude lower than the ionic exchange mem-
branes. For RFBs, their use in lithium-RFBs is only suggested
in a few systems. Lithium-conducting glasses were use in these
cases.[

Some hybrid flow batteries with solid metal electrodes or
gas diffusion electrodes™ can theoretically also be used
without separators. However, to avoid short circuits caused by
dendritically deposited metal or the flooding of the gas
diffusion electrodes, hybrid RFBs generally still include
porous separators or membranes. Theoretically, any flow
battery could also be used without separators. In order to do
so, the electrolyte liquids of anolyte and catholyte in the cells
must be exactly co-laminar and without any turbulence
(Figure 4). At the low flow rate in the RFB, this condition

Figure 4. Co-laminar redox-flow battery with porous electrodes.”?

can be simply implemented in a flow-through reactor. RFBs
without membranes are mostly employed as laminar micro-
flow reactors.”*”! Porous flow electrodes in such structures
may not come into any contact with the boundary layer,
however, since that would result in the electrolytes becoming
mixed. Goulet and Kjeang,” in their review about co-
laminar flow reactors, describe RFB microreactors that can
also be used reversibly with porous flow electrodes.
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3. Battery Chemistry
3.1. General Aspects

The working principle of redox-flow batteries in the
discharge mode can be generally represented as a chemical
reaction of two redox couples that results from the combina-
tion of two corresponding half-reactions as follows:

Anode: A~ =AM fze ga
Cathode : €V +ze = ' e
Cell : AT+ C 2 AT O o = bo—tba

The two redox couples A¥A*** and C**/C' are used for
the positive and negative electrode reactions. The electrolyte-
specific performance and energy density of RFBs are defined
by the difference in the redox potentials of the redox pairs
¢dceai, known as the cell voltage, and by other parameters such
as:

1) The standard potentials of half-cell reactions which
thermodynamically enable a high cell voltage, but at the
same time thermodynamically or kinetically prevent side
reactions.

2) The stability and solubility of the ions in the oxidation
states involved.

3) The rapid and reversible electrode reactions.

4) The availability of raw materi-
als, their affordability, and influ-
ence on the environment.

J. Noack et al.

08
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Figure 5. Standard potential (E versus NHE) versus the pH value for
hydrogen and oxygen evolution reactions (dashed lines), with over-
potentials at carbon-based electrodes (solid lines) in aqueous media
and area of optimal potentials for anodic and cathodic couples for
stable battery electrolytes.”

most battery electrolytes are acidic, because many metal ions,
except for zinc, precipitate as insoluble hydroxides at high
pH values and are, therefore, unsuitable for use in RFB
electrolytes.

The atomic or molecular weight of the redox-active
chemical substances or compounds used as electrolyte
components and the number of electrons transferred in
their half-cell reactions in addition to their standard redox

Table 1: Selected examples of inorganic redox couples for RFBs. The colors of the cells correspond to the

pH value of the electrolytes; red—acidic, blue—basic, orange—neutral. Stage of development: A—half-
cell study, B—prototype tested, C—technology has been commercialized.

In real batteries, compromises

need to be found when selecting .
suitable electrolytes, because the = = & . .
. . . = O 4 &1 el=| 0 g L1l 4
various requirements are independ- Cathode ST 3|0 | 9|a|l T2l |9 5|8 S|y
>3 s S| ol & 2| o
ent of each other and often contra- % =S § o E < £ g < Sl = g e
. . . © L iy (N — = (&)
dictory. The combination of strong 2 |9 & |2T|=sQ S o 2l s| S
oxidizing and strong reducing redox =
. . . [V
couples with high cell voltages is
beneficial from the point of view of Anode n oo~ | o 2| o « ol w| ol vl $| o
. .. . ENVI| | o 0| = ol ol o | ||| o | D] S
higher energy densities, but this ol o|o| o |of a4 a4 A af « B Y )
cannot be the only selection crite- Zn(OH)Z/zn | -1.22 |[B | B
rion, because 1F would lead to, for Zn*/Zn 076 BIBIC B B
example, an increased tendency Fe?'/Fe 045 A
towards side reactions, high costs i 0.43 -
of suitable chemically stable mate- - 2 - —
rials, or the solubility and reaction Cr 2/ cr il c L =
kinetics can be limited. It is shown Cd*/cd Uy 2
3 2
by the example of an aqueous vV -0.26 B |C|B B B|B
electrolyte in Figure 5 that the pH- Pb?*'/Pb -0.13 B
dependent stability of the electro- H'/H, 0 B | B B B
lyte as well as the stability of each TiO*/Ti® 0.04 A A
redox species (Pourbaix diagram) Cu?*/Cu* 0.15 B
and other components of the elec- Np*/Np** 0.15 B
trolyte need to be taken into Cu*/Cu 0.34 B
account. Table 1 provides an over- /T 054 T

view of combinations of redox pairs,

which correspond to published
types of batteries. As can be seen,
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[a] Or Br;7/Br~ 1.06 V (based on formation of polybromide), the potentials can vary according to the
composition of the electrolytes because of complex formation.
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potentials and solubility need to be taken into account to
reach a high energy density. The common evaluation param-
eter is the gravimetric and volumetric energy density. How-
ever, the difference between theoretically calculated and
practically attainable energy densities may be several orders
of magnitude, especially when the reaction is slow. For
example, the theoretical energy density of Zn/Br RFBs is
570 Whkg ™', but only approximately 70 Whkg™' has been
achieved in practice.”"! In addition to the charged redox-
active species, their counterions and possibly ions of the
supporting electrolyte, that is, protons usually not being
represented in the general reaction equations, are important
to maintain the mass and charge balance. This balance is
related to the changes in the composition of the each half-cell
electrolyte and its physicochemical properties (pH value,
ionic strength, conductivity, viscosity etc.) during the battery
operation, that is, changing of its state of charge.

For each state of charge, the solubility and stability of the
redox-active species should remain high enough to enable
stable battery performance. As a consequence of the high
solubility and conductivity of inorganic substances in aqueous
media, a variety of batteries with this type of electrolyte
dominate. Metal complexes with organic ligands are more
soluble and stable in organic solvents. The use of these
solutions as electrolytes can provide potentially higher cell
voltages than aqueous electrolytes, but their specific electrical
conductivity and the solubility of the redox-active species are
still low. Chemical elements with at least three oxidation
states can be considered as species for both half-cells,
whereby in the best case all three compounds are soluble.

Angéwandte
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In this case, the diffusion of redox-active species into another
half-cell compartment (so called cross-over) is minimized and
is limited to electro-osmotic effects. The electrolyte, which
consists of a mixture of cathodic and anodic redox compounds
of different elements, is often characterized by a lower
solubility of the corresponding salts and, therefore, a lower
energy density compared to the battery, where by virtue of
their different chemical nature, the catholytes and anolytes
are separated.

Electrode reactions can be accompanied by a phase
change, which occurs for example during the formation of
metal deposits or gaseous products. As shown in Figure 6,
RFBs can be classified according to the aggregate state of the
reactants and products of the half-cell reactions. This
classification remains arbitrary, however, because of a variety
of electrolyte-specific phenomena during battery operation.
Much more laborious technical solutions are required for the
operation of batteries with multiphase systems compared to
the classical single-phase liquid batteries. This is especially
relevant to provide a uniform metal deposition or continuous
gas feed and storage, as well as circulating the suspensions.

All half-cell reactions proceed at the interface between
the electrode and the electrolyte, where the kinetics of
electron transfer is determined directly by the type of
electrochemical reaction. In general, electrode reactions can
be divided into two groups:

1) Outer-sphere reactions, where the charge tunnels through
the solvation shell of the redox-active species. The kinetics
of these reactions is independent of the state of the
electrode surface, that is, oxygen/carbon ratio, specific

Redox-Flow Batteries

Aprotic conventional molecular solvents and ILs

=S SIS

! Protic Electrolytes I

One-phase
(all-liquid) Two-phases
(suspension, nanofluids etc.)
~ )
Ru(bpy) LiCo0,/LTO
Nilbpy)/Felbpy) i
Ru(acac) LiFePO,/LTO
V(acac) Li/Fe
&r(acad Na/EMICI-Fe
Un(acac) Cu/Cu(DEA-EHN)
(acac) Cu/Cu(Choline chloride)
Co(acacen)
V(mnt)
TEMPO/NMPI
DBBB/TMQ - J
Fe(TEA)/Br
\_ v,

One-'pha'nse Two-phases Two-phases
(all liquid) (hybrid) (liquid/gaseous)
N\ N ;\
/A% Zn/Ni
V/Fe Zn/Br
V/BrCl Zn/Cl
V/Ce Zn/BrCl
Cr/Fe Zn/V
Cr/Br Zn/Ce
cr/cr v/0, H/Br
S/Br Fe/Fe H/Cl
POXM Cd/Br H/Fe
Ti/Fe Pb/Pb H/V
Ti/BrCl Cu/Cu
Np/Np Cu/Pb
I/l Zn/PANI
Fe(EDTA)/Br Cd/Chloranil
Cr(EDTA) Pb/Tyron
Quinones/Br V/Glyoxal(O,)
V/Cystine (0,) —
~—

~—

Figure 6. Redox-flow batteries classified according to electrolyte system and aggregate state.l”
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adsorption to surface groups, or monolayer coverage. This
mechanism could be beneficial for RFBs, however it is
more relevant mostly for ligand-stabilized metal ions,
which have a high molar mass and low solubility that result
finally in a low energy density of the electrolyte.

2) Inner-sphere reactions, which involve specific interactions
of the electrode surface. For these reactions, the kinetics of
the redox couples is highly dependent on the state of the
electrode surface, and can be, for example, catalyzed by
surface carbonyl groups (Fe**/Fe’", V*/V?"), or is sensi-
tive to non-oxide-catalyzed adsorption of a monolayer
([Fe(CN)]* /[Fe(CN)g]*"). In this mechanism, special care
should be taken with electrode pretreatment and its
durability, as reaction rates can vary by several orders of
magnitude compared to the outer-sphere pathway.

We consider further the chemical aspects of the various
electrolyte redox species and processes associated with half
cells or battery performance. Half-cells with metal deposition
are very similar to conventional primary or secondary
batteries from a chemical or an electrochemical point of
view, and are only differentiated by their combination with
a redox couple presenting another half-cell electrolyte. For
this reason, we consider in more detail mainly the redox
couples used and investigated mostly for RFB electrolytes.

3.2. Inorganic Redox Couples/Protic Electrolytes
3.2.1. Zn*"/Zn

Zinc deposition proceeds in aqueous solutions despite its
high negative standard electrode potential because the
hydrogen evolution reaction is kinetically inhibited and
results in a high hydrogen overpotential.”® Zinc-based
RFBs are hybrid RFBs because of the phase transition, in
which capacity is limited by the amount of zinc deposited in
the anode compartment. Deposition does not proceed
uniformly because of current-density differences and incom-
plete zinc dissolution. This leads to a risk of dendrite
formation, thus causing short circuiting of cells. However, as
a consequence of its price, availability, high negative electrode
potential, two-electron transfer, and intensive research for
over two hundred years on zinc-related electrochemistry and
hence available information, zinc remains an interesting
element for RFBs.

3.2.1.1. Zn** /Zn//Br,/Br

The zinc/bromine system goes back to Charles Bradley!”!
in 1885, and next to the Zn/Cl, system it is the oldest RFB
hybrid system. In this system, a ZnBr, solution is used, the
conductivity of which can be enhanced by the addition of salts
such as KBr and KC1.[*! The zinc ions in the electrolyte are in
the form of [ZnCL]", [ZnCl,)*", [ZnBr;] ", or generally as
[(ZnX,),(u-X),]*~ ! Zinc is generally deposited on a carbon
anode, which can lead to dendrite growth and consequent
losses in efficiency or complete failure.®" The negative half-
cell often has a spacer component to ensure that there is
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enough space for zinc deposition between the electrode and
the membrane.

Anode : Zn*" +2e” =7Zn % =—-0.76 V
Cathode : 2Br~ =Br, +2¢” @l =+1.06V
Cell : Zn** +2Br = Zn + Br, 07 =182V

The solubility of bromine in water is only 0.43 molL™" at
20°C. However, the presence of bromide and chloride ions
allows significantly higher concentrations to be achieved as
a result of the formation of polyhalides (Br;~, Brs,
CIBr,").") Bromine undergoes base-assisted hydrolysis in
water. Therefore, the electrolytes for Zn/Br RFBs are
strongly acidic, with halides and complexing agents added
to conserve bromine. The elementary bromine produced
during charging is kept in equilibrium with polybromide ions
in solution. High self-discharge currents occur because of the
diffusion of polybromide ions through the membrane to the
anode and of their reaction with zinc. Either organic solvents
such as propionitrile® ¥ or quarternary ammonium bromides
can be used®® to limit the diffusion. Nowadays, N,N-
methylethylpyrrolidinium (MEP) or N,N-methylethylmor-
pholinium (MEM) or their mixtures are mostly used.®
The presence of the quarternary ammonium bromides (QBr)
results in the stabilization of the existing polybromide
complexes by interaction with the large organic cation to
form a hydrophobic organic phase separated from the
aqueous solution. The amount of active bromine in the
aqueous phase is significantly lowered (ca. 0.01 molL™"), but
bromine from both phases is reduced during discharge
(Figure 7). The existence of a series of complex polybromides

+Br
(Br2ni1jaq) By’ Bryue———— Bl

-Br

r +29\

+Q'BI'25.1)0rg 2Br
+2¢,

-QBrizn-1ja0s

Q'Brimmoge— QBrianma < Q'Brigias
Q'Briss-1)aq

Figure 7. Complex formation equilibria between aqueous and organic
phases in a bromine half-cell and reaction paths of discharge from the
results of Fabjan and Hirss.®”! Q stands for MEM/MEP, n=1-5.

which participate in a variety of complex equilibria with each
other is assumed. The use of ion-selective membranes can
keep the bromine-rich fluid stream away from the zinc
deposition to minimize self-discharge and short-circuiting by
zinc dendrites."”

The Br,/Br™ redox reactions with strong chemisorption of
bromide ions or radicals are multistep and electrochemically
reversible at platinum electrodes; they can be classified as
inner-sphere reactions.”*” The rates of the Br,/Br~ redox
reactions are more than two orders of magnitude smaller at
carbon electrodes, which are usually used in battery systems,
than at platinum electrodes.”*! Tt is assumed that the
bromide oxidation proceeds according to a Volmer—Heyrov-
sky mechanism, that is, discharge (V) followed by associative
desorption (H):
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Br-
Br, +Br = Br, +e”

= Br, +€ (V)
(H)

However, assumptions regarding the rate-determining
step are controversial, and the exact role played by the state
of the carbon-based electrode surfaces in the reaction has not
yet been clarified. Initial ideas regarding catalytic effects were
based on glassy carbon modified with carbon nanotubes®!
and with graphene oxide/polymer composite electrodes.®!

Although complexing agents (QBr) have been used for
over 40 years for bromine complexation, the electrochemical
properties of Br,/Br~ have only recently been studied. In
addition to the storage of bromine, QBr promotes the specific
adsorption of bromide at the carbon/polymer composite
electrode, thus accelerating the Bry/Br~ reaction.’ The
relatively high solubility of the redox pair and a two-electron
transfer enable maximum energy density, depending on the
source, of theoretically up to 570 Whkg ™!, whereas approx-
imately 70 Whkg ™' can be achieved in practice.’”!]

3.2.1.2. Zn** /Zn//Cl,/CI-

As an alternative to zinc/bromine RFBs, a significantly
more reactive chlorine/chloride cathode couple can be used.
In this case, the chlorine produced during charging is
dissolved in a separate container at 10°C with water as
chlorhydrate Cl,-H,O and is released again during discharge
by heating."®! This can result in an energy efficiency of up to
65 % . The higher standard potential of CL/Cl™ results in the
open-circuit voltage being approximately 300 mV higher, at
216 V.

Anode : Zn*" +2e” =Zn % =-0.76 V

Cathode : 2CI~ =Cl, +2e” QL =+140V
Cl, +xH,0=Cl, -xH,0

Cell : Zn** +2ClI"= Zn + Cl, @) =180V

Besides the corrosion and toxicity, the high cathode
potential, that is, strong oxidative behavior, requires the
application of inert, for example, titanium-based, electrode
materials, at which the Cl,/Cl™ reaction is rather slow.

3.2.1.3. Zn** /Zn//CIBr, /Br

To combine the advantages of higher redox potential, that
is, reactivity, of chlorine and the higher kinetics of bromine-
based Zn-RFBs, Zhang et. al used an electrolyte based on 2Mm
Cl~ and 2M Br~ to investigate a zinc/polyhalide RFB.!"

Anode: Zn*" +2e” =Zn ¢\ =-076V
Cathode : 2Br~ +CI© = CIBr; +2e~ ¢l =+1.40V
Cell : Zn*"2Br + Cl'= Zn + CIBr, ¢ =180V

The results achieved were similar to those of a Zn/Br-
RFB, but slightly higher efficiencies and energy densities were
achieved.
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3.2.1.4. Zn** /Zn//VO," )VO**

Another variant was to use VO,"/VO?" as a catholyte and
Zn**/Zn in methanesulfonic acid (MSA) as an anolyte as an
alternative for toxic and corrosive bromine or chlorine, despite
the lower redox potential of the VO, /VO*" couple.'*?

Anode: Zn*" +2e” =7n ¢ =-0.76V
Cathode : VO** + H,O =VO; +e +2H" @Y =+1.00V
Cell : 2VO* +2H,0 +Zn**=2VO; +Zn+4H" ¢ =176V

The concentration of VO** can reach up to 3-4M in 3Mm
MSA solutions, which is significantly higher than the sol-
ubility of VO** salts in H,SO, (see Section 3.2.3.1). A battery
with 3m VO*" in 2.8M MSA and 1.5M Zn*" in 0.5M MSA
achieved continuously decreasing efficiencies of 70-58 % in
charge—discharge tests after 16 cycles. This was attributed to
the production of hydrogen in the negative half-cell and the
consequent electrolyte imbalance during charge and dis-
charge. The diffusion coefficients of vanadium species in
MSA as estimated by cyclic voltammetry were similar to that
in aqueous sulfuric acid solution.

3.2.1.5. Zn** /Zn//Ce*" /CE®*

The Zn/Ce hybrid RFB was patented by Clarke et al. in
2004%1%1 and is primarily characterized by its high open-
circuit voltage of approximately 2.4 V. During the charging
process, solid zinc is deposited from the solution and Ce™ is
oxidized to Ce". The electrolytes are based on methanesul-
fonic acid (MSA) to slow down the thermodynamically
preferred oxygen-evolution reaction and at the same time to
also ensure a relatively high solubility of the redox active
materials (up to 0.8m).1"""!

Anode: Zn*'+2e” =7Zn
Cathode : 2Ce** =2Ce*" 4 2e”
Cell : 2Ce* 4+ Zn* = Zn + 2 Ce*"

¢\ =-076V

@) =2.04V1t02.48V

The biggest challenge is the cerium half-cell, which limits
the performance of a battery.’* Despite the high catalytic
activity of platinum and platinum/iridium-based electrodes
towards the oxygen-evolution reaction, these electrodes are,
however, suitable for the positive half-cell,'®! because
carbon-based materials are easily oxidized at high half-cell
potentials'”! and the reaction is significantly faster.’ The
diffusion coefficient of Ce™ in MSA is approximately one
order of magnitude lower than in aqueous acids!' and
decreases with increasing MSA concentration, which is
probably caused by the complexing of cerium ions. The
oxygen evolution reaction also becomes slower at higher
MSA concentrations. The Ce'V/Ce™ redox reactions are,
therefore, electrochemically quasireversible and relatively
slow. Solutions with 0.8 M cerium in 4 M MSA is optimal and is
a compromise between the solubility of Ce™ and Ce' and the
strong oxidative nature of the cerium ions. Complexation of
cerium ions to diethylenetriaminepentaacetic acid (DTPA)
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result in the rate and the electrochemical reversibility of the
redox reactions being enhanced."'” Previous research showed
that the solubility and the rate of the Ce™/Ce™ reaction in
aqueous H,SO, is very limited.""!! The reaction rate is high in
aqueous HNO;, and 1M cerium solutions can be pre-
pared;">!"3 however, nitrate is slightly reduced, which
causes irreversible side reactions in the electrolyte. A battery
setup without a membrane has an efficiency of up to 76 % at
20 mAcm™? and a current efficiency of 90 %.!"*l The cerium
concentration was, however, only 0.2m, hence more side
reactions and therefore lower efficiency can be expected at
high concentrations. With a NAFION-based RFB, an effi-
ciency of 39% was achieved with 0.8m Ce™ in 4m MSA at
50 mA cm~? after 57 charge/discharge cycles.'"”

3.2.2. CP* [Crt
3.2.2.1. CPT J)CP' JJFe*" JFe*"

The first oil crisis in the early 1970s led to studies being
carried out at the NASA Lewis Research Center to find an
affordable stationary electrochemical energy storage concept
which could store energy over hours or days at low cost.'*1%]

The battery system in the ideal case should fulfill the
following requirements.!"'®!

- Simple electrode reactions

- High exchange current densities

- No high working temperatures

- Electrochemically reversible reactions

Further properties should include:

- Oxidized and reduced species should be present in solution

- The potentials of the redox couples should be in a range
within which the solvent does not decompose during either
charging or storage

- Tons with a high affinity for or containing oxygen (e.g.
MnO,~, Cr’") should be avoided to simplify hydrogen
management

- Complex ions (e.g. Fe(CN)s*") should be avoided to obtain
energy densities that are as high as possible.

The first studies have been performed with a system using
Fe’*/Fe*" and TiO*/Ti*" (see Section 3.2.5.6)."*"! Other redox
couples were also tested for their properties at carbon
electrodes, where the redox transfers of Fe*'/Fe*" and Bry/
Br~ were reversible, while Cr**/Cr** VY/VY, VIV/VI and V'
V! were irreversible.”!! Vanadium was positively evaluated
because of its high number of available oxidation states;
however, it was not considered further because of its kinetics
and reversibility as well as the high cost. There were
indications of good reversibility for the Br,/Br~ redox
couple at boron carbide electrodes. Despite the low standard
potential of Cr*"/Cr*" and the related risk of side reactions,
that is, hydrogen evolution, development was focused on Fe/
Cr because of the low costs and higher cell potential.

Anode: Crfe”
Cathode : Fe** = Fe’te™

Cell : Cr't + Fe’*= Cr*" + Fe**

=Cr** ¢ =042V
¢ =+077V
@ =119V
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As a consequence of the almost unavoidably slow
formation of hydrogen at the anode, a permanent imbalance
in the charge carriers occurs, which leads to a decrease in
capacity, because more Fe*" than Cr’" ions are formed during
charging. To avoid this problem, a rebalancing can be carried
out, whereby the hydrogen formed is transferred to another
electrochemical cell and is oxidized at the anode there:

Anode: 2H" +2e =H,
Cathode : Fe’*

@) =002V

=Fe' +e” ¢L =+0.77V

In the cathode half-cell, the iron-containing catholyte is
conducted and reduced in the same stoichiometric proportion
as protons are formed at the anode. At the same time, the loss
of protons is compensated through diffusion.'”"'*! Higher
current densities for the reduction of iron were achieved with
a further developed cell, and attempts at reducing Cu**, Cr*™,
Ti**, and V** were also successful.'?’!

In 1981, a prototype system with a nominal power of 1 kW
and 12 kWh at a current density of 32 mAcm > was devel-
oped."! The system consisted of 4 stacks with a total of 156
cells.

A five-cell stack with an active area of 307 cm” per cell
achieved energy efficiencies of 70-80% and a power density
of 54mWcm? at 81 mAcm? with an Au/Pb-catalyzed
anode.'" The manufacture of an Au/Pb-modified electrode
was done by thermal reduction of a carbon felt impregnated
with a gold loading of 20 pgcm 2 from a gold solution at
250°C and insitu deposition of lead from a 10~*m PbCl,
solution.'”"! It revealed that the used felts varied according
to their hydrophilic properties, pH value, gold loading
capacity, and hydrogen overpotential. It was believed that
reduced groups on the surface of the felt were the cause of the
irreproducible and non-uniform deposition. The groups
became oxidized on treatment with HNO;. Differences in
the hydrogen overpotential were also found, which can also
be attributed to the groups on the surface. Oxidized surfaces
had a higher overvoltage than reduced ones. The gold loading
process can be made reproducible at higher hydrogen over-
potential by pretreatment in 1M HNO;. A corresponding cell
reached a current efficiency of 98% at a 0-80% state of
charge and current densities up to 108 mA cm 2?7

Catalysts such as Pb, Bi/Pb, Bi, ZrC, Au/Pb, Cu/Pb, and
Ag/Pb can not only accelerate the anode reactions, but also
cause a higher hydrogen overpotential.[?>125-131]

Ton-exchange chromatography and visible spectroscopy
allowed a variety of chromium complexes to be identified
during the charge and discharge process."*>"*In a discharged
state, [Cr(H,0)sCI]*" is the predominant species, and it is in
a temperature-dependent equilibrium with [Cr(H,O)¢]*".
When the charge state is changed, the concentration of
[Cr(H,0)sCI]*" rapidly decreases while the concentration of
[Cr(H,O)s]*" hardly changes, which indicates that the equi-
librium between the two only emerges slowly. The equilibri-
um emerges more quickly in the presence of Cr". Oxidation
occurs through a chloride-bridge-mediated inner-sphere
redox reaction between [Cr(H,0)sCl]" and [Cr(H,0)sCl]*".

The performance can be improved considerably by using
mixed electrolytes (1M CrCl;, 1m FeCl,, 2m HCI), a micro-
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porous membrane, and higher temperatures of 65°C with
a bismuth/lead catalyzed anode reaction.[!3!:135-138]
The advantages of mixed electrolytes are:

- The use of microporous membranes, instead of highly
selective and more expensive ion-exchange membranes is
possible.

- Osmotically caused differences in volumes of anolyte and
catholyte can be compensated for by mixing.

- Electrolyte production can be carried out more simply and
therefore cheaply, because expensive separation of the iron
or chromium is not necessary.

- Low cell resistance (separator) and consequent higher
power densities result in power-related costs being reduced.

Disadvantages:

- Lower current efficiency because of a microporous sepa-
rator.

- Reduced solubility of the redox couples and associated
lower energy densities.

- Lower cell voltage.

However, the apparent loss in power because of the lower
cell voltage can be compensated for by the anode reaction
being faster at higher working temperatures."* The basic
mechanism in this case is not only the reduced internal
resistance of the cell, but a shift in the equilibrium from the
inactive species [Cr(H,O)]’" to the faster redox-active
species [Cr(H,O)sCIJ**.3%13 This results in significantly
higher current densities up to 129 mAcm 2, as well as at
higher states of charge. The energy efficiencies obtained are
between 75-85 % at a maximum of 1 % hydrogen evolution at
the anode.

An efficiency of 75 % was achieved with a Bi/Pb-catalyzed
anode, an 867 cm? cell stack at a temperature of 65°C, and
a current density of 60 mA cm 2 with mixed electrolytes and
a cation exchange membrane with low selectivity.'™ A
similarly constructed 14.5 cm? cell reached an energy effi-
ciency of over 80% at 80 mA cm 2 over 500 cycles.

A 1kW Fe/Cr RFB with 6 cells achieved an energy
efficiency of 83 % at 60 mA cm 2 and 0.24 % H, formation.['*"!

3.2.2.2. CP* JCP" //Br,/Br~

A Cr/Br RFB was reported by Heintz and Illenberger in
1996 and Swartbooi in 2006.'* In the first study, the
diffusion of Br, through a cation exchange membrane was
investigated, while in the second case a cell was developed
with a cell voltage of 1.44 V at a standard potential difference
of 1.49 V. The theoretical energy density was 57 Whkg .

3.2.2.3. Pt JCrt J//CrOF [Crt

The system patented by Kangro in the 1940s uses three
different oxidation states of chromium in a sulfuric acid
solution.”! Compared to other RFBs, the difference in the
standard potentials is relatively high at 1.77 V, which means as
well as potentially high energy densities, problems occur with
hydrogen formation in the anode half-cell and oxygen
generation in the cathode half-cell.
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Anode: Crf+4+e = Cr"
Cathode : Cr** =CrO} +e”
Cell: 20" =CP' +Cro>

@ =042V
@ =+135V
¢ =171V

Kangro used 25% Cr,(SO,); in 2mM H,SO, and lead,
amalgamated lead, or mercury electrodes. A discharge
voltage of 1.8V was achieved with freshly amalgamated
lead. Problems included the high overpotential of the
reduction of Cr’" and the question of a suitable cathode
material which has high oxygen overpotential along with
favorable reaction kinetics."! Nowadays the extremely poi-
sonous and carcinogenic chromate and dichromate ions are
not considered suitable for use in a battery.

3.23. VP V2*

Divalent vanadium ions form metastable solutions, and as
a result of their negative potentials and the simple isostruc-
tural redox reactions to form V" as well as the possibility of
combining with the two higher oxidation states of vanadium,
V*/V** is one of the most studied redox couples for RFBs.
Solubility in acids and material costs are moderate. As
a consequence of its negative standard electrode potential,
there are many possible combinations with other redox
couples; however, carbon-based electrodes are used in
aqueous media, at which the reaction kinetics are only
moderate.

3.2.3.1. VV V2 /VO, " VO

The vanadium redox-flow battery (VRFB) is the most
studied redox-flow battery system to date, although the
suitability of acid-soluble di- to pentavalent vanadium was
first discovered in 1986.4! Before this, basic electrochemical
research had been done on vanadium, mostly at platinum and
mercury electrodes."*'*! The formation of a film on the
platinum electrodes, slow VO, /VO*' reactions, irreversible
V¥V reactions at carbon felt electrodes, and high costs
resulted in further research in the frame of the NASA redox-
flow batteries project being ruled out.”’» However, Sum et al.
were later able to show that the rate and reversibility of the
relevant redox reactions are highly dependent on the
pretreatment of the electrodes, especially the oxidation
state of the electrode surface,"”>'**! which means the reactions
can proceed reversibly or irreversibly.!'*!

Anode: V3 e
Cathode : VO** + H,O
Cell :

=VO; +2H" +e”
VO™ + V¥ + H,0=VO; + V' +2H" ¢} =125V
The advantage of the vanadium/vanadium system is in the
use of ions of the same element at various oxidation states in
both half-cells, which minimizes the change in the concen-
trations of the electrolyte by diffusion through the membrane
in the other half-cell compartment, and achieves potentially
higher energy densities and efficiencies. Other systems with
redox couples with three or more oxidation states are only

www.angewandte.org

die

Chemie

=V @, =-025V
@ =+1.00V

9787


http://www.angewandte.org

Angewandte

9788

Reviews

known for Cr-RFB (see Section 3.2.2.3), U-RFB (see Sec-
tion 3.5.1.2), Np-RFB (see Section 3.2.5.9), and as Pb-RFB
hybrid systems (see Section 3.2.5.4). The two electrolytes are
usually 1.5-2M V solutions in 2m H,SO,, which corresponds to
theoretical maximum energy densities of 19-38 WhL ™. To
attain the highest possible volumetric and gravimetric energy
densities, high vanadium concentrations are necessary, which
approach the saturation and solubility limits. A distinctive
feature is the complex chemistry of the pentavalent vana-
dium, which tends towards irreversible condensation to
vanadium pentoxide at temperatures above about 40°C.
Dilute VYV exists in strongly acidic solutions as yellow VO,"
dioxovanadium ions in its hydrated form of [VO,-
(H,0),]".*1921 In more highly concentrated solutions
([V¥] > 100 mm, [H,SO,] >2Mm), [VO,(H,0),]" provides the
basis for dimerization and formation of complexes with
sulfate and hydrogen sulfate ions in the second coordination
sphere (Figure 8). Subsequent deprotonation and decompo-
sition of the dimer leads to the formation of V,Os, which
precipitates at concentrations of about 0.25M because of its
limited solubility.

Another explanation for the thermal instability of VV
solutions is the possible existence of complex [VO,(H,0);]",

$
&
&
&
§
§ #2H*/-H,0  +XHSO,/ -(x-2)H"
&7 0,01 [V,0,(H,0)(5.29 (50},
& -ZH/
& -H,0 +XHSO, / -xH*
& / [V,0,4(H,0), >* lvzoa(Hzo)(rzx)](Soa 2%
[VO,(H;0)]*

/ -2H,50,

[VO,(H,0),}) ————> V,0,:nH,0 [VO,(H,0)5]*H,0
%
%o
+HSO, +VOQHSO%H2504 BN / 7%, -H;0
VO,HS0,——— %o
H,VO,

+s0z +H/
0,50,

v  +V0,50;

"2Hs0,

Changes in $0,%, H* concentration

Figure 8. Reaction pathways for V" ions depending on vanadium and
sulfuric acid concentration.”

which is more stable at low temperatures than [VO,(H,0),]",
and dehydrates at increasing temperatures with formation of
neutral VO(OH); and finally to V,05 through deprotonation
(Figure 8)."1 V'V species appear as an octahedral, blue-
colored [VO(H,0)s]*" complex,™ which can undergo ion
pairing with sulfate at high H,SO, concentrations (> 5m). It is
presumed that SO,*~ ions enter the inner coordination sphere
of the VYV complexes and that V'V dimers may also be
formed.™! In mixtures of VIV with VY, which correspond to
partially charged VRFBs, the formation of mixed-valence
complexes at vanadium concentrations over 0.8m and H,SO,
concentrations over 3M has been observed:!"**

V02+ + V02+ = V2033+

This complex also influences the stability of the catholyte,
as well as the electrochemical behavior of the VY/V' redox

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Noack et al.

couple in the positive half-cell. The following solutions are

suggested to avoid precipitation of VV:

1) Deprotonation can be prevented by raising the concen-
tration of the acid in the electrolyte. However, this also
leads to a decreasing solubility of vanadium species in
other oxidation states at the same temperature, and
precipitation/crystallization.!>”

2) Saturated vanadium solutions can be stabilized with
additives (e.g. 5% w/w potassium sulfate, 3% w/w
sodium hexametaphosphate, polyacrylic acid) which
inhibit precipitation.'”® Organic (gelatine, xanthan,
starch etc.) and inorganic (3% w/w Aerosil 200, Aero-
sil 300) substances which cause gelatinization of the
electrolyte can be used as stabilizers in vanadium sol-
utions. Inorganic salts, organic tensides, and chemical
compounds with hydroxy or amino groups have previously
been studied as additives.”>*!) However, the practical
application of such additives in the VRFB is disadvan-
taged by the fact that they are easily oxidized chemically
by VV ions, which can lead to capacity loss. The exact
mechanism of the effects of these additives is not yet
known. The stability of the electrolytes is usually esti-
mated only exsitu, whereas the electrode material
(carbon-based), being in contact with the electrolyte
solution, can catalyze the coagulation of the V" particles.

3) Solutions can be stabilized by changing the chemical
structure of the vanadium ions in an electrolyte solution.
Mixed acids (hydrochloric acid, phosphoric acid, sulfuric
acid, oxalic acid, methanesulfonic acid, and their mix-
tures) are currently used as electrolytes for this pur-
pose.l'1621 A chloride-containing electrolyte enables the
dissolution of vanadium salts up to a concentration of 2.5M
and also has a high thermal stability up to 50°C. The
stability is based on the formation of [VO,CI(H,0),].l'"!
In mixed acid electrolytes (Cl~ and SO,*7), V"' species
form a gelatinous precipitate (after ca. 10 days or at low
temperatures), which dissolves again when the temper-
ature is raised. A reason for this is the formation of neutral
VT species [VSO,(OH)(H,0)s] complexed by anions and
[V(SO,),(H,0),] [Hs0,]" ion pairs.'® However, the use
of hydrochloric acid can lead to undesirable evolution of
chlorine as a side process.

To prepare the highly concentrated vanadium electrolyte,
a VOSO, solution can be electrolyzed to V¥ and V", where
the V*" solution formed can serve as the initial electrolyte for
the anodic half-cell in a VRFB, together with a fresh portion
of VOSO, solution for the cathodic one.'*! A suspension of
V,0;5 can also be electrolyzed, where a mixture of 50 % V3"
and 50% VO?*" is obtained as an anolyte, which can also be
used as the initial solution in both half-cells."* The dissolu-
tion of V,0s in sulfuric acid, which is limited by its low
solubility, is avoided with these methods.'""”! VRFB systems
are equipped with a heat management system to avoid
irreversible precipitation of V,0j5 at high temperatures.

Carbon-based materials are usually used for the electro-
des because of the negative standard potential of the anolyte
(—0.26 V). Typical power densities are 50-100 mWcm ™,
which is 10 times lower than a PEMFC. It is known that both
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redox couples undergo inner-sphere reactions with a strong
sensitivity to the electrode surfaces. With negative V/V!
redox couples, however, the inner-sphere route dominates
only at low coverage of the electrode with carbonyl groups.!'®”)
The presence of o-benzoquinone-type groups suppresses the
reaction rates, which are recovered, however, if the groups are
reduced to the catechol form.l™"! The rate of the positive half-
cell reactions and the power density and efficiency of the
battery can be strongly enhanced through functionalization of
the electrode surface by various oxidation methods.***! This
results in the formation of C—OH, C=0, and COOH groups,
which enable simplified electron transfer through the accu-
mulation of vanadyl or divanadyl cations. It is believed that
the oxidation of V'V with glassy carbon electrodes occurs in
three basic steps: a chemical-electrochemical-chemical
(CEC) mechanism at low overpotential, which becomes an
electrochemical-chemical-chemical (ECC) mechanism at
higher anode or cathode overpotentials.'””! Electron transfer
occurs via an adsorbed layer of an electrically neutral
intermediate product VO,-4H,O, which may precipitate,
and finally adsorption (VO,"=VOj5,,) as a rate-determining
step. A further CEC mechanism was recently suggested for
the VY/V'Y reactions, which considers the dimerization and
formation of a mixed-valence V'V/VY complex, where the
electrochemical polarization determines the rate.['”!]

ka3
2[VO* - 5H,0] == HV,03" -9H,0 + H'

koo

k24
HV,0}" -9H,0 == HVO;"-4H,0 +VO*" -5H,0 +¢"

L=

ks
HVO!' - 4H,0 == VOj -4H,0 + H"

25

A recently published study on the corrosion of graphite
electrodes in vanadium electrolytes using on-line mass
spectrometry revealed a preferred formation of CO, and
CO instead of oxygen generation at the anode electrode.!'
In the absence of V'Y, for example, in 2m H,SO,, the electrode
corrosion is more pronounced, because the carbon oxidation
is hindered by the oxidation of V™.

3.2.3.2. V¥Y V2T JJFE" [Fe?t

The V/Fe system represents a mixture of the Cr/Fe
(Section 3.2.2.1) and VRFB systems. The use of vanadium
species avoids the disadvantages of a chromium anode, for
example, slow electrochemical reactions of Cr**/Cr*" and the
necessary catalysts, a higher reaction temperature of approx-
imately 60°C, and the problem of hydrogen evolution. An
advantage of V/Fe is that the range of thermal stability can be
extended by using iron species. This means that the otherwise
necessary temperature management system and the associ-
ated costs are no longer required.

Anode: V¥ 4e”
Cathode : Fe?* —Fe* e
Cell : V3 4 Fe?= V¥ 4 Fe*

= V2 @, =025V
e =+077V
¢z =102V
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The lower cathode potential results in the corrosion of
carbon-based electrodes through intercalations or oxidation
by chlorine formed from the chloride-based electrolyte by
being reduced. Only mixed electrolytes can be used in
practice because of diffusion of ions through the membrane.
A battery with a mixture of 1.25M V**, 1.25m Fe?*, and 2.3m
HCI achieved an energy efficiency of 70-83 % over a temper-
ature range of 0-50°C at 50 mA cm > and constant discharge
capacities over 50 cycles." Low energy density is a challenge
associated with this system. However, the energy density can
be improved by using a higher concentration of active redox
couples. V¥/V** dissolves to produce solutions up to 4M in
HCI, while Fe**/Fe’" is barely soluble in HCIl. With a mixed
electrolyte, in which some of the chloride ions were replaced
by sulfate ions, the solubility (and thus the energy density)
was raised by 25% to 1.5M V*" and 1.5m Fe®", where an
energy efficiency of over 80% was demonstrated over 100
cycles. The energy efficiency was 70 % with a polyethylene
microporous separator.’l Similar values were also achieved
with other microporous separators.””) In a matrix study on the
optimization of the electrolyte, taking into account temper-
ature, composition, and conductivity, a battery with a solution
of 1.5M V*" and 1.5M Fe?™ in 3m HCl gave the best
performance values.'™ To further increase the power density,
the anolyte volumes can be doubled, whereby the otherwise
unused portion of vanadium in the catholyte can also be used
as VO,"/VO** " The end-of-charge voltage is thereby
increased to that of a conventional VRFB and two plateaus
are formed in the current-voltage curves for the reactions of
V'V and VO, /VO?*" or at lower potential for V**/V>" and
Fe’/Fe*", respectively. However, this arrangement also has
the disadvantages of the reactions of VO, /VO*' (see
Section 3.2.3.1). On the other hand, these batteries have
a higher energy density than a VRFB because of the addition
of Fe*'/Fe?".

3.2.3.3. V**/V**//CIBr, /Br

The vanadium/bromine (polyhalide) battery developed by
Skyllas-Kazacos in 2003 enhances the advantages of the
VRFB and represents what is known as the 2nd generation of
VRFBS :[177, 178]

1) The same electrolyte composition is used in both half-
cells.
2) The concentration of vanadium in solution can be raised to

3—4wm , which means that energy densities of up to 30—

50 Whkg ! can be achieved.

3) The temperature stability is not limited by the VV/VY
redox couple.

Anode: V¥ 4e” =V ¢\ =-025V
Cathode : 2Br™ + Cl™ = CIBr,” +2e” @l =+1.04V
Cell : 2V 42Br +Cl =2V* +CIBr,” ¢} =129V

Typical electrolytes consist of 2mM V*** in a mixture of
6.4 HBr and 2m HCL'” The effect of quarternary
ammonium bromides (MEM-Br, MEP-Br, TBA-Br) on the
half-cell reactions of V!'/V'! has been studied."®! The kinetics
of Br,/Br™ is controlled by mass transport, and neither the
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kinetics nor the mechanism are affected by the complexing
agents. MEM and MEP can reduce Br, vapors effectively, but
increase membrane resistance.

3.2.3.4. V' /V*'//0,/0*

The development of galvanic cells based on the reaction
of vanadium and oxygen goes back to Kaneko etal. in
1992.81 Tn a patent, Kaneko et al. describe a system called
a redox battery, in which divalent vanadium ions are oxidized
at the anode to trivalent ions. Oxygen or air is reduced at the
cathode with the aid of a catalyst (Figure 9). The theoretical

Air

Electrode Electrode

Electrolyte

ey H,0
| Load |

Figure 9. Operating principle of a vanadium/oxygen fuel cell.l”

energy density compared to that of a VRFB is more than
doubled as a result, since the weight of the catholyte when
using atmospheric oxygen needs not be taken into account.

Anode: V¥ e =V ¢ =025V
Cathode : O, +4e +CI- =20, QL =+120V
Cell:  2V¥ 40, +4H =2V* 1 2H,0 ¢ =145V

The preparation of a V> solution was carried out by
electrolysis in a conventional RFB cell. Discharge current
densities of up to 10 mA cm 2 with a 1m VSO, in 4m H,SO,
solution were achieved. Menictas and Skyllas-Kazacos exam-
ined the system at different temperatures as well as with
different membranes and membrane electrode assemblies
(MEAs).['""] The concentration of V>* ions in 5M H,SO, was
1.8m. The oxidizing agent used was gaseous oxygen. The
biggest challenge was to prevent the dissolution of the catalyst
layer of the MEA by swelling. A reduction of swelling
enabled the operation of a five-cell stack over a period of
100 h.['%]

In 2010 Noack etal. reported on an experimental
comparison of a VOFC with a VRFB.'™ The maximum
discharge power density of the VOFC was 30 mWcm 2. A
1.6m VSO, solution was used in 2M H,SO,.

Hosseiny et al. reported a VOFC designated as a vana-
dium-air redox-flow battery (VARFB), in which one MEA
was exchanged for another with a different catalyst between
charging and discharging. A platinum/carbon-based catalyst
was used for discharging, and a titanium/iridium-based
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catalyst was used to reverse the reaction.'™ The concen-
tration of the VSO, solution was 2M in 3m H,SO,. The charge
and discharge current densities were 2.4 mAcm 2 In 2011
Palminteri observed strong evolution of hydrogen in the Pt-
based MEA, which was caused by diffusion of the V'
solution into the cathode compartment. He explained the
detachment of the catalyst layer and the resulting consider-
able decrease of battery power density by hydrogen evolu-
tion.'*! To avoid this problem, a cell was developed with an
intermediate compartment separated by another mem-
brane,['"" to oxidize diffusing V>* ions to V** ions, and thus
to prevent the formation of hydrogen at the Pt particles of the
MEA. Although this type of galvanic cell is often called an
RFB, strictly speaking, the lack of electrochemical reversi-
bility of the cathode reactions makes it a fuel cell which
“burns ions”. A reversal of the reactions can currently only be
achieved by an electrolysis cell equipped with special
catalysts, which is identical to the conventional H,/O, fuel
cells. The challenges of the system are long-term stable cells,
V1V solutions with high concentrations, and efficient water
management at the cathode to be able to achieve higher
energy and power densities.

3.2.3.5. V2T V2T //Ce*t [Ce®T

Cerium readily undergoes complexation in highly con-
centrated sulfuric acid solutions. In solutions with concen-
trations below 0.5M or 0.15M, it is mainly present as solvated
Ce®* and Ce** ions, respectively,'®! with Ce** hydrolyzed at
H,SO, concentrations below 0.5m. At higher concentrations
of sulfate, Ce™ forms more CeSO," and Ce(SO,), ; in
contrast, Ce' forms more CeSO,*", Ce(SO,),, and Ce-
(SO,)s>", whereas Ce'¥ has stronger interactions with SO,
These characteristics make the electrochemical behavior
complicated at the electrode. An RFB with 0.5m Ce*" and
0.5M V*"in 1M H,SO, achieved 68 % efficiency at 22 mA cm *
with an energy density of 15 WhL'. At carbon electrodes, the
redox reaction of Ce™/Ce™ is electrochemically irreversible.
As a result of the complexation of cerium ions with SO,*~ and
the decrease in the solubility of Ce species, low H,SO,
concentrations are more appropriate as well as higher
temperatures to increase the rate of cerium redox reactions.
It is difficult to find a suitable solvent for cerium salts because
Ce"/Ce™, which has a standard electrode potential above
oxygen evolution, is not stable in HNO; and HCIO,, while
ClO,” and NO;~ cannot form stable complexes. Ce' oxidizes
chloride ions from HCI to Cl,, while H,SO, solutions form
stable complexes with Ce!."®! Investigation of the electro-
chemical properties of Ce'/Ce™ has shown that reversibility
of its redox reactions at platinum electrodes is affected by Pt
oxides on the electrode surfaces. A reduction in the amount of
surface oxides enhanced the charge transfer. An obstacle to
the development of aqueous V/Ce RFBs is the high oxidative
potential of the cathode in conjunction with the slow reactions
of the cerium redox couple at carbon-based electrodes, so the
choice of suitable electrodes with simultaneous slow evolu-
tion of oxygen is limited.
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3.2.4. H'/H,

Hydrogen-based systems are not classic RFBs, but when
a hydrogen-based anode is combined with a suitable cathodic
redox couple such as Br,/Br~ and continuous process manage-
ment is performed with electrolyte circulation, these systems
can be referred to RFBs. The H'/H, reactions proceed
reversibly on platinum electrodes and at high rates, but the
inhibition and ageing of the catalyst can also lead to
performance problems. The required storage of hydrogen
and electrolyte cross-over from the cathodic half-cell result in
the need for highly complex process engineering compared to
all-liquid-based RFBs. Despite the technical complexity of
battery construction, their power densities could be profitable.

3.2.4.1. H" /H,//Br,/Br~

H/Br systems were already proposed for large-scale
stationary energy storage in the 1960-1970s.'**12l They
were presumed to have the following advantages compared
to other energy storage devices:!'*!

- Rapid electrode kinetics and thus high energy efficiencies.

- Same cell for charging and discharging processes.

- Tolerance to overcharging and deep discharging.

- Possibility of using solid polymer electrolyte membranes
and hence different pressures to store hydrogen directly as
a hydride.

- High current efficiency and hence a low self-discharge rate.

- No mass-transfer limitation because of the high solubility of
bromine in HBr.

- Bromine storage and bromine electrode can work through
the low vapor pressure at close to ambient pressure

- Products and reactants are flowing media which minimize
imbalances between the cells

The high reaction rate and related high power density and
energy efficiency were key reasons for the development of H/
Br systems. The bromine-associated redox reactions proceed
quickly and efficiently on activated carbon electrodes,
whereby there was no need for catalysts. However, the
kinetics can be increased significantly through the use of, for
example, Pt.

Anode: 2H"+2e =H, % =0.00V
Cathode : 2Br~ =Br,+2e ¢l =+1.06V
Cell:  2HBr =H,+Br, ¢}=109V

By using NAFION as a membrane, the current densities
obtained were up to 180 mAcm ? with an efficiency of
70%.1"°1 An advantage over chlorine-based systems is the
formation of complex Br;~ and Brs~ ions in the catholyte,
which hinders diffusion through the separator and thus can
lead to high current efficiencies. After a systematic optimi-
zation of the cell structure at a current density of 0.3 Acm 2,
more than 10000h of operation could be achieved in
discharge mode, with limited signs of ageing."” A loss of Pt
catalyst at the anode was often evident, which was assigned to
the high potentials under the open-circuit mode and the
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diffusion of Br, to the anode. Additionally, there were
significant problems of water outflow at the anode at
operating temperatures of 25-50°C, which resulted in loss
of power. In addition, poisoning of the Pt-based anode
catalyst by halide ions driven by diffusion was found, which
also leads to a loss of power.' Thermally treated and
untreated platinum alloys had a higher tolerance to bromide
ions than platinum black. Tungsten carbide electrodes, in
contrast, had a lower activity for the anode reaction, but no
detectable activity in terms of bromine reduction.'™ In
addition, no change was observed in their activity towards the
oxidation of hydrogen, which makes this type of electrodes
interesting for polymer electrolyte free cell design. A new cell
design, with a nanoporous proton-conducting membrane,
allowed discharge power densities of up to 1.5 Wem 2 at 80°C
to be achieved."””! The energy efficiency during discharging
was almost 90 %, which is approximately double the effi-
ciency of a fuel cell. The same catalyst was used at the anode
and cathode at a loading of 1.5 mgcm™ Pt. To avoid the
corrosion and contamination, the voltage of the anode was
kept constant at about 0 V versus NHE. For this purpose,
a constant flow of dry hydrogen was maintained. The bromine
solution consisted of 0.9M Br, in 1M HBr. The authors found
no degradation in the performance of the cell during their
investigations. To overcome the corrosion problems of Pt on
the bromine cathode, a cell with an activated carbon cathode
has been developed and examined,'”® which could also
achieve high power densities of 1.4 Wcem 2 at 55°C. The cell
consisted of a conventional MEA with a Pt catalyst as the
anode and three carbon papers activated in concentrated
H,SO,, which were stacked and used as a flow-through
cathode. In a direct comparison of an HBr cell with an H,/O,
cell, the HBr cell with 0.3 Wem ™ achieved power densities
almost twice as high as the fuel cell at room temperature.'*!
In a comparison of cells with an interdigitated channel
structure versus those that are serpentine-shaped, the ones
with the interdigitated structure achieved higher power
densities.

To reduce the cost of the system, tests were performed on
a membrane-free cell with a laminar fluid flow.”! Power
densities up to 795 mW cm 2 were achieved with Sm Br, in 3m
HBr solution. The voltage efficiency was 92% at 25%
maximum power density. The open fluid structure meant
that no charge and discharge cycles could be completed, and
thus it is only possible to speculate about the current
efficiency, which at optimal flow should be 72 %, thereby
giving an efficiency of 66 %" The high reaction kinetics and
the potentially high energy densities make this system
extremely interesting for energy storage. However, the
handling of toxic and corrosive bromine is a major challenge
in regard to suitable materials for the battery components as
well as in regard to safety, especially at elevated temperatures.
The diffusion of bromine in the anode compartment requires
a complicated approach for its separation and recycling, since
otherwise capacity loss will occur and hydrogen storage or its
components can be difficult. It is these challenges that explain
why up to now no complete system has been tested for
hydrogen storage and circulation, but only with hydrogen
feeding from an external hydrogen source.
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3.2.4.2. H*/H,//Cl,/Cl~

In addition to Br,/Br~ the redox couple CL/Cl™ in
combination with H"/H, was also proposed in the 1970s for
stationary energy storage.”!! As with the bromine-based
system, NAFION can be used as a polymer electrolyte
membrane. Hydrogen can be stored as a metal hydride
(FeTiH,) and at low temperatures chlorine can be kept in
liquid form in a separate tank.

Anode: 2H"+2e =H, % =0.00V
Cathode : 2CI” =CL+2e ¢l =+136V
Cell : 2HCl =H,+Cl, ¢)=136V

The hydrochloric acid concentration should not exceed
35%, otherwise carbon corrosion is increased and membrane
resistance as well as the HCI vapor pressure will be higher.
Under these conditions, and because of the rapid reactions, it
is possible to achieve an energy efficiency of over 70 %"
whereby only a small portion of Cl, is lost by diffusion to the
anode.?™ With the use of polymer electrolyte membranes,
the water content in the membrane determines the transport
properties of ions, which leads to a dependence on the acid
concentration.”™ Another side effect is the transport of low-
concentration acid through the membrane, which leads to
self-humidification of the anode during electrolysis. With 3m
HCI and an operating temperature of 50°C, a cell achieved
a maximum power density of 0.51 Wcem 2 at 0.5 V. A Pt-based
catalyst had significantly higher performance values than
a Rh-based catalyst, such that the performance capabilities of
the Pt-catalyzed cell dropped to 45 % after 120 h through the
formation of H,PtClg, while the performance of the Rh-based
cell remained stable over extended periods of time.?*
According to Thomassen et al.?®! the chlorine reduction
takes place on platinum in accordance with the Heyrovsky
mechanism:

Clyaq) +€ = Clgy) +Cl (g

In general, it was found that both the mechanism and
kinetics of the reduction of Cl, at Pt and Ru are highly
dependent on the oxide layer on the electrode surface.*
With a cathode mixed metal oxide catalyst with low precious
metal content (Ruy00Coyg;);0, for the CL,/Cl™ redox reaction,
power densities of over 1 Wem™ were achieved during
discharging and over 0.3 Wcm™ for charging.” A compar-
ison of three different cell designs led to the identification of
the different advantages and disadvantages of the system."!
In a conventional PEM fuel-cell design, high HCI concen-
trations and associated dehydration of the membrane lead to
higher cell resistance and power losses. Corrosion problems
were increasingly found with the use of a cell with a low
concentration of HCI. A cell with a membrane of polybenzi-
midazole modified by phosphoric acid achieved long-term
stability, but lower performance values, which was probably
due to the formation of higher phosphoric acid polymers in
the membrane:

H,PO, — H,P,0, — H-(HPO;),-OH
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H,/Cl, systems have been proposed as an energy source
for space missions because of their higher energy density
compared to H,/O, systems.?”!

3.2.4.3. H' /H,//Fe*" JFe*"

Another approach for the replacement of the slow O,/O*~
reaction in a fuel cell is the use of Fe**/Fe*" with a standard
electrode potential of +0.77 V. The exchange current density
is several factors of ten greater than that of the O,/O*"
reaction, while the mass transport to the electrode is also
greatly increased because of the higher solubility of the iron
compound compared to O,. Compared to Cl,- and Br,-based
systems, the iron compounds used have low toxicity and are
much cheaper than vanadium. Discharge trials on a 4 cm? cell
with a conventional anode structure and a catalyst-free
cathode achieved power densities of up to 170 mWcm 2 at
70°C with a 0.9m Fe** solution."

Anode: 2H"+2e” =H, ¢\ =0.00V
Cathode : Fe** =Fe* +e” @l =+0.77V
Cell : 2H" +2Fe**=H, +2Fe*"  ¢) =077V

To investigate the charge and discharge behaviour,
a similar cell was used and operated with 0.7M Fe,(SO,) in
0.8m H,SO,, 0.9Mm FeCl; in 0.8m HCI, or 0.9M Fe(NO;); in
0.8M HNO, at room temperature.”'! The nitrate-based cell
achieved maximum discharge power densities of
234mWcm 2, followed by the chloride-based one with
207 mWcm 2 and the sulfate-based one with 148 mWcm 2.
The nitrate-based cell was only stable for a few cycles, which
was probably caused by the formation of NO, and thus
areduced amount of reactive Fe’". The chloride-based system
successfully completed over 50 cycles at 25 mA cm 2 with only
a small loss in capacity. The sulfate-based system also
demonstrated low capacity losses over several cycles. The
charging overvoltage for all three systems was substantially
greater than the discharge overvoltage, and accordingly they
could only be charged with relatively low current densities.
This strongly asymmetric behavior was attributed to the low
reaction rate of Fe**/Fe?", but no more detailed reasons were
given. Cells with a Pt/Ir catalyst for iron reduction achieved
up to 270 mW cm? power density for 1m FeSO, in 2m H,SO,
at 40°C.2" A cell with a 1.5M FeSO, solution, however, only
achieved 110 mWcm ™ A system with 1.5M FeCl, in 2m HCI
achieved 240 mWcem™2, and a system with 1.4m FeBr; in 2m
HBr 190 mW cm ™. Measurements of the half-cell voltage at
the cathode revealed 5-20 mV overvoltage, which was an
insignificant contribution to the total overvoltage of 300 mV
at 0.64 Acm 2 Accordingly, the iron reduction proceeded
very quickly with all electrolytes, while the hydrogen oxida-
tion probably strongly depended on the electrolyte anions.
The active sites of the Pt catalyst were blocked by the
adsorption of anions migrating into the anodic compartment,
thereby causing the performance of the Cl - and Br -based
systems to be lower than that of SO,*". This effect is common
for H/Cl and H/Br cells, such that sulfate does not cause
passivation of the Pt catalyst. However, the efficiency in the
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case of a 1.5M FeSO, electrolyte solution decreased, because
the iron species diffusing into the anodic half-cell precipi-
tated. In an investigation of different cathode materials, a cell
with untreated carbon paper showed the highest performance
values.” When reduced iron is oxidized by oxygen in the
discharging process, the system is a mediated fuel cell, since
this process is not reversible (see Section 3.7).

3.2.4.4. H'/H,//VO," VO™

An H/V cell with a conventional Pt-based MEA as an
anode, a catalyst-free cathode with a serpentine-shaped flow
field, and 1M VO, /VO?*" electrolyte in 5m H,SO, achieved
power densities of over 54 mW cm 2. Charge and discharge
tests performed with 11 mAcm ™2 and a 0.2m VO?*' solution
achieved a current efficiency of 84 % and an energy efficiency
of 43 % 'Y To optimize the system, the commercial PEMFC-
MEA used was replaced with one that was coated with
catalyst only on the anode side and contained two untreated
carbon papers as a cathode. Without impregnation with
PTFE, the usability was higher and thus the mass transport to
the electrode was facilitated, whereby a maximum power
density of 114 mW cm 2 could be achieved and the charging—
discharging energy efficiency was increased to 60 %.

3.2.5. Other Systems
3.2.5.1. Fe** [Fe//Fe*! JFe**

Batteries based exclusively on iron present an interesting
alternative because of the ready availability of the storage
material. However, deposition and dissolution are very slow,
while at the same time there is a relatively low hydrogen
overvoltage, so that emerging hydrogen leads to energy and
charge-carrier losses.”™ A current efficiency of 90 % and an
energy efficiency of 50% were achieved at 60°C with
60 mAcm™. Studies on the optimization of the metallic
deposition in RFBs led to an optimized structure of the
anode, such that a nonconductive felt was used as a spacer
between the porous electrode and membrane.”!*!

3.2.5.2. S/S* //Br,/Br~

Battery systems based on polysulfide/sulfide ions as the
anolyte and bromine/bromide, chlorine/chloride, or iodine/
iodide as catholyte were first mentioned in 1984 by Remick
and Ang.”""! In these batteries during discharge, sulfides and
low-molecular-weight polysulfides are oxidized to higher
polysulfides at the anode. At the same time, bromine is
reduced to bromide at the cathode:

Anode: 2Na'+xNa,S, ,+2e”
@’ =027V

x=1-4

Cathode : 2NaBr

e =+1.06V

2Na* +xNa,S,,, +2NaBr= (x + 1) Na,S, + 2Na* + Br,

@ =133V

= (x+1)Na,S,

= Br, +2Na" +2e”

Cell :
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Typically, the anolyte consists of sodium sulfide (Na,S,)
and the catholyte of NaBr, to which Br, is added to saturation.
NAFION can be used for separation of the two half-cells, this
also enables charge compensation by transport of Na ions.
The slow sulfide/polysulfide reactions on carbon electrodes
mean that metal electrodes of cobalt or nickel can be
used.”® 2 In a comparison of carbon felt electrodes with
electrodes made of activated carbon, which were each coated
with cobalt, the carbon felt electrodes achieved better
performance than those with activated carbon.”! The
authors found the cause to be an accumulation of elemental
sulfur in the cobalt-coated activated carbon electrode, which
led to transport problems and a consequent loss of perfor-
mance. The cobalt-coated carbon felt electrodes achieved
energy efficiencies as high as 81% at 40 mAcm 2 over 50
cycles, while the other electrode deteriorated in performance
after just a few cycles. From this background, a 100 MWh
RFB was constructed in the late 1990s, but not com-
pleted.”'?! In addition to the challenges of the bromine
and the relatively slow reactions of sulfur, further consider-
able challenges are caused by the diffusion of sulfide in the
cathode compartment, which leads to irreversible oxidation
of sulfite and thus continuously decreases the capacity during
operation.

3.2.5.3. Cd** /Cd//Fe’" [Fe**

The Cd/Fe system is an attempt to minimize the cost and
the diffusion of ions through the membrane. Cd*" is relatively
cheap, does not react with Fe?* or Fe**, and can be separated
efficiently from 0.5mM H,SO, solutions because of the fast
electrochemical reactions and hydrogen overvoltage.”! The
electrolytes consist of 0.5M FeSO, and 0.25m Fe,(SO,); in 1m
H,SO, for the positive half-cell and 1.5m CdSO, in 1m H,SO,
for the negative one. The separator used is NAFION. The
discharge voltage of the battery was 10 mAcm 2 at 0.99 V
with a current efficiency of 91 % and an energy efficiency of
71%. The efficiency decreases, however, during the first 50
charge/discharge cycles.

3.2.5.4. Pb** /Pb//PbO,/Pb*"

An RFB based only on lead was first proposed in 2004 by
Hazza et al.”*! In conventional sulfuric acid based lead-acid
batteries, there is a reaction of solid PbSO, to solid Pb at the
anode and to solid PbO, at the cathode during charging. By
using methanesulfonic acid, Pb*" is in solution and reacts
during charging to form solid deposits at the electrodes:

Anode: Pb>* +2e- =Pb
Cathode : Pb*" +2H,0 = PbO, +4H" +2e”
Cell:  2Pb* 4+ 2H,0=Pb + PbO, + 4H"

As a result, a membrane-free RFB can be built, in which
the same electrolyte is used in both half cells. The deposition
and dissolution of lead on glassy carbon electrodes in 2Mm
CH,SO;H is a fast process with a low overvoltage that runs
without disturbance. The hydrogen overvoltage of lead is
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high, so high power densities can be expected. The diffusion
coefficient of Pb** in 2m CH,;SO;H is 6.1 x 10°° cm?s~'. The
cathode reaction of Pb®* and PbO,, however, is much slower
and has a higher overvoltage. This affects the formation of
PbO, in particular. As a result of the high voltage, the
formation of oxygen as a side reaction also cannot be ruled
out. The reduction of PbO, to Pb*' is likely to proceed
through an insoluble intermediate which can be more easily
oxidized than Pb**. Pb’" has a maximum solubility of about
2™ Pb** in 1M CH;SO;H. The solubility decreases signifi-
cantly at higher acid concentrations. The conductivity of the
solution increases with the acid concentration, but decreases
with the concentration of Pb**, which has been attributed
both to higher viscosity and also to the formation of ion pairs
with CH;SO;™. The properties are contradictory and change
in the operation of an RFB, since protons are involved in the
reaction. A 1.5M Pb(CH;S0;), solution in 0.9M CH;SO;H was
proposed as a favored electrolyte composition. An RFB was
investigated with this electrolyte composition, whereby a cell
voltage of 1.78 V and current efficiency of >85% at 20—
100 mA cm 2 were obtained.”! The negative electrode was
made of glassy carbon or nickel foam and the positive one was
made of planar and brushed glassy carbon. Lead dendrite
formation during the charging process, particularly at the
negative electrode, can cause a problem for the system, which
can result in a short circuit of the cell. For a uniform
deposition of Pb, sodium lignin sulfonate and polyethylene
glycol were investigated as additives, whereby the former
produced significantly improved deposits with inert character
at a concentration of 1 gL.™!, and the latter achieved hardly
any changes, even at high concentrations.”””) Another possi-
bility is a complete discharge and the oxidation of Pb residues
by oxygen, such that finally an oxygen excess is removed, and
a pH change has to be considered:***

2Pb +4H* + 0, — 2Pb* +2H,0

The ability of different metal ion additives to increase the
reaction rate of PbO,/Pb*" was investigated. Additives of Fe*"
and Bi*' produced no changes, while an addition of Ni*"
achieved a slightly lower overvoltage, but at the same time
lower current efficiency. The effects of the Ni*" additive
become inconsiderable with time. In discharges with
100 mAcm ™2 a layer was left on the positive electrode,
which probably consisted of poorly soluble PbO.”* In
another study, lower rates of PbO, formation and slower
oxygen evolution were found on addition of Bi**, but also
finer and more firmly fixed PbO, deposits.’*”! The addition of
Smm  hexadecyltrimethylammonium  cation  (C;sHjs-
(CH;);N*) particularly to low concentrated Pb and
CH;SO;H solutions led to uniform metal deposition, with
the acid concentration having the greatest influence. The
concentration of the MSA should not exceed 2m for the
dendrite formation to remain moderate.® The C,H.;-
(CH;);N* had little influence on the deposition of PbO,, but
the high current densities and high acid concentrations caused
a tendency for increased detachment of PbO, from the carbon
substrate.”!! In CH;SO,H, PbO, separates preferably as the
a-PbO, columbite with an orthorhombic structure that forms
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dense and free-standing films. At elevated temperatures, the
tetragonal rutile structures of -PbO, are more prevalent,
which also forms dense films. Mixtures of the two modifica-
tions generally lead to loose deposits. Furthermore, thicker
PbO, films have a particularly high overvoltage during the
reduction compared to a rapid formation of PbO,.*?l A Pb-
RFB with an active surface area of 100 cm?® could successfully
complete over 100 charge and discharge cycles, although solid
PbO, collected at the bottom of the cell. Lead dendrites and
oxygen evolution also led to problems, which increased with
the lower concentration of Pb**.”*¥! Similar effects limited the
life of an RFB in a bipolar two-cell configuration.”** H,O,
can be added periodically to clean the surfaces of the
electrode substrates of residues of Pb and PbO,. The H,0,
oxidizes Pb to Pb** or reduces PbO, to Pb*', and thus
prolongs the cycle life.[*]

3.2.5.5. Polyoxometalates

RFBs based on two polyoxometalates (POMs) with three
redox transitions were reported on in 2013.%° A current
efficiency of over 95% was achieved with 20 mm POM in
0.5Mm H,SO, and in an organic electrolyte with graphite felt
electrodes and a NAFION membrane.

Anode :  [SiVYWJ'0,]""" +3e™ = [SiVYYWY W 0,)""

Cathode : [SiVYW}10,]""" = [SIVYWY' O]~ + 3 e~

Cell : [SIVE WY 0] + [SiVE WO, =
[

SIVIYWYWYI0,]5 + [SiVYWYIO] "

The redox-active compound A-a-K¢HSiV;W,,04 was
made of a tungstate-based Keggin structure and formed
both the anode and cathode substance. It is stable over a wide
pH and temperature range, and its electrochemical behavior
is based on VY and W' centers, which have a potential
difference of about 1 V. A similar idea of the adaptation of
redox-active centers in POMs is reported in Ref. [237]. In the
modified Keggin structure [Mn"(OH);SiW,0,,]*", transi-
tions of Mn"-Mn"™-Mn'" are used to act as a cathode, and the
W centers with a lower redox potential are used as the anode.
POMs have better kinetics than the VV electrode reactions
and a good pH dependence of the redox transitions at pH 4-6.
POMs have great research potential because they have
different redox-active centers (or redox transitions) and are
stable at neutral pH. However, the tendency to strong
adsorption of the POMs on carbon electrode surfaces,
which influences the kinetics, as well as the possible complex-
ity and high costs of the synthesis of POMs mean that they
have been neglected until now.

3.2.5.6. TIO*' JTi*" //Fe*" JFe*"

Titanium species are of interest as redox couples in RFBs
because of their low cost and the large number of oxidation
states. Unlike V', Ti"! is not stable in aqueous media and
oxidizes to Ti’" with the formation of hydrogen. TiO*" in turn
undergoes hydrolysis to TiO,-4 H,0. However, Ti'V can be
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stabilized in solution through complexation with Cl", thereby
forming hexachlorotitanate [TiClg]*".

Anode: TiO** +2H'+e =T +H,0 ¢\ =0.04V
Cathode : Fe** =TFe +e” L =+0.77V
Cell : TiO* + Fe* +2H = Ti*" + Fe*' + H,0 ¢} =0.73V

Experiments were already performed with chloride- and
sulfate-based Ti/Fe RFBs in the 1950s.%”) The same electro-
Iyte compositions were used for both half-cells. An RFB
based on 1M TiCl,, 1M FeCl,, and 1.5m HCI achieved up to
55% energy efficiency at low current densities. An RFB
based on 1M Ti(SO,),, Im FeSO,, and 0.75M H,SO, achieved
50% energy efficiency. In the 1970s, 1M solutions of metal
ions were used at NASA in 0.5-6m HCL" The open-circuit
voltage decreased with the higher acid concentrations, and the
efficiency of the cells increased through the higher conduc-
tivity. The highest performance values were achieved with
a cell having 6M HCI as an anolyte and 0.5m HCI as
a catholyte. However, the anion-exchange membrane used
had a low selectivity relative to cations, so that the acid
concentration, in particular, levelled off with the number of
cycles and the open circuit voltage dropped.” For TiO**/
Ti**, an alloy of 97 % tungsten with 3 % rhenium was found on
which the reaction was significantly faster than on graphite.

3.2.5.7. TiIO*' /T" //CIBr, /Br~

Skyllas-Kazacos and Milne studied the complexation of
TiCl, with HBr, thereby obtaining a solution of TiBr,Cl,>~.>*
In combination with a bromine-based catholyte, which also
contains chloride, a Ti/Br-RFB with mixed halogen com-
plexes is produced:

Anode : TiBr,Cl;~ +e = TiBr,Cl, +2Cl-
Cathode : 2Br™ +ClI© = CIBr; +2e”

Or simplified with uncomplexed ions:

Anode: TiO* +2H + e = Ti** + H,0 @ =004V
Cathode : 2Br~ =Br, +2e” @l =+1.06V
Cell : TiO*" +2Br +2H"=Ti*" +Br, + H,O0 ¢} =110V

An RFB with 4M HBr, 3m HCI, and 0.56M TiCl, achieved
a current efficiency of 97-98 % at 40 mA cm 2. The largest cell
voltage reached was 0.93 V.

3.2.5.8. CuCl/Cu//Cu** /CuCl

An all-copper RFB was proposed in 2014 by Sanz et al.l**”!
The authors explain the advantages of the system to be fast
electrochemical processes and simplicity, since no catalysts or
expensive ion-exchange membranes are needed. Other
advantages include: copper chloride complexes are highly
soluble in aqueous media; the relatively low cell voltage
results in no hydrogen, chlorine, or oxygen evolving; simple
electrolytic production by reaction of Cu** with Cu; high
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energy efficiency; low power-specific costs because of the
relatively low price and the availability of high-purity copper;
and a wide temperature range of 5-70°C that obviates
expensive heat management. The electrolyte consisted of up
to 3m Cu'in 4M HCI and 2m CaCl,. Cyclovoltammetric (CV)
studies of Cu’/Cu resulted in the suggestion that the
dissolution process of Cu through adsorbed CuCl with
subsequent complex formation of [CuCl,]™ could take place
and thus would affect the rate of copper oxidation. Further-
more, the formation of hydrogen at low voltages was possible
during the deposition, which led to lower energy efficiency
and electrolyte imbalances or an incomplete dissolution of Cu
during the CV measurement. The redox couple Cu*"/CuCl
had an electrochemically reversible behavior. The diffusion
coefficient of Cu' was, however, at 1.47 x 10°% cm?s™' about
a factor of ten lower than in other aqueous solutions, which
could lead to transport limitations. One battery achieved an
energy efficiency of 60 % at 40°C at 20 mA cm 2 The average
discharge voltage at this current density was about 0.4 V.
However, the battery only charged and discharged at about
one tenth of the theoretical maximum capacity. The redox
couples are presumed to be Cu**/Cu’ and Cu'/Cu, but Cu'
and Cu" ions are complexed in the presence of Cl~, which
leads to a shift of the standard potentials. Stabilization the Cu'
species by complexing with CI~ enabled a stepwise reduction
of Cu" to Cu' and then to Cu metal. Here, different Cu' and
Cu" complexes can form in the system described: for
example, CuCl;", CuCl,>", CuCl,”, CuCl; . Without com-
plexing counterions a direct two-electron reduction of Cu" to
Cu metal takes place.”

Anode: Cu’" +e = Cu" ¢% =+0.153V
Cathode : Cu =Cu'+e @l =+40521V
Cell : 2Cu”* =Cu+Cu*" ¢)=0368V

As with all other hybrid systems, disadvantageous for-
mation of dendrites or the dissolution of metal copper are
again to be expected. In addition, the deposition of Cu limits
the maximum possible capacity of the battery. Furthermore,
only a very low energy density can be expected due to the very
low potential difference.

3.2.5.9. Np*' /Np** //NpO;** [NpO,*

Theoretical considerations have been undertaken on the
use of minor actinides (An) neptunium (Np) and americium
(Am), as well as uranium (U) and plutonium (Pu) from spent
fuel rods, as redox couples for RFBs. They can exist in
oxidation states from An™ to An"" and their reduced and
oxidized forms are isostructural, that is, An**/An** and
dioxoactinoidyl cations AnO,*"/AnO,", respectively. Accord-
ingly, high electron transfer rates can be expected.?*"!

Anode : Np*" +e” = Np** ¢\ =015V
Cathode : NpO,* = NpO,* +e~ @l =+1.14V
Cell : Np*" + NpO,?'= Np*" + NpO,*" ¢} =129V
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Np in the form of Np*"/Np** and NpO,*"/NpO," was
identified from Pourbaix and redox potential diagrams as the
most promising candidate. Since UY, PuY, and Am" tend to
disproportionate and thus slow reactions are to be expected,
these compounds were not considered further for aqueous
electrolytes. However, UV is stable in the form of acetylacet-
onate complexes in aprotic solutions. The voltage difference
between the two redox transitions of UO,>"/UO," and U"Y
UM is about 2.18 V (see Section 3.5.1.2).%*) An average
annual quantity of 630 kg *’Np is generated by 40 Japanese
nuclear power plants and thus 36 kWh storage capacity can be
estimated theoretically. A battery based on 0.05M Np in 1m
HNO; could be charged and discharged.”* It was shown by
calculations that a Np-based battery could achieve very high
efficiencies up to 99.1% at 70 mA cm? because of the much
higher rate constants (ko(Np*"/Np*")=1.4x10"%cms™' and
ko(NpY/Np™Y)=2.1x102cms™') compared to a VRFB
(ko(VIV)=1.75x10" ecms™  and  ky(VY/VY)=7.5x
10~ cms™).

3.2.5.10. Cu** /Cu//PbO,/Pb**

Pan et al. published a study on a Cu/Pb-based RFB in
2008.%%! In this battery, elemental copper deposited at the
anode and PbO, at the cathode from a sulfuric acid solution
during the charging process. The concentration of dissolved
CuSO, was 0.6Mm, which corresponds to a capacity of
32 AhL'. The anode consisted of graphite, the cathode of
PbO,/PbSO,. The metallic copper become detached during
the deposition from the graphite-based anode and appeared
as a suspension in the electrolyte circuit where it was
reoxidized at the graphite electrode during discharging. In
general, solids become detached from both electrodes. The
charge/discharge cycles were performed at 20.8 mA cm 2, and
the Cu*'/Cu reaction was found to contribute most to the
losses of overvoltage. Only 16 % of the theoretical capacity
has been used.

Anode: Cu®* +2e” =Cu
¢ =+034V

Cathode : PbSO, +2H,0 =PbO, +4H" +S0 +2e"
@ =+1.69V

Cell:  CuSO, + PbSO, +2H,0= Cu + PbO, + 2 H,SO,
¢ =135V

Galvanostatic charging for 2h and then discharging to
1.1V has been performed. Two main points are to be
regarded as critical for the practical use of the battery. The
formation of a suspension of metallic copper causes difficul-
ties for the technical implementation of the system (pumps,
reactor) and also causes losses from mass transport to the
electrode. Furthermore, the overvoltage of hydrogen evolu-
tion on copper should be considered as a side reaction, which
limits the power density.
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3.2.5.11. I/l /105 /I,

A single iodine-based battery was investigated by Skyllas-

Kazacos and Milne:>*!

Anode: I, +2e” =2I ¢ =+054V
1

Cathode : EIZ+3HZO¢ 10; +6H" +5¢” @l =+120V

Cell: 6L, +6H,0=210; + 12H' + 101" ¢ =0.66V

Cyclovoltammetric studies and cell tests with a solution of
0.5m I, 1.25m K1, and 6 m HCl resulted in extensive formation
of I, which led to blockage of the cell during the first charging
process. The dissolution of I, as I3~ requires a sufficient
amount of I". However, I can undergo symproportionation
with 10;™ to recover I, in the positive half-cell. lodine can
then no longer be complexed as I;” in solution at the
decreased content of I".

3.3. Inorganic Metal-Ligand Complexes/Protic Electrolytes
3.3.1. Fe"""".EDTA, Oxalates, Citrates, Triethanolamines
3.3.1.1. Bry/Br~

To shift the standard redox potential of Fe*'/Fe?" to more
negative values, iron ions have been complexed with ethyl-
enediaminetetraacetic acid (EDTA), oxalate, and citrate
ligands.?*! This should also improve the charge transfer and
minimize the diffusion of ions (cross-over) through the
membrane. The Fe"/Fe"-EDTA complexes had a lower pH-
dependent potential, improved reversibility, and better kinet-
ics than the iron-citrate complex, but a low solubility of
a maximum of 0.2Mm in 1M sodium acetate solution. The Fe-
EDTA complexes were evaluated in the negative half-cell of
an RFB combined with Br,/Br~ in the positive half-cell at
pH 6, the optimal pH value for the iron complex. The open-
circuit voltage was 1.1V, and the energy efficiency 80% at
10 mA cm 2. Lower voltage efficiencies were obtained in the
case of Fe-citrate and Fe-oxalate.”*! An Fe-triethanolamine
complex had a solubility of 0.4m in 3m NaOH with 2m
triethanolamine. As the proportion of organic complex rose,
the overvoltage for hydrogen evolution at the carbon electro-
des increased significantly. To study the behavior of a battery,
the iron-based anode reaction has also been combined in
a flow cell having a cathode reaction of Br,/Br™ in 2m NaBr.
The cell voltage was about 2V and the energy efficiency
reached up to 70 % at 20 mA cm 2, while the cycles were non-
uniform. The disadvantage of this half-cell combination is that
the neutral or basic medium is less suitable for the bromine
reaction due to bromine hydrolysis.?*! Electrolytes in which
the iron complexes have a higher solubility as well as
optimum pH ranges for the Br,/Br~ redox reaction are one
of the challenges for future research on this type of RFB.[**!

3.3.2. Cr'"'/Cr"-EDTA//Cr' /CY"-EDTA
A Cr-Cr-RFB (all-chromium RFB) based on 0.2m Cr-
(EDTA) at pH4—7 has been reported.** The current

efficiency was 100 % at a current density of 30 mA cm * and

Angew. Chem. Int. Ed. 2015, 54, 9776 — 9809


http://www.angewandte.org

Energy Storage

at a 48 % state of charge. However, the energy efficiency for
a full charge/discharge process was only 7%. The same
research group investigated the redox couples Cr™/Cr'-
EDTA and Cr/Cr™-EDTA in an electrochemical hydrogen
cell (for the hydrogen cell see, for example, Ref. [261]).2%
The kinetics of the Cr'/Cr"-EDTA redox reactions at pH 4-7
was fast, with an outer-sphere reaction mechanism being
suggested. However, the kinetics of Cr'/Cr'"-EDTA was
relatively unfavorable. The advantage of this system is the
mildness of the media used, which may be important for the
long-term stability of RFBs.

3.4. Inorganic-Organic Hybrid systems/Protic Electrolytes
3.4.1. Zinc/Polyaniline

A flow battery with a suspension of 150 gLL™" polyaniline
in2M ZnCl, and 2m NH,Cl was tested, whereby 32 cycles with
20 mA cm? could be completed and a current efficiency of
97% could be achieved.?! Zn**/Zn was used as an anodic
redox couple and the pH value of the electrolyte solution was
adjusted to 4.5. A microporous membrane was used as the
separator. The advantage of a flow-through cell design with
a polyaniline suspension is the higher reaction rate and
capacity, since polyaniline reacts only on contact with the
electrode surface. The cathode reaction was significantly
slower than that of the anode reaction.

3.4.2. Bifunctional Systems V/Glyoxal and V/L-Cysteine

A bifunctional redox-flow battery composed of a combi-
nation of a VOFC with a cell for the electrosynthesis of
organic materials with simultaneous energy storage was
investigated for the oxidation of glyoxal to glyoxylic acid
and L-cysteine to L-cysteic acid.**>'l The systems consisted
of a conventional VOFC, which used oxygen to oxidize V** to
V* and water, and a second cell, where glyoxal was oxidized
with water by V*". The vanadium solution was circulated
through both cells. The electrosynthesis was proposed to act
as the energy storage, while the energy consumption was to be
performed by the VOFC. The use of Fe*'/Fe*" with separate
oxidation by oxygen as the oxidant in the VOFC for bypassing
the ORR has also been proposed.!

3.4.3. Quinone Derivatives as Redox Couples
3.4.3.1. Cd** /Cd//Chloranil

The combination of cadmium deposition with the electro-
chemical reaction of tetrachloro-p-benzoquinone (chloranil)
in acidic medium (0.5m H,SO,) was described in Ref. [252].
This is a hybrid RFB with a discharge voltage of about 1V,
99 % current efficiency, and 82 % energy efficiency. However,
the performance was stable for only about 100 cycles. The
environmental acceptability of chlorinated aromatic com-
pounds and the lower chemical stability of organic com-
pounds compared to inorganic ones are obstacles to further
work.
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3.4.3.2. Pb** /Pb//Tiron

A similar idea to the Cd/chloranil-RFB was described in
the investigation of a Pb/tiron-RFB.*! Tiron (1,2-dihydroxy-
benzene-3,5-disulfonic acid) is a catechol derivative that
undergoes rapid and reversible electrochemical redox reac-
tions in acid. However, it also has a pH-dependent and
complicated three-step reaction mechanism with proton
transfer and structural changes, which may lead to unstable
long-term behavior of the half cell. The Pb/tiron electrolyte
consisted of 0.25Mm tiron in 3m H,SO,. The tiron half-cell was
separated from the lead half-cell by NAFION. A battery with
a low self-discharge achieved 82 % energy efficiency, with the
capacity decreasing continuously with the increasing number
of cycles.

3.4.3.3. Anthraquinone/Bromine

A metal-free RFB based on 9,10-anthraquinone-2,7-
disulfonic acid (AQDS) and Br,/Br™ in H,SO, or HBr was
presented by Huskinson et al. in 2014.%* Cyclovoltammetric
studies revealed a high rate constant of 7.2x 10 cms™ for
the reduction of AQDS with a diffusion coefficient of 3.8 x
107 cm?s™". The electrochemical reversibility was at a theo-
retical value of 59 mVn ', with a peak difference of 34 mV,
whereby the redox reaction proceeds in a two-electron step to
AQDSH,. The measured standard potential was around
+0.213 V. DFT calculations showed a strong dependence of
the standard potential on the position and number of
additional hydroxy groups; for example, 1,8-dihydroxy-9,10-
anthraquinone-2,7-disulfonic acid (DHAQDS) had an exper-
imentally evaluated formal potential of +0.118 V. The
electrochemical properties could be modified through tar-
geted functionalization, so that higher cell voltages, higher
solubility, and thus higher energy densities could be achieved.
A cell with AQDS achieved a maximum power density of
33Wcm? at a catalyst-free carbon electrode. Quinone
derivatives seem to be attractive due to their availability
from biological processes. However, they have relatively low
temperature stability and solubility in aqueous media, as well
as low chemical and electrochemical stability, which can result
in low cycle lifetimes.

3.5. Dipolar Aprotic Electrolytes

Dipolar aprotic solvents have a wider electrochemical
working potential range than protic electrolytes and can
furthermore dissolve redox couples that are unstable in
aqueous or protic media. It is, therefore, possible in principle
to realize higher cell voltages by using an RFB with aprotic
electrolyte solutions.™ As metal ions in such a solution
usually dissolve poorly and are mostly incompletely solvated,
either redox-active organic molecules or metal-ligand com-
plexes of the metals from the d and f series of the periodic
table of elements are used. In principle, the general reaction
scheme for the RFBs based on metal complexes does not
differ significantly between the various metal complexes
provided that no change in the metal coordination number
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occurs. A change in the coordination sphere during a redox
conversion in the battery cannot, however, be completely
excluded.

Anode: [ML,J* = [MLJ"™ + ze”
Cathode : [ML,)’ +ze = [ML,J**

Here M is the central atom (metals such as Ru, Fe, V, etc.), L
is the ligand (2,2'-bipyridine, B-diketonate etc.), k is the
number of the ligands, z is the number of transferred
electrons, and x and y are the charges of the complexes
under consideration. Polar solvents, which have a high donor
number and usually a high dielectric constant, are used as the
solvent.! Acetonitrile is usually used as the solvent because
of the high dissolution ability of salts and supporting electro-
lytes, the low viscosity at room temperature, and therefore
increased conductivity. A few non-aqueous RFBs have been
investigated with dimethyl sulfoxide, propylene carbonate, or
dioxolane-based electrolytes. Supporting electrolyte salts are
often added in the form of tetrafluoroborates or hexafluor-
ophosphates to the aprotic solvents to provide ionic transport
and conductivity."!

Microporous membranes were used as separators in the
first studies. A few anion-exchange membranes (Neosepta
AHA, Astom Japan, or Fumasep FAP4, Fumatech GmbH,
Germany) have sufficient chemical resistance to the electro-
lyte solutions used. A review on separators for non-aqueous
RFBs from previously published studies is given by Shin
et al.l'!

For aprotic solvents, there is no common classification of
the different redox couples in the electrochemical series
because of a lack of definition of standard conditions and
corresponding reference electrodes for non-aqueous electro-
lytes. In publications to date, however, the Ag/Ag" electrode
has been widely used as a reference electrode in an
appropriate solvent for organic electrolytes. The Li/Li"
electrode is also frequently used as a reference for the
evaluation of cathode materials for lithium-flow batteries.
Both electrodes are, strictly speaking, pseudoreference elec-
trodes.>”!

The previously published RFB systems with aprotic
electrolyte solutions are usually presented only as half-cell
studies. Most of these studies are carried out in so-called
electrochemical hydrogen cells.’®l Different separators can
be used in these experimental cells, and the electrochemical
characteristics of the cell can be evaluated under stationary
conditions. In a few tests, RFB cells with convective mass
transport were used.

3.5.1. Metal-Ligand Complexes
3.5.1.1. 2,2-Bipyridine Complexes

The first study of a redox-flow battery with ligand
complexes was performed by Matsuda et al. on ruthenium-
bipyridyl complexes.™® A solution of tris(2,2-bipyridyl)ru-
thenium(II) tetrafluoroborate ([Ru(bpy);](BF,),) in acetoni-
trile was used as the electrolyte solution. Tetraethylammo-
nium tetrafluoroborate (Et,NBF,) was added as a supporting
electrolyte.
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Anode :  [Ru(bpy)s]*" +e”

da =—1.60V versus Ag/Ag®
Cathode : [Ru(bpy);]*"

éc = +1.00V versus Ag/Agt
2 [Ru(bpy),]**

, =2.60V

= [Ru(bpy)s]*
= [Ru(bpy)s]*" +e”

Cell : = [Ru(bpy);]** + [Ru(bpy);]*

For this system, depending on the pore size of the
separator used, overall current efficiencies of 50-80% have
been demonstrated in the electrochemical hydrogen cell. A
flow-through cell with an anion-exchange membrane (Neo-
septa ACH-45T) and a flow rate of about 0.18 mLs ™' had an
efficiency of approximately 40 %. The maximum concentra-
tion of the [Ru(bpy);](BF,), complex in acetonitrile is about
0.2Mm. However, an influence of the concentration on the
efficiency of the cell could be detected. The maximum
efficiency of the battery with Ru electrolytes was found at
a concentration of 0.02-0.05M. The cause for the low current
efficiency was presumed to be the chemical instability of the
Ru" complex.

The more-stable iron— and nickel-bipyridyl complexes
were investigated by Kim et al.’” Iron— and nickel-bipyridyl
solutions in acetonitrile were combined in a cell to achieve
a cell voltage of 2 V. A combination of [Fe(bpy);](BF,), as
anolyte and [Ni(bpy);](BF,), as the catholyte had a higher
efficiency than the [Ru(bpy);](BF,), system studied by
Matsuda et al. Copper or molybdenum foils were used as
cathodes.

Anode :  [Ni(bpy);]*" +2e~

¢a = —1.70V versus Ag/Ag*
Cathode : [Fe(bpy);]**

¢c = +0.60 V versus Ag/Ag"
2 [Fe(bpy)s]*" + [Ni(bpy)s]** = 2 [Fe(bpy)s]* + [Ni(bpy)s]
b, =230V

= [Ni(bpy)s]
= [Fe(bpy)s]"" +e

Cell :

The same system was examined by Mun et al. in a flow
cell.?T A carbon felt was used as the electrode and a FAP4
anion-exchange membrane (Fumatech GmbH, Germany)
was used as the separator. The flow rate in this study was
65mLmin~'. With a cell voltage of 2.2V, the current
efficiency and the energy efficiency amounted to 90.4 % and
81.8%, respectively, in the first cycle. However, the capacity
decreased to almost 40% after the fifth cycle because of
diffusion of ions through the membrane.

3.5.1.2. Acetylacetonate Complexes

Ruthenium-acetylacetonate complexes (Ru(acac);) are,
in contrast to bipyridyl complexes, chemically stable and have
a higher solubility in acetonitrile,”"! as well as favorable
reaction kinetics.*™ Morita et al.’®! determined the rate
constants for the electrode reaction to be in the following
order: [Ru(bpy);]*" < [Fe(bpy);]*" < [Ru(acac)s].

The ruthenium complex is neutral in its initial state, that is,
uncharged. The central atom has the formal oxidation state of
+ 3. During the charging process, the ruthenium changes its
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oxidation state to + 4 at the positive electrode or to + 2 at the
negative one.

Anode : [Ru(acac);] + e = [Ru(acac);]

Cathode : [Ru(acac);]

Cell : 2 [Ru(acac)s]
b, =177V

= [Ru(acac);]" + e~

= [Ru(acac);]" + [Ru(bpy)s]

For measurements in an electrochemical hydrogen cell,
energy efficiencies were evaluated from the second charging
cycle to be approximately 57 % . Chakrabarti et al. studied the
same system in a flow cell.?® Porous graphite felts with an
active surface of 5 cm x5 cm were used as the electrodes. The
flow rate was 0.36 mLs*. Two different concentrations of
[Ru(acac);] were chosen (0.02m and 0.1m). The applied current
densities were 11.6mAcm™ at charging and 2.1 mAcm™
at discharging (0.02M); 58.1 mAcm > at charging and
10.2 mAcm™ at discharging (0.1m). The maximum discharge
densities achieved were 1.4 mWem 2 or 7.2 mWem 2

A uranium redox-flow battery based on uranyl acetyl-
acetonate was proposed by Yamamura et al.** The solubilities
in acetonitrile (ACN), propylene carbonate (PC), dimethyl-
formamide (DMF), and dimethyl sulfoxide (DMSO) were
determined for uranium complexes with differently substi-
tuted p-diketonate ligands. The highest solubility of more
than 0.8m was achieved for the complex with the fully
fluorinated hexafluoro derivative [UO,(hfa),]. The causes for
the higher solubility of hexafluoroacetylacetonate complexes
were presumed to be structural changes of the complex during
solvation. The solvent molecules are pentacoordinated in the
hexafluoro ligands. Depending on the polarity of the solvent,
this coordination is stabilized by dipole—dipole interactions.
Accordingly, the strongest interactions are to be expected
with DMSO and DMF as solvent, since these solvents have
a high donor number (DN) and a high dipole moment.
Cyclovoltammetric measurements showed a dependence of
the potential differences of UY/UY' and U™/UY on the
solvent. The potentials shifted to more negative potentials if
the basicity of the ligand increased. The open-circuit voltage
of batteries with acetylacetonate ligands ([UO,(acac),]) was
estimated to be more than 1.0 V and should increase further
when the ligands are more basic. A uranyl RFB, however, has
not yet been built, since the uranyl complex tends to
dissociate. Yamamura et al. undertook further investigations
to find more-stable ligands for the system. 2]

As with the uranium system, a high efficiency in the use of
neptunium compounds is expected.?*%>2%1 An efficiency of
about 99 % has been estimated by means of electrochemical
calculations. In such a cell, a neptunium complex would be
present in the anolyte and a dineptunyl complex with the
transitions of Np’" to Np*" and NpO,*" to NpO," in the
catholyte. As a result of the high radioactivity of Np, no
attempts have been made under electrolyte convection mode.

The best characterized RFB system based on the organic
solvent is the vanadium(III)-acetylacetonate system ([V-
(acac);] system).”?¥l The vanadium complex has three
different oxidation states and thus two redox transitions
which, depending on the solvent used, would make batteries
with open-circuit voltages between 2.18 and 2.61 V possible.
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Anode : [V(acac);] + e~ = [V(acac);]~
¢a = —1.72V versus Ag/Ag’
Cathode : [V(acac);] = [V(acac);]" +e”
¢c = +0.46 V versus Ag/Ag"
Cell : 2 [V(acac)s] = [V(acac);]* + [V(acac);]”
b, =218V

Shinkle et al. investigated [V(acac);] in acetonitrile with
tetracthylammonium tetrafluoroborate (TEABF,) as a sup-
porting electrolyte in a hydrogen cell.”” A current efficiency of
70% and an energy efficiency of 35% were found for this
system. The low current efficiency was obtained as a result of
a side reaction of [V(acac);], which takes place in the presence
of small amounts of water remaining in the solutions:

[V(acac);] + H,O — [VO(acac),] + Hacac+ H" + e~

Oxidation of the vanadyl complex could also be detected
by small amounts of residual oxygen in the solutions. The
oxidation to a vanadyl complex could be partially reversed
through addition of an excess of the acetylacetone ligand
(Hacac) to the solvent, if the voltage was set to —2 V versus
SCE (SCE: saturated calomel electrode).?”*"”) Herr et al.?”!
were able to confirm this experimentally. A mechanism for
ligand exchange was described by Watanabe et al.’™® There
are two different routes in this mechanism (Figure 10). In one,
a ligand exchange can take place in [V(acac);] (I¥) and, in the
other, in [VO(acac),] (IV*). Tt is also assumed that the
exchange of water in [VO(acac),] is faster with Hacac and
accordingly occurs preferentially.

Herr et al. investigated [V(acac);] in other solvents in
a flow cell, with and without convection of the electro-
lytes.?>*™ Therein different solvent mixtures, amongst other
things, were investigated. A mixture of acetonitrile, 1,3-
dioxolane, and dimethyl sulfoxide (ADD) resulted in a higher
solubility of the [V(acac);], whereby a theoretical maximum
energy density equivalent to that in a VRFB could be achieved.

Zhang et al. investigated the effect of conducting salts.
Tetrabutylammonium hexafluorophosphate (TBAPF,) and
the ionic liquid (IL) 1-ethyl-3-methylimidazolium hexafluoro-
phosphate were used as additives to achieve a higher power in
a hydrogen cell.”””) However, no higher current efficiency was
achieved than when using TBAPF,.

Chromium(IIT)-acetylacetonate [(Cr(acac);)], with four
redox transitions, offers a maximum voltage difference of
4.1 V.2 Only two transitions have been realized experimen-
tally in both half-cells, however:

Anode : [Cr(acac);] +e~ = [Cr(acac);]~
¢a = —2.20V versus Ag/Ag®
Cathode : [Cr(acac);] = [Cr(acac);]" + e~
e =+1.20 V versus Ag/Ag"
Cell : 2 [Cr(acac)s] = [Cr(acac);]" + [Cr(acac);]”

¢z =340V
The current efficiency and the energy efficiency ranged
from 53 to 58 % and from 21 to 22 % at 50 % state of charge.

The maximum solubility of [Cr(acac);] was 0.4 M.
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Figure 10. Possible mechanism for ligand exchange at [V (acac),].”’

[Mn(acac);] has also been characterized in a hydrogen
cell.®* The two partial reactions offer a voltage difference of
1.1 V, which is the lowest value of all B-diketonate complexes.

Anode :  [Mn(acac);] + e~ = [Mn(acac);]~
¢a = —0.40V versus Ag/Ag"
Cathode : [Mn(acac);] = [Mn(acac);]" + e~
¢c = +0.70 V versus Ag/Ag"
Cell : 2 [Mn(acac);] = [Mn(acac);]" + [Mn(acac);]~

b, =1.10V

The energetic efficiency of the cell was 21 % and the
maximum solubility in acetonitrile was approximately 0.6 M.

3.5.1.3. N,N’-Ethane-1,2-diyldinitrilo—Co" Complexes

N,N'-Ethane-1,2-diyldinitrilo ligands have better com-
plexing ability than the acetylacetonates for cobalt. Zhang
etal. investigated (4E.4'E)-4,4'-(1,2-ethandiyldinitrilo)di(2-
pentanonyl) complexes (acacen complexes) of cobalt in
acetonitrile with TBAPF, as the conducting salt.”*?! Both
partial reactions showed quasireversible electron transitions
in the cyclic voltammogram.

Anode : [Co(acacen)] +e~ = [Co(acacen)|”
¢a = —2.20V versus Ag/Ag*
Cathode : [Co(acacen)] = [Co(acacen)]" + e~
¢c = —0.20V versus Ag/Ag"
Cell : 2 [Co(acacen)] = [Co(acacen)]” + [Co(acacen)|”

by, =200V

Current efficiency and energy efficiencies of up to 90 %
were achieved in a battery test in a hydrogen cell. As with the
[V(acac);] system, water and oxygen have a negative impact
on the current efficiency.

3.5.1.4. Other Ligands

Cappillino et al. performed studies on vanadium com-
plexes with so-called “non-innocent” ligands.*® The term
“non-innocent” refers to ligands that allow redox transitions
of the ligand in addition to the usual transitions of the central
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atom, whereby higher energy densities are possible because of
the additional electron transfers. Cappillino et al. examined
the vanadium(IV) complex [TEA][V(mnt);] (mnt=
(NC),C,S,*", Figure 11) in acetonitrile, and found different

2.

v T N
/¢ (O~

Van Va Z=H N
N
) 2

N

Figure 11. Structure of [TEAL,[V(mnt),].

electron transitions. For example, an electron is transferred to
the central atom during the reduction of this complex, while
an electron is removed from the ligand in the oxidation,
however. Cyclovoltammetric studies revealed three redox
transitions corresponding to the complex charges 4—/3—, 3—/
2—,2—/1—. The voltage difference (AE) between the external
redox transitions was about 2.3 V. If the hydrocarbon chain of
the ligand is extended from C, to Cg, the 4—/3— redox peak
shifts to negative potentials, so that the voltage difference
increases by 140 mV. Only the 3—/2— and 2—/1— transitions
with an open-circuit voltage of 1.1 V were examined in
a battery test. Compared to a battery without electrolyte
convection, the efficiency fell from 45% to about 20-25%
during the first 16 cycles. The current efficiency after the Sth
cycle was approximately 90%. The theoretical maximum
volumetric energy density in this case was 13 WhL™'. If,
however, it is reduced to [V(mnt);]*", it can be doubled. The
maximum solubility of the compound was about 0.9 molL™".

3.5.2. Redox-Active Organic Compounds

Many natural redox reactions involve neat organic
molecules that could theoretically be available in virtually
unlimited quantities.™! A first purely organic RFB has been
built following this biomimetic principle.”®! The redox-active
substance used for the cathode was 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) and for the anolyte N-methyl-
phthalimide in acetonitrile. NaClO, was added as the
conducting salt. Figure 12 shows the reaction equations of
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o==
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( ﬁ _tey ( I
N— =
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Figure 12. Redox mechanism of a) TEMPO and b) N-methylphthal-
imide.
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the two compounds. Both redox transitions are reversible.
The voltage difference is about 1.6 V. A current efficiency of
about 90 % was achieved for the first 20 cycles in a battery test
without electrolyte convection.

3.5.3. Li-Based RFBs

Two approaches are usually followed to combine the high
power density of a lithium metal or lithium-ion battery with
the advantages of a flow battery in terms of scalable capacity.
In one of these approaches, electrolytes are generated on the
base of suspensions of conventional lithium anodes and
cathode materials. In the other, there are lithium systems with
a metallic lithium anode, an ion-permeable protective layer,
and an organic catholyte, in which the redox-active substance
is dissolved. In the approach whereby suspensions are used,
the challenge lies in the incorporation of electrically con-
ductive additives, so that the percolation threshold of the
electrolyte is exceeded. The addition of large amounts of
electrically conductive carbon blacks, such as Ketjen Black,
frequently results in the suspensions being viscous and
difficult to pump. A bare lithium anode, however, like all
lithium metal anodes, tends to undergo dendrite formation
during metal deposition. Wang et al.”®"! provide an extensive
overview of the previously published lithium-flow batteries.

The first lithium-flow battery was investigated by Duduta
et al.®” The catholyte used was a suspension of LiCoO,
(20 vol%; 10.2m) with 1.5% Ketjen Black. The anolyte
used was a suspension of Li TisOy, (10 vol %; 2.3m) with 2%
Ketjen Black. The battery was tested without electrolyte
convection and achieved a current efficiency of 73% and
80 % for the first two cycles. Suspension batteries, because of
their solid content, usually have a higher theoretical energy
density than those based on solutions. The authors expect
energy densities of about 130-250 Whkg ™' in an optimized
system.

Another organic lithium-ion RFB is based on two organic
redox-active compounds: 2,5-di-tert-butyl-1,4-bis(2-methoxy-
ethoxy)benzene (DBBB) and 2,3,6-trimethylquinoxaline.
Both substances were dissolved together with LiPF¢ or
LiBF, in propylene carbonate (PC).”! DBBB is a stable
air-insensitive compound and quinoxaline is soluble in PC up
to 7M, has a low mass, and two-electron transitions. Sub-
stitution of 2,3,6-trimethylquinoxaline, however, decreases
the solubility and the theoretical energy density can be
calculated to be around 12 Wh L. The current efficiency and
the energy efficiency amounted to 70% and 37 %, respec-
tively, for 30 cycles.

A hybrid organometallic RFB was studied by Wang
etal®™ The anthraquinone derivative 1,5-bis{2-[2-(2-
methoxyethoxy)ethoxy]ethoxy}anthracene-9,10-dione
(15D3GAQ) was used in polycarbonate as the catholyte.
LiPF; was added as a conducting salt. The anode consisted of
bare lithium. A microporous membrane was used as the
separator (Celgard 3401, Celgard Inc. USA). Figure 13 shows
the redox mechanism of 15D3GAQ.

Cyclovoltammetric investigations revealed two redox
transitions, which are about 0.27 V apart. The battery operat-
ing without electrolyte convection was galvanostatically
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Figure 13. Redox mechanism of 15D3GAQ.?

charged and discharged between 1.8 and 2.8 V. Energetic
efficiencies of 82% were achieved over 9 cycles. The volu-
metric energy density was approximately 25 WhL ™",

To avoid the pumping of suspensions, Huang et al.
proposed the concept of a lithium battery which is chemically
charged and discharged with a redox mediator.*™ In contrast
to a conventional RFB, the energy-storage material in this
redox-flow lithium-ion battery (RFLB) is in a solid form in
the tank and is circulated by an electrolyte with a dissolved
mediator. For the cathode, a catholyte consisting of a mixture
of ferrocene (Fc) and 1,1'-dibromoferrocene (FcBr,) was
investigated for the lithiation and delithiation, respectively.
The two ferrocene species had a difference in redox potentials
of about 400 mV. The value of the redox potentials of the two
mediators is sufficient to function as a mediator for the
lithiation and delithiation reaction of lithium iron phosphate
(LiFePO,). The feasibility of such a flow battery was
investigated by the lithiation reaction of the catholyte in
a half-cell. Metallic lithium was used as the counter electrode
and lithium-conductive ceramic (Ohara Inc.) was used as the
separator. The electrolyte consisted of a mixture of dimethyl
carbonate (DMC) and ethylene carbonate (EC) with the
addition of LiPFg as a conducting salt. LiFePO, has been
proposed as a cathode material and lithium titanate
(Li,TisOy,, LTO) as an anode material for a possible battery
system. A mediator corresponding to the ferrocene for the
anolyte is currently not known. A fixed lithium conductor
should also be used as a separator in the overall system. A
redox-mediated flow battery with a fixed energy-storage tank,
in principle, offers the possibility of high theoretical energy
densities that are, however, likely to be rarely achieved in
practice. The differences in the redox potentials of these two
cathode materials is about 1.65 V, in the vicinity of aqueous
systems. The terminal voltage of the entire system will be
significantly lower in the discharge case. The theoretical
energy density of the solid lithium intercalation materials was
decreased by using a liquid mediator. Other challenges are
suitable ion conductors which have sufficient conductivity at
room temperature and sufficiently stable organic redox
couples as a mediator for the LTO.

A semi-aqueous semi-organic Li-RFB was described by
Lu and Goodenough."?' The battery contained an aqueous
[Fe(CN)¢J/[Fe(CN)s]*~ solution as catholyte and LiPF, in an
equal mixture of ethyl carbonate and diethyl carbonate as
anolyte. The half-cells were separated by a Li,, Al Ti,,-
Si,P;,0;, membrane from OHARA Inc. Four different
flow rates were tested. The highest flow rate
(0.41 mLmin™") delivered a power density of 17 mWcm ™.
In the stationary test operation, this was only 58% of the
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maximum value. The current efficiency achieved was 99 %
after 20 cycles with an open circuit voltage of about 3.4 V.

In the second study by Lu and Goodenough, a Li/Fe*"
battery was initially tested”™ with Fe(NO,);. Fe**/Fe** was
excluded from further investigation because of the hydrolysis
of Fe**, in which either FeO(OH) or Fe(OH); are formed,
depending on the pH value. Further studies were carried out
with the already mentioned K;[Fe(CN)]. When the concen-
tration of K;[Fe(CN)4] was increased from 0.01wm to 0.1m, the
charging and discharging curves shifted by a total of 50 mV to
higher voltage values of 0.3 mAh. The capacity, however,
increased to about 2.3 mAh. The capacity remained constant
for at least 25 cycles at both concentrations. The battery with
the lower concentration was able to complete 1000 charge/
discharge cycles with no noticeable change in capacity. The
current efficiency for 0.01m K;[Fe(CN)4] was 98.6 % and for
0.1m K;5[Fe(CN)g] it was 97.6 % . A maximum discharge power
density of 12.53 mWcm™? was achieved with a 1m iron
solution.

Despite the Fe** hydrolysis observed by Lu and Good-
enough, this electrolyte was used in the studies of Wang
et al.” In these, the stability of the electrolyte was increased
by additives, which kept the pH value constant and thus
should inhibit hydrolysis. The addition of HCI enabled the
battery to complete 20 charge/discharge cycles without
significant changes. Furthermore, (NH,),S,04 was adminis-
tered to the electrolyte as a strong oxidizing agent when, after
discharging, Fe*" was converted completely into Fe*". Thus,
the cell could be repeatedly discharged by the addition of
a stoichiometric amount of oxidant.

3.6. lonic Liquids, Deep Eutectics, and Strong Eutectic Solvents

Despite the high electrochemical stability of dipolar
aprotic solvents, and the resulting possibility of stabilizing
large voltage differences in an electrolytic system, sufficient
energy densities cannot usually be achieved in such systems.
This is due to the low solubility of the redox-active substance.
The necessary addition of conducting salt further restricts the
maximum solubility,* such that the actually achievable
energy density of such electrolyte systems is lower in the given
temperature range than that expected from the solubility. The
ionic conductivity of such electrolyte systems is dependent on
the dissociation of the conducting salt as well as on the
solubility. This is usually a few orders of magnitude lower in
the dipolar solutions than in aqueous systems.

So-called “deep eutectics” of molten salts or “strongly
eutectic solvents” or “ionic liquids” possess high ionic
conductivity at room temperature and have, as long as they
are water-free, high electrochemical stability over a wide
potential range.” “Deep eutectics” are frequently referred
to as “ionic liquids” of the first generation. They are usually
formed by the trans-halogenation of a metal halide of the
main III or I groups as well as V to VIII groups (usually
aluminum chloride) with a halide salt of a voluminous and
asymmetrically substituted organic cation (usually alkyl
pyridinium or 1,3-dialkylimidazolium). “Deep eutectics” are
usually hygroscopic and decompose in the presence of
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water.””! A summary of redox reactions in “deep eutectics”
can be found in Ref. [296].

“Strongly eutectic solvents” are also called “deep eutectic
solvents” (DESs), but are mixtures of voluminous asym-
metrically substituted organic cations with polyhydric alco-
hols.””” These solvents are, therefore, a mixture of a solvent
with an organic salt. The melting point of this mixture is lower
than that of the salt due to a eutectic. An advantage of DESs
is the low cost at which they can be produced. In addition,
they are usually soluble in water and in some cases even
biodegradable. According to Nkuku and LeSuer, oxygen has
an undetectable effect on their electrochemical stability.”*"
Therefore, inert conditions are not required for their practical
application when used in the RFB. High concentrations of
metal oxides of vanadium, chromium, iron, and zinc can be
achieved in DES.”)

Tonic liquids consist of a voluminous and asymmetrical
substituted cation or anion usually also with an organic
counterion. However, there are also ionic liquids, which
include chlorides, bromides, or fluoroborates. A summary of
the physical properties of ionic liquids can be found in Zhang
et al.b

The first systems based on “deep eutectics” were pro-
duced by Katayama et al. on the basis of iron chlorides.”"
They investigated a “deep eutectic” of 1-ethyl-3-methylimi-
dazolium chloride (EMICI) and FeCly/FeCl, by means of
cyclic voltammetry. At 130°C, the iron compounds undergo
a reversible one-electron transition at about 0.1 V. A sodium
chloride/sodium electrode has been proposed as a negative
electrode, so that a cell voltage of around 2.15V can be
obtained.

Wen et al. built a similar system on a bromine cathode.
The anolyte consisted of 2m NaBr and the catholyte of 0.2—
0.5Mm Fe'-triethanolamine (TEA) in 3M NaOH in a 0.4m
solution of NaCl. The studies showed that the redox transition
Fe’™-TEA/Fe’™-TEA is electrochemically reversible, which
requires high concentrations of TEA. The solubility of Fe*'-
TEA and Fe’"-TEA was 0.6m and 0.4, respectively. The
concentration of NaOH also affects the cyclic voltammogram
curves. Side reactions could be suppressed when the ratio of
the NaOH and TEA concentrations is in the range of 1:6. The
battery test showed a concentration of 0.4M Fe**-TEA to be
suitable. The energy efficiency was approximately 70% at
a current density of 20 mA cm %

“Deep eutectics” with redox centers that are liquid at
room temperature have been described by Anderson
et alP=%  Cu(DEA)(EHN), (DEA =diethanolamine;
EHN =2-ethylhexanoate) was mentioned as an example.
This deep eutectic showed a quasireversible redox transition
in the ionic liquid 1-butyl-3-methylimidazolium hexafluoro-
phosphate, and thus might be suitable for use in an RFB.

A copper-hybrid RFB based on a “deep eutectic” of
copper(I) chloride was presented by Porterfield and Yoke.*!
A similar battery using a DES was investigated by Lloyd
et al.”% The eutectic solvent used, which has the common
name ethaline, was produced from choline chloride and
ethylene glycol in the proportion 1:2. The negative half-cell
contained only ethaline and a bare copper electrode, and in

[246]
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the positive half-cell anhydrous CuCl, was used in ethaline.
The reaction took place at a Pt electrode.

Anode : CuCL* +e” = CuClL* +CI”
Cathode : Cu+3Cl™ = CuClL* +e”
Cell : Cu + CuClL,* +2Cl"=2CuCl;~

A current efficiency of 94.3 % and an energy efficiency of
52.1% were achieved on charging/discharging with
10 mAcm 2.

A variety of studies in ILs and DES for half-cell reactions
have been carried out."”~*! An RFB cell with an “ionic
liquid” as the electrolyte was, however, first described by
Noack etal. in his patent.’””) An example was given of
a battery with 0.5mM VCl; in 2-hydroxyethylformiate without
electrolyte convection. The battery was charged and dis-
charged at 5mAcm 2 between 0.5V and 1.65V over 9000
cycles, and a capacity of 20% was found after 5000 cycles.

3.7. Mediated Fuel Cells

These are H,/O, fuel cells operated by means of mediated
redox reactions. Two electrolyte solutions are fed in circu-
lation through a cell, such that the redox couples are
chemically regenerated externally by hydrogen and oxygen.
In a chemical balance, hydrogen reacts with oxygen. Often,
a focus is put on the slow reduction reaction of oxygen. The
confusion with redox-flow batteries is easy to make with these
systems. However, since such systems can only supply
electrical energy, these are fuel cells. Such fuel-cell mediators
are based, for example, on ions of Sn/Br, Sn/Fe Sn/V, Fe/Cu
VV~', Ti/V, polyoxometalates, or biologically catalyzed
systems.[334

3.8. Photocatalytic Redox-Flow Batteries

The photolysis of water into hydrogen and oxygen is of
particularly interest for the direct conversion of light into
chemical energy.”*% However, the gaseous products can
only be stored at relatively high expense, which is why Liu
et al. studied the photo-electrochemical properties of VV/V!Y
in 2012, to save energy directly by reversible redox reactions
in liquids.®*"! Significant photocatalytic effects were observed
in TiO, and TiO,/WO; electrodes.

A cell (Figure 14) with a TiO, photoanode for the
photocatalytic oxidation of VO*" to VO," achieved a photo-
current yield of 12% at 350 nm, albeit at a very low V
concentration of 0.01M.*¥1 A TiO,/WO, electrode at the same
V concentration achieved slightly higher photocurrents.*!
Such systems are not strictly speaking batteries/accumulators,
since it is not electrical energy that is converted into chemical
energy, but rather radiant energy. However, the energy
extraction is purely electrochemical and can be assisted by
photolysis for energy storage, which produces photocatalytic
RFBs.
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Figure 14. Schematic illustration of a photoelectrochemical vanadium
cell (from Ref. [338]).

4. Battery Systems

For the safe and efficient operation of RFB storage,
systems are needed which must meet the specific require-
ments of the battery chemistry and, where necessary, also the
location of the battery and different procedural technical
components (pumps, sensors and actuators, heat transfers,
control and feedback control technology). The energy to
operate the plant affects the energy efficiency of the battery,
although a distinction is made between cell and system energy
efficiency. The optimized and safe operation is guaranteed by
a battery management system that can be based on different
models.

The electrode surfaces and number of cells are adjusted in
an RFB system to implement the desired power. As with fuel
cells, individual cells are combined into a cell stack for this
purpose, which is generally constructed from the conductive
electrolytes in a different way from a fuel-cell stack and, for
example, electrical shunt currents and local voltage differ-
ences must be taken into account. In accordance with the
basic principle, the redox couples have to be pumped through
cells, and this is usually done in parallel through all the
individual cells of the plant.

The adjustment of the amount of energy is made by the
choice of the volumes of electrolyte solutions, and this
strongly depends on the concentration and potential of the
redox couples, as well as the possible range of the charge state.
For each system, a power to energy ratio can be chosen,
a choice which is relatively open and limited downwards only
by the dead volume of the cell stack. Free scaling is not
possible in hybrid RFBs. The deposition of solids during the
reaction, for example, with zinc-based RFBs, results in the
amount of energy depending on the possibility of forming
similar-scale layers and is limited by the half-cell structure of
the deposition electrode. Normally, the energy storage
devices are relatively inexpensive, in the €50-300Wh™!
range, whereas the cost of the energy converter can be
€1000-3500kW . As a result, systems with a highest possible
energy/power ratio can be of interest to achieve low storage
costs.

The state of charge in RFBs can be determined at any
time during operation. Various methods are possible for this.
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The method most often used is the measurement of the open-
circuit voltage of a reference cell, which like all other cells is
placed in parallel in the electrolyte circuits. From the Nernst
Equation, the open-circuit voltage correlates with the con-
centration of the various oxidation states of the redox couples,
whereby the state of charge can also be determined in the
battery when the current is flowing. Other methods are redox-
potential measurements in each circuit or spectrometric
methods.

The temperature dependence of the reaction kinetics and
the possibility of side reactions at elevated temperatures
mean that more or less extensive heat management is often
necessary. In addition, the electrolytes must not freeze, to
prevent damage to the fluid-leading components. The loss of
efficiency caused by the internal resistance of the cell stack
occurs as a temperature increase first in the electrolyte and
can be removed by heat exchangers.

A rebalancing of the electrolyte composition after a cer-
tain operating time is necessary due to the incomplete
selectivity of membranes, pressure differentials, side reac-
tions, and electromigration. In almost all battery types, the
amount and concentration of the individual electrolytes
change, which leads to a steadily increasing loss of capacity
and can be restored by a mixing of the anolyte and catholyte.
However, this is only possible with batteries in which the same
electrolyte composition can be used in both half cells.
Substantially more complex is the inversion of side reactions
such as the formation of oxygen and hydrogen, or the reaction
of the electrolyte with the diffusing atmospheric oxygen.

5. Summary

It is mainly V-, ZnBr-, and FeCr-RFBs that have so far
been commercialized. These are also relatively familiar
battery systems. These types of RFBs are currently in
a phase of upscaling and market testing, although no real
conclusions about the long-term stability of the batteries are
yet possible. The reasons for the commercialization are, on
the one hand, low storage costs (Zn, Br, Fe, Cr) and, on the
other hand, the potentially long life (VRFB). Storage and
conversion costs and shelf life largely determine the cost per
unit of stored energy, which should be minimized through the
use of RFBs.

The reactors, similar to fuel cells, are built almost
identically for all different battery types, in some cases have
catalysts, and therefore have similar costs. The conversion
costs can be reduced by alternative materials and manufac-
turing methods or by better reaction kinetics. In this context,
understanding the mechanisms of electrode reactions in
various electrolytes and electrocatalysis will become more
important in future research to obtain permanent high-
capacity batteries. The overwhelming number of studies on
redox couples has taken place in the past mainly on Hg, Pt,
Au, and C electrodes. In almost all RFBs, corrosion problems
with carbon-based electrodes caused by the use of strong
negative or positive redox couples must be expected, and this
is one of the greatest challenges.
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The current high-performance polymer electrolyte mem-
branes are a high cost factor, so that cheaper alternatives of
ion-exchange membranes or microporous separators for
VRFBs which have a high selectivity and high ion conduc-
tivity are being sought. Innovative low-temperature ceramic
separators would allow completely new battery systems in
which, for example, alkaline and alkaline earth metals could
be used as the anode and, therefore, much higher energy
densities could be achieved.

A factor which is often underestimated is the elastomers
for seals, which need to be stable at high and low electro-
chemical potentials. Although there are fluoropolymers
which have a high stability, at more than €1000 kW' they
are far too expensive for RFBs. Ethylene-propylene-diene
rubber-based materials are much cheaper, in the range of
€10-50kW', but are not suitable for all systems and are
difficult to use for the production of cell stacks because they
can only be viably implemented by special manufacturing
techniques such as multicomponent injection moulding.
Applicable and cured-in-place sealing materials offer the
potential for low development times and costs in virtually any
cell sizes. However, the current material selection is very
limited.

Except for organic RFBs, the energy-related costs are
mainly dominated by the redox couples used. Although the
elements can often be easily recycled, the electrolyte, in
addition to its production cost, generally involves high capital
and operating costs. Accordingly, the redox couples should be
based on elements that are as abundant as possible so that the
production costs for the entire energy storage medium are as
low as possible. Inorganic solutions of light elements offer the
largest potential for this, whereby solvent-free systems are
conceivable, for example based on liquid alkali metals, which
at the same time allow high energy densities. Bromine-based
batteries have the great advantage of extremely rapid cathode
reactions and high energy densities, but because of the
toxicity of bromine are not regarded as acceptable.
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