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Introduction

1 Introduction

In 2016 the global electricity production was about 24,350 TWh,!!! whereby the main
part (almost 40% in 2014) was generated by coal-fired power stations, followed in some
distance by gas, hydroelectric, nuclear and oil plants.?! In addition to this, the
greenhouse gas emissions are highest for coal plants with an average life-cycle emission

[3-6] Therefore,

rate of 1 kg carbon dioxide (CO;) per kWh of generated electricity.
starting from the industrial era, the carbon dioxide concentration within the atmosphere
rose dramatically since the first measurements in 1750 from 277 ppm to 406 ppm in
May 2017.17- 81 Unfortunately, the climate change is mainly a result of the greenhouse
gas emissions, in particular of CO..[% *!2I In recent years this has resulted in a
rethinking of the world energy production towards renewable energy resources such as
solar and geothermal energy as well as hydropower, wind power, and biomass, in order
to reduce the CO, emissions.'3'”) In particular Germany, which decided by law
(Erneuerbare Energien Gesetz) for 2030 and 2050 a minimum proportion of renewable
energy for the generation of electricity of 50% and 80%, respectively, promote this

18,191 1n 2015, 29% of the total gross electricity generation are covered

“Energiewende”.!
by renewable energies in the European Union,?”! while the global shares of electricity
generation from renewable resources lies at 24.5%.1*!! However, according to the
International Energy Outlook 2016 (IEO2016), the renewable resources with an
increase of 2.9% per year are the fastest growing sources. This is urgently required
because the IEO2016 estimates a growth of the net electricity production of 69% by
2040, which means numerical 36,500 TWh.!*?l Today, hydropower is the primary and
with a worldwide share of 71% (equal to about 16% of total electricity production) the
most widely used renewable energy source.!*’] Nevertheless, hydroelectricity as well as
geothermal energy requires necessarily some principal conditions like certain
geographical circumstances and are, therefore, limited for a use in all parts of the
world.['% 17 241 Dye to the fact that for the mentioned reasons a further growth of
hydroelectricity is restricted (growth rate of 2.7% in 2015), in particular the rapidly
emerging solar energy and wind power (growth rate of 28% and 17%, respectively, in
2015) will become the most important and widely used renewable energy resources in
future.['”- 21 24 Unfortunately, today’s electricity grids are constructed for electric power
systems, which utilizing fossil fuels and feature the simple working principle burning

fuel to generate power on demand. However, they are not suitable for an intermittent
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Introduction

electricity generation, which depends on weather, time of day and year, by wind and
solar power.['® 24261 Accordingly, during the sunny midday time and windy days surplus
electricity (production surpass the energy demand) is available, while at a
“Dunkelflaute” (cloudy and windless periods) little or no energy is produced.[® %> 272
Another difficulty to manage is that most of the renewable resources are locally limited
and often far apart from load centers. Furthermore, in recent times common power
plants (output >1 GW) are increasingly substituted by decentralized power systems like
wind turbines (output up to 2.5 MW) and roof top photovoltaics (output of in maximum
10 kW).13- 1939 Taking all these circumstances, the actual electricity grids have to be
refined to “green” future grids to render the “Energiewende” successfully. These so
called “smart grids” have to unite the intermittent renewable energy production,
decentralized small scale power plants, a intelligent (demand) energy management and

6,13, 16,26, 31] potential energy storage technologies are pumped

low-cost energy storage.!
hydro and compressed air, thermal storage, flywheels, superconducting magnetic energy
storage as well as electrochemical energy storage.[s 24 2629 31. 321 Qecondary batteries in
which electrical energy is stored as chemical energy, are besides supercapacitors, a

6.29.331 The development of secondary

prevalent type of electrochemical energy storage.!
batteries starts in the middle of the 19" century with lead acid (Gaston Planté in
1860),34 leading over nickel/cadmium (1899),1* sodium/sulfur (Ford in the late
1960s)!® 331 and nickel/metal hydride (mid 1980s)!*”! to Li ion (early 1970s),l*®) which
are still the most used systems.[® 2 371 However, these systems exhibit serious
drawbacks like a short lifetime, serveral safety concerns and exessive costs.[*”] Redox-
flow batteries (RFBs), on the other hand, are a comperative newer and unfamiliar
technology,®”! but display siginificant benefits concerning their lifetime, expenses,
safety ascpects, modularity, transportability and flexible applicability.!'* 37 38
Furthermore, RFBs are due to various reasons a most promising technology for storage
of wind and solar power: This kind of secondary battery, which is technically akin to
electrochemically regenerative fuel cells, can be precisely adjusted to the generator unit.
Contrary to other electrochemical storage systems, RFBs can additionally be scaled
independently from each other in capacity as well as power, simply by separate
dimensioning of the volume of the external electrolyte reservoirs (tanks) and the

electrochemical cell (stack). Furthermore, RFBs are able to store electricity in kWh to

MWh scale in the short- to medium term (seconds to few hours) and can be sited almost
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Introduction

anywhere, consequently also in decentralized regions and, therefore, perfectly meet the
requirements profil of a within the “Energiewende” required energy storage device.[s 1
24,29, 30, 32,37, 39]

Common RFBs, like the commercially available all-vanadium redox-flow battery
(VRFB),[*42l the Fe/Crl***! system and the zinc/bromine!***! hybrid-flow battery
(HFB), normally utilize critical and high-priced metal salts, hazardous and corrosive
acidic electrolytes (sulfuric acid) and furthermore high-priced ion-exchange membranes
such as Nafion® (DuPont, USA).['? 349511 For these reasons, these systems will highly
probably not become a profound “green” energy-storage solution in future and,
therefore, outline just the early stage of commercialization. Nevertheless, in particular
the zinc/bromine HFB, offers a developmental potential. Because the utilization of the
zinc(I1)/zinc(0) redox couple as anode active material exhibit certain benefits like
environmental friendliness, a low price of the raw material and a low endangerment,
which, however, due to the usage of a toxic and harmful halogen such as bromine or
polyiodide as cathode active material, and required complexing agents, are seriously
restricted.!*” 32551 Though, these limitations can be overcome by the usage of convient
and ideally environmentally sustainable as well as cost-effectively redox-active organic
charge-storage materials, whose solubility and electrochemical properties can be
adjusted by the aimed introduction of substituents and functional groups, instead of
inorganic halogens.!'* %% 2 36 Fyrther, to eliminate the other drawbacks of the common
metal-based RFBs, the development of all-organic flow batteries, employing low-cost
organic low-molar-mass compounds or polymers as charge-storage materials, aqueous
electrolyte systems and inexpensive membranes.[!> 3% 4% 57) In particular, organic

(2] which utilize one bipolar organic

symmetric RFBs, virtually a VRFB analog,
material as catholyte and anolyte respectively, are due to the simplified cell design, the
considerably less synthesis effort and the resulting prevention of cross-contamination,

37601 Since, at the beginning of this thesis no highly qualified

are of great interest.!
organic charge-storage material are known, new redox-active organic materials have to
be investigated and evaluated in detail to ensure their suitability for application in a
RFB.

In this thesis, low-molar-mass- as well as polymer-based organic charge-storage
materials for the usage in all-organic symmetric redox-flow batteries are described.

Also, an all-organic combined RFB (polymer and low-molar-mass-compound as active
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Introduction

materials) and zinc/organic hybrid-flow batteries are described. Adapted to the
requirements of the respective kind of flow battery, tailor-made redox-active organic
materials (in terms of their solubility as well as electrochemical properties) were
synthesized for ageuous and non-aqueous electrolyte systems. In Chapter 3 two bipolar
low-molar-mass compounds, a nitronyl nitroxide containing and a 2,3,7,8-tetracyano-
1,4,5,6,9,10-hexazaanthracene (TCAA) derivative, were investigated in detail
concerning their suitability as charge-storage materials for an application in a non-
aqueous symmetric RFB.

Besides redox-active low-molar-mass compounds, which are distinguished by none or
less synthesis effort, good viscosities and solubilities, redox-active organic polymers are
highly interesting as charge-storage materials. Due to their large size, polymer-based
active materials allow the usage of inexpensive porous separators instead of the
common used high-priced ion-exchange membranes. Take advantage of the benefits of
both systems seems obvious. As a consequence, Chapter 4 deals with a combined all-
organic aqueous RFB, whereby for the first time a polymer as well as a low-molar-
mass-compound as active materials were utilized. Furthermore, to achieve maximum
long-term cycling stability and the preferably best battery performance, essential key
factors of a flow battery like the suitablity of the separator, the concentration of the
supporting electrolyte and the flow rate of the electrolytes were investigated.

In Chapter 5 the focus is on polymer-based flow batteries. In this context (2,2,6,6-
tetramethylpiperidine-1-yl)oxyl (TEMPO) containing co-polymers as catholyte with
zinc as anode were investigated in detail in poly(TEMPO)/zinc hybrid-flow batteries.
Furthermore, polymers containing the potential bipolar boron-dipyrromethenes
(BODIPYs) as redox-active units, are investigated regarding their applicability in
symmetric polymer-based redox-flow batteries (pRFBs).

14



Flow batteries - General principles and rise of the organic active materials

2 Flow batteries - General principles and rise of the organic

active materials

Parts of this chapter have been published in P1) J. Winsberg, T. Hagemann, T. Janoschka, M. D. Hager,
U. S. Schubert, Angew. Chem. Int. Ed. 2017, 56, 686-711.

2.1 General working principle of flow batteries and performance

parameters

In general, redox-flow batteries (RFBs) consist of two crucial components (Figure
2.1a): The electrochemical cell and two external electrolyte reservoirs (storage tanks).
The electrochemical cell in turn involves two electrodes, which are detached by a
separator. Between these components a electrolyte solution, containing the redox-active
charge-storage materials, which are in their charged as well as discharged form in
solution (this is why they were defined as anolyte and catholyte, respectively), is
recirculated through pumps. Therefore, the utilized electrodes only supply the active
area for the redox process, instead as usual participating in it. Nevertheless, they have to
fulfill essential criteria such as a high electrical conductivity as well as specific surface
area, chemical inertness towards the employed electrolytes and furthermore stability in

the utilized operating potential range of the flow battery.[616]

a) | b) |1
N 7

Deposit

@ Separator @
Pump Pump

Electrode Electrode

Figure 2.1: (a) Schematic representation of a redox-flow battery, which consists of an electrochemical
cell with two compartments, detached by a membrane. The electrolytes are circulated by pumps between
the electrochemical cell and the storage tanks. (b) Schematic representation of a hybrid-flow battery, a
special type of flow batteries, whereby at least one redox-active material is electroplated in the
charging/discharging process on one electrode.

To avoid an inappropriate mixture of both electrolytes the employed separator, another
essential factor of a RFB, must be impermeable to the charge-storage material, but at
the same time highly permeable for the supporting electrolyte (conducting salt) ions.*”

38] Beside the charge-storage materials the separator represents the main cost element of

15



Flow batteries - General principles and rise of the organic active materials

a flow battery,[®¥ and furthermore feature a decivise effect of the battery performance
parameters like lifetime (mechanical and chemical inertness), current and energy
density.

In the particular case that one of the two half-cells contains a gaseous material such as
hydrogen or exhibit at least one redox pair with a solid redox state this kind of flow
battery is named hybrid-flow battery (HFB, Figure 2.1b). Thereby, the solid active
material, commonly a metal like zinc or a metal oxide (e.g., PbOy) is electroplated on a
anode or cathode, respectively, while charging/discharging but in the reversal process
dissolves again. However, the possible formation of metallic dendritic structures from
the metal deposition could cause restrictions of the battery performance (capacity,
power density, stable battery cycling). Therefore, the design of the flow cell has to be
adjusted to this specific circumstances.7: %

Besides the fundamental compoments such as electrodes and separator (detailed
consideration in Chapter 4) several key factors like the utilized electrolyte system
(aqueous or non-aqueous media), the concentration of the conducting salt, the flow rate
of the electrolytes and above all the charge-storage material have a decisive effect on
the performance of the flow battery. The battery performance can be determined by
specific parameters such as the volumetric capacity (C), current (J) and energy density
(E), coulombic (CE), voltage (VE) and energy efficiency (EE), which are particularly
influenced by the active material. For example the volumetric capacity (Eq. 1, in
Ah L") is significant characterized by the number of transferred electrons (z) during the
redox process and the quantity of the redox-active material in the electrolyte. By use of

the volumetric capacity and the voltage (U) the energy density (Eq. 2, in Wh L) can be

calculated.
>
E=C-U )

C = volumetric capacity, m = mass, n =number of electrons, F'= Faraday’s constant, M = molar mass,
V = volume; E = energy density, U = voltage.

Ideally the energy density should be as high as possible. To achieve this, the charge-
storage material has to feature a high volumetric capacity, what can be reached by a

low-molar-mass of the compound or monomer and the transfer of more than only one
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Flow batteries - General principles and rise of the organic active materials

electron during the redox process, a high cell voltage and a high solubility in the applied
solvent. On the other hand, the current density (J, Eq. 3, in A cm2), which affect the
charge and discharge time of the flow battery, is defined by the applied current (/) and

the membrane area (A).
J== 3)

The current density is affected by the kinetics of the redox reactions and the electrolyte
system. Aqueous systems display compared to non-aqueous systems higher
conductivities and consequently higher applicable current densities.>?! Furthermore, the
coulombic (Eq. 4, in %) and voltage efficiency (Eq. 5, in %) delivers valuable data
about the electrical quality of the battery. Their product results the energy efficiency
(Eq. 6, in %).

CE:TIC:_ 4)

ng Ep(t)dt

—p —__T™ _Ep
VE =nv = fgc Ecdt  Ec ®)
Tc
EE =Ngg =N¢ Ny (6)

n = efficiency; Q = charge; T'=time for charging/discharging; E = potential. Subscripts: C = charging,
D = discharging.

The CE is the ratio of the amount of charge applied during the discharge process (Op)
and the amount of charge applied during the charge process (Qc) of the same cycle.
Ideal values for the CE are equal or superior to 99%. Lower values are a indication for
undesired side reaction of the charge-storage material or electrolyte or of a membrane
crossover of the active material. The VE, however, is calculated at constant current by
the quotient of the mean discharging voltage (Ep) and the mean charging voltage (E.)
and is influenced by several overpotentials such as the polarization, ohmic and diffusion

overpotential [66-68]

17



Flow batteries - General principles and rise of the organic active materials

To achieve the best battery performance all these factors need to be considered and a
suitable combination has to be developed. Starting with the electrolyte system, whereby
an aqueous system is preferred due to the high ionic conductivity. However, by the
utilization of organic charge-storage materials in aqueous media several disadvantages
occur like the usually low solubility in water and the limited potential window of water.
In organic solvents these problems do not occur, but they feature otherwise only a low
conductivity which restricted the current rating. Also the choice of the charge-storage
material, whereby a organic-based is preferred, is subjected to several key factors such
as highly stable and reversible redox reactions, high solubility in the applied solvent,
high volumetric capacity, low viscosity and furthermore economic as well as

environmental aspects.

2.2 “The metal age” - metal-based flow batteries

The history of RFBs dates back to the year 1949, when Kangro patented the first flow
battery, which used in one embodiment Cr(SO4)> in 2 M sulfuric acid as catholyte and
anolyte, respectively, and in an other embodiment a Cr(SO4); as anode and TiCls as

cathode active material.[%% 70]

Since 1973 the National Aeronautics and Space
Administration (NASA) under Hagedorn and Thaller investigated RFBs, employing the
Cr**/Cr** as anolyte and the Fe*'/Fe** redox pair as catholyte, dissolved in acidified
electolytes, intensively as stationary energy storage systems. Unfortunately, the reported
1 kW/13 kWh redox system exhibited a fast capacity decay and, therefore, a restricted
battery performance. This was caused by a crossover of the active materials across the
used anion-exchange membrane, because at this time suitable membranes were not
commercially available wherefore own manufactured membranes, which did not meet
the demands, had to be employed.!** 7! In 1986, Skyllas-Kazacos et al. developed the
VREFB, which represents since then the most advanced and dominant RFB technology.
As redox-active material only vanadium, in particular the redox couples V>'/V?* as
anolyte and V>*/V*" as catholyte, fully dissolved in all four oxidations stages in aqueous
sulfuric acid solution, is utilized. Nevertheless, the VRFB features several serious
problems such as the high material cost of vanadium (mining and purification), the
common used expensive cation-exchange membranes and the temperature dependent

solubility of the redox-active species, which restricts the energy density as well as the

operation range. Therefore, a progressive commercialization is rather difficult.l*’- 4% 2]
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Another commercially available flow battery is the Zn/Br, HFB. The original concept of
a zinc/halogen HFB was already developed in the 1880s, with a zinc/chlorine battery by
Renard in 1884 and just one year later with a zinc/bromine battery by Bradley and
finally in the 1970s and 1980s further developed by Exxon and Gould Inc.. As
described above, during charging in the negative half-cell the solved Zn**(,q is reduced
to the solid Zn®, which is electroplated on the anode, whereas in the other half-cell Br-
is oxidized to bromine. However, bromine in its liquid as well as gaseous state is
extremely toxic and hazardous, which imply serious limitations. As a consequence,
complexing agents like quaternary ammonium salts are added to form quaternary
ammonium bromides to minimize the concentration of liquid bromine and to reduce the

37, 46-48] Beside these flow batteries, the Fe/Zn and all-iron

bromine vapor pressure.!
system are already under the development by companies, and furthermore a high
number of other metal-based active materials like Ru,[”> 7 Zn/Ni,l””! Zn/Ce,["]
Ti/Fe,””) Mn**/Mn**,’®) Pb/PbO,,[*** Cu/PbO,,[*! all-Cu,* all-U,®*! all-Cr,*! and
Li®"%9) were investigated reagarding their applicability in the recent years.

Despite all their benefits, the classic metal-based flow batteries will most likely not be
the future energy storage systems of choice. Because they contain high-priced metal
salts (e.g., vanadium), corrosive acidic electrolytes (e.g., sulfuric acid), harmful and
toxic halogens like bromine or polyiodide and expensive ion-exchange membranes such
as Nafion®. Moreover it should be taken into account that the relative amount of the
needed metals in the lithosphere does not represent their effective availability, because
they are usually obtained as products of ore mining. Additionally, the crucial high purity
requirements of the utilized active materials further increases the costs. Beyond, they
are commonly quarry in the developing countries, where insufficient civil and
environmental standards are associated with mining and disposal.*” %37 In comparison
the costs of the raw materials utilized in the Zn/Br, HFB are relatively low, but as
mentioned before the toxicity of the bromine and the mandatory required complexing

52531 In particular the total costs of RFBs, which are

agents caused disadvantages.!
comprised of electrolyte costs (includes redox-active material, supporting electrolyte,
solvent and eventually required additives), systems cost (power electronics, battery
management system, pumps) stacks (e.g., seperator and felt), installations and long-time
running maintenance costs, are one of the most critical factors for a further

commercialization. Cost analyses, for example from Darling et al.,[**! prove that the
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majority of costs are caused by the redox-active material itself and the utilized
membrane. Based on the many drawbacks of metal-based systems, the current research
focuses on the development of an aqueous all-organic RFB utilizing low-cost

membranes and sustainable, inexpensive organic charge-storage materials.

2.3 “Rise of the organics” - organic-based flow batteries

Through the use of low-cost and sustainable organic charge-storage materials, which
can be obtained by petrochemistry or renewable sources, organic-based flow batteries
represents a considerable improvement of social, environmental and econmic aspects.!>*
%1 In particular, when the primary materials are cost-efficient, no or only minor
synthetic effort is necessary and a sophisticated purification process can be avoided,
organic redox-active materials can display significant cost advantage in respect to

[57] For instance, Huskinson et al. performed a

metal-based charge-storage materials.
brief cost calculation for their reported anthraquinone disulphonate/bromine system,
which yields a redox-active material price of $27 per kWh, which is considerably less
compared to the material price of $81 per kWh for the state-of-the-art vanadium
systems.”®! Another major benefit of organic charge-storage materials is the capability
to adjust their redox properties and/or solubility by introduction of functional groups

and substituents.’% 57> 21 92]

For example, through the introduction of electron-
withdrawing and electron-donating functional groups the original redox potential of the
charge-storage material can be tuned to exploit the electrochemical stability window of
the utilized aqueous or non-aqueous solvent. In some cases, also the fundamental
electrochemical stability of the redox reaction and/or the long-term stability of the
redox-active material can be improved.!”!?*! In addition, also the solubility of the active
material in the preferred polar solvent (aqueous or aprotic polar organics) can be
increased significantly by the introduction of polar groups, e.g., the use of a
tetraethylene glycol chain enhanced the solubility of a nitronyl nitroxide containing
active material in acetonitrile of up to 3.8 molal.®”! Generally, this method enable a
solubility of organic-based redox-active material in aqueous solvents of over 1 M.l

The utilization of organic redox-active materials indirectly leads to a further cost
savings, because low-molar-mass compounds enable the application of more cost-

effective non-perflourinated ion-exchange membranes and polymers the use of simple

inexpensive porous separators like dialysis membranes instead of the commonly
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employed high-priced perfluorinated cation-exchange membranes. % 3% 37-92:94-98] Baged
on these numerous benefits, in recent years the “rise of organics” in flow batteries

started initially as ingredients such as organic additives®> 1) as well as organic ligands

§[73, 101]

in redox-active metal-ligand complexe and finally leading in form of low-molar-

mass and polymer-based redox-active materials (examples are summerized in

Figure 2.2) to several semi-organic,>% %5 97 1021041 peta]-free organic/inorganict®® %%

and all-organic RFBs.[4%-7- 60,92, 96,106, 107]
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Figure 2.2: Schematic overview of selected appropriate organic and inorganic redox-active materials and
their redox potentials (recalculated to a SHE reference if measured against another reference electrode).[5*
90, 98, 102, 104, 108-112] Conversion factors: SHE to AgCl/Ag =+0.197 V, SHE to SCE =+0.241 V, SHE to
Fc'/Fc=+0.750 V.I''31 SHE: standard hydrogen electrode, SCE: standard calomel electrode, Fc:
ferrocene.

Nevertheless, there are currently some challenges in organic charge-storage materials,
which need to be solved in future. For example the minor long-term stability, compared
to common employed metal salts, as well as the moderate solubility and consequently
energy density in aqueous media. This can be realized through the development of
highly soluble (at least 2 M) organic active materials, which undergo no side reactions,
feature highly reversible redox couples and no functional groups tend to unwanted
reaction such as hydrolysis of ester, as well as the optimization of the electrolyte.
Beside the improvement of the solubility, also the utilization of organic bipolar
materials with a high potential difference or materials which transferred more than usual
one electron, can lead to an increase in the energy density.

At the moment, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) derivatives as

catholyte and viologen as well as anthraquinone derivatives as anolyte seems to be due
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to their good chemical reversibility, their fast reaction kinetics and economical aspects
(e.g., the price of 4-HO-TEMPO is around $5 to 6 kg ')!!!¥l the most promising organic
charge-storage materials for RFB application. However, some factors like the solubility
in the charged/discharged state must be further improved. Additionally, more redox-
active materials must be investigated and evaluated for their suitability as charge-

storage materials in RFBs.
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3 Bipolar organic redox-active materials for application in
symmetric redox-flow batteries

Parts of this chapter have been published in P2) T. Hagemann, J. Winsberg, B. Haupler, T. Janoschka, J.
J. Gruber, A. Wild, U. S. Schubert, NPG Asia Mater. 2017, 9, ¢340. P3) T. Hagemann, J. Winsberg, A.
Wild, U. S. Schubert, Electrochim. Acta. 2017, 228, 494-502.

In context of the “rise of organic charge-storage materials” various polymer- as well as
low-molar-mass-based materials have been investigated and reported. Usually, these
active materials feature one reversible redox process, whereupon they are, depending on
their redox potentials, utilized either as catholyte or as anolyte. Unlike, bipolar organic
redox-active materials feature two reversible redox couples and can be, therefore, used
simultaneously both as cathode and as anode material in a symmetric RFB. Up to now,
bipolar charge-storage materials were only investigated by Oh et al.,'®" Potash et al.5*]
and Duan et al.® Besides the fact, that such a organic symmetric RFB represents
virtually a VRFB equivalent,[*” several advantages like a simplified cell design, less
effort on synthesis as well as electrolyte engineering and particularly a avoidance of

cross-contamination arise.[!3:36-60]

3.1 Nitronyl nitroxide containing redox-active material

Stable nitroxide radicals such as TEMPO, which derivatives are currently the most
suitable organic catholyte materials, represent an interesting class of potential charge-
storage materials for RFB application. In particular nitronyl nitroxide (NN) radicals
represent, due to their high chemical and electrochemical reversibility of both redox
couples (bipolar character) as well as the high difference of both redox potentials, a
promising representative for further research in the field of flow batteries. In the
development of a appropriate low-molar-mass NN derivative, attention should be paid
to a specific structural requirement that must be fulfilled, namely the introduction of an
phenyl ring at the 2-position of the NN (Scheme 3.1). This moiety indeed reduces the
volumetric capacity, but without the aromatic moiety NNs exhibit only a deficient
chemical stability in solution in the presence of air.''>!'71 Although water is the
preferred solvent, his restricted potential window prevent a utilization of NN containing
active materials in aqueous electrolyte systems. However, the majority of aromatic NNs
feature a insufficient solubility in organic polar solvents such as acetonitrile or

carbonate based solvents, which are preferred for application in RFBs.
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Scheme 3.1: Schematic representation of the synthesis of the nitronyl nitroxide containing molecule 4.

As a consequence, a solubility-promoting tetracthylene glycol chain was introduced as
linker between two NN units and the respective phenyl spacer resulting in the redox-
active compound 4 (Scheme 3.1) and a solubility of 3.8 molal in acetonitrile. Besides a
more advantageous synthesis route of the dimeric active material, the presence of two
NN moieties per molecule redoubles the volumetric capacity and the solubility in
comparison to a single NN containing species.

Electron paramagnetic resonance (EPR) measurements in 10™* M toluene solution were
performed to characterize the unpaired electrons of the two NN moieties. Due to the
close proximity of the NN units and the resulting spin-spin interaction the EPR
spectrum (Figure 3.1a) displays a nine-line pattern in the hyperfine structure.!!® 1]
Furthermore, the absolute spin-activity of molecule 4 was determined by EPR
spectroscopy (using a powdered sample) indicating an radical content of >97% and

consequently a complete oxidation.
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Figure 3.1: Electrochemical characterization of 4: (a) EPR spectrum of 4 obtained in 10 M toluene
solution, (b) cyclic voltammogram obtained for 2.1 mM acetonitrile solution of 4 with 0.1 M TBAPFs as
supporting electrolyte at different scan rates.

Cyclic voltammetry (CV) measurements (Figure 3.1b) in acetonitrile solution and
0.1 M TBAPFs as supporting electrolyte exhibited quasi-reversible redox reactions of
the NN* (oxoammonium cation)/NN redox pair at E»=0.37V and the NN/NN-
(aminoxyl anion) redox pair at Ey=-1.25V vs. AgNOs3/Ag. The obtained redox
potentials led to a cell voltage of 1.62 V. Furthermore, on the basis of a diffusion-
controlled behavior (peak current grows linearly with the square root of the scan rate)
the diffusion coefficient (D) for both redox couples could be calculated from the CV
curves by using the Randles-Sevcik equation. The obtained values of 1.08 x 10~ and
0.81 x 107> cm?s™! for both the NN*/NN and NN/NN~ redox pair are similar to these
yielded by rotating disk electrode (RDE) measurements (in acetonitrile containing
0.1 M TBAPF¢) with 3.45 x 107® and 4.74 x 107® cm? s™! for the reduction and oxidation
reaction, respectively. Further evaluation of the RDE measurements via Koutecky-
Levich analysis and Tafel analysis yields for the well-defined redox reaction of the

"as well

NN*/NN redox pair an electron-transfer rate constant (k%) of 1.42 x 102 cm s~
as a transfer coefficient (a) of 0.59, which is nearby the value of an ideal reversible
redox reaction of 0.5.

To evaluate the applicability of compound 4 as bipolar redox-active material a static test
cell was manufactured. The static battery, utilizing an anion-exchange membrane
(AEM) fumasep® FAP-PK-3130 and a 16 mM (32 mM active NN units) solution of 4 in
acetonitrile with 0.5M TBAPFs as conducting salt as anolyte and catholyte
respectively, was charged/discharged for 75 consecutive cycles at a current density of

1 mA cm 2. Well-defined charging plateaus at 1.67 V and discharging plateaus at

1.45 'V (Figure 3.2a), coulombic efficiencies of up to 95% and a maximal discharge
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capacity of 0.53 mAh (Figure 3.2b) were achieved as well as a voltage efficiency of
86% and an energy efficiency of 82%, which were representatively calculated for the

75 cycle.
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Figure 3.2: Static 5 cm? test cell, employing the FAP-PK-3130 AEM, with 16 mM (32 mM NN units) of
4 in acetonitrile and 0.5 M TBAPFs as anolyte and catholyte, respectively (with a theoretical charge-
storage capacity of 0.88 Ah L for both solutions), 4 mL electrolyte per half-cell; (a) exemplary 3™ to 5%
charge/discharge cycle at a current density of 1 mA cm 2, (b) coulombic efficiency, charge and discharge
capacity at a current density of 1 mA cm 2.

Furthermore, to study the influence of the current density on the electrical performance
of the battery a pumped flow cell comprised a 16 mM (32 mM active NN units) solution
of 4 in acetonitrile with 0.5 M TBAPFs, both as anolyte and catholyte, was
charged/discharged in a voltage window of 1.10 to 1.95 V (Figure 3.3).
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Figure 3.3: Electric performance of a pumped 5 cm? test cell with 16 mM (32 mM NN units) in
acetonitrile and 0.5 M TBAPFs as anolyte and catholyte, respectively (with a theoretical capacity of
0.83 A h L™! for both solutions) including capacity, coulombic, voltage and energy efficiency depending
on the current density (10 mL electrolyte per half-cell; flow rate adjusted to 10 mL min~!; FAP-PK-3130
AEM).

Four current densities (3, 4, 5 and 6 mA cm2) could be applied, whereby a stable
capacity retention and efficiencies at current densities of 3, 4 and 5 mA cm 2 were

achieved. Indeed only moderate coulombic and voltage efficiencies of around 80%,
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which causes energy efficiencies of around 60%, were reached. Owing to the low
conductivity of organic solvents higher current densities could not be applied and
already at a current density of 6 mA cm 2 the charge and discharge capacity as well as
the efficiencies drops significantly.

Moreover, a pumped flow cell with a higher active material concentration of 0.1 M
(0.2 M NN units) 4 and 0.5 M TBAPFs in acetonitrile was charged/discharged for 20
consecutive cycles at a current density of 6 mA cm > featuring a theoretical capacity of

5.4 Ah L™ and consequently an energy density of the electrolyte system of 4.1 Wh L™!.

3.2 TCAA derivative as redox-active material

Another interesting substance class of potential bipolar charge-storage materials for
application in symmetric RFBs are the 2,3,78-tetracyano-1,4,5,6,9,10-hexaza-
anthracene (TCAA) derivatives. Compared to the NN containing compound 4,
investigated in Chapter 3.1, the TCAAs have the benefit of a even higher redox voltage
of around 2.9 V (NN derivative 4 1.62 V) and a less synthesis effort (Scheme 3.2).

@
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Scheme 3.2: Schematic representation of the straightforward two-step synthesis route to compound 6.

First mentioned in 1993,11?% the synthesis and first fundamental investigations of TCAA
derivatives were reported by Jaung et al.l'*!! Starting from the affordable and
commercially available 2,3-dichloro-5,6-dicyanopyrazine by adding two equivalents of
an amine a monosubstituted 2-arylamino-3-chloro-5,6-dicyanopyrazines such as
compound 5 (Scheme 3.2) can be synthesized in high yields via a nucleophilic
substitution reaction. The following intermolecular cyclization (usually in
dimethylformamide with triethylamine as base) yield a 5,10-disubstituted-2,3,7,8-
tetracyano-5,10-dihydrodipyrazino[2,3-b:2",3 -e]pyrazine, e.g., the derivative 6
(Scheme 3.2). Based on these straightforward synthesis, in particular through the
nucleophilic substitution reaction in step one, electron-withdrawing or electron-donating
functional groups and/or solubility promoting substituents can easily and purposeful be
introduced to adjust the redox behavior and/or solubility of the TCAA. So far, the redox

properties of these substance class are only incompletely explored. As a consequence, in
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order to evaluate TCAAs as potential bipolar redox-active materials for an application
in RFBs, the electrochemical behavior of derivative 6 was investigated in detail.
Previously, to obtain a fundamental understanding of the redox potentials of the two
redox couples and also the structure of 6 in its oxidized and reduced form density

functional theory (DFT) calculations were performed (Figure 3.4).

Spin density difference reduced form

Spin density difference oxidized form

Figure 3.4: Schematic representation of the spin density difference of the reduced species (above) and the
oxidized species (below), drawn at an isovalue of 0.002 (left) and with the electrostatic potential (—0.3 to
0.3) mapped onto the total density, drawn at an isovalue of 0.005 (right), which were determined by DFT
using the Gaussian09 program package (Version A.02).['?2! The hybrid functional B3LYP!'?3 124 was
selected in combination with the 6-31G* basis set. For all calculation, the solvent environment was
modelled for acetonitrile using the implemented polarization continuum model (PCM).[125 126]

Figure 3.4 shows the calculated distribution of the spin density of the reduced species
(above) and the oxidized species (below), which is in each case (independent from the
manner of presentation) relatively even spread over the whole molecule. This behavior
revealed a principle stability of both redox states, because no position in molecule 6
feature a higher reactivity (identifiable due to a high or low spin density). Nevertheless,
it is noteworthy to mention that there is a possibility of a radical recombination in the
reduced species, which counteracts the stability of this redox state. Furthermore, the
absolute redox potentials referenced vs. F¢'/Fc in acetonitrile with Ei2=1.52 V for the
oxidation and re-reduction and Ei»=-1.29 V for the reduction and re-oxidation were

calculated.
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To determine the real redox potentials CV measurements of derivative 6 with 0.1 M
TBAPFs conducting salt, dissolved in acetonitrile were performed. The cyclic
voltammogram (Figure 3.5) show a quasi-reversible oxidation/re-reduction at
Ei2=1.42V as well as a quasi-reversible reduction/re-oxidation at Eip=-1.49 V vs.

Fc'/Fc, which are quite similar to the beforehand calculated values.
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Figure 3.5: Cyclic voltammogram obtained for 3.8 mM acetonitrile solution of 6 with 0.1 M TBAPF; at
different scan rates.

Further analyses of the obtained results exposes for both redox pairs a diffusion-
controlled behavior (lineary relation of the peak currents and the square root of the scan
rate), whereby by using the Randles-Sevcik equation the diffusion coefficient (D) of the

' and reduction/re-oxidation 2.6 x 107> ¢cm? s

oxidation/re-reduction 4.1 x 107 cm? s~
were calculated. Also the number of transferred electrons () for both redox processes
of 6 were determined by CV (measurements with IR drop compensation), resulting on
the assumption of a non ideal reversible redox reactions, for both oxidation and
reduction a one electron process.

Additionally, advanced cyclic voltammetry (CVA) measurements (Figure 3.6) in
acetonitrile solution with 0.1 M TBAPF¢ were performed to study the chemical
reversibility of both redox processes and to detect potential side reactions in a
surrounding which is closer to a battery operation. While the CVA for the oxidation/re-
reduction redox pair (Ex =139V vs. Fc'/Fc, Figure 3.6a) exhibited no essential
differences compared to the original spectrum (Figure 3.5, right), the cyclic
voltammogram received for the reduction/re-oxidation redox pair (E»,=-1.51V vs.
Fc'/Fc, Figure 3.6b) display a new signal at —1.69 V and, therefore, crucial differences

to the initially cyclic voltammogram (Figure 3.5, left). Particularly visible at lower scan

rates (50 and 100 mV/s) the TCAA derivative 6 appears to undergo under simulated
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battery conditions a further reduction and re-oxidation reaction, which indicates a non

stable redox behavior of this redox pair.

(a) 0.047 — 500 mvis (b) 0.010-
—— 200 mV/s
0.03{ —— 100 mV/s 0.005
— 50 mV/s 0.0004
0027 0.005
< < ]
£ 0014 £ .0.010
: ~
0.004 ~ 0015
-0.020
-0.01 —— 500 mV/s
-0.025{ —— 200 mV/s
—— 100 mV/s
-0.02 -0.030{ —— 50 mV/s
10 11 12 13 14 15 16 19 18 -1.7 16 -1.5 -14 -1.3 1.2 -1.1
E/V vs. Fc'lFc E/V vs. Fc'IFc

Figure 3.6: Cyclic voltammogram obtained for 2.5 mM acetonitrile solution of 6 with 0.1 M TBAPFs as
conducting salt at different scan rates, measured via an advanced CV method (hold time of five minutes at
each scan rate): (a) Oxidation and re-reduction as well as (b) reduction and re-oxidation.

To confirm these results and further explore the chemical reversibility of both redox
pairs UV—vis—NIR spectroelectrochemical measurements (Figure 3.7) vs. a AgNO3/Ag
pseudoreference electrode (—0.084 V vs. Fc'/Fc) in a highly diluted acetonitrile solution
of 6 with 0.1 M TBAPF¢ were performed. As expected from the previous CVA
measurements, the investigation of the oxidation of 6 at potentials up to 1.5V wvs.
AgNOs/Ag (Figure 3.7a), whereby over the subsequent re-reduction at 0.2V the
original absorbance spectrum are qualitatively restored, suggesting a good chemical

reversibility of this redox process.
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Figure 3.7: UV—vis—NIR spectroelectrochemical measurements of 6 in acetonitrile with 0.1 M TBAPF;
as conducting salt (E vs. AgNO3/Ag, about —0.084 V vs. Fc¢*/Fc). (a) Oxidation reaction and (b) reduction
reaction.

Against this, for the reduction reaction of 6 at potentials up to —1.2 V (Figure 3.7b) the
initial absorbance spectrum could not be restored during the following re-oxidation at

—0.2 V. Only at a re-oxidation at 0.2 V the original signals could roughly be recovered.
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But there are still differences, which indicate side reactions for this redox pair and
therefore verified the results of the CVA measurements.

Nonetheless, the redox properties, in particular the diffusion behavior and the kinetics
of the electron transfer, were further investigated via RDE measurements of 6 in
acetonitrile solution with 0.1 M TBAPFs. Both, the oxidation/re-reduction
(Figure 3.8a) and the reduction/re-oxidation redox pair (Figure 3.8b) exhibit a
diffusion-controlled behavior with a calculated diffusion coefficient (D) of
1.42x107° cm? s ' and 9.43x107% cm? s, respectively, which are in the same magnitude
as the calculated values obtained from CV measurements as well as diffusion

coefficient of comparable organic charge-storage materials known from literature.[”> °*
127-129]
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Figure 3.8: Rotating disk electrode measurement of 6 (2x1073 mol L™!) vs. a AgNOs/Ag pseudoreference
electrode (—0.084 V vs. Fc*/Fc) with 0.1 M TBAPFs in acetonitrile, scan rate 5 mV s™', at rotating rates from
0 to 3000 rpm, (a) Oxidation and re-reduction and (b) reduction and re-oxidation.

The subsequently performed Koutecky-Levich analysis unveil for both redox reactions
mass-transport-independent currents and the Tafel analysis show an electron-transfer
rate constant (k”) of 1.08x1072 cm s! as well as a transfer coefficient a of 0.86 for the
oxidation/re-reduction and an electron-transfer rate constant (k°) of 1.00x102cm s™! as
well as a transfer coefficient a of 0.65, which is close to the a-value of an ideal
reversible redox reaction of 0.5, for the reduction/re-oxidation redox pair.

In conclusion, the promising electrochemical properties of 6 such as a high redox
voltage of 2.91 V as well as electrochemically stable quasi-reversible redox reactions,
which are initally determined via DFT calculation and further validated via CV
measurements, could not decisive verified by further extensive electrochemical
investigations via UV—vis—NIR spectroelectrochemical, CVA and RDE measurements.

Although, the oxidation and re-reduction reaction feature a electrochemically quasi-
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reversible and diffusion-controlled behavior, advanced CV as well as UV—vis—NIR
spectroelectrochemical measurements suggest under simulate battery conditions a non
stable redox behavior of the reduction/re-oxidation redox couple. Therefore, no
charge/discharge experiments in a symmetric flow battery setup with derivative 6 as
catholyte and anolyte, respectively, were performed. Based on the determined principle
applicability of this substance class as charge-storage materials future studies will focus
on the introduction of suitable substituents or functional groups to achieve also a stable
quasi-reversible redox behavior of the reduction/re-oxidation reaction and to improve

the solubility of the TCAA derivatives in the preferred organic solvents.
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4 A combined polymer/low-molar-mass-based aqueous redox-

flow battery

Parts of this chapter have been published in P4) T. Hagemann, J. Winsberg, M. Grube, 1. Nischang, T.
Janoschka, N. Martin, M. D. Hager, U. S. Schubert, J. Power Sources 2018, 378, 546-554.

As already described in Chapter 2 the current research in the field of flow batteries
concentrates on the development of an aqueous RFB utilizing low-cost membranes and
safe, sustainable and inexpensive organic redox-active materials. At the moment, for
aqueous electrolyte systems, TEMPO derivatives as catholyte and viologen derivatives
as anolyte are due to economical aspects as well as their high chemical reversiblity and
fast reaction kinetics the most promising organic charge-storage materials. Therefore, in
the last years several high performance aqueous all-organic RFBs with
TEMPO/viologen derivatives as redox-active materials were reported, e.g., Janoschka et
al™ described a novel organic RFB utilizing TEMPO- and viologen-containing
polymers in pH-neutral aqueous sodium chloride solution, which enable the use of cost-
effective dialysis membranes. Also low-molar-mass based viologen and TEMPO
derivatives such as the N,N’-dimethyl-4,4"-bipyridinium dichloride (MV) as well as the
4-HO-TEMPO!! and TEMPTMADP®! were sucessfully applied in all-organic aqueous
RFBs.[49. 9. 107)

With the aim to unite the various advantages of the polymer- and low-molar-mass-based
system like low costs, good electrochemical performance and long-term stability a
combined all-organic RFB, utilizing for the first time a combination of a polymer and a
low-molar-mass compound as active materials, were developed. In an aqueous sodium
chloride solution the TEMPO-containing copolymer poly(2,2,6,6-tetramethyl-
piperidinyloxy-4-yl methacrylate-co-[2-(methacryloyloxy) ethyl] trimethyl ammonium
chloride) (P1) was used as catholyte and the low-molar-mass MV as anolyte.

While the MV was synthesized according to literature,”® 3% P1, which was originally
prepared by Janoschka et al,*! was provided as aqueous solution (capacity of
83AhL™") as industrial sample by Polymaterials AG (Germany). For further
application the aqueous solution was dialyzed (with a molecular weight cut-off
(MWCO) of the dialysis membrane of 1,000 g mol™!) against water and lyophilized to
yield P1 as an orange powder. Asymmetric-flow field-flow fractionation (AF4) was

used to determine the number average molar mass (M, = 20,600 g mol!) as well as the
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dispersity (P =1.71). The absolute spin-activity of 6.93x10'7 spins mg™' and,
consequently, a capacity of 30 + 3 mA h g'! was determined by EPR spectroscopy.
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Scheme 4.1: Schematic representation of the two possible reduction steps of MV™* (above) and the redox
reaction of P1 (below).

Since the redox behavior of viologen (Scheme 4.1, above) and TEMPO (Scheme 4.1,
below) derivatives are well-known only fundamental electrochemical investigations via

cyclic voltammetry (Figure 4.1) were conducted.
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Figure 4.1: Cyclic voltammogram at different scan rates obtained for a 1 M aqueous NaCl solution of (a)
10 mM MYV and (b) of 5 mM P1.

The CV measurements (Figure 4.1a) of 10 mM MYV in 1 M NaCl,q solution display for
the MV*™/MV ™ redox pair, which is in contrast to the second redox pair (MV™*/MV?)
usable for battery application,!'*! 132 a chemical reversible reduction/re-oxidation at
Eip=—0.6V vs. AgCl/Ag. The subsequently performed CVA measurement under
conditions which are more akin to these in a battery setup, exhibited no essential
differences to the original voltammogram. The cyclic voltammogram (Figure 4.1b)

obtained for 5 mM P1 in 1 M NaClyq solution show for the TEMPO/TEMPO" redox
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pair a chemical reversible oxidation and re-reduction at Ei» =0.7 V vs. AgCl/Ag. The
following performed CVA measurements exhibited no significant differences to the
initally voltammogram and, therefore, a good chemically reversiblity also under
simulated battery conditions.

After the validation of the electrochemical properties of MV and P1 a combined
aqueous all-organic RFB was fabricated. To achieve the highest possible battery
performance several key factors like the type of anion-exchange membrane,
concentration of the conducting salt, the behavior without the utilization of any
conducting salt, and the influence of the flow rate of the electrolytes were investigated
in detail. In particularly the membrane has a crucial impact on the performance
parameters such as lifetime, current and energy density. For these reasons, and for

economic aspects,®

the utilized membrane should ideally be tailor-made for an
application in RFBs and feature a low ohmic resistance in the used electrolyte, a good
mechanical stability and chemical inertness, which is essential to achieve a long
lifetime,['¥ and, to allow a high counterion mobility, a good permeability for the
supporting electrolyte ions. Furthermore, the separator has to prevent a crossover of the
active materials to achieve high coulombic efficiencies and a low capacity retention
over long-term operation. While the usually employed perfluorinated Nafion®
membranes involve excessive costs and the affordable dialysis membranes cannot be
used, because they are impractical for low-molar-mass compound like MV, four
different less expensive fumasep® anion-exchange membranes, because both utilized
redox-active materials display at least one positive charge in all occurring redox-states,
were chosen for all battery tests. The employed FAA-3-PE30, FAP-PK-3130, FAS-30
and FAA-3-50 AEM differ in the reinforcement, the thickness (dry) and the area
resistance (C1” form). Consecutively the applicability of the four AEMs was examined
in a pumped 5 cm? test cell, which was charged/discharged in a voltage window of 0.80
to 1.35V, with 0.5M MV and P1 both in a 1.5M NaClyq solution as anolyte and
catholye, respectively. Thereby, the electric cell resistance was determined by
electrochemical impedance spectroscopy (EIS) and the influence of the various current
densities on the battery performance was studied (Figure 4.2). The FAS-30 and the
FAA-3-50 AEM exhibited with 3.32 and 1.67 Q cm?, respectively, the lowest area
resistance of the four membranes and, consequently, the best ion mobility. Therefore,

nine different current densities from 1 up to 16 mA cm 2 could be applied for these two
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AEM, whereas on the contrary for the FAA-3-PE30 and the FAP-PK-3130, which
exhibited a higher area resistances of 9.62 and 7.77 Q cm?, respectively, lower maximal

current densities of only 8 and 12 mA cm ™2 could be applied.
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Figure 4.2: Electric performance of a pumped 5 cm? test cell with 0.5 M MV and P1 both in 1.5 M
NaCly, as anolyte and catholyte, respectively (theoretical charge-storage capacity of 6.5 Ah L),
including capacity, coulombic, voltage and energy efficiency depending on the current density (10 mL
electrolyte per half-cell, flow rate adjusted to 16 mL min™"); (a) FAA-3-PE30, (b) FAP-PK-3130, (¢)
FAS-30 and (d) FAA-3-50 AEM.

However, the achieved charging and discharging capacities as well as the coulombic,
voltage and energy efficiencies are comparable for all AEMs (Figure 4.2a-d). The
pumped test cells, employing the FAS-30 (Figure4.2¢) and FAA-3-50 AEM
(Figure 4.2d) feature at current densities in the range of 1 to 10 mA cm 2 with
discharging capacities of up to 47 mAh, coulombic efficiencies of up to 97% and energy
efficiencies of 80 to 87% (except for a current density of 1 mA cm2) the best battery
performance. Nevertheless, also the pumped tests cells with FAA-3-PE30 (Figure 4.2a)
and FAP-PK-3130 AEM (Figure 4.2b) reached at current densities of 1 to 6 mA cm >
with discharging capacities of 51 and 50 mAh, respectively, good results. In conclusion,
all four used AEMs are suitable for an application in this combined aqueous all-organic
RFB, but the FAA-3-50 AEM is, due to obtained performance parameters as well as the

lowest measured electric cell resistance, the preferred membrane.
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Afterwards, the impact of the supporting electrolyte (conducting salt), which are utilized
for charge balancing and to increase the conductivity of the electrolyte solution,'* on
the performance of this combined aqueous RFB was investigated. Owing to safety and
economic aspects sodium chloride is the most prefered conducting salt for aqueous
electrolyte systems. Due to the use of MV, which contains chloride counterions with a
high mobility,[® it is an interesting issue if in this case the utilization of a supporting
electrolyte is generally necessary. To verify this, a pumped test cells without additional
conducting salt was manufactured and the influence on the current rating was
investigated (Figure 4.3).
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Figure 4.3: Electric performance of a pumped 5 cm? test cell, employing the FAA-3-50 AEM with 0.5 M
MYV and P1 both in aqueous solution as anolyte and catholyte, respectively (theoretical charge-storage
capacity of 6.7 Ah L), including capacity, coulombic, voltage and energy efficiency depending on the
current density (10 mL electrolyte per half-cell, flow rate adjusted to 16 mL min™").

The achieved performance parameters (Figure 4.3) such as the applicable current
densities of up to 6 mA cm? with discharging capacities of up to 42 mAh and
coulombic efficiencies of up to 91% are significantly worse than those of the same flow
cell (Figure 4.2d) using additional 1.5 M NaCl as supporting electrolyte. Furthermore,
a three times higher area resistance (10.1 Q cm?) was measured, which implicates
poorer ion mobility. For this reason, it is highly advisable to use a conducting salt such
as NaCl for this combined aqueous RFB. To identify the most favorable concentration
of the used supporting electrolyte a pumped flow cell with electrolyte solutions
comprising 0 to 5 M NaCl was cycled and the electric cell as well as the area resistance
was investigated. Figure 4.4 display that with increasing concentration of the
conducting salt up to 1.5 M the electric cell resistance and subsequently the area
resistance nearly linearly decreases. At NaCl concentrations above 1.5 M up to 3 M the

electric cell resistance and, thus, the area resistance remained nearly constant. At higher
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concentrations over 3 M both resistances rises again marginal, which results to a

simultaneous rise in the viscosity of the aqueous NaCl solution.
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Figure 4.4: Electric cell and area resistance of a 5 cm? test cell as a function of the used concentration of
the aqueous NaCl solution (0 to 5M NaCl, 10 mL solution per half-cell, flow rate adjusted to
16 mL min !, FAA-3-50 AEM).

With increasing viscosity an interference of the ions with each other occur, whereby
their mobility declines. At a NaCl concentration of 1.5 M the best accordance between a
high counterion mobility and viscosity of the electrolyte solution could be achieved.
Hence, for all battery tests a 1.5 M aqueous NaCl solution was utilized as electrolyte.

Another important influence parameter, which has so far not been investigated, is the
optimization of the flow conditions. Principally, the overall efficiency and the
performance parameters of the pumped flow cell, compared to a static setup, is
significantly better. This is caused to the fact that in a static battery setup the available
electrolyte volume can only partially be used and, furthermore, only a limited quantity
of the active materials diffuses to a active electrode area. To study the impact of the
flow conditions on the battery performance, the influence of different electrolyte flow
rates on the discharge capacity of a test cell, which was charged/discharged in a voltage
window of 0.80 to 1.35V at a current density of 10 mA cm 2, was investigated.
Initially, the flow rate of both anolyte and catholyte solution were increased from
4 mL min! up to 16 mL min"! (Figure 4.5), which corresponds to a full exchange of
the electrolyte solution inside the 5 cm? test cell of two to eight times per minute. But
the effect on the overall efficiency and the battery performance, representative evident
from the slightly rise of the discharge capacity (Figure 4.5), is comperatively moderate.
Also at further experiments, whereby the flow rate of the anolyte and the catholyte were

changed independently of each other (one electrolyte flow rate was set at a constant rate
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of 4 mL min~' while the other electrolyte flow rate was altered), the discharge capacity
only marginal increases. This demonstrates that the impact of the flow rate in relation to
other factors like the utilized AEM or the concentration of the conducting salt is less

significant.
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Figure 4.5: Discharge capacity of a pumped 5 cm? test cell, employing the FAA-3-50 AEM, with 0.5 M
MYV and P1, both in 1.5 M NaCl,q solution as anolyte and catholyte, respectively (theoretical charge-
storage capacity of 6.7 Ah L™!, 10 mL electrolyte per half-cell), as a function of the utilized electrolyte
flow rate at a current density of 10 mA cm 2.

Finally, based on the results of the previous studies, a long-term cycling stability test
over 500 consecutive charge/discharge cycles in a pumped flow cell employing a FAA-
3-50 AEM, with 0.5 M MYV and P1 each in a 1.5M NaCl,q solution in a voltage
window of 0.80 to 1.35 V at a constant flow rate of 16 mL min™' and a current density

of 5 mA cm 2 was performed.
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Figure 4.6: Long-term cycling stability test in a pumped electrochemical 5 cm? test cell, employing a
FAA-3-50 AEM, with 0.5 M MYV and P1 both in 1.5M NaCl,q solution (theoretical charge-storage
capacity 6.7 AhL™!, 10mL electrolyte per half-cell, constant flow rate of 16 mL min'):
charging/discharging capacity and columbic efficiency over 500 consecutive cycles at a constant current
density of 5 mA cm™2.
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Figure 4.6 displays a stable battery cycling for 100 consecutive charge and discharge
cycles with a maximal achieved discharge capacity of 44.4 mAh, which corresponds to
approximately 66% of the theoretical possible discharge capacity of 67 mAh. With an
overall energy density of this electrolyte system of 3.8 W h L™!, coulombic efficiencies
up to 95%, and, exemplarily calculated for the 100" cycle, a voltage efficiency of 91%
as well as an energy efficiency of 85%, were reached. However, over the next 400
cycles the discharge capacity drop rapidly to 2.8 mAh, which correlates to a capacity
retention of only 6%.

An investigation of the osmotic pressure of the catholyte as well as anolyte in an
osmosis chamber proved the observation that this significant capacity decay after 100
cycles is caused by an osmotic process. Due to a osmotic pressure difference between
these two electrolytes, water flows over time from the P1 containing half-cell through
the semipermeable AEM to the MV containing half-cell, whereby after the 100" cycle
the solubility limit of P1 was reached and this active material precipitated on the surface

of the electrode, finally resulting in a drastic decrease of the capacity.
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5 Polymer-based redox-active materials for flow batteries

Parts of this chapter have been published in PS) J. Winsberg, T. Janoschka, S. Morgenstern, T.
Hagemann, S. Muench, G. Hauffman, J.-F. Gohy, M. D. Hager, U. S. Schubert, Adv. Mater. 2016, 26,
2238-2243. P6) J. Winsberg, S. Muench, T. Hagemann, S. Morgenstern, T. Janoschka, M. Billing, F. H.
Schacher, G. Hauffman, J.-F. Gohy, S. Hoeppener, M. D. Hager, U. S. Schubert, Polym. Chem. 2016, 7,
1711-1718. P7) J. Winsberg, T. Hagemann, S. Muench, C. Friebe, B. Haupler, T. Janoschka, S.
Morgenstern, M. D. Hager, U. S. Schubert, Chem. Mater. 2016, 28, 3401-3405.

Unlike low-molar-mass charge-storage materials described in Chapter 3 polymer-based
active materials with high molar-masses and linear or special shaped architectures
enable the use of simple, low priced and robust porous separators such as dialysis
membranes instead of the wusually employed more expensive ion-exchange

membranes [49, 52, 57, 92, 94-98]

5.1 Poly(boron-dipyrromethene)s as potential bipolar polymer-based

redox-active material

Certain boron-dipyrromethenes (BODIPYs), a substance class well-known as
chemosensors and laser dyes, feature two chemical reversible redox processes and
therefore represents potential bipolar charge-storage materials for an application in an
polymer-based symmetric all-organic RFB. To develop suitable derivatives, tailor-made
BODIPY -containing copolymers (poly(BODIPY-co-TEGSt) P2 and poly(BODIPY -co-
TASt) P3) were prepared via a free radical copolymerization of the styrene-based,
alkyl-functionalized BODIPY monomer 8 with the solubility promoting comonomers
(vinylbenzyl)triethyleneglycol monomethylether (TEGSt) 9 and (vinylbenzyl)trimethyl-
ammonium perchlorate (TASt) 10 (Scheme 5.1). The use of a alkyl-functionalized
BODIPY was necessary, because only a entire substitution of all hydrogen atoms of the
BODIPY core insure a chemically reversibility of the redox processes.

Size-exclusion chromatography (SEC) was utilized to determine the number average
molar mass (P2 M,=17 kg mol™!, P3 M, =4kgmol ™) as well as the dispersity (P2
D=23, P3 D=1.5) of both copolymers. The composition of both copolymers was
determined by 'H NMR spectroscopy, yielding a molar ratio of 0.20. Before the
preparation of copolymer P2 and P3 the BODIPY monomer 8 was electrochemical
investigated via CV and UV-vis-NIR spectroelectrochemical measurements. Both
exhibited a chemical reversibility of the BODIPY /BODIPY and BODIPY/BODIPY ™

redox pair.
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Scheme 5.1: Schematic representaion of the synthesis of the BODIPY monomer 8 as well as the
preparation of the copolymers P2 and P3.

The cyclic voltammogram of 8, obtained in propylene carbonate with 0.1 M TBACIO4,
show two quasi-reversible redox reactions at —1.51 V and at 0.69 V vs. AgNOs/Ag.
Subsequently measured CVs of P2 (Figure 5.1a) and P3 (Figure 5.1b) confirm the
redox properties and also display two quasi-reversible redox reactions with peak splits

of 90 mV (P2) and 100 mV (P3).
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Figure 5.1: Cyclic voltammograms of (a) P2 and (b) P3, each in propylene carbonate with 0.1 M
TBACIO;, as conducting salt at different scan rates.

Unfortunately, further analyses revealed that P2 is not ideally suited as cathode redox-

active material, because the oxidation/re-reduction redox pair do not feature a diffusion-
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controlled behavior. Therefore, the usability of P2 as anode redox-active material was

investigated in an all-organic pRFB with poly(TEMPO-co-PEGMA) (P4,
PEGMA = poly(ethyleneglycol)methacrylate), which was synthesized according to
Janoschka et al.,l'*3] as cathode redox-active material. In a static custom-made PTFE
(polytetrafluoroethylene) trough, employing a size-exclusion membrane (MWCO of
1,000 gmol™), P2 and P4 each in propylene carbonate with 0.5 M TBACIO4 as
electrolytes, were charged and discharged in a voltage window of 1.40 to 2.15 V for 100

consecutive cycles (Figure 5.2b).
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Figure 5.2: Static electrochemical test in a custom-made PTFE trough, employing a size-exclusion
membrane (MWCO of 1,000 g mol™!), with P2 and P4 in propylene carbonate and 0.5 M TBACIO;, as
anolyte and catholyte, respectively (1 mL electrolyte per section, electrolyte energy density 0.5 Wh L™),
(a) representative 3™ to 5™ charge/discharge cycle, (b) long-term cycling stability test with a constant
current of 0.25 mA.

This all-organic non-aqueous polymer-based battery exhibit well-defined charge and
discharge plateaus at 2.04 V and 1.82 V (Figure 5.2a), a maximal discharge capacity of
0.07 mAh, a high coulombic efficiency of up to 99%, a voltage efficiency of 89%, and a
energy efficiency of 88%. After the long-term cycling stability test a capacity retention
of 70% was achieved, which proved the suitability of P2 as anode redox-active material
for RFB application.

In contrast, further analyses of the CV measurements revealed for the BODIPY
copolymer P3 a fundamental applicability as bipolar charge-storage material, but due to
the polarity of the comonomer 10 copolymer P3 appears more appropriate as cathode
redox-active material. Therefore, an all-organic pRFB utilizing both synthesized
BODIPY copolymers P2 and P3 in propylene carbonate with 0.5 M TBACIO4 as

anolyte and catholyte, respectively, was manufactured (Figure 5.3).
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Figure 5.3: Static electrochemical test in a custom-made PTFE trough, employing a size-exclusion
membrane (MWCO of 1,000 g mol™!), with P2 and P3 in propylene carbonate and 0.5 M TBACIO; as
anolyte and catholyte, respectively (1 mL electrolyte per section, energy density 0.5 Wh L), (a)
representative 13" to 15" charge/discharge cycle, (b) long-term cycling stability test with a constant
current of 0.25 mA.

This all-BODIPY battery, investigated in a custom-made PTFE trough, display flat
charge plateaus at 2.06 V, meanwhile the avarage discharge voltage was 1.28 V
(Figure 5.3a), with coulombic efficiencies of up to 89% and a voltage efficiency of
62%, resulting in a energy efficiency of 55%. After a discharge capacity decay of
around 30% over the first ten cycles, the discharge capacity remained constant at
approximately 0.0037 mAh during the subsequent 90 cycles (Figure 5.3b). This stable
battery cycling proved the suitability of BODIPY copolymer P2 as anode and BODIPY
copolymer P3 as cathode charge-storage material. However, a battery utilizing only one
bipolar BODIPY copolymer simultaneous both as anolyte and catholyte could not be

demonstrated so far.

5.2 Statistically distributed linear TEMPO copolymers as cathode
active material in a poly(TEMPO)/zinc hybrid-flow battery

Since TEMPO derivatives, as discussed in Chapter 2 and Chapter 4, represent the
most promising organic cathode active materials for an application in flow batteries,
three different types of linear TEMPO-containing copolymers (P1, PS5 and P6,
Scheme 5.2, Table 5.1) were synthesized according to Janoschka et al!'*3 and their
suitability as cathode redox-active material in a poly(TEMPO)/zinc hybrid-flow battery
was investigated in detail. Different comonomers (METAC = [2-(methacryloyloxy)-
ethyl] trimethylammonium chloride) and two PEGMAs (poly(ethyleneglycol)-

methacrylate) with number average molar masses (M,) of 450 g mol™' and 950 g mol ™
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were copolymerized with the TEMPO methacrylate to increase the solubility of the

respective copolymers in aqueous and non-aqueous media (Table 5.2).
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Scheme 5.2: Schematic representation of (a) the structure of the TEMPO copolymers P1, P5 and P6, (b)
the redox mechanism of TEMPO derivatives and zinc.

Table 5.1: Weight average molar masses, dispersities, composition and radical content of P1, P5 and P6.

Polymer Weight average  Dispersity (D) Molar ratio Radical content /
molar mass (M,,) (TEMPO:comonomer) mole fraction
/ kg mol™!

P1 372 2.4 1:1¢ 0.28f (theoretical
value 0.50)

P5 70P 1.3 3.5:14 0.77f (theoretical
value 0.77)

P6 54 2.6 1:1¢ 0.49f (theoretical
value 0.50)

M,, obtained via (a) AF4, (b) size-exclusion chromatography: DMAc + 0.21% LiCl, poly(styrene)
standard; comonomers: (¢) METAC, (d) PEGMA M, =450 g mol!, (¢) PEGMA M, =950 g mol™!, (f)
calculated from the spin count obtained via ESR spectroscopy.

Table 5.2: Composition and energy density of poly(TEMPO)-based catholytes A to D.

Catholyte Polymer Solvent Conducting salt Energy density
/WhL'P

A 0.71 M NaCl, 0.08 M ZnCl,,

P1 water 0.94

0.08 M NH,4Cl

B P6 water 1.0 M ZnCl,, 1.0 M NH4Cl 2.04
C P5 EC/DMC/DEC? 0.75 M Zn(ClO4)>x6H,0 3.97
D P5 EC/DMC/DEC*? 0.5 M Zn(Cl104),x6H,0 0.59

(a) Mixture (1:1:1 in volume), (b) energy density was calculated by the following equation: Energy
density = (volumetric capacity x open circuit voltage at 50% state of charge (carbonate based electrolytes:
1.3V, aqueous electrolyte: 1.7 V))/2.
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For the HFB setup zinc foil was employed as anode and zinc salt both as conducting salt
and anode active material. A dialysis membrane (MWCO = 1,000 g mol!) was used to
separate both half-cell compartments. Since, poly(TEMPO-co-METAC) P1 precipitates
in concentrated solutions of several applied zinc salts (e.g., ZnCly, Zn(ClOs)a,
Zn(NO3)2, ZnSO4) only a two-time molar excess (relating to the TEMPO moieties) of
zinc chloride and in addition sodium chloride as well as ammonium chloride both as
supporting electrolyte and additive, were utilized. Initially, to investigate the
electrochemical behavior of zinc and P1, CV measurements of a 0.1 M ZnClzaq 0.01 M
P1 solution were performed and exhibited a quasi-reversible redox reaction at a half-
wave potential of 0.70V vs. AgCl/Ag for the TEMPO/TEMPO" redox pair
(Figure 5.4a, blue line) as well as a peak separation of 0.53 V vs. AgCl/Ag (scan rate
50 mV s ) for the Zn(11)/Zn(0) redox pair (Figure 5.4a, black line). The special shape
of the cyclic voltammogram (Figure S.4a) is typical for zinc, because of the
electrodeposition at potentials below —1.26 V and a following dissolution at potentials

above —1.1 Vvs. AgCl/Ag.
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Figure 5.4: (a) Cyclic voltammogram of a 0.1 M ZnCl,q 0.01 M P1 solution at a scan rate of 50 mV s %;
Manufactured aqueous pumped electrochemical 5 cm? test cell utilizing catholyte A (volumetric capacity
of 1.1 AhL™!, 8 mL per half-cell, flow rate adjusted to 20 mL min™!), (b) exemplary charge/discharge
cycles at a current density of 2 mA cm™, (¢) capacity, coulombic, voltage and energy efficiency as
function of the applied current density, (d) long-term cycling stability test of a static 5 cm? test cell
utilizing catholyte A at a current density of 2 mA cm™2.
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The subsequently manufactured aqueous HFB employing catholyte A exhibited well-
defined charging and discharging plateaus with a narrow potential drop (Figure 5.4b),
coulombic efficiencies of up to 99% (Figure 5.4c¢) and an overall energy density of
0.94 Wh L™!. Current densities of up to 12 mA m 2 (Figure 5.4¢) could be used, with
almost consistend discharging capacity for current densities from 1 to 10 mA m 2. A
long-term stability test over 1,000 consecutive charging and discharging cycles in a
static HFB setup (Figure 5.4d) at a current density of 2 mA m™? exhibited a discharging
capacity retention of nearly 79% and, therefore, a good chemical reversibility of
catholyte A. Another aqueous HFB utilizing catholyte B show a maximum material
activity of 87.6% with a overall energy density of 2.04 Wh L™!. Compared to catholyte
A higher current densities of up to 20 mA m 2 could be applied.
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Figure 5.5: (a) Cyclic voltammogram of 0.1 M Zn(ClO4)>x6H>O (black line) and 0.01 M PS5 in
EC/DMC/DEC (1:1:1 in volume) at a scan rate of 50 mV s!; (b) exemplary charge/discharge cycles of a
a pumped non-aqueous electrochemical 5 cm? test cell utilizing catholyte C (volumetric capacity of
6.1 Ah L', 8 mL per half-cell, flow rate adjusted to 20 mL min!) at a current density of 1 mA cm2, (¢)
electrical performance: capacity, coulombic, voltage and energy efficiency as function of the applied
current density of a pumped HFB utilizing catholyte D (volumetric capacity of 0.91 Ah L™, 8 mL per
half-cell, flow rate adjusted to 20 mL min™'), (d) long-term cycling stability test of a static non-aqueous
5 cm? test cell utilizing catholyte D at a current density of 1.4 mA cm™2.

Since poly(TEMPO-co-PEGMA) PS5 featured a deficient solubility in aqueous media,
organic electrolyte systems (catholyte C, D) were used. CV measurements of 0.01 M P5

in a mixture of EC/DMC/DEC (1:1:1 in volume) at a scan rate 50 mV s ! revealed also
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a quasi-reversible redox reaction for the TEMPO/TEMPO" redox pair at a half-wave
potential of 0.44 V vs. AgNO3/Ag (Figure 5.5a, blue line) with a peak split of 63 mV.
For the Zn(I1)/Zn(0) redox pair a comparable wide peak separation of 1.8 V wvs.
AgNOs3/Ag (Figure 5.5a, black line) was found. Further RDE measurements of PS5 in
Zn(ClO4), revealed a diffusion-controlled behavior (D =1.65x10"" cm? s '), a electron-

transfer rate constant (k”) of 9.93 x 102 cm ™!

and a transfer coefficient a of 0.44,
which is close to an ideal reversible redox reaction of 0.5. Afterwards the usability of
PS5 was investigated in a non-aqueous HFB with zinc-foil as anode, 0.75 M
Zn(Cl04)2x6H20 dissolved in a mixture of EC/DMC/DEC (1:1:1 in volume) as anolyte
as well as catholyte C and D. A pumped HFB with catholyte C exhibited reversible
charge/discharge plateaus (Figure 5.5b) with an — in comparison to the aqueous
electrolyte systems — large potential drop of 350 mV. This marked difference is caused
by the higher cell resistance of 27.30 Q (1.35 Q for aqueous HFB employing catholyte
B), which was determined by EIS (prior to cycling), as well as the kinetically limited
redox reaction of the Zn(II)/Zn(0) redox couple in organic electrolytes. Utilizing
catholyte D, the electrical performance of this HFB was investigated. Current densities
from 0.25 to 4mAcm? could be applied (Figure5.5¢), whereby coulombic
efficiencies above 89% and a material activity of 99% (at a current density of
0.5 mA cm?) were achieved. Indeed, with increasing current densities the discharge
capacity decreased and stayed up to 3 mA ¢cm 2 at a level of approximately 6 mAh. In a
static setup a long-term stability test over 500 consecutive charging and discharging

cycles was performed. High coulombic efficiences above 99.7% and a capacity

retention of 81% (Figure 5.5d) were reached.

5.3 Block copolymer micelles with a TEMPO-corona as cathode active

material in a poly(TEMPO)/zinc hybrid-flow battery

One future challenge of polymer-based RFBs, which must be addressed is the
improvement of the electrolyte viscosity which is, due to the use of polymeric redox-
active materials, very high compared to those of low-molar-mass-based RFBs.
Unfortunately, a high viscosity leads to a decline in the ion mobility and the efficiency,
which negatively impacts the performance of the battery.['**] By the use of special
shaped polymers with dendrimeric or micellar structures instead of the commonly linear

polymers, the electrolyte viscosity can be reduced. For this purpose, a tailor-made block
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copolymer PTMAs3-b-PS3s (P7, Scheme 5.3, PTMA = poly(TEMPO methacrylate),

133, 134] 04

PS = polystyrene) was synthesized according to literature procedures,!
afterwards used as cathode redox-active material in a poly(TEMPO)/Zn HFB. The
copolymer P7 was characterized via 'H NMR and EPR sprectroscopy to determine the
average degree of polymerization of each block (number in the subscript) and the
absolute spin-activity (spin count of 1.7x10'® mg™! corresponds to a radical content of

82%), respectively.

-0-Z

P7

Scheme 5.3: Schematic representation of the utilized block copolymer PTMA3-b-PSss.

SEC measurements revealed a number average molar mass (M,) of 41 kg mol™' (PS
standard) and a dispersity (P) of 1.1. Due to the fact, that P7 comprise a polar TEMPO
block as well as unpolar styrene block, the copolymer when dissolved in polar organic
carbonates aggregates into micellar structures, most likely with a PS core and a PTMA
corona.['**l Subsequently, the electrochemical behavior was investigated via CV
measurements with 0.01 M P7 in a mixture of EC/DMC/DEC (1:1:1 in volume) at a
scan rate of 50 mV s !. The cyclic voltammogram exhibited a quasi-reversible redox
reaction of the TEMPO"/TEMPO redox pair at a half-wave potential of 0.4 V with a
peak split of 90 mV (Figure 5.6a, blue line) as well as a large peak separation of 2.1 V
vs. AgNO3/Ag for the Zn(I1)/Zn(0) redox pair (Figure 5.6a, black line). To study the
kinetics of the redox reaction of P7, RDE measurements in EC/DMC/DEC (1:1:1 in
volume) with 0.1 M Zn(ClO4)2x6H>O were performed, whereby a diffusion-controlled
behavior, a diffusion coefficient (D) of 1.8x1077 cm?s™! and a electron-transfer rate
constant (k”) of 7 x 10~* cm s~! was determined.

A non-aqueous poly(TEMPO)/Zn HFB employing a dialysis membrane (MWCO of
1,000 g mol ) as separator, zinc foil as anode and a 0.5 M solution of Zn(C104),x6 H>O
both as conducting salt and anode active material in EC/DMC/DEC (1:1:1 in volume),
was manufactured to investigate the suitability of P7 as cathode redox-active material.
With a maximal solubility of 13 mg mL™! in the utilized electrolyte, an overall energy

density of 0.8 Wh L™! was achieved. The pumped HFB exhibit in a voltage range
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between 0.5 to 2.0 V well-defined charge and discharge plateaus (Figure 5.6b) but also
a large voltage drop of 280 mV, which is caused by the high cell resistance of 29 Q
(determined by EIS). In a subsequent experiment (Figure 5.6¢), the impact of the
current density on the performance of the battery was investigated. Owing to the
restricted ionic conductivity of non-aqueous electrolyte system only current densities
from 0.2 to 5 mA cm 2 could be applied, whereby the coulombic efficiencies always
remained above 90% (maximum of 98% at 2 mA cm ?). At 0.2 mA cm 2 a maximal
discharge capacity of 8.7 mAh, which corresponds to a material utilization of 93%, was
achieved. However, with increasing current densities the discharge capacity decline, but

remain between 1 to 3 mA cm 2 constant at 6.1 mAh (Figure 5.6¢).
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Figure 5.6: (a) Cyclic voltammogram of 0.01 M P7 in EC/DMC/DEC (1:1:1 in volume) with 0.1 M
Zn(Cl04),x6H,0 as conducting salt at a scan rate of 50 mV s!; Pumped electrochemical 5 cm? test cell
with P7 as cathode redox-active material in EC/DMC/DEC (1:1:1 in volume) and 0.5M
Zn(ClO4)2x6 H20 both as conducting salt and anode active material (volumetric capacity of 1.2 Ah L™,
8 mL per half-cell, flow rate adjusted to 20 mL min™"), (b) exemplary charge and discharge cycles at a
current density of 1 mA cm™, (¢) electrical performance as a function of different current densities, (d)
long-term cycling stability test in a static 5 cm? test cell at a constant current density of 1.5 mA cm™2.

Finally, the long-term cycling stability was investigated in static setup at a constant
current density of 1.5 mA cm 2 Over 1,000 consecutive charging and discharging
cycles a great discharge capacity retention of 95% with coulombic efficiencies of up to
99.8% was reached (Figure 5.6d), yielding an excellent reversibility as well as stability

for the used redox couples.
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The proposition made at the beginning that the utilization of specially shaped polymers
leads to a reduction of the electrolyte viscosity was proven by rheological
measurements (Figure 5.7a), which revealed a non-Newtonian, shear thinning behavior
for the in previous HFB experiments utilized PTMAg3-b-PS3s (P7) containing catholyte.
For comparison, a catholyte comprising a statistically distributed linear P(TMA-co-
PEGMA) copolymer with an equal ratio of TEMPO active units and comonomer,
exhibit a higher dynamic viscosity, which confirmed that a micellar structure improve

the overall viscosity.
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Figure 5.7: (a) Rheological measurements of PTMAg3-b-PS3s (P7) and P(TMA-co-PEGMA) (both
13mgmL™) in a mixture of EC/DMC/DEC (1:1:1 in volume) with 0.5M Zn(ClO4),x6 H,O as
conducting salt, (b) dynamic light scattering (DLS) measurement of charged PTMAg;-b-PSs3s (P7,
13 mg mL™!) micelles in a mixture of EC/DMC/DEC (1:1:1 in volume), caused by the clouding within
the electrolyte a characterization of the uncharged PTMAg3-b-PS3s micelles was not practicable; <R;>yapp:
mean number weighted distribution, <R;>; 4,,: mean intensity weighted distribution.

Finally, the structure of the completely charged catholyte (via chronoamperometry at
1.9 V) was examined by dynamic light scattering (DLS) measurements (Figure 5.7b).

At an average apparent hydrodynamic radius (Rpapp) of 40 nm one population of
micelles was discovered. Additionally, at the intensity weighted distribution (R: qpp) tWo
more micelle populations, a single micelle at a radius of 55 nm and secondary
agglomerates at 310 nm were detected. Subsequently performed transmission electron
microscopy (TEM) images (Figure 5.8) verified these oberservations. Furthermore, a
large amount of sheet like structures were detected for the clouded uncharged catholyte
(Figure 5.8a), but also individual micellar structures (Figure 5.8b). Unlike, the imaging
of the catholyte in the charged state (Figure 5.8¢c, d) exhibited a large number of
individual micellar structures, typically with a diameter in the range of 50 to 75 nm.
With a higher optical resolution the core-corona structure of a individual micelles as

well as secondary agglomerates with a diameter of ~300 nm were detected.
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(b)

uncharged

(d)

charged

Figure 5.8: Transmission electron microscopy (TEM) images of uncharged (above) and charged (below)
PTMAG3-b-PS3s (P7, 13 mgmL™") in a mixture of EC/DMC/DEC (1:1:1 in volume) with 0.5 M
Zn(ClO4)2x6 H,0 as conducting salt, (a) imaging of the uncharged catholyte, (b) zoom-in Figure 5.8a,
(¢) imaging of the charged catholyte, (d) zoom-in Figure 5.8c.

With the obtained results from the HFB tests as well as the special micellar architecture,
the TEMPO-containing copolymer P7 showed a high potential as charge-storage

material for flow battery applications.
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6 Summary

As a result of climate change, which is mainly caused by greenhouse gas emissions, in
particular of CO,, the world energy production is shifting increasingly towards
renewable energy solutions such as photovoltaics and geothermal energy as well as
wind power, biomass and hydroelectricity. Due to certain restrictions of hydroelectricity
and geothermal energy, in particular, solar energy and wind power, will become the
most important renewable energy resources in future. Unfortunately, today’s electricity
grids are not suitable for these intermittent electricity generation. Therefore, to render
the “Energiewende” successfully they have to be advanced to so called “smart grids”,
which combine an intermittent renewable energy production and decentralized small
scale power plants with low-cost energy storage technologies. In particular redox-flow
batteries (Figure 6.1), which can be precisely adapted to the generator unit, are due to
certain benefits like lifetime, safety and economical aspects, transportability, modularity

and flexible applicability well suited for the storage of wind and solar electricity.
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Figure 6.1: Schematic representation of the principle structure of a redox-flow battery, which consists of
two external reservoirs for the storage of the charged/discharged elelctroytes, pumps for circulating the
electrolytes through the system, an electrochemical cell with two compartments detached by a separator
and a connection to the grid.

Additionally, flow batteries feature an independent scalability of capacity and power,
simply by the separate sizing of the volume of the external reservoirs and the size of the
electrochemical cell. However, commercially available state-of-the-art metal-based
systems like the all-vanadium RFB feature serious drawbacks such as the use of high-
cost metal salts, hazardous and highly corrosive acidic electrolyte solutions as well as

expensive perfluorinated membranes. The development of an all-organic RFB,
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preferably in a safe aqueous electrolyte systems, utilizing sustainable and economic
organic charge-storage materials as well as affordable membranes can overcome these
disadvantages. In particular, the redox-active material represents one of the most
important factors in terms of the costs and performance of the flow battery. Organic
active materials, when the raw materials are affordable, no or minor synthesis effort is
required and a complicated purification process can be avoided, feature a substantial
price advantage compared to metal-based materials. Furthermore, the solubility as well
as the redox properties of organics can be adapted by introduction of specific
substituents or functional groups. Therefore, within this thesis, low-molar-mass as well
as polymeric organic redox-active materials for aqueous and non-aqueous electrolyte
systems were synthesized and their applicability as charge-storage materials in a flow
battery were investigated in detail. In particular, bipolar active materials, which feature
two reversible redox pairs and can, therefore, simultaneously be utilized both as cathode
and as anode material were extensively studied. Furthermore, for the first time a
combination of an organic low-molar-mass- and a polymer-based active material was
implemented. Also tailor-made (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl (TEMPO)-
containing copolymers, in one instance a special shaped copolymer with a micellar
structure, were prepared and utilized in a hybrid-flow battery (HFB). An overview of
the investigated redox-active materials and their redox potentials are given in

Figure 6.2.
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Figure 6.2: Schematic representation of the low-molar-mass- and polymer-based redox-active materials,
which were investigated in this thesis, and their redox potential. The stated redox potentials were
measured (depending on the used electrolyte system) vs. AgNOs/Ag (non-aqueous system) or AgCl/Ag
(aqueous system).
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The development of a symmetric RFB, which represents virtually an all-vanadium
redox-flow battery equivalent, is of high interest due to certain benefits such as a less
effort on synthesis and engineering of the electolyte, a simplified cell design and
primarily an avoidance of cross-contamination. For this purpose, three different bipolar
redox-active materials, a nitronyl nitroxide (NN) radical 4, a 2,3,7,8-tetracyano-
1,4,5,6,9,10-hexazaanthracene (TCAA) derivative 6 and two boron-dipyrromethene
(BODIPY) containing copolymers P2 and P3 were synthesized. An utilization of these
materials in the preferred aqueous electrolyte system was not possible because of the
limited potential window of water (—1.5 to 1.5 V).

The NN containing compound 4 exhibited a quasi-reversible oxidation (E,=0.37 V vs.
AgNOs/Ag) and reduction reaction (E,=—1.25 V vs. AgNO3/Ag) as well as a diffusion-
controlled behavior. A static battery setup exhibited a stable cycling over 75
consecutive charge/discharge cycles with coulombic efficiencies of up to 95% and a
voltage efficiency of 86%.

The TCAA derivatives represents another substance class of potential bipolar active
materials and are highly interesting due to their high redox voltage of around 3 V. Since
this substance class was up to now only rudimentary investigated, a low-molar-mass
derivative 6 was synthesized and extensively studied, to evaluate his potential as bipolar
redox-active material. Initially performed density functional theory (DFT) calculations
and cyclic voltammetry (CV) measurements revealed a quasi-reversible redox reactions
at a half-wave potential of 1.42 V and —1.49 V vs. Fc'/Fc. However, further studies
(UV—vis—NIR  spectroelectrochemistry and rotating disk electrode (RDE)
measurements) exhibited for the reduction/re-oxidation redox pair a non stable redox
behavior, which prevent a utilization of 6 in a symmetric RFB. Nevertheless, an
introduction of other substituents to stabilize the reduced species can enable an
applicability of TCAA derivatives as active material in a RFB.

Also BODIPY derivatives feature under specific structural conditions two chemical
reversible redox processes. Therefore, two styrene-based BODIPY-containing
copolymers P2 and P3 were synthesized. CV and UV-vis-NIR spectroelectrochemical
measurements revealed a chemical reversibility of the BODIPY/BODIPY and the
BODIPY/BODIPY ™ redox couple at a half-wave potential at —1.51 V and 0.69 V vs.
AgNOs/Ag, respectively. Unfortunately, further analyses exhibited for P2 a none ideal

applicability as cathode redox-active material. Since P3 caused by the polarity of the
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comonomer, appears more suited as cathode active material, an all-BODIPY battery
with P2 as anode and P3 as cathode redox-active material was manufactured and
displayed over 100 cycles a stable battery cycling with coulombic efficiencies of up to
89%. Nevertheless, up to now a flow battery with only one bipolar BODIPY copolymer
could not be demonstrated.

Also, for the first time, a combined aqueous all-organic RFB, utilizing the copolymer
poly(2,2,6,6-tetramethyl-piperidinyloxy-4-yl methacrylate-co-[2-(methacryloyloxy)
ethyl] trimethyl ammonium chloride) (P1) as catholyte as well as the low-molar-mass
N,N’-dimethyl-4,4"-bipyridinium dichloride (MV) as anolyte, was developed. In order
to achieve the best possible battery performance key factors such as the type of the used
anion-exchange membrane, the influence of the electrolyte flow rate as well as the
concentration of the conducting salt was investigated. Finally, on the basis of the
achieved information, a pumped test cell was manufactured and exhibited over 100
cycles a stable performance with an overall energy density of 3.6 W h L™!, coulombic
efficiencies up to 95%, and voltage efficiencies of up to 91%.

Furthermore, two novel and “green” organic/inorganic poly(TEMPO)/zinc hybrid-flow
batteries (HFB) were developed, utilizing inexpensive TEMPO-containing copolymers
as cathode active materials. Initially three different types of statistically distributed
linear copolymers P1, PS5 and P6 were synthesized by a free radical copolymerization.
An aqueous HFB comprising the water soluble P1 and a low-cost dialysis membrane,
with zinc foil as anode and zinc salt as conducting salt as well as anode active material,
respectively, was cycled for 1,000 consecutive charge/discharge cycles at a current
density of 2 mA m? and revealed with a discharging capacity retention of 79% a good
chemical reversibility as well as long-term stability. In contrast PS5, which feature
otherwise than P1 and P6 only a low solubility in aqueous media, was utilized in a non-
aqueous HFB. A material activity of 99% and a coulombic efficiency above 89% were
achieved.

The use of special shaped polymers such as micellar or dendrimeric architectures can
significantly reduce the electrolyte viscosity. Therefore, the tailor-made block
copolymer PTMAg3-b-PS3s (P7), featuring a micellar structure, which was proved via
rheological and dynamic light scattering (DLS) measurements, was synthesized and
investigated in a non-aqueous poly(TEMPO)/Zn HFB. A long-term stability test in a

static setup over 1,000 consecutive charge/discharge cycles, whereby a coulombic
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efficiency of up to 99.8% and a discharge capacity retention of 95% was reached,
revealed a excellent reversibility for the employed micellar TEMPO-containing
catholyte.

In summary, flow batteries display a great potential as future energy-storage system of
choice. In particular, organic-based flow batteries feature, compared to the classic
metal-based systems, several benefits concerning costs, social and environmetal aspects
as well as specific performance parameters. Another important advantage is the
possibility to adapt the redox properties and/or solubility of the organic active materials
by the introduction of substituents or functional groups. For these named reasons, a
variety of semi- and all-organic flow batteries were developed and reported in literature
in the last years. However, there are still several challenges which need to be met.
Consequently, future research should be focused on the improvement of the solubility in
their uncharged as well as charged state, and the reversibility of the redox couples of the
used active materials to increase the energy density and the lifetime, respectively.
Furthermore the overall cost should be further reduced, for example due to the use of
simple low-priced separators, water as solvent as well as sodium chloride as conducting

salt and earth-abundant metals or in particulary organics as active materials.
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7 Zusammenfassung

Aufgrund des Klimawandels, der hauptsidchlich durch die Emission von
Treibhausgasen, allen voran durch CO», verursacht wurde, hat ein Umdenken bei der
weltweiten Energieproduktion hin zu erneuerbaren Energien wie zum Beispiel Solar-
und Windenergie, Geothermie, Biomasse und Wasserkraft stattgefunden. Vor allem
Solar- und Windenergie, da sie im Gegensatz zur Geothermie und Wasserkraft keinen
Einschriankungen unterliegen, werden in Zukunft die bedeutensten erneuerbaren
Energiequellen darstellen. Allerdings sind die bestehenden Stromnetze nicht fiir diese
periodische Stromerzeugung geeignet. Um die Energiewende erfolgreich durchfiihren
zu konnen muss eine Weiterentwicklung der existierenden Stromnetzte hin zu
sogennanten “smart grids”, die eine periodische regenerative Stromerzeugung,
dezentralisierte kleinere Kraftwerke sowie preiswerte Energiespeicherung miteinander

kombinieren, erfolgen.

Stromnetz

Ladeprozess: C — C* + e~

Katholyt-Zyklus

O

Ladeprozess: A + e~ — A-

Anolyt-Zyklus

] =

\
Separator
f = Lejtsalz @e geladenes Aktivmaterial OO ungeladenes Aktivmaterial

Abbildung 7.1: Schematische Darstellung des Aufbaus einer Redox-Flow Batterie, bestehend aus zwei
externen Vorratsbehéltern fiir die geladenenen/ungeladenen Elektrolyte, Pumpen welche die Elektrolyte
durch das System zirkulieren, einer elektrochemischen Zelle mit zwei Halbzellen, die durch einen
Separator getrennt sind, sowie einer Verbindung zu einem Stromnetz.

Besonders die Redox-Flow-Batterie (Abbildung 7.1) ist durch bestimmte Vorteile, wie
beispielsweise ihre lange Lebenszeit, Wirtschaftlichkeit, Transportierbarkeit,
Modularitit sowie einer flexiblen Anwendbarkeit, besonders geeignet fiir die
Speicherung von Solar- und Windstrom. Dariiber hinaus verfligen Flow-Batterien durch

separate Skalierbarkeit des Volumens der externen Vorratsbehélter und der Grof3e der
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elektrochemischen Zelle iiber eine unabhingige Skalierbarkeit in Kapazitit und
Leistung. Jedoch weisen die kommerziell erhiltlichen, metallbasierten Systeme einige
entscheidende Nachteile auf, wie z.B. die Verwendung von teuren Metallsalzen und
perfluorierten Membranen sowie gefdhrliche und hochkorrosive Elektrolytlosungen.
Die Entwicklung einer voll-organischen RFB, bevorzugt in einem wilrigen
Elektrolytsystem, die nachhaltige und Okonomische organische Materialien zur
Ladungsspeicherung sowie erschwingliche Membranen verwendet, kann potentiell
diese Nachteile iiberwinden. Besonders die redoxaktiven Materialen stellen in Bezug
auf die Kosten sowie die Leistungsfihigkeit einer Flow-Batterie einen entscheidenden
EinfluBfaktor dar. Organische Aktivmaterialien, falls die Rohstoffe preiswert sind, kein
oder nur ein geringer Syntheseaufwand nétig ist und dariiberhinaus ein komplexer
Reinigungsprozess vermieden werden kann, weisen gegeniiber metallbasierten
Aktivmaterialien einen erheblichen Kostenvorteil auf. Zusétzlich konnen die Loslichkeit
und die Redoxeigenschaften organischer Materialien durch die Einfiihrung geeigneter
Substituenten oder funktioneller Gruppen gezielt eingestellt werden. Daher wurden im
Rahmen dieser Doktorarbeit niedermolekulare sowie polymerbasierte organische
redoxaktive Materialien fiir wiBrige und nicht wéBrige Elektrolytsysteme hergestellt
und ihre Anwendbarkeit als Aktivmaterial in einer Flow-Batterie detailiert untersucht.
Ein Uberblick iiber die untersuchten redoxaktiven Materialien und deren

Redoxpotentiale ist in Abbildung 7.2 gegeben.

-2V

\ :':‘: Wa4Rrige |Electrolyte

Zn?*/Zn°

-0.8V

Abbildung 7.2: Schematische Darstellung der im Rahmen dieser Doktorarbeit untersuchten
niedermolekularen und polymerbasierten redoxaktiven Materialien sowie deren Redoxpontentiale. Die
angegebenen Redoxpotentiale wurden (in Abhéngigkeit vom verwendeten Elektrolytsystem) gegen
AgNO3/Ag (nicht waBrige Systeme) oder AgCl/Ag (wilrige Systeme) gemessen.
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Besonders intensiv wurden bipolare Aktivmaterialien, welche zwei reversible
Redoxpaare besitzen und daher gleichzeitig sowohl als Kathoden- als auch als
Anodenmaterial verwendet werden konnen, studiert. Aullerdem wurde erstmals eine
Kombination eines organischen niedermolekularen redoxaktiven Materials und einem
redoxaktiven Polymer umgesetzt. Desweiteren wurden mafBgeschneiderte Copolymere
mit 2,2,6,6-Tetramethylpiperidinyloxyl (TEMPO) als redoxaktive Einheit, in einem Fall
sogar mit einer speziellen mizellaren Struktur, hergestellt und in einer Hybrid-Flow-
Batterie (HFB) untersucht.

Die Entwicklung einer symmetrischen RFB ist aufgrund gewisser Vorteile wie z.B.
einem geringeren Aufwand bei der Synthese und der Entwicklung der Elektolyte, ein
vereinfachtes Zelldesign und vor allem eine Vermeidung einer Kreuzkontaminationen
von hohem Interesse. Darum wurden drei verschiedene bipolare redoxaktive
Materialien, ein Nitronylnitroxid (NN)-Radikal 4, ein 2,3,7,8-Tetracyano-1,4,5,6,9,10-
hexazaanthracen (TCAA)-Derivat 6 sowie zwei Borondipyrromethen (BODIPY)
Copolymere P2 und P3 hergestellt und anschlieBend detailliert erforscht. Eine
Verwendung dieser Materialien in einem wélrigen Elektrolytsystem war wegen des
begrenzten Potentialfensters von Wasser (—1,5 bis 1,5 V) nicht mdglich.

Das Nitronylnitroxidderivat 4 zeigte eine quasi-reversible Oxidations- (E».=0,37 V
gegen AgNOs/Ag) und Reduktionsreaktion (Ey; =—1,25 V gegen AgNOs/Ag) sowie ein
diffusionskontrolliertes Verhalten. In einer ungepumpten Batterie konnte iiber 75
aufeinanderfolgenden Lade-/Entladezyklen ein stabiles Verhalten demonstriert werden.
Dabei wurden Coulomb-Effizienzen von bis zu 95% und Spannungs-Effizienzen von
bis zu 86% erzielt. TCAA-Derivate, eine weitere Substanzklasse potentiell bipolarer
Aktivmaterialien, sind insbesondere durch ihre sehr hohe Redox-Spannung von etwa
3 V interessant. Da diese Substanzklasse bislang nur ansatzweise erforscht ist, wurde
ein niedermolekulares Derivat 6 hergestellt und expliziet im Hinblick auf sein Potential
als bipolares redoxaktives Material untersucht. Die zu Beginn durchgefiihrten
Dichtefunktionaltheorie  (DFT)-Berechnungen sowie Cyclovoltammetrie (CV)-
Messungen ergaben zwei quasi-reversible Redoxreaktion bei einem Halbstufenpotential
von 1,42 V und —1,49 V gegen Fc'/Fc. Allerdings offenbarten weitere Untersuchungen
durch UV-vis-NIR-Spektroelektrochemie und rotierende Scheibenelektroden (RDE)-
Messungen ein instabiles Redoxverhalten fiir das Reduktions-/Re-oxidations-

Redoxpaar. Um diese Substanzklasse als bipolares Aktivmagterial zu verwenden muss
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also zunidchst die reduzierter Spezies, z.B. durch die Einfilhrung geeigneter
Substituenten, stabilisiert werden. Unter bestimmten strukturellen Voraussetzungen
besitzen auch BODIPY-Derivate zwei chemisch reversible Redoxprozesse. Daher
wurden zwei styrolbasierte BODIPY Copolymere P2 und P3 hergestellt. CV- und UV-
vis-NIR-spektroelektrochemische Messungen zeigten eine chemische Reversibilitit des
BODIPY /BODIPY- sowie des BODIPY/BODIPY -Redoxpaares bei einem
Halbstufenpotential von —1,51 V bzw. 0,69 V gegen AgNOs/Ag. Ungliicklicherweise
offenbarten weitere Analysen von P2 keine ideale Eignung als Kathodenmaterial. Da
P3 aufgrund der Polaritét seines Comonomers sich besser als Kathodenmaterial eignet
wurde schlieBlich eine Batterie mit zwei BODIPY Copolymeren, P2 und P3,
hergestellt. Uber 100 aufeinanderfolgenden Zyklen, mit Coulomb-Effizienzen von bis
zu 89%, konnte ein stabiler Betrieb der Batterie gezeigt werden. Jedoch gelang es
bislang noch nicht eine voll-organische Flow-Batterie, die nur ein bipolares BODIPY-
Copolymer gleichzeitig als Anoden- und Kathodenmateriel verwendet, zu entwickeln.
Zum ersten Mal wurde auch eine kombinierte voll-organische RFB entwickelt, die
sowohl ein Polymer, das Poly(2,2,6,6-tetramethylpiperidinyloxy-4-ylmethacrylat-co-[ 2-
(methacryloyloxy)ethyl] trimethylammoniumchlorid) (P1) als Katholyt, sowie das
niedermolekulare N, N'-Dimethyl-4,4'-bipyridiniumdichlorid (MV) als Anolyt
verwendet. Um die bestmdglichen Batterieleistung zu erzielen, wurden verschiedenen
wichtige Faktoren wie die Art der verwendeten Anionenaustauschermembran, die
FlieBgeschwindigkeit des Elektrolyten sowie die Konzentration des Leitsalzes
untersucht. Die letztendlich auf der Grundlage der erhaltenen Informationen gefertigte
gepumpte Testzelle zeigte liber 100 Zyklen eine stabile Leistung mit einer
Energiedichte von 3,6 Wh L™, einer Coulomb-Effizienz von bis zu 95% und eine
Spannungs-Effizienz von bis zu 91%.

Neben den bereits genannten Systemen wurden zwei neue ,,griine*
organisch/anorganische Poly(TEMPO)/Zink HFBs, die kostengiinstige TEMPO
Copolymere als Kathodenmaterial verwenden, entwickelt. Zunichst wurden drei
verschiedenartige statistisch verteilte lineare Copolymere P1, PS und P6 mittels freier
radikalischer Copolymerisation hergestellt. Eine wélrige HFB, mit Zinkfolie als Anode,
Zinksalz als Leitsalz sowie Anodenmaterial, dem wasserloslichen P1 als Kathoden-
material sowie einer giinstigen Dialysemembran, zeigte bei einer Stromdichte von

2 mA m 2 iiber 1000 aufeinanderfolgende Ladungs-/Entladungszyklen einen Erhalt der
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urspriinglichen Entladungskapazitit von 79% und somit eine gute chemische
Reversibilitit sowie Langzeitstabilitit. Da das Copolymer P5 im Gegensatz zu P1 und
P6 nur eine geringe Loslichkeit in Wasser aufweist, wurde es in einer nicht wiBrigen
HFB eingesetzt. Dabei konnte eine Materialaktivitit von 99% und eine Coulomb-
Effizienz von iiber 89% erreicht werden. Durch die Verwendung von Polymeren mit
speziellen Architekturen, wie z.B. mizellaren oder dendrimeren Strukturen, kann die
Elektrolytviskositidt deutlich verringert werden. Aus diesem Grund wurde das
malgeschneiderte Blockcopolymer PTMAg3-b-PS3s (P7) mit einer mizellaren Struktur,
die durch rheologische und dynamische Lichtstreuungs (DLS)-Messungen
nachgewiesen wurde, hergestellt und in einer nicht wiBrigen Poly(TEMPO)/Zn HFB
untersucht. Ein Langzeitstabilititstest in einem ungepumpten Setup iiber 1000
aufeinanderfolgenden Lade-/Entladezyklen zeigte eine Coulomb-Effizienz von bis zu
99,8%, einen Erhalt der urspriinglichen Entladungskapazitit von 95% und demzufolge
eine ausgezeichnete Reversibilitit fiir das verwendete mizellare Copolymer-
Kathodenmaterial.

Zusammenfassend ldsst sich sagen, dass Flow-Batterien ein groBes Potenzial als
zukiinftige Energiespeichersystem der Wahl haben. Insbesondere organische Flow-
Batterien weisen im Vergleich zu den klassischen metallbasierten Systemen einige
Vorteile in Bezug auf Kosten, soziale und umweltbezogene Aspekte sowie spezifische
Leistungsparameter auf. Ein weiterer groBer Vorteil ist die Moglichkeit, die
Redoxeigenschaften und/oder die Loslichkeit von organischen Aktivmaterialien durch
die Einfilhrung von Substituenten oder funktionellen Gruppen gezielt einzustellen.
Allerdings gibt es noch einige Herausforderungen die bewiltigt werden miissen.
Infolgedessen sollte sich die zukiinftige Forschung auf die Verbesserung der Loslichkeit
der Aktivmaterialien in ihrem ungeladenen sowie geladenen Zustand, und die
Reversibilitdit ihrer Redoxpaare fokussieren, um die Energiedichte bzw. die
Lebensdauer zu erhdhen. Dariiber hinaus sollten die Gesamtkosten signifikant weiter
reduziert werden, zum Beispiel durch den Einsatz einfacher, preisgiinstiger Separatoren,
Wasser als Losungsmittel sowie Natriumchlorid als Leitsalz, und durch auf der Erde in
geniigendem Malle vorkommende Metalle oder insbesondere durch organische Stoffe

als Aktivmaterialien.
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Research on redox-flow batteries (RFBs) is currently experiencing

a significant upturn, stimulated by the growing need to store increasing
quantities of sustainably generated electrical energy. RFBs are prom-
ising candidates for the creation of smart grids, particularly when
combined with photovoltaics and wind farms. To achieve the goal of
“green”, safe, and cost-efficient energy storage, research has shifted
from metal-based materials to organic active materials in recent years.
This Review presents an overview of various flow-battery systems.
Relevant studies concerning their history are discussed as well as their
development over the last few years from the classical inorganic, to
organic/inorganic, to RFBs with organic redox-active cathode and
anode materials. Available technologies are analyzed in terms of their
technical, economic, and environmental aspects; the advantages and
limitations of these systems are also discussed. Further technological
challenges and prospective research possibilities are highlighted.

1. Introduction

The global energy demand is fulfilled mainly by the
production of electricity from fossil fuel and nuclear-based
power plants. These conventional energy production plants
have typical power outputs of over 1 GW, but are far from
being sustainable. Fossil fuels have been exploited on a large
scale since the start of the industrial revolution in the 19th
century.“] Since then, the concentration of carbon dioxide in
the atmosphere has increased from 280 ppm to over 401 ppm
in December 2015.”1 CO,, as well as other greenhouse gases,
seems to be the main origin of climate change.”! Addition-
ally, coal-fired power plants emit a multitude of different toxic
heavy metals and fine dust./*”! Although nuclear power plants
were once proposed to be the main alternative to fossil fuel
based plants to reduce CO, emissions but, from the point-of-
view of a responsibly acting society, they should not be
utilized for electricity generation.® ! In fact, we need to
change our energy production to “green” and renewable
sources, such as geothermal and solar energy, hydroelectricity,
and wind power. However, geothermal energy and hydro-
electricity are associated with other disadvantages (e.g.
limited availability or massive ecological impact) and are
limited to certain geographical conditions.'*!¥ The utilization
of solar energy and wind power, thus, seems to be the most
promising alternative.!*!]

A large number of new power plants using solar energy
and wind power were built in the last few years throughout
the world and a major expansion is planned until 2020 and
2050, respectively.'! Furthermore, a second trend to local
small-scale energy production by photovoltaics is recogniz-
able.l'”! Unlike before, electricity is now generated discontin-
uously—depending on the weather—and in a more decen-
tralized manner, often on a kW scale. Today’s electricity grids
are not designed for this kind of energy production.*!
Conventional power plants produce a stable base load over
a long period of time. In contrast, energy production from
wind power and solar energy is intermittent and energy
demand can diverge from energy production. Intelligent
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storage technologies are required to overcome temporal
deviations in energy production and consumption.'”! Only
with the combination of renewable power sources and energy
storage systems, connected as a smart grid, can the turn-
around in energy policy (“Energiewende”) be successful.””!

Possible storage technologies are pumped hydro, com-
pressed air, thermal, flywheel, superconducting magnetic,
electric double layer, and electrochemical energy storage
systems.”!l Typical sizes of photovoltaics range between 1 kW
(small-scale roof-top system) up to 550 MW (Topaz Solar
Farm, California, USA), and wind turbines typically produce
a power of 25MW (up to even 7.5 MW for the newest
generation of large wind turbines). With this power range in
mind, RFBs seem to be an ideal storage technology for wind
and solar electricity.
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2. General Principles of Flow Batteries

The central components of redox-flow batteries are an
electrochemical cell and two tanks. The electrochemical cell
contains two electrodes and a separator. An electrolyte
solution is circulated between these components by pumps.
The redox-active cathode and anode materials are not formed
as solid electrodes, but are dissolved in the electrolyte, for
which reason it is named as either the catholyte or anolyte.
The separator is permeable to the supporting electrolyte (a
conducting salt), but impermeable to the redox-active mate-
rial. This setup, similar to fuel cells, enables the power and
capacity of the battery to be scaled independently from each
other. A schematic representation is provided in Figure 1a. A
hybrid-flow battery (HFB) is a similar type of flow battery. It
features at least one redox couple with a solid redox state
(Figure 1b). This active material is electroplated on an
electrode during charging and dissolved again in the electro-
lyte in the subsequent discharging process. This cell design
must be adopted, as the electroplated metal often forms
dendritic structures, which may cause a short-circuit or
puncture the membrane.?
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The electrical performance of the battery is affected by
many parameters and can be measured by the following
benchmarks. The volumetric capacity of the electrolyte
indicates the amount of charge that can be stored in a certain
amount of electrolyte [Eq. (1)]. The redox-active material can

m-n-F (1)

be dissolved, but particles, gases, or ionic liquids can also be
utilized. Thus, the volumetric capacity is dependent on the
amount of redox-active material and the number of electrons
that participate in the redox process. The unit most used for
the volumetric capacity is AhL'. The energy density includes
the voltage between the utilized redox couples and is, thus,
measured in WhL™' [Eq. (2)].

E=C-U 2)

C =volumetric capacity, m =mass, n=number of electrons,
F=Faraday’s constant, M =molar mass, V=volume, E=
energy density, and U= voltage.
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Figure 1. a) Schematic representation of a redox-flow battery (RFB).
The battery consists of an electrochemical cell with two compartments
and a separator in between. The electrolyte is circulated between the
cell and the storage tanks by pumps. b) Schematic representation of
a hybrid-flow battery (HFB). A material is electroplated in the charging
process on one electrode.

The current density has a direct impact on the charging/
discharging time of the battery, and is related to the
membrane area of the electrochemical cell. An often used
unit is mA cm 2, which translates to power density mW cm 2 if
the voltage is taken into account.

The coulombic efficiency (CE), sometimes referred to as
the faradaic or current efficiency, and the voltage efficiency
(VE) are two important indicators of the electrical quality of
a flow battery. The CE relates the charge applied in the
charging procedure to the retained charge in the discharging
procedure of the same charge/discharge cycle [Eq. (3)].

CE=ne =2 ®

Coulombic efficiencies < 99 % are an indication of crossover
of the redox-active material through the membrane into the
opposite half-cell or irreversible side reactions of the redox-
active material or the electrolyte itself, for example, hydrogen
formation.
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n = efficiency, subscripts: C = charging, D = discharging, O =
charge, T=time for charging/discharging, and E = potential.

VE is the ratio between the mean discharging voltage and
the mean charging voltage at constant current [Eq. (4)]. The
difference between these mean values is caused by a variety of
overpotentials. The diffusion, polarization, and ohmic over-
potential are decisive for flow batteries.” ! The VE
decreases as the current density increases. The multiplication
of CE by VE yields the energy efficiency [EE; Eq. (5)], which
is a measure of the applied and retained energy. Typical
EE values of RFBs are in the range of 50 to 90 %, depending
on the applied current density and material quality.

2.1. Redox-Active Materials

The redox-active charge-storage material has a significant
impact on the performance of a flow battery. Its reaction
kinetics have an influence on the applicable current density,
and the viscosity of the electrolyte is also affected by the
redox-active material and its concentration. A general
decrease in performance can be observed at higher viscosities,
as the charge-carrier mobility within the electrolyte is reduced
and the energy requirement for electrolyte circulation is
increased. The employed active materials are often metal-
based redox couples dissolved in aqueous media, but a greatly
increasing number of charge-storage materials based on
organic redox-active molecules have been reported
recently.'™® Some of these organic materials are not
soluble in water and, thus, the utilization of an organic
solvent is required. Organic aprotic solvents show a better
electrochemical stability and a wider potential window than
protic solvents such as water. This can lead to batteries with
higher energy densities, as redox couples with an elevated
voltage can be used. However, the ion conductivity in organic
solvents is much lower, which limits applicable current
densities. This effect is partially mitigated by a higher voltage
(power density). Some organic materials are soluble in water,
particularly if the molecule contains polar substituents. Thus,
high current densities are applicable, but the voltage between
the two redox couples is restricted. Hence, an “L” shape in
Figure 2 is clearly visible, which illustrates the limitations of
current flow-battery technologies.

A variety of organic molecules have been investigated as
charge-storage materials in polymer-based organic batteries,
for example, stable NO radicals, carbonyl compounds, and
organosulfur compounds.”® These studies can be used as the
starting point for the development of suitable organic
materials tailored for applications in RFBs. These materials,
which can be obtained by synthetic approaches, have to
feature at least two stable and (electro)chemically reversible
redox states. Starting materials can be obtained from petro-
chemistry or, in the best case, by extraction from renewable
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Figure 2. Energy density versus current density of selected RFB
systems (AM =active material).

sources, white biotechnology, as well as in the future by
power-to-X technologies. Nevertheless, the exploitation of
organic starting materials is not limited to certain geograph-
ical areas, but can be performed globally if an independent
procurement of organic raw materials is possible. In partic-
ular, Europe, being poor in numerous critical raw materials,
might profit from its strong chemical industry, which can
produce organic active materials on a large scale. Another
advantage is the flexibility of organic materials. Solubility,
chemical reversibility, and redox potential can be tuned by
modification of the organic core component with particular
functional groups to improve the battery performance. The
reversibility of the utilized redox couples are of particular
interest, since the (electro)chemical reversibility determines
the number of possible charge/discharge cycles of a flow
battery.

2.2. Separators

An ideal separator of a flow battery keeps the redox-
active couples completely apart, but is permeable to the
supporting electrolyte ions to enable charge balance.”! The
selectivity of the separator is crucial, as a cross-contamination
of catholyte and anolyte leads to reduced efficiencies and, in
the case of asymmetric electrolytes, a long-term decay of
capacity.” A limited number of flow batteries can be used
without a separator, for example, flow batteries with two solid
electrodes or batteries with a gas diffusion electrode.’”*" A
wide range of separators were investigated over the last few
years: perfluorinated and non-perfluorinated ion-exchange
membranes (e.g. Nafion) are often used.P!! In flow batteries,
where solvated polymeric species or particles are the utilized
active material, porous separators, such as dialysis mem-
branes or simple microporous PP/PE foils, can be used.***"]
Furthermore, the modification of polymer-based membranes
with coatings of inorganic particles, for example, was reported
to increase the selectivity of the separator.”®

A low resistance of the separator is essential for good
performance parameters of the battery. The mechanical
firmness and chemical inertness are of great importance for
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Ceramic membranes, which are conductive for a single ion,
are utilized for this purpose. A significant drawback of this
membrane technology is the restricted ion conductivity, which
leads to limited applicable current densities.*!!

2.3. Electrodes

The electrodes of RFBs do not take part in the redox
reactions of the cathode- and anode-active material, but
provide the active surface for the reactions of the redox
couples dissolved in the catholyte and anolyte, respectively.
They have to feature an excellent electrical conductivity,*!
high specific surface area, stability in the applied operating
potential range of the RFB, and chemical inertness against the
often highly corrosive electrolytes.>*! The corrosion process
of an electrode—for example, CO, evolution in all-vanadium
RFBs—decreases the performance characteristics of the
electrode. ! In addition, electrodes should facilitate
a good wettability of the electrolyte and enable high reaction
kinetics of the utilized redox couples. Depending on the
applied active material, this can be accomplished by activa-
tion or modification of the electrode by oxidation, doping, or
addition of nanomaterials.*’® Solutions of organic com-
pounds in water show a surfactant-like behavior and a low
surface tension. This results in a good wettability behavior,
even without electrode modification.’*! Frequently used
electrodes are graphite felt and carbon paper, but advanced
electrodes were also fabricated from, for example, carbon
nanotubes, which catalyze the redox reactions.’”! Electrodes
consisting of metal mesh/foam are also used and can be
coated with, for example, platinized Ti or IrQ,.F*% A
common side reaction during operation of aqueous batteries
is the water-splitting reaction. An ideal electrode utilized in
aqueous-based electrolytes prevents the evolution of hydro-
gen and oxygen, which is a main cause for charge imbalance
and efficiency losses. However, hydrogen evolution is not
limited to aqueous electrolytes, but is possible in all protic
solvents. For example, Suarez etal. reported sufficient
inhibition of H, generation on a graphite felt electrode that
was coated with Bi nanoparticles.®!! This effect is accompa-
nied with a slightly shifted potential of the vanadium
reduction to higher potentials; presumably caused by a cata-
lytic effect. However, the optimization of the electrodes has
been investigated only for inorganic active materials. There-
fore, there is a great need for research to optimize the
electrodes for organic active materials.
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2.4. Advantages and Challenges of Flow Batteries

Flow batteries offer a variety of benefits. The power and
capacity of the system can be scaled independently from each
other by separate sizing of the tank volume and the cell stacks
(reaction cells). This allows an exact adaption to the
associated generator unit. Flow batteries can switch between
charging and discharging within a fraction of a second, but are
actually designed for storing electricity for several hours.?!! In
addition, modularized flow batteries, in the form of shipping
containers, can be moved and set up as “mobile” energy-
storage devices.”! In this way, the electrical power supply in
decentralized regions, for example in developing countries,
could be ensured.'”” Common flow batteries rely on aqueous
electrolytes that are not flammable, and a safe battery
operation is guaranteed. The lifetime exceeds that of lead-
acid and lithium ion/polymer batteries significantly. These
advantages can be utilized for application possibilities, such
as, peak shaving, as well as load and frequency balancing.[*’!
The increasing amount of electricity generated from renew-
able sources, such as wind power and solar energy, can lead to
peaks in the energy production. For example, a significant
increase in electricity produced from photovoltaics is observ-
able around midday. In contrast, the energy demand is
relatively low at this time compared to the evening. Electricity
production from wind energy can exceed the energy demand
considerably in stormy periods.* These phenomena can be
monitored in the energy profile.**! Flow batteries can be
used to flatten these profiles (peak shaving). When viewing
the system as a whole, large energy-storage devices reduce the
risk of black-outs caused by net frequency exceedances by
intercepting over-production./**®! For this purpose, enormous
energy-storage devices have to be developed that have
lifetimes of at least 20 years, to offer cost-efficient and
reliable energy storage. In contrast to the proof-of-principle
small-scale flow batteries, these large-scale systems are
operated in a different manner. Whereas laboratory-scale
tests are often performed under extreme conditions to study
the material’s properties, practical applications rely on milder
conditions to extend the material’s lifetime. Large-scale
systems have to deal with the hydraulic and electric cascading
of numerous cell stacks and intelligent battery management
systems. The development effort for these complex systems is
very high, since a variety of components and peripheral
devices have to be harmonized and coordinated." Further
challenges are the relatively low volumetric energy density
compared to lithium ion/polymer and lead-acid batteries.
Current commercially available all-vanadium RFB (VRFB)
systems feature an energy density of 25 WhL ™' with

conventional storage technologies such as lead-acid
(40 Whkg™!, 100 WhL™") and lithium ion/polymer
(180 Whkg™!, 100 WhL™') easily outperforming this

value.”! Hence, the space requirement of flow batteries is
rather large to be competitive in the field of overall capacity.
However, flow batteries have a better volumetric capacity
than pumped hydro storage, the technology mostly used in the
usAl?

The acquisition and working costs are one of the most
significant drivers that determines market penetration. The
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Figure 3. Commodity prices of Li (battery grade), Pb, and V,0O;
(standard grade). Data obtained from the U.S. geological survey.

commodity price of vanadium is strongly dependent on the
amount of high-performance steel produced and is, relatively
high compared to lead and lithium (Figure 3). Additionally,
a remarkable fluctuation was observed between 2004 and
2009, which can be expected to recur with new economic
growth in China within the next few years.

The Advanced Research Projects Agency-Energy
(ARPA-E) of the Department of Energy (DOE) set a capital
cost target of $100 kW 'h™' for one hour of storage for
market penetration.”™ An important advantage of RFBs that
utilize organic charge-storage materials is a possible cost
benefit over metal-based RFBs. Several cost analyses were
performed, amongst others, by Darling et al. that illustrate
that the two primary cost drivers are the price of the active
material itself and the price of the utilized membrane.>”" As
a consequence, the production costs for the organic active
material have to be as low as possible. This requires low-cost
starting materials, simple chemical reactions with full con-
version, and no necessary purification steps. A basic calcu-
lation was performed by Huskinson et al., which found redox-
active material prices of $27 kW 'h™! for the anthraquinone
disulfonate/bromide system in contrast to $81 kW 'h™' for
vanadium systems.”® In terms of the utilized separator,
perfluorinated proton exchange membranes have the highest
costs, followed by ion-exchange membranes, and finally
porous separators having the lowest costs. Thus, the applica-
tion of polymer-based organic charge-storage materials is
attractive.’ In addition, it was found that flow batteries using
electrolytes based on organic solvents are far from being cost-
competitive.””) Hence, water in combination with sodium
chloride as the supporting electrolyte is the recommended
electrolyte, both from a cost and also a safety point of view.

The common flow-battery systems (VRFB, Fe/Cr, and Zn/
Br,) illustrate evident concerns regarding the environmental
or social impact in the case of the production of the primary
materials, damage, or disposal. For example, ore mining may
be executed in developing countries with unsatisfactory social
and environmental standards (e.g. zinc mining in China) or
the utilized electrolytes may reveal significant hazards.[*-*+7]

Furthermore, the overall efficiency of flow batteries is
reduced by the control systems as well as the permanently
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operating pumps, which circulate the electrolytes between the
electrochemical cell and the storage tanks. An active temper-
ature management, which is necessary in VRFBs, can have an
additional effect on the overall efficiency.[*!

The significant challenge for organic charge-storage
materials is the long-term stability of the electrolyte. In
contrast to metals, which form stable ions, organic compounds
tend to undergo side reactions when they are either oxidized
or reduced; in particular, if radical ions are formed. Reactions
with the electrolyte can also be observed. For example, the
widely used redox-active cathode material TEMPO under-
goes disproportionation reactions at pH values lower 2.5 and
the oxoammonium cation is not stable in basic media. Thus,
a long lifecycle of the active materials can only be reached
under optimized conditions.

Electrolytes based on metal redox-active materials can be
galvanically recycled. Thermal recycling seems to be the best
option for electrolytes based on organic active materials.

3. History: “The Metal Age”

A brief summary of flow batteries based on metal redox-
active materials is presented in this section; a much more
detailed overview is given, for example, by Yu and co-
workers,®™ Soloveichik,® Skyllas-Kazackos et al.,® and
Noack et al.[*’]

The first battery type similar to todays flow batteries was
patented by Kangro in 1949.% This system employed
Cr,(SO,); as the cathode and anode active material and 2m
sulfuric acid as the supporting electrolyte, and yielded a cell
voltage of 1.75 V.**I TiCl,, Ti/Fe, Ti/Cr, Ti/Cl,, and Cr/Fe were
also proposed as redox-active materials.®*! The National
Aeronautics and Space Administration (NASA) reported an
Fe/Cr system in the 1970s, which gained much attention.®”
The employed redox couples were Fe*"/Fe’™//Cr**/Cr*" sol-
vated in an acidified electrolyte. A 1 kW/13 kWh demonstra-
tor was fabricated that worked in combination with a photo-
voltaic array. Unfortunately, this RFB system suffered from
fast capacity decay caused by crossover of the redox-active
species across the utilized anion-exchange membrane. As
a consequence of this, mixed electrolytes were utilized in
following studies. At that time, no satisfactory membrane was
commercially available and custom-made membranes could
not meet the requirements in terms of resistivity and
selectivity. A decade later Skyllas-Kazacos and Robins
patented the VRFB.[® This system utilizes the redox couples
VO,"/VO*"//V¥/V**, and an open circuit voltage (OCV) of
1.3V was reached.® The origin of the aqueous Zn/Br,
battery goes back to a patent of Bradley from 1885.! The
first hybrid-flow batteries were developed by Exxon and
Gould Inc. in the 1970s and 1980s, respectively.”*! ZnBr, is
employed as the redox-active material. During the charging
process, Zn*",, is reduced to Zn’, and a deposit is formed on
the electrode (electroplating). At the counter electrode, Br™ is
oxidized to elemental bromine. Complexing agents, for
example, quaternary ammonium salts are added to reduce
the hazard of liquid or gaseous bromine.”**!l The Fe/Cr, Zn/
Br,, all-vanadium, Fe/Zn, and all-iron flow batteries are either
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already commercially available or under development by
several companies. A wide range of other metal-based redox-
active materials were investigated on a laboratory scale over
the last few years. For example, Zn/Ce,** Zn/Ni,*) Ry ***")
U0, /U 8 Mn*/Mn>* ) all-Cu,['™ Pb/PbO,," Ti/Fe %!
Cu/PbO,,1% and Lil'™1% were all investigated. Besides these
metal-based systems, the metal-free H/Br flow battery also
represents a promising system.5%-81:83:107.108]

3.1. Current Trends in Metal RFBs

Despite the fact that the systems described previously
were already proposed several decades ago, they are still the
subject of current research. A lot of interesting technologies
have been reported over the last few months. Li etal.
increased the energy density of VRFBs by utilizing a mixed
HCIl and H,SO, supporting electrolyte, and increased the
solubility of vanadium to 2.5M (energy density
ca. 40 WhL1).l%! The group of Skyllas-Kazacos reported
a high energy density VRFB.""! Typical concentrations of the
redox-active vanadium were in the range of 1.6 and 2™ in
commercial systems. Supersaturated solutions were obtained
by the addition of inorganic additives; 1 wt% H;PO, and
2wt% (NH,),SO, were added to obtain 3M vanadium
solutions. This system is a significant advancement and
increases the theoretical capacity to 80 AhL™'. However,
a material utilization of only 62% was reached in charge/
discharge experiments, thus leading to an achievable capacity
of 49.6 AhL """

An ambipolar Zn/polyiodide HFB with a superior energy
density of 167 WhL™' was reported by Wang and co-work-
ers."!”! The authors utilized a 5M Znl, solution both as the
catholyte and anolyte. Publications on the iron/chromium
RFBs have decreased significantly in recent years. Never-
theless, the EnerVault Corporation installed a 250 kW/
1 MWh facility in California, USA, in summer 2015.

Lithium-flow batteries represent an emerging topic in the
scientific community that tries to combine the benefits of Li-
ion batteries and flow batteries. The main benefit is an
elevated cell potential in the range of 2.5 to 3V, which is
possible because of the utilization of an organic solvent. Chen
etal. reported a non-aqueous sulfur-impregnated carbon
composite dispersion as the catholyte and combined it with
a Li, anode.""!) This setup leads to an average discharging
voltage of 2V and an immense volumetric capacity of
294 AhL™".

A similar design was reported by Mubeen et al."'? Here,
the concept of a carbon particle based cathode was extended
by the utilization of a carbon particle based anode, where
Zn*'/Zn® was the anode active material. Several cathode
active materials were investigated: Cu, MnO, Br, and again S.

Huang et al. reported a lithium iodide HFB with a poten-
tial energy density of 670 WhL™'. However, only a flow
battery with an energy density of about 0.4 WhL ™" has so far
been realized.!"?!

Metal-air flow batteries are of great interest, as they
promise high energy and low-cost battery systems. A lithium-
air battery was reported, in which an ionic liquid was used.""*!
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The vanadium-air redox-flow battery (VARFB) or vanadium-
oxygen fuel cell (VOFC) increases the energy density
significantly compared to VRFBs['>™! The common
anodic redox-reaction of V**/V*" is utilized in combination
with an oxygen cathode.

Wei et al. reported an aqueous, pH-neutral Fe/S flow
battery.'” This battery features 1M solutions of Na,S, and
K;Fe(CN), as the catholyte and anolyte, respectively, which
leads to a capacity of 11.7 AhL~'. A drawback of this battery
system is the limited cell voltage of 0.91 V. However, this
system represents a notable innovation regarding the acquis-
ition costs compared to VRFBs, which are stated to be only
one third of those of vanadium in terms of raw material cost
per kWh.

Manohar et al. presented an FeCl, hybrid-flow battery
with an improved efficiency. This system employed the redox
couples Fe*'/Fe?"//Fe*"/Fe” with a standard redox-cell poten-
tial of 1.2 V. Hydrogen evolution is problematic in iron
chloride batteries and drastically reduces the efficiency of the
battery. The authors suppressed this process by utilizing
ascorbic acid and InCl; as additives as well as an increased
pH value of 2.1

Gong et al. reported a Zn/Fe HFB with system capital
costs of 100 $kW~'h~".""l The system features a volumetric
capacity of 12 AhL™! and utilizes FeCl, and Na,[Zn(OH),] as
the catholyte and anolyte, respectively.

Some of these systems show several problems in relation
to the environmental and sociopolitical impact, or the system
design is too complicated for large-scale batteries. The
compatibility of flow batteries with these considerations can
be improved by the utilization of regenerative and non-
corrosive electrolytes. As a consequence, the implementation
of organic redox-active species is a first move in this direction.
Moreover, the utilization of organic materials can reduce the
acquisition costs per kWh compared to cost-intensive metals.
The utilization of organic redox-active materials in flow-
battery applications will be discussed in detail in the following
section.

4. Rise of the Organic Active Materials

As already mentioned, conventional metal-based flow
batteries have several drawbacks, which limit their commer-
cial success. However, the development of RFBs based on
inexpensive and sustainable redox-active organic materials
can overcome these drawbacks.

When we use the term “organic” or “all-organic” in
association with flow batteries, we refer only to the redox-
active materials utilized and not to the solvent or the
supporting electrolyte, which can be water or any organic
solvent capable of dissolving the organic redox-active mate-
rial.

Intensive research on the use of RFBs as flexible and
scalable energy-storage systems came to the conclusion that
future RFB systems, irrespective of their use for domestic or
large-scale application, have to utilize noncorrosive, safe, and
especially low-cost charge-storage materials.*'?*!%] In the
last decade the first steps were taken by the utilization of
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organic additives such as complexing agents,**!*! followed
by metal-ligand complexes with organic ligands as charge-
storage materials,"**! and subsequently to flow batteries with
an inorganic and an organic active material.*>'*! In recent
years, organic/halogen,’®?’! and all-organic RFBs were
developed.'”'?! Organic compounds offer the potential to
overcome several metal-related problems and may lead to
sophisticated high-performing RFBs for tomorrow’s electric-
ity grids. For that purpose, new organic redox-active charge-
storage materials have to be discovered and investigated for
application in RFBs. These materials can be low-molar-mass
compounds (molar mass < 1000 gmol™ and <2 repeating
redox-active units) or redox-active polymers, both with well-
defined electrochemical properties. Selected examples are
summarized in Figure 4.

4.1. Flow Batteries with Organic/Inorganic Redox-Active
Materials

These RFBs utilize one redox-active organic material and
a second inorganic species for the charge-storage process.
This classification refers only to the active material employed.
Other components, such as solvents, metal-based supporting
electrolytes, and additives of any kind, are excluded.

4.1.1. Flow Batteries with Low-Molar-Mass Organic/Inorganic
Redox-Active Materials
4.1.1.1. Quinone-Based Redox-Active Materials

The first organic/inorganic flow battery was developed by
Xu et al. in 2009."*" The single-flow cadmium/chloranil flow
battery utilized Cd" as the anode-active material and an acidic
CdSO, solution as the anolyte. The insoluble tetrachloro-p-
benzoquinone (chloranil, QCl,) was utilized as the organic
cathode.

Positive electrode (cathode):

QCly + 2H* + 26" = H,QCl, E°=071V 6)

Negative electrode (anode):
Cd=— Cd**+2e"

E°=-040V 7

The authors fabricated a small test cell consisting of
a QCl/carbon black cathode, a copper foil as the current
collector, and an aqueous electrolyte consisting of 0.5m
CdSO,, 1m (NH,),SO,, and 0.5M H,SO,. The insolubility of
QCl,, H,QCl,, and Cd” meant that the single-flow battery
could be operated without utilization of a membrane. The
fabricated battery revealed an average charge voltage of
1.18 Vand an average discharge voltage of 0.97 V at a current
density of 10 mAcm 2 The coulombic efficiency reached
99 % with an energy efficiency of 82% over the first 100
charge/discharge cycles.

The reported single-flow battery has the advantage of
being membrane-free and, therefore, saving investment costs.
The requirement of a strongly acidic electrolyte for the
chloranil cathode, however, can be seen as a drawback.
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In a subsequent study, the authors reported a lead/4,5-
dibenzoquinone-1,3-benzenedisulfonate (tiron) HFB.'*3 The
test cell, equipped with a Nafion 115 membrane, utilized
0.25wm tiron in 3m H,SO, as the cathode material and a
Pb?*/Pb” hybrid anode.

Positive electrode (cathode):

(o] OH
OH OH
* 2H 4267 =—
HO5S SO4H HO5S SO4H
0 OH  Ed=072V(8)
Negative electrode (anode):
Pb + SO, PbSO, + 2~ E®=-0.35V (9)

The charge/discharge test indicated an irreversible reac-
tion at an elevated cell voltage and a low coulombic efficiency
of 38 % in the first cycle. An average coulombic efficiency of
93 % and an average energy efficiency of 82 % were achieved
over the following nine cycles. The cycling of the battery was
performed at 10mAcm ? and the energy density was
calculated to be 2.8 WhL™!. Similar to chloranil, the electro-
chemical behavior of tiron is strongly pH-dependent and the
reported HFB can only be operated with electrolytes below
pH 4. Furthermore, tiron exhibited an electrochemical hy-
droxylation during the first electrolysis, which causes a part of
the active material to undergo an irreversible side reaction.

In 2012, Wang et al. reported an organic/inorganic HFB
based on an anthraquinone derivative with methoxytriethy-
leneglycol substituents (15D3GAQ) dissolved in propylene
carbonate as the organic cathode material, lithium as the
anode, and LiPF; as the supporting electrolyte.['*!
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Anthraquinone derivatives are well-known as organic
cathode materials for lithium-ion batteries and, therefore, the
redox mechanism has been extensively investigated.'¥%!
The ethylene glycol moieties promote solubility, in particular
in non-aqueous polar solvents, and a concentration of 0.25m
has been reached.

Positive electrode (cathode):

=W =W, W,
+e” . AN
oo <m0l ol o
e -€
W W Ve
AQ AQ AQ*

R = O(CH,CH,0)5CHj

E°=-0.65V (10)

Negative electrode (anode):
Li Li*+1e”

E? = -3.04 V4 (11)

The electrochemical performance of 15D3GAQ was
investigated in a static test cell, equipped with a porous
polypropylene separator and 0.25M 15D3GAQ and 1M LiPF
in propylene carbonate as the supporting electrolyte and
anode-active material, respectively. The static cell was
charged and discharged in the range of 1.8 and 2.8 V, and
demonstrated an energy efficiency of 82% and a theoretical
specific discharge energy density of 25 WhL™' over nine
cycles. A current density of 0.1 mAcm 2 was applied in the
first cycle, but was raised progressively up to 10 mA cm~21%¥
Nevertheless, an optimization of the electrolyte is necessary
to overcome an observed decline in the discharge capacity,
caused by side reactions between anthraquinone and the
carbonate-based solvents.
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As a consequence of the considerable potential of
anthraquinones as organic redox-active materials, Bachman
et al. investigated the redox chemistry, the influence of
substituents on the redox potential, and the solvation free
energy of about 50 anthraquinone derivatives by density
functional theory (DFT) calculations.'*! The study revealed
that a complete methylation of the anthraquinone core
decreases the reduction potential by 0.47 V and that the
introduction of oxymethyldioxolane substituents (with a sim-
ilar reduction window and adequate oxidative stability)
enhances the solvation energy.!'*!

In a preliminary study, Quan et al. used conducting cyclic
voltammetry measurements to investigate the electrochem-
ical properties of anthraquinone in buffered and unbufferd
aqueous solution at different pH values."*! In these studies,
quinoidic structures revealed promising properties for charge-
storage applications in flow batteries. The solubility could be
ensured by the choice of suitable substituents, and the redox
potential can be adjusted in the same manner.

In 2015, Lin etal. reported an alkaline quinone flow
battery by utilizing commercially available 2,6-dihydroxyan-

thraquinone (2,6-DHAQ, Figure 5)
and  ferrocyanide/ferricyanide.*”!

? oH This system represents an improve-
O‘O ment over the organic/halogen aque-

HO ous RFB (Huskinson etal.;™
o] a detailed description can be found

2.6-DHAQ in Section 4.2). The ferrocyanide/

ferricyanide replaced the dangerous
Br,/2Br™ redox couple. In contrast
to this, ferrocyanide/ferricyanide has
a low toxicity and is nonvolatile. The
authors claimed on the basis of these
characteristics that the reported
RFB can be used as a cost-efficient,
nontoxic, nonflammable, and safe energy-storage system.
However, the strongly alkaline electrolyte is also highly
corrosive (pH 14; 1m KOH).

The introduced electron-donating hydroxy groups in the
2,6-DHAQ reduce the reduction potential and increase the
battery voltage.">!*" Furthermore, the hydroxy groups are
deprotonated in alkaline solution, which improves the
solubility up to 0.6M in a 1M KOH solution at room
temperature. The reduction potential is independent of the
pH value above pH 12. Hence, the reversibility of the redox
reaction was investigated by cyclic voltammetry at pH 14, and
displayed a rapid kinetic rate constant and two one-electron
reductions separated by 60 mV.

The electrochemical performance was investigated in
a flow cell containing a Nafion 212 membrane, 0.5mM 2,6-
DHAQ dipotassium salt in 1M KOH solution as the anolyte,
and 0.4m K ,Fe(CN)y in 1M KOH solution as the catholyte;
this performance correlates to an energy density of
6.8 WhL™'. A constant current density of 100 mA cm 2 was
applied, and 100 charge/discharge cycles with a current
efficiency above 99% and a steady energy efficiency of
84 % were measured (Figure 6).*

Figure 5. Schematic rep-
resentation of the chem-
ical structure of 2,6-dihy-
droxyanthraquinone (2,6-
DHAQ).
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Figure 6. Cell cycling performance of the alkaline quinone flow battery.
a) Representative voltage versus time curves during 100 charge/
discharge cycles at 0.1 Acm?, recorded between the 10th and 19th
cycles. b) Capacity retention, current efficiency, and energy efficiency
values of 100 cycles. Normalized capacity is evaluated on the basis of
the capacity of the first charge and discharge cycle.""

4.1.1.2. TEMPO-Based Redox-Active Materials

Wei et al. reported in 2014 a lithium HFB containing
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as the organic
active material.'* TEMPO is a stable, heterocyclic nitroxide
radical that had already been explored as a redox-active
material for semiorganic lithium and all-organic radical
batteries."*1°0]

Cyclic voltammetry studies of TEMPO with LiPF as the
conductive salt, dissolved in ethylene carbonate (EC)/pro-
pylene carbonate (PC)/ethyl methyl carbonate (EMC; weight
ratio of 4:1:5), demonstrated highly reversible redox reactions
and a one-electron transfer for the nitroxide radical/oxoam-
monium cation redox couple [Eq. (12)].

To investigate the electrochemical performance of
TEMPO in a flow-battery environment, a non-aqueous
hybrid LI/TEMPO flow cell with a hybrid anode of lithium
foil and graphite felt, a polyethylene-based porous separator,
and graphite felt as the cathode was fabricated. Furthermore,
a fluoroethylene carbonate (FEC) additive was added to
protect the Li anode. TEMPO, dissolved in a mixture of EC/
PC/EMC (weight ratio of 4:1:5), as well as LiPF, as support-
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Positive electrode (cathode):

70< ;f@ji +1e
N N

0

—_—
_—

TEMPO oxoammonium cation E°=0.72 VIS (12)

Negative electrode (anode):
Li Li* +1e E°=

-3.04 VI'44  (13)

ing electrolyte and anode active material, was added to both
cell compartments, but only circulated on the cathode side.

Battery tests with various concentrations of TEMPO
(0.1m, 0.8M, 1.5M, and 2.0m) were performed. One hundred
consecutive charge/discharge cycles were demonstrated at
a TEMPO concentration of 0.1m in 1.0m LiPF; EC/PC/EMC
with 15 wt % FEC additive at a current density of 5 mA cm 2.
Thereby, an energy efficiency of 86 %, a coulombic efficiency
of 99 %, a voltage efficiency of 87 %, and an average capacity
retention of 99.8% per cycle were achieved. At the same
current density, but with 0.8M TEMPO in 1.2m LiPF, with
15wt% FEC additive, the performance in terms of the
stability was reduced and a theoretical energy density of
64 WhL™' during the first 30 cycles was achieved.['*!

The obtained results, in particular for higher concentra-
tions up to 2.0M TEMPO, with a theoretical energy density of
126 WhL ™! surpass the performance of other conventional
aqueous and non-aqueous RFBs.'?137134 These high energy
densities are facilitated by the large difference in the redox
potentials, which lead to a system voltage of 3.5 V.2

The authors reported a high solubility of TEMPO up to
5.2Mm in the solvent mixture, which offers the possibility to
further increase the energy density.! However, the viscosity
of the electrolyte also rises as the concentration increases, and
results in a high power demand of the pumps for circulating
the electrolytes. Thus, the overall system efficiency of
a practical RFB is significantly lowered. Furthermore, such
high energy densities at a limited maximal current density are
not practical in the everyday use of a flow battery, since the
cell stack would need to be prohibitively large.

Takechi et al. discussed that a concentration higher than
2.0Mm is difficult to obtain for redox-active organic materials in
aqueous and non-aqueous solvents, and came to the con-
clusion that the use of an ionic liquid could overcome this
limitation and enable higher maximal theoretical energy
densities.[*'! The TEMPO derivative 4-methoxy-2,2.6,6-tetra-
methylpiperidine-1-oxyl [MeO-TEMPO, redox mechanism in
Eq. (12)] was selected as the organic redox-active compound
and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) as
the supporting electrolyte. The TFSI anion exhibits an
uncommon plasticizing effect and induces the formation of
a supercooled liquid.

A mixture of MeO-TEMPO and LiTFSI (MTLT) in
a molar ratio of 1:1 features a “self-melting behavior and
formed a smooth viscous liquid”.*" MTLT (1:1) showed the
best energy density, but also had a significant viscosity ()
above 10 Pas at room temperature, which is caused by the
concentration of the redox-active material, and is 500 times
higher than the viscosity of classical electrolytes applied in
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VRFBs.['*>1*] The viscosity was reduced by the addition of
water to the molten MTLT (1:1), thereby enabling application
in RFBs. MTLT (1:1) plus 17 wt % H,O exhibited a viscosity
of 72 mPas and a conductivity (o) of 3.1 mScm™'. However,
the capacity was lowered to 1.11 mAh.

The system was chosen as the catholyte for further
investigations in flow-cell tests. A hybrid battery with
a lithium ion conducting glass ceramic (LIC-GC) membrane
and lithium metal as the anode was constructed. MTLT (1:1)
plus 17 wt% of H,O was utilized as the catholyte and 1m
LiTFSI in propylene carbonate as the anolyte. A non-pumped
battery showed over 20 charge/discharge cycles at a current
density of 0.1 mAcm 2 with a charge/discharge capacity of
93% and 92 %, a coulombic efficiency of 99%, a capacity
retention of 84 %, a calculated energy density of 200 WhL ™!,
and a specific energy of 155 Whkg !, which are the highest
energy densities achieved for organic/inorganic flow batteries
to date. The charge/discharge tests in a flow battery revealed
a steady capacity retention with a broad range of flow rates at
restricted current densities from 0.1 to 1 mAcm 2H! In
particular, this limited current rating, which is induced by the
LIC-GC separator and the carbonate-based organic anolyte,
prevents commercialization of this system.

4.1.1.3. Alkoxybenzene-Based Redox-Active Materials

Huang et al. reported redox-active low-molar-mass com-
pounds as cathode materials for non-aqueous RFBs in
2014."% Based on the general structure of dimethoxy-di-
tert-butylbenzene (Figure 7), which is responsible for the
electrochemical properties and stability, oligoethylene oxide
chains were introduced to increase the moderate solubility
(ca.0.4M) in carbonate-based polar solvents and, conse-
quently, the energy density.

Besides the better solubility, the authors also observed an
alteration of the physical properties at room temperature,
from a solid state (DBBB) over a semi-liquid (ANL-10) to
liquid (ANL-8, ANL-9). This enables new possibilities to
significantly increase the energy density. The utilization of
a supporting electrolyte, which is soluble in the charge-
storage material, would allow the solvent to be replaced.

The three charge-storage materials (ANL-8, ANL-9, and
ANL-10) were investigated by cyclic voltammetry in propyl-
ene carbonate with 0.2m LiBF, and exhibited a good electro-

| I
o) o

\LO h/©)< h/©)<
o\L O
|
DBBB ANL-8 ANL-9 ANL-10

Figure 7. Chemical structures of 2,5-di-tert-butyl-1,4-bis (2-methoxy-
ethoxy)benzene (DBBB) and modified derivatives ANL-8, ANL-9, and
ANL-10.
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chemical reversibility and redox potentials of around 4.0 V
versus Li*/Li. However, ANL-8 features a diffusion coef-
ficient of the same order of magnitude as vanadium,>" !l
DBBB,!*!® and several quinone derivatives.”*!*!! The
battery tests were performed with 1 mm ANL-8 plus 0.5M
LiBF, as a conducting salt, dissolved in propylene carbonate,
at a constant charging current of 0.4 mA in a bulk-electrolysis
cell, where an energy density of 0.05 WhL ™ for the catholyte
could be achieved. The obtained voltage, energy efficiency,
and capacity profiles revealed a deviant behavior at the first
cycle, which indicates a side reaction during the first charging
process. The energy efficiency of the first cycle was only 37 %,
whereas the value for the following cycles was 81 % .[134]

Huang etal. also investigated several other 1,4-
dimethoxybenzene derivatives as redox-active materials for
non-aqueous RFBs in a subsequent study.'®? Starting from
2,5-di-tert-butyl-1,4-bis(2-methoxyethoxy)benzene) (DBBB),
well-known as a material for protection against overcharging
in lithium-ion batteries,'* the authors modified the sterically
demanding substituent groups to increase the solubility. Five
substituted 1,4-dimethoxybenzene derivatives were gener-
ated and further investigated. Cyclic voltammetry measure-
ments showed that 2.3-dimethyl-1,4-dimethoxybenzene
(23DDB) and 2,5-dimethyl-1,4-dimethoxybenzene (25DDB,
Figure 8) underwent quasireversible redox reactions and
a one-electron transfer.

XE;X | O]/ i\oj

0 oo O
|

DBBB 23DDB 25DDB

Figure 8. Chemical structures of 2,5-di-tert-butyl-1,4-bis(2-methoxy-
ethoxy)benzene (DBBB), 2,3-dimethyl-1,4-dimethoxybenzene (23DDB),
and 2,5-dimethyl-1,4-dimethoxybenzene (25DBB).

Thus, 23DDB and 25DBB were further explored through
galvanostatical cycling in a bulk electrolysis cell. The utilized
electrolytes contained 1 mm redox-active material and 0.5M
LiTFSI dissolved in polycarbonate. The corresponding elec-
trolytes were charged/discharged from 0 to 50% state of
charge (SOC) over 100 cycles at a charging current of 0.4 mA.

The calculated energy density of 0.05WhL™' for the
cathode material as well as the charge and discharge
capacities illustrate the drawbacks of these two derivatives.
These studies showed that 50% of 25DBB and 50% of
23DBB turned irreversibly into a non-rechargeable species
after approximately 48 cycles and 15 cycles, respectively.
Accordingly, the average coulombic efficiency of 25DDB is
about 90% for the first 40 cycles and of 23DBB between 75
and 80% for the first 20 cycles.'®” In contrast to the good
electrochemical properties of these alkoxybenzenes seen
from CV measurements, the battery tests revealed several
concerns regarding the chemical reversibility of the active
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material. Therefore, their general suitability as active materi-
als is questionable.

In contrast, TEMPO-containing organic/inorganic flow
batteries showed elevated energy densities (64 to 200 WhL ™",
for the cathode materials), which was facilitated by the
utilization of a Li, anode and an electrolyte based on an
organic carbonate. However, the current rating was restricted
and safety concerns remain. In contrast, the quinone battery
has excellent current ratings, but a limited energy density.
However, the safety aspect is improved.

On the basis of these results, anthraquinone and TEMPO
derivatives are the most promising organic charge-storage
materials because of their interesting redox potentials, good
chemical reversibility, and fast kinetics. However, future
challenges concern the development of suitable substituents
to further improve the performance and the solubility of these
redox-active units for RFB applications.

4.1.2. Flow Batteries with Polymer-Based Organic/Inorganic
Redox-Active Materials

A significant drawback of common RFBs is the often
utilized and expensive Nafion ion-exchange membrane. The
application of polymers with sufficiently high molar masses
and linear, starlike, hyperbranched, or cyclic architectures
instead of low-molar-mass compounds as organic redox-
active materials allow the use of cost-efficient size-exclusion/
dialysis membranes and microporous separators.*>=!

In 2013, Zhao et al. reported the first polymer-based HFB,
which utilized polyaniline (PANI) particles as the charge-
storage material. The authors constructed a HFB based on
a zinc plate as the anode, a cost-efficient polypropylene
microporous separator, and a flowing PANI microparticle
suspension in ZnCl, and NH,CI as the catholyte.*

Positive electrode (cathode):
2 PANI*(CI") + 2e~

2 PANI +2 CI” E°=039V (14)

Negative electrode (anode):
Zn Zn?* +2e”

E°=-0.76 VI'®4  (15)

The fabricated flow battery was operated for 32 charge/
discharge cycles. Current densities in the range of 10 to
30 mA cm? were applied, whereby a linear decrease in the
achieved capacity with increasing current densities was
observed. Coulombic efficiencies of 97 % and a decrease in
the discharge capacity retention of 0.07% per cycle were
obtained. Furthermore, the calculated maximal theoretical
energy density of 66.5 WhL™' exceeds the value of about
25 WhL™' of conventional VRFBs.'”! However, the
charge/discharge cycling at a current density of 20 mA cm >
with an average discharge voltage of 1.1 V and a discharge
capacity density of 115.2 mAhg™ (150 gL' PANI suspen-
sion) reaches a maximal energy density of 9.5 WhL !
Furthermore, coulombic efficiencies of over 100% were
achieved in some experiments. The authors ascribed this
phenomenon to the oxidation of the PANI particles by
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atmospheric oxygen. In the discharging procedure, these
chemically oxidized particles can be reduced by consumption
of the supporting electrolyte Zn”(aq). Hence, a long-term
decline in the battery performance is apparent. In addition,
the application of a conductive polymer as the charge-storage
material is not favored, as the redox potential of the polymer
changes with the degree of oxidation (level of charging). This
leads to steep potential curves in a battery application. The
redox system was improved in a following study by using Ag-
doped PANTI particles.*”!

Nagarjuna et al. presented a poly(vinylbenzylethylviolo-
gen) nonconductive polymer as the cathode material for non-
aqueous flow batteries in 2014.°°! The authors synthesized
five vinylbenzylethylviologen polymers with molar masses
(M,) of 21,104,158, 233, and 318 kgmol '. These redox-active
polymers (RAPs) featured a good solubility (above 2.1m per
repeating unit) in non-aqueous solvents such as acetonitrile or
propylene carbonate, as well as chemically reversible redox
reactions in cyclic voltammetry measurements. The authors
employed a Celgard microporous trilayer PE/PP separator
and observed, at cell-operating conditions, a polymer cross-
over of 7% for the RAP with a molar mass of 318 kgmol !
over a period of 6 h.

The electrochemical performance was investigated by
using a non-aqueous redox-flow-cell configuration, which
contained a metal oxide auxiliary electrode. The utilized flow-
cell setup was not completely charged/discharged and dem-
onstrated a charge capacity of 44% and a coulombic effi-
ciency of above 45 % at a C rate of 1/10.

In the same year, Sukegawa et al. described a 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO) substituted bottle-
brush polymer with a well-defined size as a potential cath-
olyte for flow-battery applications."*! Bottlebrush polymers
feature a lower viscosity than linear polymers with the same
molar mass. Furthermore, the structure of a bottlebrush
polymer is spatially tunable, for example, by the ratio of the
length of the side chain and the main chain. The authors
synthesized the target polymer poly(norbornene)-g-poly(4-
methacryloyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl)
(PNB-g-PTMA) by a “grafting-through” technique.

The fabricated half-cell included a single flow channel, an
AgCl/Ag reference electrode, and a carbon mesh current
collector as the working electrode. 0.1M PNB-g-PTMA (M, =
2.2x10° gmol™") plus 0.1M n-tetrabutylammonium perchlo-
rate as a supporting electrolyte dissolved in ethylene carbon-
ate/diethyl carbonate (1:1 in volume) were constantly circu-
lated through the system. A half-cell charge/discharge experi-
ment revealed a plateau potential at 1.0 V versus AgCl/Ag
and a charge capacity utilization of 95% at a C-rate of 1.
Furthermore, 1% of the utilized polymer passed through the
porous separator over a period of 24 h.

The reported PNB-g-PTMA bottlebrush polymer is
a notable innovation in the field of polymer-based RFBs
(pRFB) and is designed, in particular, to counteract the
increased viscosity of the electrolyte, one of the greatest
challenges pRFBs have to overcome. However, the solubility
has to be further increased to improve the energy density of
this system. Similar concepts should be applied to water-
soluble polymers.
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In 2016, Winsberg et al. reported a novel, “green” poly-
(TEMPO)/zinc semiorganic HFB.*>¥ The authors combined
the benefits of the zinc/halogen flow battery with those of an
all-organic polymer RFB,* which uses low-cost organic
polymers as redox-active materials as well as a simple size-
exclusion membrane as separator. Compared to recently
reported zinc-halogen HFBs, this battery shows significant
improvements in terms of corrosion and environmental
impact. Three TEMPO-containing polymers were applied,
one P(TMA-co-METAC) and two P(TMA-co-PEGMA)s
(TMA =TEMPO methacrylate, METAC = [2-(methacryloyl-
oxy)ethyl]trimethylammonium chloride, PEGMA = poly-
(ethylene glycol) methacrylate) with various monomer to
co-monomer ratios, as redox-active materials in carbonate-
based and aqueous electrolyte systems. A hybrid flow battery
was constructed with a dialysis membrane as the separator,
zinc foil as the anode, and P(TMA-co-PEGMA) as the
cathode active material. The supporting electrolyte and
anolyte used was Zn(ClO,), x 6H,O in ethylene carbonate
(EC)/dimethyl carbonate (DMC)/diethyl carbonate (DEC;
viviy, 1:1:1). A stable charge/discharge cycling was performed
over 500 cycles and revealed an average capacity decay of
0.04% per cycle and coulombic efficiencies of >99.7%.
Current densities in the range of 0.5 to 4 mAcm™ were
applied. Here, a linear decrease in the energy efficiency with
increasing current density was observed. The authors dem-
onstrated a maximum capacity of 6.1 AhL ™.

Battery tests in aqueous electrolyte systems were per-
formed to reach higher applicable current densities. The
utilized aqueous catholyte contained P(TEMPO-co-
METAC) as the cathode active material plus 0.71m NaCl,
0.08 M ZnCl,, and 0.08m NH,CI as the supporting electrolyte.
Current densities up to 12 mAcm™ and an energy density of
1.9 WhL ! were reached. Additionally, the coulombic effi-
ciency with a maximum of 99% at 12mAcm always
remained above 90% and the energy efficiency always
above 80 %. A good long-term stability with 1000 consecutive
charge/discharge cycles, with an initial discharge capacity
retention of 79 %, were achieved (Figure 9).

Current densities up to 20 mA cm 2 and an energy density
of 41 WhL™"' were achieved with an aqueous catholyte
containing P(TEMPO-co-PEGMA) plus 1.0M ZnCl, and
1.0m NH,CI as the supporting electrolyte. A material activity
of 88% was reached, and the coulombic efficiency stayed
mostly above 90% at various current densities. However,
a linear decrease in the capacity occurred at increasing
current densities.

This organic/inorganic HFB permits a stable potential
window of up to 2 V (OCV 1.7 V) in an aqueous electrolyte
system. Furthermore, contamination with oxygen is unpro-
blematic and an expensive process to render the HFB inert is
unnecessary.

In a following study the authors demonstrated the
application of core-corona micelles with a TEMPO-contain-
ing corona as the cathode active material.’¥ The application
of a micellar catholyte reduced the viscosity compared to the
previously reported linear TEMPO-containing polymers.
Again, a stable battery cycling was demonstrated over 1000
consecutive charge/discharge cycles with 95% retention of
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Figure 9. a) Cyclic voltammogram of an aqueous solution of 0.1 M zinc chloride and 0.01 m poly(TEMPO).

Current density (mAcm?)
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2 a promising organic anode

Scan rate: 50 mVs™'. b) Exemplary charging/discharging curves at a current density of 2 mAcm™, aqueous

catholyte; polymer solution in NaCl, ZnCl,, NH,Cl with a capacity of 1.1 AhL™", flow rate: 20 mLmin™".
c) Long-term stability test, cycling of a static cell. d) Electrical performance: capacity, coulombic, voltage, and

energy efficiency depending on the applied current density.*?

initial discharge capacity and applicable current densities in
the range of 0.2 to 5 mA cm™2. The battery featured an energy
density of 0.8 WhL™".

From these described polymer-based organic/inorganic
flow batteries, the combination of zinc/organic polymer(®33%]
shows the greatest potential for further developments. As
mentioned before, TEMPO-based redox-active materi-
als,?>33:1%1 ip particular, are promising charge-storage materi-
als because of their well-defined redox behavior. The good
long-term stability is ensured by the hindered recombination
of two TEMPO moieties because of steric effects, the
delocalization of the radical electron, and an unfavored
NO—-ON bond formation.

In contrast to RFBs based on low-molar-mass organic
charge-storage materials, polymer-based RFBs allow the
utilization of cost-efficient size-exclusion (dialysis) mem-
branes and microporous separators. Nevertheless, potential
challenges such as an increased synthesis effort, solubility, and
viscosity properties have to be addressed in future studies.

4.2. Redox-Flow Batteries Based on Organic/Halogen Redox-
Active Materials

These RFB systems operate without the utilization of any
metal as the redox-active material. The first was reported by
Huskinson et al. in 2014.7% Tt is based on 9,10-anthraquinone-
2,7-disulfonic acid (AQDS) in H,SO, as the anolyte and Br,/
2Br~ in HBr as the catholyte (Figure 10). The employed flow-
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1 material for RFB applica-
tions. Their synthesis from
inexpensive starting materi-
als is straightforward and

Positive electrode (cathode):
2Br Br, + 2e”

E%=1.07 V'8l (16)

Negative electrode (anode):
AQDS +2e™ +2H*

E0=022V (17)

H,AQDS

can be easily scaled up. Furthermore, AQDS undergoes
a very fast and chemically reversible two-electron two-proton
reduction in sulfuric acid. A kinetic rate constant (k,) of 7.2 x
10 cms~! was measured, which is very high compared to the
corresponding values of other metal-based redox-active
materials used in flow-battery applications. The utilized
AQDS has a solubility of greater than 1m at pH 0, which can
be increased by the introduction of functional groups, such as
hydroxy groups. Nevertheless, the described quinone/hydro-
quinone redox couple also shows some drawbacks, such as
limited solubility in aqueous media. Furthermore, the neces-
sity to conduct the battery tests at a temperature of 40°C
increases the energy demand and lowers the over-all effi-
ciency of the system.

In a following study, the authors described in detail the
cycling performance of this flow battery.'®! The initially
applied Nafion 212 membrane was replaced by a Nafion 115
membrane and the electrolyte contained 1M AQDS in 1M
H,SO, as the anolyte (100 mL) as well as 3M HBr and 0.5M
Br, as the catholyte (120 mL). At a current density of
250 mAcm 2, the flow cell exhibited an average discharge
capacity retention of nearly 100 % per cycle over 106 cycles.
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Figure 10. a) Schematic diagram of a cell. The discharge mode is
shown; the arrows are reversed for the electrolysis/charge mode.
AQDSH, refers to the reduced form of AQDS. b) Constant-current
cycling at 0.5 Acm™2 at 40°C using a 3m HBr, 0.5M Br, solution on
the positive side and a 1m AQDS, 1M H,SO, solution on the negative
side; the discharge capacity retention is indicated for each cycle.’®

At a current density of 750 mA cm 2, the flow cell was cycled
750 times and revealed an average current efficiency of 98 %
as well as an average discharge capacity retention of nearly
100 % per cycle.

In 2015, Chen et al. also reported a quinone/bromide RFB
based on the cell design developed by Huskinson et al.'?”! In
contrast to the earlier study,” baked (400°C in air for 24 h)
SGL carbon paper (ca. 400 um thick) was utilized instead of
pretreated Toray carbon paper (7.5 um thick, uncompressed)
as electrodes to enhance the power output. The cell operated
at 40°C using AQDS in 1M H,SO, as the anolyte and 3m HBr
together with 2™ Br, as the catholyte. Although the anolyte
and the anode compartments were not altered, the compo-
sition of the catholyte was modified. The redox potential and,
thus, the cell voltage could be increased by reducing the
concentration of HBr or enhancing the Br, concentration.
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Adversely, a decrease in the HBr concentration led to an
increase in the membrane and electrolyte resistance and
additionally to a high rate of bromine crossover. The
described flow cell revealed a short-circuit current density
above 4000 mA cm 2 at 90 % SOC and a peak galvanic power
density of 1 Wem 21?1 These data represent a significant
improvement in reference to the published results of Hus-
kinson et al.™ Furthermore, the achieved peak galvanic
power density of 1.0 Wem 2 is 75 % higher than the maximum
values of previously published VRFBs!'*]

In a subsequent study, Chen et al. also reported a cycling
analysis of the quinone/bromide RFB.'" The authors used
1M AQDS in 1M H,SO, as the anolyte (25 mL) and 3.5m HBr
in combination with 0.5M Br, as the catholyte. The battery
tests were performed at 30°C, with current densities in the
range of 100 to 1000 mA cm 2 with the aim of investigating the
impact of the current density on the voltage polarization,
charge capacity, as well as, current, voltage, and energy
efficiency. Since the focus was on the organic redox-active
anode material, a significant excess of the active species on
the cathode side was employed, which led to a ratio of positive
to negative charge capacity of 5:36. The authors observed
linear polarization curves at current densities up to
250 mAcm™ at a SOC in the range of 10 to 90%. The
overvoltage increased as the current density increased, and
resulted in an earlier accomplished voltage limit, which led to
a decrease in the utilized charge/discharge capacity. Leakage
of the anolyte, destruction of the redox-active anode material,
and the Br, crossover also resulted in a decrease in the charge/
discharge capacity. Thus, 40 % of the theoretical capacity was
achievable at a current density of 1000 mA cm 2 On the basis
of the obtained results, Chen et al. were able to explain the
relationship between current density and coulombic, voltage,
and energy efficiency through established equations.

Zhang et al. reported in 2016 an improvement to Li’s!""!
investigated 3D numerical model and simulation study of the
quinone/bromide RFB."” A 3D non-isothermal transient
model with added graphite plates as well as a temperature
field was utilized to investigate the influence of current,
temperature, and electrolyte flow rate on the battery perfor-
mance of the quinone/bromide RFB. The flow-cell setup was
designed in accordance with that of Huskinson et al.”®
Battery tests were simulated with current densities in the
range of 50 to 400 mA cm* with the aim of investigating the
impact of the current density on the battery performance.
Furthermore, battery tests were performed with a current
density of 200 mAcm 2 and 500 mAcm ™ to compare the
obtained computational results with experimental data;
a good comparability was found. The investigated 3D model
showed a strong influence of the flow channel structure and
temperatures > 30°C on the battery performance.

As mentioned before, anthraquinone derivatives revealed
excellent properties as charge-storage materials in battery
applications. However, the solubility needs to be increased to
2m and bromine needs to be replaced by a safer organic
cathode active material in future studies.
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4.3. Redox-Flow Batteries with Organic Redox-Active Materials
for the Catholyte and Anolyte

As previously discussed, the focus of research in the field
of flow batteries should be the development of a RFB using
noncorrosive, safe, and in particular low-cost redox-active
organic charge-storage materials.® Thereby, promising
redox-active low-molar-mass compounds as well as redox-
active polymers are of interest. Both systems have inherent
advantages; small molecules have the advantages of little or
no synthetic effort, potential high solubilities, and good
diffusion coefficients, whereas polymers offer the prospect of
using more cost-efficient and robust separators compared to
ion-selective membranes.

The development of a so-called all-organic equivalent to
a VRFB with a bipolar redox-active material is of high
interest, because this material would be able to undergo
oxidation as well as reduction reactions and could, therefore,
be applied as both the cathode- and anode-active material.
This feature would reduce the synthesis effort of the whole
process and potentially overcome the problem of cross-
contamination, since a slow mixing of the electrolytes would
only lead to a reduced coulombic efficiency but not to
a continuously decreasing charge/discharge capacity.”!

4.3.1. Redox-Flow Batteries with Low-Molar-Mass Organic Redox-
Active Materials
4.3.1.1. Symmetric Redox-Flow Batteries with Bipolar Organic
Redox-Active Materials

In 2011, Rasmussen investigated pyrazine-based cyano-
azacarbon derivatives as potential bipolar organic redox-
active materials."”! Cyclic voltammetry measurements of the
derivative 9,10-butyl-2,3,6,7-tetracyano-1,4,5,8,9,10-hexaan-
thracene revealed a chemical reversibility for the oxidation
as well as the reduction reaction, and a possible cell potential
of nearly 3 V.

A few years later, Potash etal. reported a symmetric
redox-flow battery, which utilizes diaminoanthraquinones
(DAAQs) as bipolar redox-active materials.” Several com-
mercially available DAAQs were investigated by cyclic
voltammetry, with the DAAQ derivative Disperse Blue 134
(DB-134) showing a good reversibility in both the oxidation
and reduction reactions. Therefore, this material was further
investigated in a glass H-cell, where the compartments were
separated by a glass frit with medium porosity. Solutions with
a concentration of 50 mm DB-134 and 100 mm tetrabutylam-
moniumperchlorate in acetonitrile/toluene (v/v; 3:2) were
charged/discharged at a current of 2mA. The authors
demonstrated three charge/discharge cycles with a subsequent
reversal of polarization. Depending on the cycling method,
a coulombic efficiency in the range of 85 and 61 %, a voltage
efficiency between 53 and 45 %, and an energy efficiency in
the range of 43 and 28% were achieved. The continuous
decrease can be explained by a slow degradation of the redox-
active DB-134. The observed energy density was
0.94 WhL ' These moderate results of the battery tests
are induced by the limited solubility of the utilized DB-134 in
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the electrolyte, the observed crossover through the porous
glass frit, and the incomplete inert battery setup.

In 2016, Duan et al. published an alternative approach to
a non-aqueous symmetric redox-flow battery by using the
commercially available 2-phenyl-4,4,5,5-tetramethylimidazo-
line-1-oxyl oxide (PTIO, Figure 11), a nitronyl nitroxide
radical, as the bipolar organic redox-active material.'’¥

© -e o +e o

® A ® ® . ® Q

O‘N/ N;O O‘N/ N’O O‘N/ N,O
/)—$ re % -e />—$

PTIO*
oxoammonium cation

PTIO PTIO”
nitroxide radical aminoxyl anion

Figure 11. Electrochemical reactions of PTIO.

Compounds containing nitronyl nitroxides were first
described in 1968 by Osiecki et al., and subsequently inves-
tigated electrochemically in detail and used in several
magnetic applications.7>153

PTIO, as a novel charge-storage material for RFBs,
features a potential high solubility of about 2.6M in acetoni-
trile. However, a flow cell with a PTIO concentration > 0.5m
has not been realized so far. Furthermore, a crossover of the
redox-active material through the separator, which limits the
CE, and a high viscosity of the electrolyte was observed. The
state of charge and the concentration of PTIO was monitored
by FTIR spectroscopy. The cycling performance of a flow cell
that utilized a Daramic porous separator and 0.5m PTIO with
1m TBAPF/acetonitrile as the supporting electrolyte was
investigated. The test cell completed over 15 cycles at
a current density of 20 mA cm 2 at a coulombic efficiency of
about 90 %, a voltage efficiency of 67 %, an energy efficiency
of 60 %, and an energy density of 9 WhL ' during charge as
well as 5 WhL ™! during discharge. These results are far better
than the values of the symmetric redox-flow battery reported
by Potash et al.?®!

However, independent of the utilized PTIO concentra-
tion, the demonstrated flow cells show a continuous capacity
loss, probably because of an electrolyte imbalance and/or
chemical instability of the charged redox-active material.

4.3.1.2. Asymmetric Redox-Flow Batteries with Organic Redox-
Active Materials in Organic Electrolytes

In 2011, Li et al. reported the first RFB with two redox-
active organic compounds, TEMPO and N-methylphthal-
imide, as the cathode and anode active material.l'*’]

Cyclic voltammetry measurements showed quasireversi-
ble redox reactions for both compounds with a voltage of
approximately 1.6 V. The authors performed battery tests
with a test cell containing a Nepem 117 cation-exchange
membrane by using 0.1m TEMPO and 0.1m N-methylphthal-
imide, both dissolved in anhydrous acetonitrile plus 1m
NaClO, supporting electrolyte, as the catholyte and anolyte,
respectively. The static test cell was operated at a current
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density of 0.35 mA cm 2 The coulombic efficiency exceeded
90 % and an energy density of 1.7 WhL ™' was achieved during
the first 20 charge/discharge cycles.

The increased voltage of 1.6 V in comparison to VRFBs
represents a significant advantage and illustrates the flexi-
bility of all-organic RFBs. However, the capacity and current
rating of this system are restricted by the organic electrolyte.

In 2012, Brushett et al. reported a non-aqueous RFB
by using 2,5-di-tert-butyl-1,4-bis(2-methoxyethoxy)benzene
(DBBB) and 2,3,6-trimethylquinoxaline (TMeQ) as redox-
active materials."™ The fundamental electrochemical proper-
ties of these compounds were investigated by cyclic voltam-
metry and revealed a high redox reversibility at around 4 V
versus Li*/Li for DBBB and two reversible redox reactions at
2.48 and 2.8V versus Li'/Li for the TMeQ. The authors
developed a “proof-of-concept coin-cell flow battery” to
verify the feasibility of these redox-active molecules for
application in a RFB. This setup, normally appropriate for
lithium-ion/thin-film battery tests, contained a Nafion 117
membrane with 0.05M DBBB and 0.05M TMeQ in 0.2Mm
LiBF, dissolved in propylene carbonate as the catholyte and
anolyte, respectively. As a consequence of the unoptimized
cell design and the limited solubility of DBBB, the maximum
observed capacity of this coin-cell test device was 0.6 AhL™!
at a current density of 0.0625 mA cm 2" This is much lower
than the high capacity of common VRFBs.!"! A battery
cycling was performed over 30 cycles, and coulombic effi-
ciencies of around 70% and energy efficiencies of around
37% were achieved.[”!

The alkoxybenzenes DBBB and the previously discussed
ANL-8,* 23DBB, and 25DB,!'®! all showed rather poor
results in regard to solubility and chemical reversibility. As
a result, their utilization in flow batteries is not reasonable
and future research should focus on different active materials.

Despite this limited performance, Su and co-workers also
investigated DBBB as a redox-active cathode material for
non-aqueous RFBs.'™) Based on the results from Brushett
etal.,™ the authors developed an automated electrolyte
preparation as well as a characterization platform, which
allowed combinatorial screening of a large number of
electrolytes, including the redox-active DBBB, several alkali
ion salts as supporting electrolytes, and organic carbonates as
solvents. The highest solubility (>0.5M) and also ionic
conductivity (>5mScm™') were achieved for a solvent mix-
ture of linear and cyclic carbonates with lithium hexafluoro-
phosphate (LiPF;) as supporting electrolyte and bis(trifluoro-
methane)sulfonamide lithium (LiTFSI) as an additive.'""
However, the ionic conductivity is significantly higher in
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aqueous solution than in organic solvents. For example, the
TEMPO/methylviologen system in aqueous solution exhibits
an ionic conductivity of about 100 mS cm . Thus, aqueous
organic RFBs seem to be a better alternative to the non-
aqueous organic systems.

Kaur et al. reported in 2015 the phenothiazine derivative
3,7-bis(trifluoromethyl)-N-ethylphenothiazine (BCF3EPT)
as an organic cathode material and 2,3,6-trimethylquinoxaline
(TMeQ) as an anode material.

Positive electrode (cathode):

o
FsC s CFs ©

Negative electrode (anode):

_ 2
/| /]

>_< _ >_( _ >_( E%=_0548-024V (21)
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The cell performance was investigated by using a static
Swagelok cell, in combination with a Nafion 117 membrane
and 0.2m LiBF, in propylene carbonate as the supporting
electrolyte. The static Swagelok cell with 0.05m BCF3EPT/
TMeQ showed a coulombic efficiency of approximately 92 %
and an energy density of around 0.84 WhL'. The battery
cycling experiment revealed that this flow cell lost nearly all
of its capacity after 100 consecutive charge/discharge cycles.
A second battery with an increased capacity (0.15m of each
redox-active species) demonstrated a stable performance
over 60 cycles. Thereby, an average charge/discharge capacity
of 0.44 and 0.37 mAhg ', a coulombic efficiency of almost
89%, and an energy density of approximate 2.5 WhL™' were
achieved. However, a battery with an increased concentration
of 0.35m showed a rapidly decreasing charge/discharge
capacity that decreased to zero after 20 cycles.'*¥

The current system exhibits some serious drawbacks such
as the restricted solubility of the TMeQ anolyte and the non-
optimized membrane selection, which results in a crossover of
the organic compounds. Furthermore, it was observed that the
utilized BCF3EPT catholyte undergoes a second irreversible
oxidation in the charging procedure, which leads to a decrease
in the overall capacity. Additionally, an adverse side reaction
of the anode active material cannot be excluded, thereby
rendering this material, up to now, questionable for RFB
applications.

Wei etal. reported another non-aqueous RFB with
ANL-8 and 9-fluorenone (FL) as the cathode and anode
material, respectively.** These two small molecules demon-
strated good solubility, or in the case of ANL-8 (which is
liquid at room temperature) good miscibility with several
organic solvents, and well-defined electrochemical properties.
To investigate the performance of the ANL-8/FL battery,
a test cell was fabricated with a Daramic microporous
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Negative electrode (anode):
o

o0 =

polyethylene/silica separator, 0.5m FL, and 0.5M ANL-8 in
acetonitrile with 1.0Mm tetracthylammonium bis(trifluoro-
methylsulfonyl)imide as the conducting salt. Over 100
charge/discharge cycles, at a current density of 15 mAcm 2,
the flow cell demonstrated a cell voltage of >2 V, coulombic
efficiencies of 86%, a voltage efficiency of 83%, and an
energy efficiency of 71 %. The theoretical energy density was
15 WhL™, of which 73 % could be utilized.

The achieved performance parameters are much higher
than those for the reported system by Brushett et al.'*" and Li
et al.l'” Despite this, a demonstration of a stable charge/
discharge capacity retention over a few cycles was not
possible and a constant decrease over 100 cycles starting
from 5.8 to 1.2 AhL ™! was observed, which represents a loss
of nearly 80%. Similar to the previously discussed studies
with ANL-8 and DBBB, the unsuitability of alkoxybenzenes
is affirmed.

E°=-09V (23)

GO

4.3.1.3. Asymmetric Redox-Flow Batteries with Organic Redox-
Active Materials in Aqueous Electrolytes

In 2014, Yang et al. reported the first aqueous all-organic
RFB. They used a water-soluble 1,2-benzoquinone-3,5-disul-
fonic acid (BQDS) as the organic cathode active material and
anthraquinone-2-sulfonic acid (AQS) as well as anthraqui-
none-2,6-disulfonic acid as the organic anode active mate-
rial.['*!

Positive electrode (cathode):
OH [0}

HO5S SOgH HO5S SOgH

+2e +2H*
Negative electrode (anode):

o OH
SO3H SO3H
O‘O D OOO E®=009V (25)
] OH

+2e +2H*

—_—
_—

E®=0.85 V1% (24)

The authors developed a redox-flow cell with a membrane
electrode assembly, which was fabricated from coated carbon
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paper electrodes and a Nafion 117 membrane. The flow cell
contained 0.2M BQDS and 0.2Mm AQS in 1M H,SO, as the
catholyte and anolyte, respectively. The electrolytes had
a calculated energy density of 1.25 WhL™'. A charge/dis-
charge experiment was conducted over 12 cycles at a current
density of 10 mA cm 2, whereby a capacity retention of 90 %
was reached.'”® Limiting factors of these organic charge-
storage materials are their moderate solubility in aqueous
media and the observed mass transport of the reactants. These
factors and the non-optimized battery setup lead to a restric-
tion of the possible current density. The reported system can
be seen as an improvement compared to the AQDS/bromide
RFB in terms of safety, as the toxic bromine catholyte is
replaced by BODS. However, the capacity and the electrical
performance are significantly inferior.

Zhang et al. reported an aqueous RFB with the already
known water-soluble 1,2-benzoquinone-3,5-disulfonic acid
(BQDS) as the catholyte and an inexpensive anthraquinone
derivative, 3,4-dihydroxy-9,10-anthraquinone-2-sulfonic acid
(ARS), as the anolyte.12161

Positive electrode (cathode):
OH 0}

HO3S SOgH HO3S SOzH

+2e +2H*
Negative electrode (anode):

(0] OH
CoC — ooCc”
OH OH

O OH OH OH

—_—
—_—

E°=0.91 VU8 (26)

E°=0.08V (27)
+2e + 2H*

Both charge-storage materials are commercially available.
Electrochemical investigations showed that ARS exhibits
a two-electron redox process and that the redox reactions of
both molecules are highly reversible. The utilized laboratory
flow cell comprised copper plates as current collectors and
a Nafion 212 proton-exchange membrane. Charge/discharge
measurements with 0.05M BQDS and 0.05m ARS in 1m
H,SO, as the catholyte and anolyte, respectively, were
performed with various current densities of 20, 30, and
60 mA cm ™ to investigate the cell performance. Three charge/
discharge cycles with an average discharge capacity of
90 mAh™', a calculated discharge capacity retention of
around 98 %, as well as a columbic efficiency of 99 % were
achieved. The maximal power density of 10.6 mWcm 2 was
accomplished at 80% SOC at a current density of
60 mA cm 21!

The authors obtained good columbic efficiencies through
fast charging and slow discharging cycling, but the unopti-
mized flow-cell setup led to a voltage loss. Furthermore, the
observed energy density of 0.4 WhL ' and the current density
is limited by the restricted solubility of the utilized redox-
active molecules, especially of the ARS.
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At the end of 2015, Liu et al. described an aqueous RFB
with 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (4-HO-
TEMPO) and methylviologen (MV) as the organic redox-
active catholyte and anolyte, respectively. The authors
applied the derivative 4-HO-TEMPO instead of common
TEMPO as the cathode active material because of its higher
water solubility of up to 2.1m."**) However, the solubility of 4-
HO-TEMPO in NaCl solution is only approximately 0.5 m.

Positive electrode (cathode):

OH OH
-
— ® E°=080V (28)
N e N
o} 0

Negative electrode (anode):
|

N\
)
— E°=-045V (29)
X e
o,
N

NaCl was utilized as the supporting electrolyte and an
anion-exchange membrane allowed selective transport of
chloride ions. CV and RDE measurements showed that MV
and 4-HO-TEMPO displayed chemically reversible and
diffusion-controlled redox reactions. Battery tests were
performed at room temperature at concentrations of 0.1m
and 0.5M of the redox-active material in aqueous 1.0M or
1.5M solution of NaCl at current densities in the range of 20 to
100 mAcm ™2 72% of the theoretical capacity at a current
density of 60 mAcm* was utilized. A voltage efficiency of
62 %, an energy efficiency of 63 %, and a coulombic efficiency
above 99 % were achieved over 100 charge/discharge cycles.
The theoretic energy density of this system was 8.4 WhL !
(Figure 12).1%9]

The reported flow battery exhibited a moderate energy
density and good coulombic efficiencies. However, the
voltage efficiency and, thus, the energy efficiency strongly
limit the performance of this system. One of the benefits is the
low price and commercial availability of the employed active
materials. The major problem, which affects the long-term
usability of this system, is the side reaction of the 4-HO-
TEMPO. The oxoammonium cation [which is generated in
the charging procedure; Eq. (28)] is capable of oxidizing
alcohols, thereby leading to a self-oxidation of 4-HO-TEMPO
to 4-keto-TEMP-hydroxylamine.["*

The development of RFBs with inexpensive and sustain-
able organic redox-active materials as well as low-cost
membranes may overcome the existing drawbacks of inor-
ganic RFBs, such as the VRFB. In particular, a symmetric
RFB with an organic bipolar redox-active material could
represent an organic alternative to state-of-the-art VRFBs.
Nevertheless, research in this field is in its infancy and needs
further intensive investigations on potential organic bipolar
redox-active materials. A bipolar material that can be utilized
in the electrochemical window of water is of particular
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Figure 12. a) Representative charge and discharge profiles of the
MV/4-HO-TEMPO RFB (0.5 m) at cycling rates from 20 to

100 mAcm™2. b) Plots of Coulombic efficiency, voltage efficiency, and
energy efficiency versus current density of the cell. c) Capacity and
coulombic efficiency versus cycling numbers of the cell at 60 mAcm™2.
Conditions: anolyte, 0.5M MV in 1.5m NaCl aqueous solution;
catholyte, 0.5M 4-HO-TEMPO in 1.5m NaCl aqueous solution; flow
rate, 20 mLmin~".1%

interest. Asymmetric RFBs are also an interesting topic for
further developments so as to increase the capacity and, thus,
the energy density. The choice of the right charge-storage
materials and highly selective membranes already allows
good long-term capacity retentions and low crossover reac-
tions to be achieved.

4.3.2. Redox-Flow Batteries with Polymer-Based Organic Active
Materials

The first polymer-based non-aqueous symmetric RFB was
reported by Oh etal. in 2014. The authors fabricated an
electrolyte based on a suspension of polythiophene (PT)
particles, where PT serves as the bipolar redox-active
material. ™ A high stability of the redox reactions and
pronounced n-doping and p-doping was exhibited. The
observed electrochemical redox processes at —2.0 and 0.5V
versus Ag/Ag enabled a high cell potential of 2.5 V. The
performance of these bipolar redox-active conductive par-
ticles was investigated in a flow-cell setup with an anion-
exchange membrane and carbon black as the conductive
additive. Polythiophene microparticles (8.41 gL ") were dis-
persed in a solution of 1M tetraethylammonium tetrafluoro-
borate (TEABF,) in propylene carbonate. At a current
density of 0.5mAcm 2, the flow battery demonstrated
a stable charge/discharge behavior over 20 cycles with
a high energy efficiency of 61 % and a maximal observed
energy density of 2.7 WhL ™.l Besides the advantage that
the conjugated polymer particles lead to a decrease in the
electric resistance inside the cell, the application of conju-
gated polymer particles led to some major drawbacks, such as

Angew. Chem. Int. Ed. 2017, 56, 686 —711


http://www.angewandte.org

GDCh
~~

steep potential curves and the possibility of clogged flow
channels as a result of agglomerated particles.

Water offers several advantages over organic electrolyte
solvents: It is nonflammable, inexpensive, and allows for high
ion mobility, for example, low ohmic resistance. For this
reason, Janoschka et al. evaluated numerous water-soluble
polymers (polymethacrylates and polystyrenes) for applica-
tion in an aqueous RFB.'! A special focus was on their
rheological, thermal, and electrochemical properties with
a target of <20 mPas to ensure the efficient operation of
a pumped RFB. A novel battery type to replace common ion-
exchange membranes and highly corrosive, acidic electrolyte
solutions with inexpensive dialysis membranes and pH-
neutral sodium chloride solutions was reported by using
optimized polymers, which employ TEMPO and viologen as
the redox-active moieties (Figure 13).13+15]

The dialysis membrane showed a good retention of the
redox-active materials and a low resistance of 1.14 Qcm?,
which is in the range of Nafion. The high ion mobility in water
led to current densities of up to 100 mA cm being attained.
The long-term stability of the system was demonstrated in
a static test cell by repeated charging/discharging over 10000
cycles with 80 % capacity retention. Furthermore, a pumped
flow cell with an increased volumetric capacity of 10 AhL™
demonstrated a capacity retention of around 80 % after 95
consecutive charge/discharge cycles. The faster fade in
capacity can be explained by a side reaction, possibly induced
by oxygen. Although this novel system may lay the founda-
tion for a new RFB working principle (polymer plus dialysis

Aqueous
electrolyte

Polymer

An dte

Reviews

membrane), capacity limitations of currently 10 WhL ™" still
need to be overcome, for example, by substituting linear for
hyperbranched polymers.

Winsberg et al. reported a poly(boron dipyrromethene)-
based flow battery."¥”! Boron dipyrromethenes (BODIPYs)
are frequently used as chemosensors and laser dyes. Besides
their special optical properties, several BODIPYs feature
chemically reversible oxidation and reduction reactions,
which render them a potential bipolar redox-active material
for flow-battery applications and, thus, an organic alternative
to VRFBs (Figure 14).

Discharging

Charging
-e -

_—
Discharging
+e

_——
Charging
+e

Figure 14. Redox mechanism of the utilized BODIPY derivative.

The authors synthesized styrene-based polymers with
pendant BODIPY moieties and fabricated an organic solu-
tion-based battery by using polymeric TEMPO as the
catholyte and a BODIPY copolymer as the anolyte. This
battery featured a mean discharging voltage of 1.82 Vand 100
consecutive charge/discharge cycles with 70 % retention of
the initial discharge capacity. A second battery that featured
two different BODIPY copolymers, one as the catholyte and
a second as the anolyte, revealed
a mean charging voltage of 2.06 V
but only a mean discharging volt-
age of 1.28 V. Nevertheless, a stable
battery cycling was observed for 90
consecutive charge/discharge

A 4

Catholyte tank

cycles. A bipolar polymer, which
can be used both in the catholyte
and anolyte, has so far not been
reported.

\ 4

Anolyte tank

5. Photoelectrochemical
Redox-Flow Batteries
(Photo-RFBs)

P1
L L RFBs are utilized as a buffer
o Electrode | Skesaxclision o for intermittent electric energy.
\J membrane Y, Electricity which is produced by
b R R wind power or solar energy is
- — — o — - converted into chemical energy
e . =N 7\ BT Bl \ /V~® and stored for a certain amount of
Y N o i time. Photo-RFBs render this
% = detour via electrical energy unnec-

TEMPO TEMPO*

Redox equilibrium in P1

Figure 13. a) Schematic representation of a polymer-based RFB consisting of an electrochemical cell

and two electrolyte reservoirs. The anolyte and catholyte cycle are separated by a semipermeable size-
exclusion membrane, which retains the redox-active macromolecules while allowing small salt ions to
pass. b) Fundamental electrode reactions of P1 (TEMPO radical) and P2 (viologen)
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essary, since light is directly stored
as chemical energy. The develop-
ment of highly efficient photo-
electrodes and their integration
into RFB technologies may result
P in the use of conventional photo-
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voltaic systems and batteries becoming obsolete, thereby
leading to a more cost-efficient and simpler all-in-one system.

The design of a photo-RFB is very similar to that of
regular RFBs, but differs in the additional utilization of
a photoelectrode, which is typically fabricated from conduc-
tive glass coated with a photocatalyst. A schematic represen-
tation is shown in Figure 15.

(A
A)
Separator Anode
T~ "
——CcB B. S
X
P
‘ne:d‘p’—""l
{D ‘A\«’ok
PAcd
-l vB
= _ t
Photoanode Cathode

&)

Figure 15. Schematic representation of a photoelectrochemical redox-
flow battery.

The charging process is dependent on the photoanode.
This electrode is mandatory for the light-harvesting process,
as incident light generates electron-hole pairs, which induce
the oxidation of the catholyte at the interface between the
catholyte and photoanode."™™! Simultaneously, the anolyte is
reduced by the transferred electron. The subsequent dis-
charging procedure is the same as in regular RFBs.

5.1. Photoelectrochemical Redox-Flow Batteries with Asymmetric
Electrolytes

The group of Gao and co-workers proposed this technol-
ogy first and combined the classical dye-sensitized solar cell
(DSSC, Gritzel cell) with the flow-battery technology.®!
FTO glass coated with TiO, and a ruthenium dye were
utilized as the photoanode and the redox couple I;7/I" as the
catholyte. A Li" glass ceramic separator prevented electrolyte
crossover and allowed charge equalization through the Li
conductivity.

In a first publication, the anolyte contained decamethyl-
ferrocene, which led to an average discharging voltage of
0.33 V in the dark and a photocharging voltage of around
0.55 V. A maximum discharge capacity was reached with
53.3mAhL™", which corresponds to a material utilization of
24% after an illumination time of 2400s and 48% of the
photocharge capacity."™ In a second publication, the anolyte
was replaced by an aqueous Li,WO, solution."™ This led to
an elevated average discharging voltage of 0.45V and
a photocharge plateau voltage of 0.76 V." In a third study,
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quinoxaline derivatives were employed as the anode-active
material and represent a first approach for the application of
organic active materials in solar rechargeable RFBs.!'”! As for
the Li,WO, system, charging voltages of 0.78 V and average
discharging voltages of 0.45 V were achieved.

Gao etal. successfully demonstrated the possibility of
combining a DSSC with a RFB. However, the presented
systems have to overcome several challenges, since capacities,
cell voltages, and applicable current densities are not
competitive with state-of-the-art RFBs.

An improvement to these systems was reported by Wu
etal., by using solid lithium as the anode.'”” In addition,
guanidine thiocyanate and chenodeoxycholic acid were used
as additives to improve the wettability on the hydrophobic
dye-sensitized TiO, photoanode. The advantages of this
system are the elevated charging and discharging voltages of
3.55 Vand 3.35 V, respectively, and the ability to use a highly
concentrated aqueous catholyte with a concentration of 2.0M
Lil. Consequently, the electrolyte revealed a theoretical
capacity of 35.7 AhL'. After 16.8 h, the battery was charged
to 91% of its theoretical capacity and 25 charge/discharge
cycles were demonstrated. The low photocharging rate is
equally considered a drawback.

The photocharging capability of organic/inorganic RFBs
with the anthraquinone derivative AQDS as the anode-active
material and either ferrocyanide or bromide as the cathode-
active material was demonstrated recently.'”*!**l Wedege
et al. used a hematite photoanode annealed with polyaniline
for the oxidation of ferrocyanide."”® An unbiased photo-
charging was possible up to a state of charge of 12 %.

Liao et al. used a dual silicon photoelectrochemical cell in
an AQDS/bromide RFB."! The photocathode consisted of
C/TiO,/Ti/n* p-Si and the photoanode of Pt/p "'n-Si. A high
conversion efficiency of 6% was achieved with these opti-
mized photoelectrodes. The battery was self-charged to 0.8 V
and a discharge capacity of 730 mAhL ™! was reached after
photocharging for 2 h. The authors demonstrated constant
capacity retention over ten consecutive charge/discharge
cycles, which makes this system the most advanced photo-
RFB so far.

5.2. Solar Chargeable All-Vanadium Redox-Flow Batteries

A few studies describe the solar charging of VRFBs with
photoanodes in which TiO, and WO; as well as CdS are
used. 11 However, electrical efficiencies are, to date, only
moderate. Furthermore, a degradation of some photoanodes
was observed in the highly acidic electrolyte.””!

Current photo-RFB technologies are still in their infancy.
Research should address the interaction between the photo-
electrode and the active material by matching their redox
potentials in relation to the conduction band of the semi-
conductor. Organic active materials can represent an ideal
class of materials, since the redox potentials can be fine-tuned
by variation of the substituents.
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6. Conclusion and Future Challenges

Flow batteries are, in our opinion, the battery technology
with the greatest potential to be one of the key elements in the
energy transition to a sustainable electricity supply. The
current redox couples and electrolytes in VRFB, Fe/Cr, and
Zn/Br, systems represent only an intermediate step to
nontoxic and noncorrosive electrolytes, which rely on organic
or earth-abundant active materials. Improvements can be
achieved by addressing the following challenges:

An increase in the energy density can be accomplished by
utilizing redox-active materials with an elevated solubility of
at least 2 M, which can be achieved by intelligent design of the
molecules. Of particular interest are organic materials
capable of transferring more than just one electron, as well
as bipolar materials with a large difference between their
redox potentials. The exact adjustment of the redox potential
of the active material and the expanded potential window of
water, by exploiting the overpotential of the electrode, can
also significantly increase the energy density. Further
approaches include the utilization of water-miscible liquid
organic materials or decreasing the molar mass of a single
molecule to decrease the solvent/active material mass ratio
and, hence, to increase the solubility.

Suspension-based systems or ionic-liquid electrolytes
have in fact the highest energy densities, but suffer enor-
mously from minimum applicable current densities and their
application is, therefore, not reasonable. For the same reason,
the application of high-voltage systems, which require an
organic solvent, is not desirable for large stationary battery
systems. An elevated energy density would be desirable, as
the space requirement of the battery and likewise the
operating costs would decrease.

An increase in the current density can be achieved by
accelerating the kinetic reactions on the electrodes. This can
be realized by choosing appropriate electrode materials and/
or their activation/modification. The modification of the
electrodes is a completely novel approach, particularly for
organic compounds. However, organic systems (e.g. qui-
nones) already have advantages over vanadium-based sys-
tems in terms of their reaction kinetics. The applied mem-
brane also has a significant impact on the current capability.
In this context, the membrane should feature an ohmic
resistance as low as possible and should allow a high counter-
ion mobility. Membrane-free systems utilizing, for example,
immiscible electrolytes could also lead to improvements.

Furthermore, the current density can be increased by
reducing the viscosity of the electrolyte and thus enable
accelerated charge-carrier transport. In regard to polymeric
systems, this is achievable by utilizing (hyper)branched
architectures.

An increase in the lifetime can be realized by the
utilization of highly reversible redox couples, which undergo
no side reactions and offer thousands of charge/discharge
cycles. Therefore, systems that just transfer an electron but do
not undergo a conformational change have the potential to be
more stable. In addition, pH-sensitive molecules or redox
reactions should be omitted. This includes the absence of
functional groups prone to hydrolysis, such as esters. The
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temperature stability of organic redox couples in flow
batteries at temperatures in the range of 50 to 70°C has
been barely investigated, but it is of high importance as
organic compounds can undergo side reactions when a certain
activation energy is exceeded.

The long life cycle of the electrodes can be improved by
not utilizing strongly acidic conditions. The selectivity of the
membrane also has a significant impact on the long-term
retention of capacity. Highly selective membranes are
required for the preservation of this performance character-
istic. Membranes that are designed, in particular, for flow-
battery applications are not commercially available. How-
ever, calculating a lifetime of 20 years with a capacity
retention of 80% and one charge/discharge cycle per day,
the crossover of cathode and anode active material must not
exceed 0.002% per cycle. This illustrates why the develop-
ment of bipolar organic active materials is highly attractive.

An increase in the overall system efficiency can be
accomplished by expanding the temperature range in which
no precipitation of either active material or supporting
electrolyte occurs. This is also required for common metal-
based RFBs (e.g. VRFBs, Fe/Cr, and Zn/Br,) and would
consequently reduce the energy demand for heating or
cooling the electrolyte. The utilization of additives or the
selection of active materials and supporting electrolytes with
excellent solubility could allow this target to be met.

A decrease in the costs is an important, if not the most
important, driving force to enable market penetration for
RFBs. This goal can be accomplished by the utilization of
organic materials or earth-abundant metals for the charge-
storage process. Furthermore, the utilization of simple
separators instead of complex ion-selective membranes
would reduce the costs, likewise the utilization of water as
solvent.

Concerning these requirements, key performance indica-
tors such as levelized cost of energy (§ MW 'h™") or costs per
surface power density ($m> W ') seem to be reasonable
assessment criteria. The duration of use has to be included in
this calculation, as most RFBs have extended lifetimes
compared to lead or lithium ion batteries.

In summary, research and development should focus on
aqueous redox- and hybrid-flow batteries, which utilize
organic active materials. In this case, highly soluble organic
compounds, which can be produced with minimal effort in
high yields, are favored to enable the efficient production of
large-scale systems with capacities in the range of MWh.
Additionally, a special focus on the system safety, in regard to
the flammability and toxicity is required. In particular, for
household-sized RFBs, which can be used in combination
with decentralized roof-top photovoltaic electricity produc-
tion, safe battery systems are absolute necessary. The HFB
technology systems comprising a Zn anode should be inves-
tigated further, since this metal expands the usable voltage
range in water and can be acquired at low cost.

Therefore, we suggest focusing on TEMPO as the organic
cathode material for aqueous flow batteries. 4-HO-TEMPO
can be purchased at prices of $5-6 kg™', and its solubility in
water can be increased by alteration of the substituent in the
4-position. TEMPO has a high oxidation potential near the
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upper limit of the potential window of water and reveals
chemically reversible redox reactions in a pH range of 3 to 7.
Viologen and anthraquinone species are suitable anode active
materials which have good chemical reversibility and fast
reaction kinetics. However, the solubility of either their
uncharged state (e.g. AQDS) or charged state (e.g. dimethyl-
viologen) has to be increased. Both molecules can be
purchased at affordable costs, with dimethylviologen having
the lower reduction potential at the bottom end of the water
potential window.

We also see a backlog in membrane development, as most
utilized membranes are designed for applications in fuel cells
and not in RFBs. The utilization of biotechnology or
extraction from renewable natural sources to obtain organic
redox-active materials would further improve the environ-
mental impact of RFBs.
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Extended Data Table: Utilized redox-active materials.
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3. RFBs based on organic/halogen redox-active materials
o
SOzH
Br; HB”( H)ZSO“ 0.81 200 to 500 . 9.4 15 | Nafion212 = U®
O al
AQDS (ADQSHy) !
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(ac)
AQDS (ADQSH,) Br; HBI/H,SO, 0.75 100 to 1000 ; 5.2 5t040 | Nafion115 17
(aq)
4. RFBs utilizing low molar mass organic redox-active materials for catholyte and anolyte
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1.76; 2.72
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. Daramic
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o- _0 .
N7 N CHsCN 1.73 20 5 (during 8.00 100 porous
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% discharging)
PTIO
NN
© ﬂ NaClO,/
N 4 _ [129]
¢ CH.CN 1.6 0.35 1.7 20 Nepem 117
N- TEMPO

methylphthalimide
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o] OH
SOzH OH
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5 HO;S SO,H
AQS BQDS
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N 1
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5. RFBs utilizing polymer-based organic redox-active materials for catholyte and anolyte
S 0.5 to 5 (static 3.2 (static 3003};190
\ TEABF,/P 95 cell); i cell); 2.7 20 ’ FAP-PP- (132]
n C ' 0.2 to 1 (pumped (pumped (pumped 375 AEM
Poly(thiophene) microparticles cell) cell) cell)
X y
n m 10,000
o7ro o070 20 (static cell) ((S:te"’:tl')c Ceg;‘;'eoje' 5,
o o NaCl/H,O 11 20 to 100 10.8 55 - 186]
Ccl —N= (pumped cell) ~95 dialyses
3 | (pumped = membrane
: cell
) TEMPO copolymer )
Viologen
copolymer
Cellulose-
PC 22V | 0.25mA (current) 0.3 0.07 100 based e
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R = solubility promoting substituent

Poly(BODIPY)

a) The energy density was calculated excluding the anolyte, due to a hybdrid flow setup. In case no further information like the capacity [Ah L'l] are available, the maximal observed energy density [Wh L'1] was calculated by the
following equation: energy density = (concentration of the electrolyte solution x 26.8 Ah L™ for one-electron redox-reaction x average cell voltage [V])/2.
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A bipolar nitronyl nitroxide small molecule
for an all-organic symmetric redox-flow battery

Tino Hagemann?2, Jan Winsberg"?, Bernhard Haupler"?, Tobias Janoschka'2, Jeremy J Gruberb>3,

Andreas Wild? and Ulrich S Schubert!*2

An all-organic symmetric redox-flow battery (RFB) that employs nitronyl nitroxide (NN) units as a bipolar redox-active charge-
storage material was designed and investigated. An organic molecule possessing two bipolar redox-active NN units connected
via a tetraethylene glycol chain was synthesized for this purpose. Owing to the ethylene glycol chain, this molecule demonstrates
good solubility in organic solvents. The electrochemical behavior of the obtained compound was investigated via cyclic
voltammetry (CV) measurements and it features quasi-reversible redox reactions of the NN*/NN redox couple at E,,=0.37 V and
the NN/NN- redox couple at E,=-1.25V versus AgNO3/Ag, which led to a promising cell voltage of 1.62V in a subsequent
battery application. A static solution-based battery exhibits a stable charge/discharge performance over 75 consecutive cycles
with a high energy efficiency of 82% and an overall energy density of the electrolyte system of 0.67 Wh I=1. In addition, a
pumped RFB test demonstrates an overall energy density of the electrolyte system of 4.1 Wh1-1 and an energy efficiency

of 79%.

NPG Asia Materials (2017) 9, e340; doi:10.1038/am.2016.195; published online 13 January 2017

INTRODUCTION
State-of-the-art redox-flow batteries (RFBs)

investigated all-vanadium RFB!™ contain metal salts and corrosive

such as the well-

acidic electrolytes. As these metals are generally obtained as products
of mining, their relative abundance in the lithosphere does not
represent their actual availability and the process to achieve pure
materials such as cobalt and vanadium is expensive. As part of the
global energy transition, new energy-storage technologies such as RFBs
will increase in popularity. Therefore, the demand for charge-storage
materials will grow significantly and, consequently, the price of these
metals will rise.>® Further disadvantages of classical RFBs are the
deficient civil and environmental standards associated with ore
mining, the applied hazardous and highly corrosive acidic electrolytes,
and the expensive membranes such as the commonly used Nafion
(DuPont, Wilmington, DE, USA) cation-exchange membrane.o~10
The development of an all-organic RFB with inexpensive and
sustainable redox-active materials and low-cost membranes may
overcome these drawbacks.”!®1* Among others, Darling et all'®
conducted cost analyses, which revealed that the price of the active
material itself and the membrane represent the main costs of these
systems. Cost-efficient organic charge-storage materials can feature a
price advantage compared with metal-based RFBs; in particular, if the
raw materials are affordable, no synthesis or fewer synthesis

procedures are required and the avoidance of elaborate purification
steps can be achieved. For example, a brief calculation for the
anthraquinone disulphonate/bromine system vyields a price of
$27 per kW h for the redox-active organic charge-storage materials
used, which is significantly lower than the price of $81 per kW h for
vanadium systems.'®

In recent years, several semi-organic,'”~2°

metal-free organic/
inorganic'®® and all-organic RFBs”!171331=35 have been reported.
Commonly, two different redox-active materials are used as charge-
storage materials, one within the catholyte and the other within the
anolyte. To the best of our knowledge, along with Oh et al.,> Potash
et al.'* and Duan et al.,’® we are the only researchers that have used
one organic bipolar material simultaneously as both the catholyte and
anolyte. Oh et al® fabricated a polythiophene microparticle
suspension-based electrolyte using polythiophene as the bipolar
charge-storage material and at a current density of 0.5 mA cm ™2 they
demonstrated a non-aqueous all-organic RFB with 20 stable charge/
discharge cycles, an energy efficiency of 60.9% and an energy density
of 2.7 W h 1~ Potash et al,'* on the other hand, described the bipolar
redox-active molecule Disperse Blue 134, a diaminoanthraquinone
derivative, and reported a symmetric all-organic solution-based battery
in an H-cell glass setup, which exhibits three charge/discharge cycles
with an energy efficiency between 43 and 28%, and an energy density
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of 0.94Wh1~ !, Similar to our work, Duan et al.3® used a nitronyl
nitroxide (NN) radical as the charge-storage material. The reported
flow battery that used 0.5 M of the commercially available 2-phenyl-
4,4,5,5-tetramethylimidazoline-1-oxyl-oxide with 1M TBAPF/aceto-
nitrile as the supporting electrolyte demonstrated over 15 consecutive
charge/discharge cycles at a current density of 20mAcm~2, a
coulombic efficiency of ~90%, a voltage efficiency of 67%, an energy
efficiency of 60%, an energy density of 9 W h1~! during the charging
procedure and an energy density of 5W h 17! during the discharging
procedure, which are far better results than those of the two previously
reported symmetric RFBs.>

The application of a bipolar redox-active charge-storage material in
an RFB has significant advantages, such as the considerably reduced
synthesis effort, the simplified flow cell design (as both cell compart-
ments use the same material) and a solution to the problematic cross-
contamination, which prevents long-term capacity decay.b4?33:38 The
redox-active unit for our approach is the well-known NN radical, which
was first described by Osiecki et al.** The electrochemical behavior of
NN radicals and diradicals has been investigated in detail.**-** NNs have
been used as organic magnetic materials*> and ligands for single-chain
magnets46 or single-molecule magnets;47 furthermore, they have been
used as organic memory elements*' and the charge-storage material in
an RFB application due to their - and p-type properties.*® In addition,
NN-containing polymers are used as bipolar active electrode materials in
all-organic radical batteries.***8 Owing to their high chemical reversi-
bility, high cell voltage and electrochemical reversibility, NN-containing
molecules represent potential charge-storage materials that can be used
as the active material in RFBs. To achieve a high theoretical specific
capacity (Cgpec) and to enhance the solubility in solvents preferred for
RFB applications, we designed and synthesized a small molecule with
two redox-active NN units connected via a tetraethylene glycol chain.

Consequently, the redox-active molecule 4 was electrochemically
characterized and its performance as an active material in a static
solution-based and a pumped RFB setup was investigated.

MATERIALS AND METHODS

Materials and chemicals

All starting materials were purchased from commercial sources and were used
as obtained. The graphite felt (2.25x 2.25x 0.4 cm?, Sigracell GFA6 EA, SGL
Carbon, Wiesbaden, Germany) used and the anion-exchange membrane
fumasep FAP-PK-3130 (FuMA-Tech, Bietigheim-Bissingen, Germany) were
cut into appropriate pieces.

Methods

The reactions were monitored by thin layer chromatography on 0.2 mm silica
gel plates (60 F254, Merck Chemicals GmbH, Darmstadt, Germany) and by gas
chromatography—mass spectrometry using a Shimadzu (Kyoto, Japan) GCMS-1-
system with a GC-QP2010S-detector and an Agilent DB-5 ms-column. Column
chromatography was performed on silica gel 60 (Macherey-Nagel, Diiren,
Germany). 'H and 3C nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker (Billerica, MA, USA) AC 300 (300 and 75 MHz)
spectrometer at 298 K. Chemical shifts are reported in parts per million (p.p.
m., & scale) relative to the residual signal of the deuterated solvent. Elemental
analyses were carried out using a Vario ELIII-Elementar Euro (Elementar,
Langenselbold, Germany) and an EA-HekaTech (HEKAtech GmbH, Wegberg,
Germany). Electrospray ionization (ESI) mass spectrometry measurements were
performed on a micrOTOF (Bruker) ESI time-of-flight (ESI-TOF) system.

Electrochemical characterization

The radical content of 4 was determined via X-band electron paramagnetic
resonance (EPR) spectroscopy. The measurements were conducted on an
EMXmicro CW-EPR spectrometer from Bruker using powdered samples and
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10™* m solutions in toluene. Samples were investigated at room temperature
and data handling was performed on the Bruker Xenon software package,
version 1.1b86. The Spin Count software module (Bruker) was used for
quantitative measurements. The spectrometer was calibrated using TEMPO
(99% (high-performance liquid chromatography) purity, Sigma-Aldrich (St
Louis, MO, USA)) as a reference standard. The total spin count provided in this
contribution is the average of four measurements. Cyclic voltammetry (CV)
and rotating disc electrode (RDE) measurements were conducted on a Model
SP-50 potentiostat/galvanostat (Bio-Logic, Seyssinet-Pariset, France), with a
glassy carbon tip (5 mm diameter), an AgNO;/Ag reference electrode for
organic-based electrolytes and a platinum wire counter electrode. The rotation
speed was controlled externally by a Model CTV 101 ring-disk electrode system
(Radiometer Analytical SAS, Lyon, France). Evaluation of the RDE analysis via
Levich plots (limiting current #;,, versus square root of rotation speed w)
yields the diffusion coefficient D by wusing the Levich equation,
ilim = 0.62 nFAD%w%U’%cmwith n=1, Faraday’s constant F=96 485 C mol !,
electrode surface area A=0.2 cm? the kinematic viscosity of the solution
v=448x10""m?s~! at 298.3K* and the bulk concentration cy of the
redox-active NN units. As the peak current i, grows linearly with the square
root of the scan rate, the diffusion coefficient D was calculated using the
Randles-Sevcik  equation, i, = 0.4463 nFAc(anD)%(RT)f%, with n=1,
Faraday’s constant F=96 485 C mol ™!, electrode surface area A=0.2 cm?, the
bulk concentration ¢ of the redox-active NN units at a temperature T=298.3 K
and gas constant R=8.314 J K~ ! mol L.

Cell assembly

The static laboratory cell was designed and constructed into a flat cell type with
a membrane active area of 5cm? (JenaBatteries GmbH, Jena, Germany).
Supplementary Figure S4 gives a detailed overview of the cell structure. The
graphite felt (2.25%2.25% 0.4 cm®, Sigracell GFA6 EA, SGL Carbon) and
anion-exchange membrane fumasep FAP-PK-3130 (FuMA-Tech) were cut into
appropriate pieces. Charge/discharge tests were conducted on a VMP3
potentiostat/galvanostat (Bio-Logic). To study the impact of the current density
on the battery performance, dynamic measurements were performed. The
electrolyte was circulated between the electrochemical cell and the storage tanks
with a peristaltic pump (Hei-FLOW Value 01 Multi, Heidolph, Schwabach,
Germany). Typically, 4 or 10 ml of the electrolyte was used with a flow rate of
10 mlmin~!. All measurements were carried out at 25°C under argon
atmosphere in a glove box. The batteries were charged/discharged with constant
current and the resulting potential was measured over time.

Synthesis of the NN containing compound 4
Compound 1 was prepared with slight modifications according to the
procedure from Hirel et al.>

2,3-Dimethyl-2,3-dinitrobutane (17.85 g, 0.1 mol) was suspended in con-
centrated hydrochloric acid (37%, 150 ml). The suspension was heated up to
50 °C and granular tin (100 g, 0.84 mol) was added in portions over a period of
one hour. Subsequently, the suspension was heated to 90 °C for 4 h and stirred
at 110 °C until the mixture became a clear solution. After cooling to room
temperature, the solution was extracted with diethyl ether (100 ml, three
times), to remove residual 2,3-dimethyl-2,3-dinitrobutane. Afterwards, satu-
rated sodium hydroxide solution (150 ml) was added to the aqueous phase
under cooling in an ice bath. The resulting black precipitate was removed by
filtration and the clear solution obtained was extracted with CH,Cl,
(100 ml, three times). The combined organic phases were dried over MgSOy4
and then the solvent was removed under reduced pressure to obtain 1 as a
colorless solid (5.24 g, 0.045 mol) in a yield of 45%. 'H NMR (300 MHz,
CDCls, 6): 1.24 (brs, 4H, NH,), 1.08 (s, 12H, CHs); '*C NMR (75 MHz,
CDCls, 8): 54.66 (CC), 26.41 (CHs); ESI-TOF MS m/z (%): 117.14 (100)
[M* + HJ; high resolution mass spectrometry (ESI) m/z: [M + H]* caled for
C6H16N2, 117.1386; found, 117.1383.

Compound 2 was prepared with slight modifications according to the
procedure from Wang et al.>!

Under inert conditions, K,CO; (42.1g, 0.305mol) and 4-hydroxy-
benzaldehyde (18.6 g, 0.152 mol) were dissolved in dry dimethylformamide
(230 ml) and 1-chloro-2-[2-[2-(2-chloroethoxy)ethoxy]ethoxy]ethane (13.6 ml,



0.069 mol) was added dropwise. The solution was stirred at 120 °C for 20 h.
After cooling to room temperature, the solvent was removed under reduced
pressure. The oily residue was diluted in CHCl; (10 ml), whereby the
remaining K,COj; precipitated as a white solid. The K,CO; was filtered off
and the filtrate was dried over Na,SO,;. The solvent was removed under
reduced pressure to obtain the crude product, which was purified via column
chromatography (SiOy; ethyl acetate: n-heptane 5:1) to obtain the pure product
2 (21.35 g, 0.053 mol) in a yield of 77%. 'H NMR (300 MHz, CDCl, 8): 9.85
(s, 2H; CHO), 7.79 (d, J=9 Hz, 4H, Ar H), 6.99 (d, J]=9 Hz, 4H, Ar H), 4.18
(t, J=6 Hz, 4H, CH,), 3.86 (t, J=6 Hz, 4H, CH,), 3.70-3.68 (m, 8H, CH,);
13C NMR (75 MHz, CDCl3, 8): 190.85 (C=0), 163.88 (CO), 132.00 (CC),
130.11 (CC), 114.93 (CC), 70.58 (CO), 70.72 (CO), 69.53 (CO), 67.82 (CO);
ESI-TOF MS m/z (%): 425.36 (100) [M" + Na], 403.83 (16) [M* + H]J; high
resolution mass spectrometry (ESI) m/z [M + Na]* caled for CyH607,
425.1570; found, 425.1561; Anal. calcd. for C,,H,507: C 65.66, H 6.51; found:
C 65.76, H 6.54.

Compound 3 was prepared as follows.

Compound 1 (5.2 g, 0.045 mol) was dissolved in tetrahydrofuran (100 ml)
and a solution of 2 (8.6 g, 0.021 mol) in tetrahydrofuran (50 ml) was added
dropwise. The reaction mixture was stirred at room temperature until the
condensation was completed (monitored via thin layer chromatography). The
solvent was removed in vacuo to obtain a yellowish oil, which solidified
overnight at 5 °C. The solid was washed with diethyl ether (30 ml, three times)
to obtain 3 as a white powder (10.3 g, 0.017 mol) in a yield of 81%. 'H NMR
(300 MHz, CDCl3, 6): 7.43 (d, J=9 Hz, 4H, Ar H), 6.85 (d, J=9 Hz, 4H,
Ar H), 5.12 (s, 2H, CH), 4.09 (t, J=6 Hz, 4H, CH,), 3.83 (t, J=6 Hz, 4H,
CH,), 3.69 to 3.68 (m, 8H, CH,), 2.09 (s, 4H, CH,), 1.17 (s, 12H, CHs), 1.09
(s, 12H, CH3); '*C NMR (75 MHz. CDCl;, §): 158.33 (CO), 136.37 (CC),
127.61 (CC), 114.52 (CC), 73.05 (CC), 70.93 (CO), 70.78 (CO), 69.85 (CO),
67.56 (CO), 62.92 (CC), 25.6 (CH3), 23.77 (CHj;); ESI-TOF MS m/z (%):
599.40 (8) [MT + HJ, 300.21 (100) [M2?* + HJ; high resolution mass
spectrometry (ESI) m/z: [M + H]*" caled for C34H54N4Os, 300.2119; found,
300.2113; Anal. caled. for C34Hs4yN,Os: C 68.20; H 9.09; N 9.36; found: C
68.20; H 9.07; N 8.91.

Compound 4 was prepared as follows.

A mixture of 4,4'-[oxybis(2,1-ethanediyloxy-2,1-ethanediyloxy)]bis-4,4,5,5-
tetramethylimidazolidine (3, 10 g, 0.017 mol), CH,Cl, (500 ml) and saturated
NaHCOj solution (300 ml) was cooled to 0 °C. Over a period of 1 h, a solution
of m-chloroperbenzoic acid (<77%, 14.64 g, 0.085 mol) in CH,Cl, (180 ml)
was added dropwise to the reaction mixture. Subsequently, a solution of NalO,
(10.89 g, 0.051 mol) in water (180 ml) was added dropwise. The mixture was
allowed to reach room temperature and was stirred for an additional hour.
Then, the organic phase was separated from the aqueous phase and the aqueous
solution was extracted with CH,Cl, (three times). Subsequently, the combined
organic phases were extracted with saturated NaHCO; (200 ml). The organic
phase was dried over Na,SO, filtered and concentrated under reduced
pressure. The resulting crude purple residue was purified via column
chromatography (SiO,; ethyl acetate) to yield 4 (3.65 g, 0.0056 mol, 33%) as
a purple oil. ESI-TOF MS m/z (%): 656.34 (100) [M?"*]; high resolution mass
spectrometry (ESI) m/z [M]" caled for CsyHygN4Oo>, 656.3415; found,
656.3402; Anal. calcd. for C34H,gN,O92": C 62.18, H 7.37, N 8.53; found: C
62.63; H 7.38; N 7.60; EPR: calcd spin-activity for C3,HygN4Og?": 97.31%.

RESULTS AND DISCUSSION

Synthesis and electrochemical behavior of 4

For battery applications, the active material used should possess a high
energy density. Therefore, the theoretical specific capacity, the cell
voltage and, in particular, the solubility of the redox-active material in
the applied solvent should be maximized. Unfortunately, most
aromatic NNs exhibit a moderate to poor solubility in nitrile- and
carbonate-based solvents, which are preferred for RFB applications
due to their electrochemical stability. To improve the solubility and
thereby the energy density, even compared with the commercial
available 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-oxide, an
ethylene glycol chain was introduced as a linker between two NN
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molecules. It is noteworthy that due to the presence of two NN units
per molecule, the theoretical capacity and the solubility compared with
the single NN units is doubled. The introduction of two redox-active
NN units was performed to achieve a high theoretical specific capacity
by improving the solubility of molecule 4 in preferred organic
solvents, such as acetonitrile (3.8 molal). Furthermore, the synthesis
of the active dimeric material was beneficial in comparison with a
monomeric active material. The starting material used, 1-chloro-2-
[2-[2-(2-chloroethoxy)ethoxy]ethoxy]ethane, has several benefits such
as a reasonable price per kg or the absence of interfering hydroxyl end
groups, for example, 1-chloro-2-[2-(2-methoxyethoxy)ethoxy]ethane,
1-chloro-2-[2-(2-ethoxyethoxy)ethoxy]ethane or 2-[2-[2-(2-chlor-
oethoxy)ethoxy]ethoxy]ethanol. Based on its good chemical stability
in acetonitrile, benzonitrile and carbonate-based solvents, a fumasep
FAP-PK-3130 (FuMA-Tech) anion-exchange membrane was used to
separate the electrolyte circuits. In contrast to commonly used Nafion
membranes, this simpler membrane presents a high cost-saving
potential. Acetonitrile was selected for all static and pumped flow
battery tests, as it demonstrated the highest solubility of 4 and the best
PFg~ ion transport across the membrane, which resulted in a low
electric cell resistance (determined by electrochemical impedance
spectroscopy (Supplementary Figure S6a and b).

A higher theoretical specific capacity may be achieved by using
2,2'-[oxybis(2,1-ethanediyloxy) | bisacetaldehyde as the linker unit to
obtain an NN-containing molecule with a theoretical specific capacity
of 120.7 mA h g™ 1. Unfortunately, this compact NN-containing mole-
cule is not practical for battery applications due to its poor chemical
stability in solution in the presence of air. Various studies show that
the introduction of an aromatic ring (C¢H4R) at the 2-position of the
NN moiety leads to a significantly enhanced stability of the radicals
against the presence of air.’2™>4 Therefore, it is essential to introduce a
phenyl spacer between the NN units and the solubility-promoting
tetraethylene glycol linker to engineer stable NN-containing small
molecules. With 1-chloro-2-[2-[2-(2-chloroethoxy)ethoxy]ethoxy]
ethane as the starting compound, this is, in the simplest case, the
4,4'-[oxybis(2,1-ethanediyloxy-2,1-ethanediyloxy) |bisnitronylnitroxide
(4) with a theoretical specific capacity of 81.7 mAhg~! (Scheme 1).

Compound 4 was obtained from inexpensive commercially avail-
able starting materials in four synthesis steps (Scheme 1). Here, 2,
3-dimethyl-2,3-dinitrobutane was completely reduced (Sn/conc. HCI,
reflux) to achieve the corresponding diamino compound 1 in a
moderate yield of 45%.°° The bisaldehyde 2 was prepared
from 4-hydroxybenzaldehyde and 1-chloro-2-[2-[2-(2-chloroethoxy)
ethoxyJethoxy]ethane under inert conditions in dry dimethylforma-
mide. K,COj; was used as a base to obtain 2 in a yield of 77%.°! The
subsequent condensation reaction of 1 and 2 in tetrahydrofuran
produced compound 3 in a yield of 81%. In the last reaction step, the
bisimidazolidine 3 was oxidized in a one-pot reaction, first by
meta-chloroperbenzoic acid to the bishydroxyimidazolidine and,
subsequently, by sodium periodate to the NN redox-active material
4 in a moderate yield of 33%.%0 A brief calculation of the costs of this
bipolar redox-active charge-storage material can be found in the
Supplementary Information.

The unpaired electrons of the two NN groups of molecule 4 were
characterized by EPR spectroscopy. The EPR spectrum, obtained in
10™* M toluene solution, displays a nine-line pattern in the hyperfine
structure (Figure la). According to the literature, a five-line pattern
with an intensity ratio of 1:2:3:2:1 is expected due to the interaction
between the two identical nitrogens of the NN group. However,
because of the close proximity of the two NN units in compound 4, a
spin—spin interaction between both NN units occurs, which results in
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Scheme 1 Schematic representation of the synthesis route for the nitronyl nitroxide-containing compound 4.
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Figure 1 Characterization of 4: (a) EPR spectrum of 4 in 10~ m toluene solution, (b) cyclic voltammogram obtained for 2.1 mm CH3CN solution of 4 with
0.1 v TBAPFg as the supporting electrolyte at different scan rates, (c) plot of the reduction and the re-oxidation peak current versus square root of the scan
rate and (d) plot of the oxidation and the re-reduction peak current versus square root of the scan rate.

a nine-line pattern.*>>> The absolute spin activity of compound 4,
obtained from the EPR spectrum in solid state (Supplementary
Figure S1), was 1.79x10'® spins per mg, which equals a radical
content of above 97% and indicates a complete oxidation of
bisimidazolidine.

The electrochemical properties of NN radicals and diradicals are
well known, and they have been investigated in detail in previous
reports.2%#* Several studies show that the electrochemical behavior of
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the NN strongly depends on the substituent. For example, Sukegawa
et al*® reported a phenyl-substituted NN diradical that can undergo
reversible oxidation and reduction reactions.

The electrochemical properties of compound 4 were investigated via
CV, to determine the formal potentials of the NN redox couples, and
RDE measurements, to obtain the diffusion coefficient and the rate
constant. The CV measurements of compound 4 were performed in
acetonitrile solution with 0.1 M TBAPF as a conductive salt. The cyclic



voltammogram (Figure 1b) displays a quasi-reversible oxidation and
re-reduction of the NN to the oxoammonium cation (NN) at
E,=0.37V versus AgNOs/Ag with a peak split of 146 mV and a
quasi-reversible reduction and re-oxidation of the NN to the aminoxyl
anion (NN7) at Ej,=-1.25V versus AgNO;/Ag with a peak split of
218 mV, which would lead to a cell voltage of 1.62 V in a subsequent
battery application. At approximately —1V at the re-oxidation of the
reduction of the NN to the NN7, a second minor peak is visible, which
indicates possible side reactions and/or consecutive reactions of the
NN". A more extensive investigation of the CV curves (Figure lc
and d) for both redox couples, the NN*/NN and the NN/NN-,
exhibits a linear relation between the peak currents and the square
root of the scan rate, which reveals a diffusion-controlled behavior and
the non-appearance of precipitates. Using the Randles—Sevcik
equation, the diffusion coefficients D of 1.08x 107° and
0.81x107%cm?s™ ! were calculated for the NN*/NN and NN/NN~
redox couples, respectively. The obtained diffusion coefficient D for
both these redox couples is in the same magnitude as the diffusion
coefficient D subsequently calculated by using the Levich equation
from the evaluation of the RDE measurements.

RDE measurements of 4 were performed in acetonitrile solution
with 0.1 M TBAPFg as the supporting electrolyte for the oxidation to
the oxoammonium cation (NN*, Supplementary Figure S2
and Supplementary Information) and the reduction to the
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Figure 2 Charge/discharge experiments in a 5cm? electrochemical static
test cell with 16 mm (32 mm NN units) 4 and 0.5 m TBAPFg in acetonitrile,
(a) representative third to fifth charge/discharge cycles at a current density of
1 mAcm~2 and (b) long-time stability: charge and discharge capacity and
columbic efficiency at a current density of 1 mA cm=2.
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NN~ (Supplementary Figure S3 and Supplementary Information).
The NN*/NN redox couple exhibits a diffusion-controlled behavior
of 4 with a diffusion coefficient D of 4.74x107%cm?s™!
(Supplementary Figure S2a and b, and Supplementary Information).
Subsequently, the Koutecky—Levich analysis performed displays
mass-transport-independent currents and the following Tafel analysis
(Supplementary Figure S2¢ and d, and Supplementary Information)
presents an electron-transfer rate constant (k°) of 1.42x 1072 cms™!
and a transfer coefficient a of 0.59, which is close to the a-value of an
ideal reversible redox-reaction of 0.5.

The NN/NN™ redox couple also exhibits a diffusion-controlled
behavior of 4 in acetonitrile with 0.1 M TBAPFs and a diffusion
coefficient D of 3.45% 107¢ cm? s ! (Supplementary Figure S3a and b,
and Supplementary Information). Unfortunately, both the Koutecky—
Levich analysis and the Tafel analysis could not be performed. We
assume that the calculation of the kinetics of the redox-reaction was
impossible due to the non-defined redox-reaction of the NN/NN~
redox couple. The cyclic voltammogram (Figure 1b) of the reduction
of the NN to the NN and the corresponding re-oxidation, in contrast
to the NN*/NN redox couple, displays a broader peak split, a large
peak width and, at lower scan rates, a slight potential shift, which leads
to a non-defined redox reaction. This issue can be caused by side
reactions and/or consecutive reactions of the NN™. To summarize, the
diffusion coefficient D obtained for the NN/NN* and the NN/NN~
redox couple, and the electron-transfer rate constant k0 and the
transfer coefficient a for the NN/NN* redox couple are similar to the
values reported in the literature for other organic charge-storage
materials, such as the comparable 2-phenyl-4,4,5,5-tetramethylimida-
zoline-1-oxyl-oxide material,>® DBBB>>¢ and several quinone deriva-
tives;!©3%%7 thereby, they enable the application of 4 in a battery
test cell.

Battery tests

The use of compound 4 as a bipolar charge-storage material for
RFB applications was initially investigated in a static battery setup
(Supplementary Figure S4 and Supplementary Information). Here,
acetonitrile with 0.5 M TBAPF4 was used as the supporting electrolyte
and a fumasep anion-exchange membrane was applied to separate the
cathode and anode compartments.

The static solution-based battery comprised a 16 mm (32 mwm active
NN units) solution of 4 within the anolyte and catholyte. This results
in a theoretical capacity of 0.88 AhI™! for both solutions and an
overall energy density of the electrolyte system of 0.67 Wh1~1. The
charge/discharge experiments were conducted in a voltage range of
1.10-1.95V and a stable battery cycling was performed for 75
consecutive charge/discharge cycles at a current density of 1 mA cm ™2,
Representatively, cycles 3 to 5 are shown in Figure 2a.

The NN-containing static solution-based battery exhibits well-
defined charge and discharge plateaus at 1.67 and 1.45V, respectively.
Coulombic efficiencies up to 95% were attained, which indicate a
good chemical reversibility of the redox reactions of the bipolar
charge-storage material and a low membrane crossover. A voltage
efficiency of 86% and an energy efficiency of 82% were exemplarily
calculated for the 75th cycle. For the static battery setup used, a
theoretical discharge capacity of 1.97 mAh is possible, whereas a
discharge capacity of 0.53 mA h (27%) could be achieved in the first
cycle (Figure 2b) at a current density of 1 mA cm™2. This moderate
material activity originates from the use of un-pumped battery setup,
where only a limited amount of the redox-active NN units can be
transported to the active electrode area by diffusion. In addition to this
kinetic limitation, a high overpotential further reduces the material
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Figure 3 Electric performance of a pumped 5cm? test cell with 16 mm
(32 mm NN units) 4 and 0.5m TBAPFg in acetonitrile (with a theoretical
capacity of 0.83Ah -1 for both solutions); capacity, coulombic, voltage
and energy efficiency with respect to the current density for 10 ml
electrolyte per half-cell, with the flow rate adjusted to 10 ml min~1.

activity and the cell design allows only a rough estimation of the
electrolyte volume. Furthermore, after 75 consecutive charge/discharge
cycles, a capacity decay of ~20% was observed (Figure 2a), which is
probably caused by side reactions of the charged species or decom-
position by the reaction of radicals with each other.

To determine the impact of the current density on the performance
of the flow battery, charge/discharge measurements in a pumped flow
battery (Supplementary Figure S5 and Supplementary Information)
were performed (Figure 3).

Four different current densities (3, 4, 5 and 6 mA cm~2) were
applied, and the charge/discharge capacity and the coulombic, voltage
and energy efficiency were determined. The capacity decreases linearly
as the current density increases, except for the current density of
3 mA cm ™2, due to the limited mass transport to the electrode, which
leads to an increasing overpotential. Charging/discharging was possible
up to current densities of 6 mA cm™ 2. At this current density, the
coulombic efficiency drops significantly under 40% because of kinetic
limitations in the discharging process. In addition, with increasing
current densities, a linear decline of the voltage efficiency was
observed, which is presumably induced by the restricted ion con-
ductivity in the applied electrolyte and, therefore, by the increasing
potential gap between the charging and discharging plateaus.

In addition, further pumped flow battery tests with a higher
concentration of the active material 4 were performed (Figure 4).
This battery comprised 0.1 M (0.2M active NN units) 4 and 0.5Mm
TBAPF; in acetonitrile, as the anolyte and catholyte, respectively,
resulting in a theoretical capacity of 5.4 Ah 17! for both solutions and
an overall energy density of the electrolyte system of 4.1 W h1~ L. The
charge/discharge experiments were conducted in a voltage range from
1.10 to 1.95V and battery cycling was performed for 20 consecutive
charge/discharge cycles at a current density of 1 mA cm ™2,

At an active material concentration of 0.1 m (0.2 M active NN units),
the electrolyte viscosity increased during the charging process, which
resulted in an impaired mass transport and a high overvoltage and
eventually caused a low material utilization (~20%) and a steep voltage
profile (Figure 4a). The change in viscosity is attributed to a decrease
in the solubility of the charged species in contrast to the pristine active
material 4. Furthermore, after 11 consecutive charge/discharge cycles,
a capacity fade of approximately 50%, probably due to side reactions
of the charged species or decomposition by the reaction of radicals
with each other, was observed (Figure 4b). It is noteworthy that up to
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Figure 4 Charge/discharge experiments in a pumped 5 cm? electrochemical
test cell with 0.1 m (0.2 M NN units) 4 and 0.5m TBAPFg in acetonitrile,
(a) representative third to fifth charge/discharge cycles at a current density of
1 mAcm~2, and (b) charge and discharge capacity and columbic efficiency
at a current density of 1 mA cm~2 over 20 charge/discharge cycles.

cycle 20, the capacity recovers to ~60% of the original value because
the pumped cell requires some time to reach the ideal operational
conditions. This can be attributed to the decrease of the area-specific
resistance, from 2.58€Q before cycling to 1.91Q after cycling
(Supplementary Figure S6 and Supplementary Information), which
results in a subsequently achieved cutoff voltage that leads to a higher
material utilization. At 0.5M (I M active NN units) 4, the charged
species precipitated and therefore the charged active material
(Supplementary Figure S7) cannot be discharged at higher
concentrations.

The maximum solubility limit (3.8 M in acetonitrile) of 4 in
pumped flow battery experiments was not attained. This was probably
because the two charged NN units reduced the solubility of 4 in the
electrolyte used. The use of a longer ethylene glycol chain, a detailed
optimization of the electrolyte and an improvement in the cell design
may solve this limitation.

CONCLUSION

An all-organic RFB with a bipolar molecule containing two redox-
active NN units was successfully demonstrated. Compound 4 was
synthesized in four synthesis steps from inexpensive commercially
available materials. Two NNs were connected via a tetraethylene glycol
chain, which improves the solubility behavior to 3.8 molal in the
preferred organic solvent, acetonitrile. Compound 4 was electroche-
mically characterized via CV, which shows a quasi-reversible redox
reaction at Ei,=0.37V for the NN*/NN and at Ey,=—1.25V versus
AgNO;/Ag for the NN/NN~ redox couple, leading to a high cell



voltage of 1.62'V and RDE measurements, which display a diffusion-
controlled behavior. Furthermore, its potential as a bipolar charge-
storage material for RFB applications was demonstrated in a static and
pumped laboratory test cell. The static flow battery was charged/
discharged at a current density of 1 mA cm ™2 for 75 consecutive cycles
and it achieved coulombic efficiencies of up to 95%, a voltage
efficiency of 86% and an energy efficiency of 82%. The pumped
battery test revealed stable capacity retention and efficiencies for
current densities in the range of 3 to 5mA cm ™2,

According to these preliminary static and pumped battery tests,
which exhibit far better results than those from the previously
reported symmetric RFBs by Oh et al.’® and Potash et al,'* and are
comparable to values for symmetric RFB described by Duan et al.,3¢
compound 4 appears to possess a high potential for the application as
a bipolar organic charge-storage material in non-aqueous all-organic
RFBs. However, further investigations are required to improve certain
properties, for example, the solubility of the charged species, to
achieve higher energy densities and performance parameters. This can
be conducted by a detailed optimization of the electrolyte.
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EXPERIMENTS

Electrochemical characterization

The radical content of 4 was determined via X-Band electron paramagnetic resonance (EPR)
spectroscopy. The measurements were conducted on an EMXmicro CW-EPR spectrometer
from Bruker using powdered samples as well as 10* M solutions in toluene. Samples were
investigated at room temperature and data handling was done on the Bruker Xenon software
package, version 1.1b86. The SpinCount™ software module was used for quantitative
measurements. The spectrometer was calibrated using TEMPO (99% (HPLC) purity, Sigma-
Aldrich Chemie GmbH) as a reference standard. The total spin count provided in this
contribution is the average of four measurements. Cyclic voltammetry (CV) and rotating disc
electrode (RDE) measurements were conducted on a Model SP-50 potentiostast/galvanostat
(Bio-Logic, France), with a glassy carbon disc electrode (diameter 5 mm), an AgNO3/Ag
reference electrode for organic-based electrolytes and a platinum wire counter electrode. The
rotation speed was controlled externally by a Model CTV 101 ring-disk electrode system
(Radiometer analytica, France). Evaluation of the RDE analysis via Levich plot (limiting
current iimvs. square root of rotation speed w) yields the diffusion coefficient D by using Levich

2 1 1
equation, i, = 0.62nFADzwzv sco,with n = 1, Faraday’s constant F = 96,485 C mol?,
electrode surface of 0.2 cm?, the solutions kinematic viscosity v = 4.48x10"' m? s at 298.3 K*
and the bulk concentration co of the redox-active nitronyl nitroxide units.
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Figure S1. EPR spectrum of 4 in solid state. In contrast to the spectrum measured in 10™* M toluene solution
(Figure 1a), the powder spectrum displays only a single line without hyperfine structure due to the high
concentration of the nitronyl nitroxide radicals and the resulting line broadening.
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Figure S2: (a) Rotating disk electrode measurement of 4 (2x1073 mol L™'), 0.1 M TBAPF; in acetonitrile, scan
rate 5 mV s7!, at rotating rates from 0 to 4200 rpm, (b) Levich-plot from the obtained limiting currents at 650 mV
vs. AgNO3/Ag; application of Levich-equation yields a diffusion coefficient D = 4.74x107° cm? s, (c) Koutecky-
Levich plot for different overpotentials yielding the mass-transfer-independent current iy, (d) Tafel plot yielding
ko =1.42x102cms! and o = 0.59.
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Figure S3:(a) Rotating disk electrode measurement of 4 (2.1x1073 mol L"), 0.1 M TBAPF in acetonitrile, scan
rate 5 mV s, at different rotating rates from 0 to 4200 rpm, (b) Levich-plot from the obtained limiting currents at
2000 mV vs. AgNOs/Ag; application of Levich-equation yields a diffusion coefficient D = 3.45x107° cm? s,

BATTERIE TESTS

Cell assembly

The static laboratory cell was designed and constructed in a flat cell type with a membrane
active area of 5 cm? (JenaBatteries GmbH, Germany). See Figure S4 for a detailed overview.
The graphite felt (2.25 x 2.25 x 0.4 cm?, sigracell® GFA6 EA, SGLCarbon, Germany), as well
as the anion-exchange membrane fumasep® FAP-PK-3130 (FUMA-Tech, Germany) were cut
into appropriate pieces. Electrochemical impedance spectroscopy (EIS) and charge/discharge
tests were conducted on a VMP3 potentiostat/galvanostat (Bio-Logic, France). To study the
impact of the current density on the battery performance, dynamic measurements were
performed. The electrolyte was circulated between the electrochemical cell and the storage
tanks with a peristaltic pump (Hei-FLOW Value 01 Multi, Heidolph, Germany). Typically, 4
or 10 mL of electrolyte were used with a flow rate of 10 mL min~%. All measurements were
carried out at 25 °C under argon atmosphere in a glove box. The batteries were
charged/discharged with constant current and the resulting potential was measured over time.
Cut-off voltages of 1.10 V and 1.95 V were employed.
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Figure S4: Schematic representation of the 5 cm? test cell. One half-cell consists of a frame a), PTFE block with
hose connections and rubber seal b), graphite current collector c), Teflon sealing d), PTFE flow frame €), Teflon
sealing f), surface enhancing graphite felt g). Both half cells are separated by an anion-exchange membrane h).



Figure S5: Photograph of a laboratory RFB (5 cm?), comprising the electrochemical cell, two reservoir tanks and
a peristaltic pump, used for charge/discharge experiments.
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Figure S6. Nyquist plot of a electrochemical impedance spectroscopy (EIS) measurement of a pumped 5 cm? test
cell with 0.1 M 4, 0.5 M TBAPFs in acetonitrile, (a) between 100 mHz and 200 kHz at 0 V in potentiostatic mode
prior cycling, (b) between 100 mHz and 400 kHz at 0 V in potentiostatic mode after cycling.

As example, the area-specific resistance of the pumped flow cell with 0.1 mM 4, 0.5 M TBAPFg
in acetonitrile before and after cycling was calculated. With a cell area of 5 cm? the area-specific
resistance before the cycling is 2.58 Ohm and after cycling 1.91 Ohm. The decrease of the cell
resistance is caused by the fact that the utilized membrane needs some time to reach the ideal

operational conditions.
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Figure S7. Charge/discharge experiments in a pumped RFB test cell with 0.5 M 4, 1.13 M TBAPFs in acetonitrile,

(a) exemplary 2" to 5" charge/discharge cycle at a current density of 0.4 mA c¢cm™, (b) charge and discharge

capacity and columbic efficiency at a current density of 0.4 mA cm™ over 10 charge/discharge cycles. At this high

active material concentration the charged species precipitated in the graphite felts, impairing the material transport

and finally impeding the discharging process.



CALCULATION OF THE ACTIVE MATERIAL COSTS

The utilized bipolar organic charge-storage material was obtained in four synthesis steps. The
starting material 2,3-dimethyl-2,3-dinitrobutane can be purchased at prices in the range of $1
to 5 per kg, 1-chloro-2-[2-[2-(2-chloroethoxy)ethoxy]ethoxy]ethane for $1 per kg and the 4-
hydroxybenzaldehyde for $0.1 per kg. All wholesale prices were obtained from Alibaba.com
for a purchase at industrial scale. In the following synthesis steps further materials were used:
Tin for $10 per kg, hydrochloric acid for $0.2 per kg, K-COs for $0.82 per kg, DMF for $0.65
per kg, THF for $1 per kg, CH2Cl for $0.35 per kg, m-chloroperbenzoic acid for $0.09 per kg,
NaHCOs for $0.18 per kg and NalOg for $0.5 per kg. In combination with an addition of 20%
for the incidental synthesis cost and a cell voltage of 1.53 V costs of the active material of $725
per kW h is determined, which is siginificantly higher than the price of $81 kW h for the
vanadium systems.? However, the calculated price for the active material 4 can be reduced
considerably through an optimized synthesis route and the utilization of cheaper materials. For
example to synthesize the diamino compound 1, 2,3-dimethyl-2,3-dinitrobutane was
completely reduced with Sn/conc. HCI. With the high tin price ($10 per kg) in mind catalytic
hydrogenation or other reducing agents, like Zn ($3 per kg), iron(l1l)acetylacetonate ($1 per
kg) or hydrazine hydrate ($1 to 1.8 per kg) may be used for a scale up.

REFERENCES

1. DDBST GmbH. http://www.ddbst.com/en/EED/PCP/VSK_C3.php. Accessed 10
August 2016.

2. Huskinson, B., Marshak, M. P., Suh, C., Er, S., Gerhardt, M. R., Galvin, C. J., Chen,
X., Aspuru-Guzik, A., Gordon, R. G., Aziz, M. J. A metal-free organic-inorganic
aqueous flow battery. Nature 505, 195-198 (2014).



Publication P3

Synthesis and electrochemical study of a TCAA derivative —

A potential bipolar redox-active material

T. Hagemann, J. Winsberg, A. Wild, U. S. Schubert,
Electrochim. Acta. 2017, 228, 494-502.

{
‘)&&(
{

175 -150 -1.25 100 125 150 175
E/V vs. Fc'IFc

Reproduced with permission of Elsevier, Copyright © 2017.



Electrochimica Acta 228 (2017) 494-502

=

e

Contents lists available at ScienceDirect

Electrochimica

Acta

Electrochimica Acta

o

10N

i
\

ey
journal homepage: www.elsevier.com/locate/electacta 2 JE

il
&)

Synthesis and Electrochemical Study of a TCAA Derivative — A potential
bipolar redox-active material

..
| CrossMark

Tino Hagemann®®, Jan Winsberg®®, Andreas Wild*®, Ulrich S. Schubert®"*

2 Laboratory of Organic and Macromolecular Chemistry (IOMC), Friedrich Schiller University Jena, HumboldtstraRe 10, 07743 Jena, Germany
b Center for Energy and Environmental Chemistry Jena (CEEC Jena), Friedrich Schiller University Jena, Philosophenweg 7a, 07743 Jena, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 30 September 2016

Received in revised form 21 December 2016
Accepted 10 January 2017

Available online 11 January 2017

The 2,3,7,8-tetracyano-1,44,5,6,9,10-hexazaanthracene (TCAA) derivatives represent an interesting
substance class for future research on organic electronic devices, such as solar cells, organic batteries
or redox-flow batteries (RFBs). Because of their multivalent redox behavior they are potentially “bipolar”,
usable both as cathode and anode activ charge-storage materials. Furthermore, they show a strong
absorption and fluorescence behavior both in solution and solid state, rendering them a promising
emitter for electroluminescence devices, like lamps or displays. In order to evaluate a TCAA for
electrochemical applications the derivative 2,3,7,8-tetracyano-5,10-diphenyl-5,10-dihydrodipyrazino
[2,3-b:2',3’-e]pyrazine (2) was synthesized in two straightforward synthesis steps. The electrochemical
behavior of 2 was initially determined by density functional theory (DFT) calculation and afterwards
investigated via rotating disc electrode (RDE), UV-vis-NIR spectroelectrochemical as well as cyclic
voltammetry (CV) measurements. It features a quasi-reversible oxidation and re-reduction at E:/ =142V
vs. Fc*[Fc with a peak split of 96 mV and a quasi-reversible reduction and re-oxidation at Ei/, = —1.49 V vs.

Keywords:

Bipolar redox-active
2,3,7,8-tetracyano-14,5,6,9,10-
hexazaanthracene

Fc*[Fc with a peak split of 174 mV, which lead to a theoretical potential difference of 2.91 V.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

As a direct consequence of the climate change the general
energy production is shifting to ‘greener’ and more sustainable
sources, such as geothermal and solar energy, hydroelectricity and
wind power [1-4]. Because of several disadvantages and the
restriction to certain geographical circumstances hydroelectricity
and geothermal energy are inferior in comparison to solar energy
and wind power, which seem to be the most promising candidates
to meet the global energy demand in the future [5-8]. However, to
render the “Energiewende” an adjusted electricity grid combining
renewable power sources and energy storage systems is essential
[4,9]. Among all possible storage technologies, in particular redox-
flow batteries seem to be tailor-made for the storage of wind and
solar electricity. They can be independently scaled in capacity as
well as in power—in contrast to most other electrochemical
energy-storage technologies—and furthermore precisely adjusted
to the generator unit [4]. State-of-the-art RFBs, like the

* Corresponding author at: Laboratory of Organic and Macromolecular Chemistry
(IOMC), Friedrich Schiller University Jena, HumboldtstraBe 10, 07743 ]Jena,
Germany.

E-mail address: ulrich.schubert@uni-jena.de (U.S. Schubert).
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0013-4686/© 2017 Elsevier Ltd. All rights reserved.

commercially available and well investigated all-vanadium
[10-13] and Fe/Cr[14-17] RFBs systems utilize toxic and expensive
metal salts and corrosive acidic electrolytes as well as commonly
high-cost cation-exchange membranes like Nafion™ [18-21]. Due
to the high environmental impact as well as the economical
aspects metal-based RFBs will most likely not be a profound
energy-storage solution. Therefore, the development of organic
RFBs, which utilize low cost and sustainable redox-active charge-
storage materials, water-based electrolyte systems as well as
inexpensive membranes, can overcome these obstacles and
enabling a competitive electrochemical energy-storage technology
[19,22-25].

As a consequence, current research in this field is focused on the
investigation and evaluation of several redox-active materials as
potential charge-storage materials. Among others, the substance
class TCAA is, due to the reported electrochemical reversibility and
in particular due to their high voltage between the oxidation and
reduction reactions, highly interesting for the application both as
cathode as well as anode active material in organic RFBs. The
electrochemical properties can easily be adjusted by the introduc-
tion of functional groups and, furthermore, the solubility of these
derivatives can be enhanced by the introduction of solubility
promoting substituents during the two-step synthesis.
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The multivalent, redox-active 2,3,7,8-tetracyano-1,4,5,6,9,10-
hexazaanthracenes (TCAAs) were first mentioned in 1993 by
Matsuoka et al. [26] and investigated in more detail in 1997 by
Jaung et al. [27] Beside first imcomplete electrochemical inves-
tigations via cyclic voltammetry, Jaung and co-workers [27]
studied the electronic properties of several 2,3,7,8-tetracyano-
1,4,5,6,9,10-hexazaanthracene derivatives using UV-vis spectros-
copy and the Pariser-Parr-Popel molecular orbital calculation
method. Due to the reported reversibility of the redox reaction and
the high potential difference between oxidation and reduction, the
TCAA derivatives represent highly interesting materials for the
potential application in symmetric electrochemical energy-storage
devices. In addition, this substance class features a chromophoric
system in solution, with a strong intramolecular charge-transfer
(Fig. 1), in which the amino groups act as donor and the two
dicyanopyrazine rings as acceptor moieties. Consequently, they
possess a strong fluorescence in solution and for several
derivatives also in the solid state, potentially caused by aggrega-
tion-induced emission whereby due to an aggregate formation a
higher photoemission efficiency of faint luminescent chromogens
is induced [28], making them potential candidates as emitter for
electroluminescence devices, such as organic light emitting diodes
(OLEDs) [27].

Furthermore, cyanoheteroaromatics are known as drug inter-
mediates [29-31], as materials of pharmaceutical interest [32,33],
or precursors for the synthesis of thermally stable and oxidation-
resistant polymers[34] as well as nonlinear optical materials
[35,36].

To evaluate the substance class of TCAAs as potential charge
storage materials for the application in electrochemical energy-
storage devices like RFBs, the known 2,3,7,8-tetracyano-5,10-
diphenyl-5,10-dihydrodipyrazino[2,3-b:2’,3'-e|pyrazine (2, Fig. 2)
was synthesized with slight modifications according to literature
procedures [26,27]. The presence of two individual redox pairs of
TCAA derivatives render these an interesting potential material for
symmetric battery applications.

Density functional theory (DFT) calculations of compound 2 and
an electrochemically characterization via cyclic voltammetry (CV),
rotating disc electrode (RDE) and UV-vis-NIR spectroelectro-
chemical measurements were performed.

2. Experimental part
2.1. Materials and chemicals

All starting materials were purchased from commercial sources
and were used as obtained.

2.2. Methods
Reactions were monitored by thin-layer chromatography (TLC)

on 0.2 mm Merck Millipore (Germany) silica gel plates (60 F254)
and by GC-MS using a Shimadzu (Japan) GCMS-1-system with a

/ |
N\~
Fig. 1. Schematic representation of chemical structure of 2,3,7,8-tetracyano-5,10-

dihydrodipyrazino[2,3-b:2',3'-e|pyrazine, the fundamental structure of the 2,3,7,8-
tetracyano-1,4,5,6,9,10-hexazaanthracene derivatives.
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Fig. 2. Schematic representation of the chemical structure of 2,3,7,8-tetracyano-
5,10-diphenyl-5,10-dihydrodipyrazino[2,3-b:2’,3’-e]pyrazine (2).

GC-QP2010S-detector and an Agilent (USA) DB-5ms-column.
Column chromatography was performed on silica gel 60
(Macherey-Nagel, Germany). 'H and '3C NMR spectra were
recorded on a AC 300 (300 and 75 MHz; Bruker, USA) spectrometer
at 298 K. Chemical shifts are reported in parts per million (ppm, &
scale) relative to the residual signal of the deuterated solvent.
Elemental analyses were carried out using a Vario ELIII-Elementar
Euro (Elementar, Germany) and an EA-HekaTech (HekaTech GmbH,
Germany). Electrospray ionization mass spectrometry (ESI-MS)
measurements were performed on a micrOTOF (Bruker, USA)
electrospray ionization time-of-flight (ESI-TOF) system.

2.3. Synthesis of 2,3,7,8-tetracyano-5,10-diphenyl-5,10-
dihydrodipyrazino[2,3-b:2',3'-epyrazine (2)

2.3.1. 2-Anilino-3-chloro-5,6-dicyanopyrazine (1) was prepared with
slight modifications according to the procedure by Jaung et al. [27]
Under argon atmosphere 2,3-dichloro-5,6-dicyanopyrazine
(6.18 g, 31.24 mmol) was dissolved in dry THF (65 mL). The solution
was cooled to 0°Cin anice bath, and aniline (5.71 mL, 62.49 mmol),
diluted in dry THF (15 mL), was added dropwise. Subsequently, the
reaction mixture was allowed to reach room temperature and
stirred for 4 h, till TLC showed a complete conversion of the starting
material. The solution was poured into 700 mL deionized water.
The formed solid was filtered off and washed carefully with
deionized water (five times, each 100 mL) to obtain 1 as an ocher
solid (7.91 g, 30.99 mmol) in a yield of 99.2%. "H NMR (300 MHz,
DMSO-dg, 8): 10.23 (s, 1H, NH), 7.56 (d, J=6 Hz, 2H, Ar H), 7.45 (t,
J=7 Hz, 2H, Ar H), 7.27 (t, /=7 Hz, 1H, Ar H); >C NMR (75 MHz,
DMSO-dg, §): 149.95 (CNH), 138.26 (CNH), 136.69 (CCl), 130.20
(CCN), 128.80 (CC), 126.07 (CC), 123.71 (CC), 118.17 (CCN), 114.15
(CN), 113.84 (CN); HRMS (ESI) m/z: [M+Na]" calcd. for C;,HgCINs,
278.0204; found, 278.0204; Anal. calcd. for C;,HgCINs: C 56.38; H
2.37; C113.87; N 27.39; found: C 56.52; H 2.39; Cl 13.61; N 27.20.

2.3.2. The synthesis of compound 2 was carried out following a) a
method by Jaung et al. with slight modifications [27]

Compound 1 (5g, 19.56 mmol) was dissolved in DMF (100 mL)
and heated up to 140 °C. Triethylamine (6.78 mL, 48.89 mmol) was
added dropwise and the solution was stirred at this temperature.
After 8 h, once the TLC monitoring showed no further changes, the
reaction mixture was cooled to room temperature and poured into
a 1M hydrochloride acid solution (300 mL). The formed solid was
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removed and carefully washed with 1M hydrochloride acid
solution as well as deionized water (25 mL, each three times).
The brown crude product was purified via column chromatography
(SiO5; ethyl acetate/n-heptane, 2:1) and afterwards recrystalized
from a mixture of ethyl acetate/n-heptane (2:1) to obtain the pure
yellowish product 2 (2.91 g, 6.65 mmol) in a yield of 34%. 'H NMR
(300 MHz, DMSO-dg, 8): 7.66 (t, J=7.5 Hz, 4H, Ar H), 7.56 (t, J=7.5
Hz, 2H, Ar H), 7.35 (d, J=7.5 Hz, 2H, Ar H); *C NMR (75 MHz,
DMSO-dg, §): 146.11 (ArCCN), 133.06 (NCN), 130.43 (ArC), 129.76
(ArC), 128.10 (ArC), 124.61 (CCN), 113.78 (CN); ESI-TOF MS m/z (%):
899.19 (100) [2M* +Na], 461.16 (65) [M* + Na]; HRMS (ESI) m/z: [M
+Na|" calcd. for Co4H oN1o, 461.0982; found, 461.0974.

2.3.3. Synthesis of compound 2 by the alternate method b) [37]

Compound 1 (0.44 g,1.71 mmol) was dissolved in 1-methoxy-2-
(2-methoxyethoxy)ethane (diglyme, 8.5mL). N,N-Diisopropyle-
thylamine (DIPEA, 0.64 mL, 3.76 mmol) was added dropwise and
the solution was stirred for 12h under reflux. Afterwards the
reaction mixture was cooled to room temperature and poured into
a 1M hydrochloride acid solution (100 mL). The suspension was
centrifugated and the formed solid was washed with 1M
hydrochloride acid solution and deionized water (15mL, each
three times). The brown crude product was purified via column
chromatography (SiO,; ethyl acetate/n-heptane, 2:1) to obtain
compound 2 (0.1 g, 0.25 mmol) in a yield of 15%. "H NMR (300 MHz,
DMSO-de, 8): 7.66 (t,J=7.8 Hz, 4H, Ar H), 7.56 (t,] = 7.2 Hz, 2H, Ar H),
7.35(d,J=7.2 Hz, 2H, Ar H); *C NMR (75 MHz, DMSO-dg, 8): 146.10
(ArCCN), 133.05 (NCN), 130.42 (ArC), 129.75 (ArC), 128.09 (ArC),
124.60 (CCN), 113.77 (CN).

2.4. Electrochemical measurements

2.4.1. Electrochemical characterization

Cyclic voltammetry (CV) was conducted on a VMP3 potentios-
tast/galvanostat (Bio-Logic, France). For CV measurements, a
standard three-electrode setup with a glassy-carbon disk working
electrode (diameter 2 mm), AgNOs/Ag reference electrode and a
platinum wire counter electrode was utilized. Because the peak
current i, grows linearly with the square root of the scan rate, the
diffusion coefficient D was calculated from the measured CV curves

using Randles-Sevcik equation, i, = 0.4463nFAc(anD)%(RT)’%,
with n=1, Faraday’s constant F=96,485 C mol ', electrode surface
A=0.0078 cm?, the bulk concentration c of the redox-active TCAA
derivative 2 at a temperature T=298.3K and the gas constant
R=8.314]K 'mol .

UV-vis-NIR spectroelectrochemical experiments were per-
formed in a quartz cuvette containing a platinum grid working
electrode, a platinum wire auxiliary electrode and a AgNOs/Ag
reference electrode. The potential was controlled using a VMP3
potentiostat/galvanostat (Bio-Logic, France). The redox process
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was monitored by UV-vis spectroscopy using a PerkinElmer (USA)
Lambda 750 UV-vis-NIR spectrophotometer and considered
complete when there was no further spectral change.

Rotating disc electrode (RDE) measurements were conducted
on a Model SP-50 potentiostast/galvanostat (Bio-Logic, France),
with a glassy-carbon tip (diameter 5mm), an AgNO5/Ag reference
electrode and a platinum wire counter electrode. The rotation
speed was controlled externally by a Model CTV 101 ring-disk
electrode system (Radiometer analytical, Hach, USA). Evaluation of
the RDE analysis via Levich plot (limiting current i;y, vs. square root
of rotation speed w) yields the diffusion coefficient D by using
Levich equation, iy :0.62nFAD%a)%U*%CO, with n=1, Faraday’s
constant F=96,485Cmol~!, electrode surface A=0.2cm? the
solutions kinematic viscosity v=4.48 x 107’ m?s~! at 298.3K
[38] and the bulk concentration cy of the bipolar redox-active
TCAA derivative 2.

3. Results and discussion
3.1. Synthesis of compound 2

The two-step synthesis of 2,3,7,8-tetracyano-5,10-diphenyl-
5,10-dihydrodipyrazino[2,3-b:2',3/-e|pyrazine (2, Scheme 1) as
well as other 2,3,78-tetracyano-1,4,5,6,9,10-hexazaanthracene
derivatives was described in detail by Juang and coworkers [27].

The inexpensive and commercially available starting material
2,3-dichloro-5,6-dicyanopyrazine undergoes a nucleophilic sub-
stitution reaction, in which, depending on the molar ratio, one (two
equivalents of amines) or both (four equivalents of amines)
chlorine atoms are replaced. By adding two equivalents of an
amine to the starting compound, the monosubstituted 2-aryla-
mino-3-chloro-5,6-dicyanopyrazines can be synthesized [26,27].
Finally, through a subsequent intermolecular cyclization of the 2-
arylamino-3-chloro-5,6-dicyanopyrazine a 5,10-disubstituted-
2,3,7,8-tetracyano-5,10-dihydrodipyrazino[2,3-b:2/,3’-e]pyrazine
can be synthesized [27].

Compound 1 was obtained in a high yield above 99% by adding
two equivalents of aniline dropwise to an ice-cooled solution
(~0 °C) of 2,3-dichloro-5,6-dicyanopyrazine in THF (Scheme 1).
The multivalent, redox-active 2,3,7,8-tetracyano-5,10-diphenyl-
5,10-dihydrodipyrazino[2,3-b:2’,3'-e|pyrazine (2) could be pre-
pared in moderate yields of 34% and 15%, respectively, via an
intermolecular cyclization of the 2-arylamino-3-chloro-5,6-dicya-
nopyrazine in two different methods (Scheme 1): a) With DMF as
solvent and triethylamine (2.5 eq) as base as well as b) with bis(2-
methoxyethyl) ether (diglyme) as solvent and N,N-diisopropyle-
thylamine (DIPEA) (2.2 eq) as base. Due to the less expensive
chemicals and the higher obtained yield, method a) was chosen for
further investigations and a scale-up.

| X
=
NH2 NC._N._N._N._CN
NC._ N -Cl THF method a) or b) X Z
T 0y oea Y™ smea LA LL
o, . o X,
NC” N7 0°Ctort;4h I /j\ a)140 °C, 8h NC” N7 NN eN
Yield: 99% NCT N cl b) reflux, 12 h

1

0O

2

a) NEt; (2.5 eq), DMF, Yield: 34%; b) DIPEA (2.2 eq), diglyme, Yield: 15%.

Scheme 1. Schematic representation of the two-step synthesis route to molecule 2.
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9

Spin density difference reduced form

Spin density difference oxidized form

Fig. 3. Schematic representation of the spin density difference of the reduced species (left) and the oxidized species (right), drawn at an isovalue of 0.002, which were
determined by DFT using the Gaussian09 program package (Version A.02)[39]. The hybrid functional B3LYP [40,41] was selected in combination with the 6-31G* basis set. For
all calculation, the solvent environment was modelled for acetonitrile using the implemented polarization continuum model (PCM) [42,43].

3.2. Density functional theory (DFT) calculation and electrochemical
behavior of 2

To the best of our knowledge, the electrochemical properties of
2,3,7,8-tetracyano-1,4,5,6,9,10-hexazaanthracene derivatives are,
up to now, only studied by basic CV measurements, only of the
reduction reaction. Jaung et al. [27] investigated this redox reaction
of a few TCAA derivatives and reported reversible electrochemical
properties with a reduction potential in the range of —1.30 to —1.34
V (depending on the substituent) vs. Ag*/Ag [27].

To receive an initial understanding of the structure of 2 in its
oxidized and reduced form (Figs. 3, S7 and S8), as well as its redox
potentials, density functional theory (DFT) calculations were
performed (detailed describtion in the Supporting information).

As indicated in Fig. 3 the spin density of both redox states is in
each case spread over major areas of the whole molecule, which is
an indication that both redox species are relatively stable, since no
position in the molecule should reveal an increased reactivity due
to a high or low spin denstiy. This behavior is beneficial in view of a
potential application as charge-storage material. In other sche-
matic representations such as in Fig. S7, where the spin density
difference of the reduced species (left) and the oxidized species
(right), mapped with H-atoms, was drawn at an isovalue of 0.008
and Fig. S8, where the spin density difference of the reduced
species (left) and the oxidized species (right) was drawn at an
isovalue of 0.005 with the electrostatic potential (—0.3 to 0.3)
mapped onto the total density, a more accurate distribution of the
spin density becomes apparent. The spin density is relativ evenly
spread over the carbon atoms of the three fused pyrazine rings in
the spin density difference reduced form (Fig. S8, left) as well as the
four nitrile groups, which indicates as we mentioned above
essentially a stabilization of this redox species. However, there is a
probability of a radical recombination, which countering the
stability. On the other hand, the spin density in the spin density
difference oxidized form (Fig. S8, right) is also delocalized over the
the three fused pyrazine rings, but with an emphasis on the six
nitrogen atoms, in particular (the probability is twice as high) on
the two central nitrogen atoms. This behavior indicates a good
stability of this redox state, because a nucleophilic attack is only
possible on these positions, which are sterically shielded.
Furthermore, the formal absolute redox potential of both redox-
couples were calculated from the difference in energy (including
zero-point vibrational energy), i.e. the formal oxidation were
calculated between Sg and D* (—6.09 V), and Sg and D™ (—3.28 V).
The absolute potentials were referenced vs. the calculated
potentials of Fc*/Fc in acetonitrile (—4.57 V) according to Batista

and coworkers, ie. on the basis of the absolute SHE potential
(—4.60 V), and the calculated potential of Fc*/Fc vs. SHE (+0.51 V)
and the systematic offset caused by the B3LYP functional (—0.48 V)
in combination with the 6-31G™ basis set [44]: The oxidation and
re-reduction at E:/, =+1.52 V and the reduction and re-oxidation at
E:>=—-1.29 V, which lead to a corresponding cell voltage of 2.81 V.

Subsequently, the electrochemical properties of compound 2
were investigated via cyclic voltammetry to determine the actual
potentials of the two redox-couples. Additionally, cyclic voltam-
metry measurements with IR drop compensation were performed
(detailed describtion in the Supporting information) to determine
n (number of transferred electrons) for both the oxidation/re-
reduction and reduction/re-oxidation redox-couple.

The CV measurements were performed in acetonitrile solution
with 0.1 M TBAPFg as supporting electrolyte. The cyclic voltammo-
gram (Fig. 4) displays a quasi-reversible oxidation and re-reduction
at Ei,=1.42 V vs. Fc*/Fc with a peak split of 96 mV, as well as a
quasi-reversible reduction and re-oxidation at Ei,=-1.49 V vs.
Fc*/Fc with a peak split of 169 mV, which leads to a theoretical cell
voltage of 2.91 V in a subsequent battery application. The
experimentally determined potentials are in fair agreement with
the calculated values.

A detailed investigation of the obtained CV curves (Fig. 5a and
b) exposes a linear relation of the peak currents and the square root
of the scan rate for the oxidation/re-reduction redox-couple
(Fig. 5a) and for the reduction/re-oxidation redox-couple (Fig. 5b).
This is an indication for a diffusion-controlled behavior and the

0-057 500 mvis
0.04+{ —— 200 mV/s
—100 mV/s
0031 50 mv/s
0.024 —20 mV/s
E 0.01+
~
— 0.001
-0.01
-0.02 4
-0.03 1
_004 T T T T T T 1
-2.00 -1.75 -150 -1.25 1.00 125 150 175

E/V vs.Fc'/Fc

Fig. 4. Cyclic voltammogram obtained for 3.8 mM CH3CN solution of 2 with 0.1 M
TBAPF; as supporting electrolyte at different scan rates.
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Fig. 6. Spectroelectrochemical measurements of 2 in acetonitrile with 0.1 M TBAPFs as supporting electrolyte (E vs. AgNO3/Ag, about —0.084 V vs. Fc*[Fc): (a) Oxidation

reaction and (b) reduction reaction.

nonappearance of precipitates. Afterwards, the diffusion coeffi-
cient D was calculated tobe 4.1 x 107> cm? s~ ! for the oxidation and
re-reduction as well as 2.6 x 10> cm? s~ ! for the reduction and re-
oxidation experiment by the use of the Randles-Sevcik equation.

To investigate the chemical reversibility of both redox reactions
UV-vis-NIR spectroelectrochemical measurements (Fig. 6a and b)
were performed in a highly diluted acetonitrile solution of 2 with
0.1 M TBAPFg as supporting electrolyte. In contrast to the CV
measurements, the potentials were determined against an AgNOs/
Ag pseudoreference electrode (about —0.084 V vs. Fc*[Fc).
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<
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After the oxidation of 2 at potentials up to 1.5V (vs. AgNO3/Ag)
the intensity of the most characteristic absorption bands at 400,
322 and 244 nm as well as the small absorption band at 441 nm
decreases slightly. Noticeable is a hypsochromic shift of the main
absorbance signal at 400 nm, beginning with potentials of 1.4V, to
378 nm (Fig. 6a). Furthermore, also starting at a potential of 1.4V a
new absorption band at 362 nm appears, whose intensity rises
with increasing potentials up to 1.5V (Fig. 6a). Over the following
re-reduction at 0.2 V the original signals are restored qualitatively
and the occurred signal at 362nm disappears, which is an
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Fig. 7. Cyclic voltammogram obtained for 2.5 mM CH3CN solution of 2 with 0.1 M TBAPFg as supporting electrolyte at different scan rates via an advanced CV method (hold
time of five minutes at each scan rate): (a) Oxidation and re-reduction as well as (b) reduction and re-oxidation.



T. Hagemann et al./Electrochimica Acta 228 (2017) 494-502 499

indication for the chemical reversibilty of this redox reaction.
During the reduction reaction of 2 at potentials up to —1.2V the
absorbance signal at 400 nm also displays a hypsochromic shift to
376 nm, while the band at 319 nm recedes and the signals at 441
and 244 nm fully disappears (Fig. 6b). After the subsequent re-
oxidation at —0.2V the original absorbance spectrum was not re-
established. Indeed, this spectrum looks very similar to the one at
—1.2V. Only at 0.2V the original absorbance spectrum could
roughly be restored, but still revealed slight differences such as the
intensity of the characteristic absorption bands. This behavior may
indicate side reactions for this redox-couple.

To examine the chemical reversibility of both redox reactions
as well as to investigate a potential side reaction for the
reduction/re-oxidation redox-couple, which is lightly implied
due to the shown behavior during the spectroelectrochemical
measurements, advanced cyclic voltammetry (CVA) measure-
ments were performed. In contrast to common CV measurements
a hold time of five minutes was introduced after each forward
scan (oxidation and re-reduction as well as reduction and re-
oxidation) to study the chemical reversibility in an environment
which is closer to a battery operation. The CVA measurements
were also performed in acetonitrile solution with 0.1 M TBAPFg as
supporting electrolyte.

The cyclic voltammogram, obtained for the oxidation of 2
(Fig. 7a) via the advanced CV method, displays a quasi-reversible
oxidation and re-reduction at Ei,=1.39 V vs. Fc"/Fc with a peak
split of 86 mV and, therefore, no significant differences to the
original cyclic voltammogram (Fig. 4, right). In contrast, the cyclic
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voltammogram obtained for the reduction reaction of 2 (Fig. 7b)
exhibits a different behavior than in the original spectrum (Fig. 4,
left). Indeed, the original reduction and re-oxidation at E:/» = —1.51
V vs. Fc'[Fc is identifiable, but a new signal at —1.69V and, in
particular visible at lower scan rates, at —1.79V vs. Fc*/Fc appears,
which probably indicates a consecutive or side-reaction. This
compound seems to undergo another reduction and re-oxidation
reaction particularly obvious at a scan rate of 50 and 100mV s,
which consequently leads to a non-stable redox behavior of the
reduction of 2 during extended electrolysis conditions.

For further investigations of the redox behavior, in particularly
to study the diffusion behavior and to obtain the electron-transfer
rate constant k° and the transfer coefficient o of both redox-
couples, RDE measurements of 2 were performed in acetonitrile
solution with 0.1 M TBAPFg as supporting electrolyte.

For the oxidation/re-reduction redox-couple a diffusion coeffi-
cient D of 1.42 x 10~ °cm?s~' (Fig. 8a and b) was calculated. The
following performed Koutecky-Levich analysis revealed mass-
transport-independent currents and the Tafel analysis (Fig. 8¢ and
d) exhibited an electron-transfer rate constant (k°) of 1.08 x 102
cms~! as well as a transfer coefficient o of 0.86. However, the
obtained transfer coefficient o deviates to the value of an ideal
reversible redox reaction of 0.5. These observation can probably be
explained by the deviating values at the rotating rates 225 and
1200 rpm, which is for example visible in the Koutecky-Levich plot
(Fig. 8¢) and in particular through the occurred side reaction at 1.0
and 1.3V, which resulted in an overlap of the individual curves
(Fig. 8a).
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Fig. 8. (a) Rotating disk electrode measurement of 2 (2 x 10~>mol L '), 0.1 M TBAPF; in acetonitrile, scan rate 5mV s, at rotating rates from 0 to 3000 rpm, (b) Levich-plot
from the obtained limiting currents at 1.8 V vs. AgNO/Ag; application of Levich-equation yields a diffusion coefficient D=1.42 x 10~>cm?s~", (¢) Koutecky-Levich plot for
different overpotentials yielding the mass-transfer-independent current iy, (d) Tafel plot yielding k°=1.08 x 10~2cms~' and «=0.86.
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Fig. 9. (a) Rotating disk electrode measurement of 2 (2 x 10~>mol L~ 1), 0.1 M TBAPF; in acetonitrile, scan rate 5mV s~, at rotating rates from 0 to 3000 rpm, (b) Levich-plot
from the obtained limiting currents at —1.8 V vs. AgNO5/Ag; application of Levich-equation yields a diffusion coefficient D=9.43 x 10~%cm?s~, (¢) Koutecky-Levich plot for
different overpotentials yielding the mass-transfer-independent current iy, (d) Tafel plot yielding k°=1.00 x 10~ 2cms~! and a=0.65.

The reduction/re-oxidation redox-couple showed a diffusion-
controlled behavior of 2 with a diffusion coefficient D of
9.43 x10~®cm?s~! (Fig. 9a and b). Similarly, the subsequently
performed Koutecky-Levich analysis revealed mass-transport-
independent currents and the Tafel analysis (Fig. 9¢ and d)
revealed an electron-transfer rate constant (k°) of 1.00 x 102 cm
s~ ! as well as a transfer coefficient « of 0.65, which is nearby the o
value of an ideal reversible redox reaction of 0.5. To recapitulate,
the received diffusion coefficient D for both redox-couples is in the
same magnitude as the subsequently calculated diffusion coeffi-
cient D by using the Randles-Sevcik equation from the evaluation
of the CV measurements. Furthermore the diffusion coefficients D
of both redox-couples are similar to literature values of known
organic charge-storage materials like 2-phenyl-4,4,5,5-tetrame-
thylimidazoline-1-oxyl-3-oxide (PTIO) [45], 2,5-di-tert-butyl-1,4-
bis(2-methoxy-ethoxy)benzene (DBBB) [46,47], and several qui-
none derivatives[48-50] with typical values in the range of 1.4 to
6.2 x 10~ %cm?s™ .

To summarize all results from the different electrochemical
investigations, the good electrochemical properties of 2, an
electrochemical stable quasi-reversible oxidation and re-reduction
as well as reduction and re-oxidation, respectively, determined by
DFT calculation and validated by CV measurements could not
unequivocal be confirmed via UV-vis-NIR spectroelectrochemical,
CVA and RDE measurements for both redox-couples. Whereas the
oxidation/re-reduction redox-couple features a chemically stable
species and a reversible and diffusion-controlled redox behavior,
the results of the CVA and UV-vis-NIR spectroelectrochemical
measurements indicate an irreversible consecutive or side-

reaction under bulk electrolysis conditions for the reduction/re-
oxidation redox-couple.

4. Conclusion

The multivalent, redox-active 2,3,7,8-tetracyano-5,10-
diphenyl-5,10-dihydrodipyrazino[2,3-b:2',3'-e|pyrazine (2) was
synthesized in two synthesis steps from inexpensive, commercial
available compounds and its electrochemical properties were
studied by DFT calculations and afterwards investigated via CV,
which exhibited quasi-reversible redox reactions at Ei/;=1.42 V
and at Ei/, = —1.49 V vs. Fc*[Fc, which led to a theoretical cell voltage
of 2.91V.

To evaluate the 2,3,78-tetracyano-1,4,5,6,9,10-hexazaanthra-
cene derivatives as potential bipolar charge-storage materials for
energy storage applications, the electrochemical behavior of
compound 2 was further investigated via UV-vis-NIR spectroe-
lectrochemical and RDE measurements, which revealed for the
oxidation/re-reduction redox-couple a chemically stable reversible
redox behavior, but for the reduction/re-oxidation several con-
cerns regarding the chemical and electrochemical stability of this
redox-couple were obtained. However, by the simple introduction
of various functional groups during the two-step synthesis, the
electrochemical properties can be adjusted. Therefore, further
studies will focus on the synthesis of a tailor-made 2,3,7,8-
tetracyano-1,4,5,6,9,10-hexazaanthracene derivative with two
stable redox-couples and the investigation of several other
electrolytes, in terms their ability to stabilize the reduced TCAA
species.
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Nevertheless, the extensive electrochemical studies of molecule
2 display the potential usability of this substance class as charge-
storage material in electrochemical energy-storage devices.
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Supporting Information

Synthesis and Electrochemical Study of a TCAA Derivative — A potential bipolar redox-
active material

Tino Hagemann®P, Jan Winsberg®®, Andreas Wild®®, Ulrich S. Schubert®®*

1. Experiments

Nuclear magnetic resonance (NMR) spectroscopy. The H and *C NMR spectra
were recorded on a AC 300 (300 and 75 MHz; Bruker, USA) spectrometer at 298 K. Chemical
shifts are reported in parts per million (ppm, & scale) relative to the residual signal of the

deuterated solvent.

'H and *C NMR spectra of 2-anilino-3-chloro-5,6-dicyanopyrazine (1):
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Figure S1. 'H NMR spectra (300 MHz, DMSO-ds, 5): 10.23 (s, 1H, NH), 7.56 (d, J = 6 Hz, 2H, Ar H), 7.45 (t, J
=7 Hz, 2H, Ar H), 7.27 (t,J =7 Hz, 1H, Ar H), obtained for molecule 1. The signal () at 3.37 (s) belongs to water
and 2.50 (s) is the solvent residual peak of DMSO.
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Figure S2. 3C NMR spectra (75 MHz, DMSO-ds, 5): 149.95 (CNH), 138.26 (CNH), 136.69 (CCI), 130.20 (CCN),

128.80 (CC), 126.07 (CC), 123.71 (CC), 118.17 (CCN), 114.15 (CN), 113.84 (CN), obtained for molecule 1. The
signal (8) at 39.52 (sep) is the solvent signal of DMSO.

'H and *C NMR spectra of 2,3,7,8-tetracyano-5,10-diphenyl-5,10-dihydrodipyrazino[2,3-
b:2",3"-e]pyrazine (2), synthesized by method a):
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Figure S3. 'H NMR spectra (300 MHz, DMSO-dg, 8): 7.66 (t, J = 7.5 Hz, 4H, Ar H), 7.56 (t, J = 7.5 Hz, 2H, Ar H)
7.35(d, J=7.5Hz, 2H, Ar H), obtained for molecule 2 synthesized by method a). The signal (3) at 3.35 (s) belongs
to water and 2.50 (s) is the solvent residual peak of DMSO.
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Figure S4. 3C NMR spectra (75 MHz, DMSO-ds, §): 146.11 (ArCCN), 133.06 (NCN), 130.43 (ArC), 129.76
(ArC), 128.10 (ArC), 124.61 (CCN), 113.78 (CN), obtained for molecule 2 synthesized by method a). The signal
(8) at 39.52 (sep) is the solvent signal of DMSO.

'H and 3C NMR spectra of 2,3,7,8-tetracyano-5,10-diphenyl-5,10-dihydrodipyrazino[2,3-
b:2",3"-e]pyrazine (2), synthesized by method b):
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Figure S5. 'H NMR spectra (300 MHz, DMSO-dg, 8): 7.66 (t, J = 7.5 Hz, 4H, Ar H), 7.56 (t, J = 7.5 Hz, 2H, Ar H)
7.35 (d, J = 7.5 Hz, 2H, Ar H), obtained for molecule 2 synthesized by method b). The signal () at 5.75 belongs
to dichloromethane, at 3.34 (s) belongs to water and 2.50 (s) is the solvent residual peak of DMSO.
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Figure S6. *3C NMR spectra (75 MHz, DMSO-ds, §): 146.10 (ArCCN), 133.05 (NCN), 130.42 (ArC), 129.75
(ArC), 128.09 (ArC), 124.60 (CCN), 113.77 (CN), obtained for molecule 2 synthesized by method b). The signal
(8) at 39.52 (sep) is the solvent signal of DMSO.

Density functional theory (DFT). The theoretical calculations are based on density
functional theory using the Gaussian09 program package (Version A.02).[1] The hybrid
functional B3LYP[2, 3] was selected in combination with the 6-31G* basis set. For all
calculations, the solvent environment was modelled for acetonitrile using the implemented
polarization continuum model (PCM).[4, 5] The geometries of the singlet ground state (So)
were first optimized, which serve as the starting point for the optimization of the corresponding
oxidized (D) or reduced (D") doublet states. In cases of difficult SCF convergence, additional
extra quadratic (xqc) functions were used. The true nature of all minima structures was

confirmed by vibrational analysis showing no imaginary frequencies. The formal absolute



redox potentials were calculated from the difference in energy (including zero-point vibrational
energy), i.e. the formal oxidation were calculated between Sp and D* (—6.09 V), and Sp and D~
(-3.28 V). The absolute potentials were referenced versus the calculated potentials of Fc*© in
acetonitrile (—4.57 V) according to Batista and coworkers, i.e. on the basis of the absolute SHE
potential (—4.60 V), and the calculated potential of Fc*® vs. SHE (+0.51 V) and the systematic
offset caused by the B3LYP functional (-0.48 V).[6] Hence, the theoretical redox potentials of
the title compound are +1.52 V (oxidation) and —1.29 V (reduction) in acetonitrile vs. ferrocene.
The graphical visualizations were generated by GaussView5.0.8,[7] i.e. isovalues were drawn
at 0.002, 0.005 or 0.008 (spin-density calculations).

The hybrid functional B3LYP in combination with the 6-31G* basis set as well as the
implemented polarized continuum model (PCM) was utilized for all calculations, due to the
pleasing study of seven different density functionals combined with three different basis sets,
under consideration of additional necessary assumptions such as solvation effects, published by
Batista et al.[6] In particular, the calculation of the redox potentials in acetonitrile can be best
performed by the combination of the hybrid functional B3LYP with the 6-31G* basis set and
reveals a promising approach to achieve the most comparable results to the experimental values.
Furthermore, the solvent environment was modeled for acetonitrile using the implemented
polarization continuum model (PCM), because in consideration of the interaction between the
molecule and solvent probably only the PCM model supplies a rough estimate of the changes
in the electronic distribution. Batista and coworkers further recommend to utilize a calculated
absolute potential of a standard reference (as the case may be with a correction term of —0.48 V)
like ferrocene, when the calculated redox potentials are compared to experimental values.
However, — under allowance of the standard reference (ferrocene) and the solvent (acetonitrile)
— the combination of the hybrid functional B3LYP with the 6-31G* basis set as well as the
implemented polarization continuum model (PCM) had the most accordance of the calculated

redox potentials with the experimentally determined ones.



So (-1468.03933336 hartree)

D* (-1467.81566541 hartree)

D~ (-1468.15588080 hartree)

Atom | X y z X y z X y
C -1.202120 | 0.719050 | -0.000012 | -2.041550 | -0.524730 | 0.711550 -1.207190 | -0.729610 0.000000
c -1.202330 | -0.718690 | 0.000005 | -1.838310 | 0.136330 | -0.543240 -1.207180 0.729620 0.000002
N -0.000211 | -1.412850 | 0.000000 | -2.908030 | 0.658500 | -1.245070 0.000007 1.416220 0.000000
C 1.202120 | -0.719050 | -0.000005 | -4.177210 | 0.524540 | -0.715390 1.207190 0.729610 | -0.000002
C 1.202330 | 0.718690 0.000011 | -4.379080 | -0.144330 | 0.535540 1.207180 | -0.729620 0.000000
N 0.000211 1.412850 0.000000 | -3.308920 | -0.656060 | 1.239940 -0.000007 | -1.416220 0.000000
N -2.328780 | 1.398270 | -0.000026 | -1.020910 | -1.044100 | 1.383640 -2.332900 | -1.403480 | -0.000002
C -3.484870 | 0.698200 | -0.000026 | 0.193830 | -0.923120 | 0.858550 -3.499420 | -0.712580 0.000000
C -3.485070 | -0.697160 | 0.000012 0.395260 | -0.271680 | -0.391080 -3.499410 0.712620 0.000006
N -2.329190 | -1.397570 | 0.000031 | -0.625190 | 0.239520 | -1.071680 -2.332890 1.403500 0.000007
N 2.328780 | -1.398270 | -0.000032 | -5.198300 | 1.051860 | -1.379570 2.332900 1.403480 | -0.000007
C 3.484870 | -0.698200 | -0.000013 | -6.413770 | 0.920320 | -0.858620 3.499420 0.712590 | -0.000007
C 3.485070 | 0.697160 0.000025 | -6.615110 | 0.247350 0.379530 3.499410 | -0.712620 0.000000
N 2.329190 1.397570 0.000025 | -5.593690 | -0.264580 | 1.058030 2.332890 | -1.403500 0.000002
c 0.000432 2.864460 0.000000 | -3.512980 | -1.315170 | 2.523180 -0.000014 | -2.863180 0.000000
C -0.000432 | -2.864460 | 0.000000 | -2.701640 | 1.329910 | -2.517430 0.000014 2.863180 0.000000
C -0.000537 | -3.545560 | 1.216510 | -2.006670 | 2.540800 | -2.538120 -0.000019 3.549940 | -1.214000
C -0.000746 | -4.941170 | 1.211050 | -1.814180 | 3.175750 | -3.763380 -0.000011 4.945870 | -1.210320
c -0.000855 | -5.637870 | 0.000001 | -2.301980 | 2.598870 | -4.939480 0.000028 5.643930 0.000000
C -0.000753 | -4.941170 | -1.211050 | -2.992030 | 1.384040 | -4.896750 0.000060 4.945870 1.210320
C -0.000538 | -3.545560 | -1.216510 | -3.202690 | 0.739800 | -3.679420 0.000054 3.549940 1.214000
C 0.000559 3.545560 | -1.216510 | -4.088280 | -2.585290 | 2.545800 -0.000039 | -3.549940 1.214000
C 0.000768 | 4.941180 | -1.211050 | -4.279950 | -3.204910 | 3.780090 -0.000048 | -4.945870 1.210320
c 0.000855 5.637870 0.000001 | -3.906090 | -2.555030 | 4.959370 -0.000028 | -5.643930 0.000000
C 0.000731 | 4.941170 1.211050 | -3.333300 | -1.281300 | 4.912370 -0.000001 | -4.945870 | -1.210320
C 0.000516 3.545560 1.216510 | -3.127970 | -0.649360 | 3.686690 0.000004 | -3.549940 | -1.214000
C -4.705780 | 1.453400 | -0.000059 1.294310 | -1.486980 | 1.588710 -4.704460 | -1.466180 | -0.000004
C -4.706210 | -1.452000 | 0.000045 1.705130 | -0.159010 | -0.968740 -4.704440 1.466230 0.000011
N -5.699660 | -2.055650 | 0.000080 2.771250 | -0.074670 | -1.421910 -5.704110 2.071610 0.000009
N -5.699050 | 2.057350 | -0.000079 | 2.194790 | -1.936940 | 2.168120 -5.704130 | -2.071560 | -0.000014
C 4705780 | -1.453400 | -0.000046 | -7.513930 | 1.494970 | -1.580670 4.704460 1.466180 | -0.000012
C 4.706210 1.452000 0.000057 | -7.926890 | 0.112960 0.948410 4704440 | -1.466230 0.000004
N 5.699660 2.055650 0.000077 | -8.994400 | 0.011550 1.394710 5704110 | -2.071610 0.000014
N 5.699050 | -2.057350 | -0.000081 | -8.414290 | 1.953010 | -2.153940 5.704130 2.071550 | -0.000010
H -0.000476 | -2.990540 | 2.149280 | -1.638920 | 2.982080 | -1.618250 -0.000057 2.994910 | -2.147030
H -0.000823 | -5.481420 | 2.152860 | -1.283810 | 4.121860 | -3.796340 -0.000027 5.485870 | -2.152660
H -0.001020 | -6.723890 | 0.000001 | -2.144160 | 3.097000 | -5.891000 0.000034 6.730180 0.000000
H -0.000842 | -5.481430 | -2.152860 | -3.366270 | 0.933840 | -5.810420 0.000082 5.485870 2.152660
H -0.000431 | -2.990540 | -2.149280 | -3.730840 | -0.206080 | -3.633050 0.000087 2.994910 2.147030
H 0.000514 | 2.990540 | -2.149280 | -4.369170 | -3.080270 | 1.622480 -0.000045 | -2.994910 2.147030
H 0.000861 5481430 | -2.152860 | -4.721020 | -4.195750 | 3.816850 -0.000078 | -5.485870 2.152660
H 0.001020 6.723890 0.000002 | -4.061480 | -3.042220 | 5.916980 -0.000034 | -6.730180 0.000000
H 0.000803 5.481420 2.152860 | -3.046240 | -0.775110 | 5.828380 0.000023 | -5.485870 | -2.152660
H 0.000393 2.990540 2.149280 | -2.689910 | 0.341530 3.634780 0.000016 | -2.994910 | -2.147030
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Figure S7. Schematic representation of the spin density difference of the reduced species (left) and the oxidized
species (right) with mapped H-atoms, drawn at an isovalue of 0.008, which were determined by DFT using the
Gaussian09 program package (Version A.02).[1] The hybrid functional B3LYP[2, 3] was selected in combination
with the 6-31G™* basis set. For all calculation, the solvent environment was modelled for acetonitrile using the
implemented polarization continuum model (PCM).[4, 5]

Spin density difference reduced form Spin density difference oxidized form

Figure S8. Schematic representation of the spin density difference of the reduced species (left) and the oxidized
species (right) with the electrostatic potential (—0.3 to 0.3) mapped onto the total density, drawn at an isovalue of
0.005, which were determined by DFT using the Gaussian09 program package (Version A.02).[1] The hybrid
functional B3LYP[2, 3] was selected in combination with the 6-31G* basis set. For all calculation, the solvent
environment was modelled for acetonitrile using the implemented polarization continuum model (PCM).[4, 5]

Cyclic voltammetry (CV) measurements with IR drop compensation. To the best of

our knowledge there exists no information about the electron transfer processes of the TCAA



derivatives. To determine n (number of electrons) for both the oxidation/re-reduction and
reduction/re-oxidation redox-couple, cyclic voltammetry measurements with IR drop
compensation were performed, because for a reversible redox process the peak potential
separation (Epa — Epc) is equal to 59 mV / n.

At an scan rate of 50 mV/s the reduction/re-oxidation redox-couple show a peak split (Epa —
Epc) of 68.23 mV and the oxidation/re-reduction redox-couple a peak split (Epa — Epc) Of
75.32 mV, which results in n = 0.86 for the reduction and n = 0.78 for the oxidation redox
process. Including the fact of non ideal reversible redox-reactions, the investigated TCAA

derivative 2 features for the oxidation and reduction, respectively, a one electron process.
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Figure S9. Cyclic voltammogram obtained for 3.5 mM CH3CN solution of 2 with 0.1 M TBAPFs as supporting
electrolyte at a scan rate of 50 mV/s.
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ABSTRACT

Herein we present a new redox-flow battery (RFB) that employs a (2,2,6,6-tetramethylpiperidin-1-yl)
oxyl (TEMPO) containing copolymer (P1) as catholyte and the viologen derivative N,N'-dimethyl-4,4’'-
bipyridinium dichloride (MV) as anolyte in an aqueous sodium chloride solution. This is the first time
that a combination of an organic polymer and a low-molar-mass organic redox-active material is pre-
sented. The electrochemical behavior of the utilized charge-storage materials were investigated by cyclic
voltammetry (CV) and feature reversible redox-reactions at E, = 0.7 V (TEMPO/TEMPO") and
E, = —0.6 V vs. AgCl/Ag (MV**/MV**), which lead to a promising cell voltage of 1.3 V in the subsequent
battery application.

Studies were performed to determine the most suitable anion-exchange membrane (AEM), the ideal
conducting salt concentration and the optimal flow rate. The resulting battery reveals a stable charge/
discharge performance over 100 consecutive cycles with coulombic efficiencies of up to 95%, a high
energy efficiency of 85% and an overall energy density of the electrolyte system of 3.8 W h L.

© 2017 Elsevier B.V. All rights reserved.
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The climate change, caused primarily by greenhouse gas emis-
sions, provoked a rethinking of the world energy production [1—4].
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In order to reduce CO, emmissions, research is directed towards
‘greener’ and more sustainable sources such as solar and
geothermal energy as well as hydroelectricity and wind power
[5—7]. Thereby, solar energy and wind power, which are in com-
parison to hydroelectricity and geothermal energy not limited by
several crucial preconditions such as certain geographical circum-
stances, will become the most relevant renewable energy source for
the future [8—10]. Unfortunately, the present electricity grids are
not suitable for this kind of intermittent electricity production, and
have to be advanced by the incorporation of flexible and scalable
energy-storage systems to render the energy transition successful
[511].

In particular, redox-flow batteries (RFBs) are convenient for the
storage of wind and solar electricity, since they can be adapted to
the generator unit. Unlike most electrochemical energy-storage
technologies, flow batteries exhibit the benefit of independent
scalability in capacity and in power [5,12]. State-of-the-art,
commercially available systems such as the all-vanadium [13—16]
and Fe/Cr [17—19] RFB have the disadvantage of utilizing critical
and high-priced metal salts and/or corrosive electrolyte solutions
(e.g., sulfuric acid) together with expensive cation-exchange
membranes such as Nafion® [12,20—22]. Therefore, current
research focuses on aqueous electrolyte systems, inexpensive
membranes and organic charge-storage materials featuring safety,
environmental, and cost benefits. Low-molar-mass compounds
such as quinones [23—27], stable nitroxide radicals [28—33], and
N,N'-disubstituted 4,4’'-bipyridine (viologen) derivatives
[12,30,33,34] as well as polymers bearing these functionalities
[22,35—41] were investigated for this purpose [5].

For aqueous electrolyte systems, viologen species are better
suited as anolytes than anthraquinones because of their high water
solubility and low reduction potential [5,12]. Care however, should
be taken to use these viologen derivatives, in particular the N,N'-
dimethyl-4,4’-bipyridinium dichloride (MV), since they are widely
used herbicides and known for their phytotoxicity. Notwith-
standing, due to their chemical reversibility, fast reaction kinetics
and economical aspects (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl
(TEMPO) derivatives are attractive catholyte materials. Conse-
quently, aqueous all-organic RFBs with high capacity and power
utilizing TEMPO/viologen derivatives as active materials were
published in the last few years. For example, Janoschka et al. [22]
developed a novel RFB concept based on TEMPO- and viologen-
containing polymers and utilized pH-neutral sodium chloride so-
lution as well as affordable dialysis membranes [22]. In addition,
Liu et al. [30] and Janoschka et al. [12] utilized N,N'-dimethyl-4,4’-
bipyridinium dichloride as well as the TEMPO derivatives 4-HO-
TEMPO [30] and TEMP-TMA [12] as a low-molar-mass-compound
based version of this aqueous all-organic RFB.

To determine whether an organic polymer and a low-molar-
mass organic compound can be used as charge-storage materials,
a combined all-organic aqueous RFB utilizing sodium chloride as
conducting salt and low cost AEMs was developed. The system was
investigated in detail. Particular focus was on electrochemical
performance and long-term stability in comparison to low-molar-
mass- and polymer-based RFBs. As active materials and for
comparability, the well-known low-molar-mass MV [12,30,34] in
combination with the TEMPO-containing copolymer poly(2,2,6,6-
tetramethylpiperidinyloxy-4-yl methacrylate-co-[2-(meth-
acryloyl-oxy)ethyl]trimethylammonium chloride) [22] (P1) were
utilized. Particular advantage of this combined system for cost
benefits results from the low cost of the AEMs and the utilized MV,
which is a well-known herbicide produced on 100,000 ton-scale.
The flow rate of the electrolytes, the concentration of the sup-
porting electrolyte, the behavior without the use of additional
conducting salt and the type of anion-exchange membrane (AEM)

are key factors addressed in the present study. Except the latter,
these important factors in terms of the battery performance have
only partially been addressed in previously published studies so far.

2. Experimental
2.1. Materials, chemicals and methods

All starting materials were purchased from commercial sources
and were used as obtained. Poly(2,2,6,6-
tetramethylpiperidinyloxy-4-yl methacrylate-co-[2-(meth-
acryloyloxy) ethyl]trimethylammonium chloride) (P1) was a test
sample provided as aqueous solution (capacity of 8.3 Ah L™!) by
Polymaterials AG (Germany). For the dialysis of P1, a regenerated
cellulose-based dialysis membrane (Spectra/Por® 6, Spectrum
Laboratories, Inc., USA) with a molecular-weight cut-off (MWCO) of
1000 g mol~! and a flat width of 45 mm was utilized. The used
graphite felt (2.25 x 2.25 x 0.4 cm?, sigracell® GFA6 EA, SGL Carbon,
Germany), as well as the utilized anion-exchange membranes
fumasep® FAA-3-PE30, FAP-PK-3130, FAS-30 and FAA-3-50 (all
Fumatech BWT, Germany), were cut into appropriate pieces.

Reactions were monitored by using a Shimadzu (Japan) GCMS-
1-system with a GC-QP2010S-detector and an Agilent (USA) DB-
5ms-column. 'H NMR spectra were recorded on a Bruker (USA)
AC 300 (300 MHz) spectrometer at 298 K. Chemical shifts are re-
ported in parts per million (ppm, ¢ scale) relative to the residual
signal of the deuterated solvent. Electrospray ionization (ESI) mass
spectrometry measurements were performed on a micrOTOF Q-II
(Bruker Daltonics Inc., USA) ESI time-of-flight (ESI-TOF) system.
Asymmetric flow field-flow fractionation (AF4) coupled to a
refractive index and multi angle laser light scattering (MALLS) de-
tector (PN3621, Postnova Analytics GmbH, Germany) was used to
determine the absolute molar mass and dispersity of P1 with
independently determined values of the refractive index increment
dn/dc by an Optilab rEX system (Wyatt, Germany) (see Supporting
Information for complete experimental details). The radical content
of P1 was determined via X-Band electron paramagnetic resonance
(EPR) spectroscopy. The measurements were conducted on an
EMXmicro CW-EPR spectrometer from Bruker (USA) using
powdered samples. The total spin count was estimated by an
average of nine measurements. The calculated errors of the deter-
mined theoretical charge storage capacities, including the volume
errors, mass errors and errors of the measured EPR activities, are
around 10%.

2.2. Synthesis and characterization of MV and P1

4,4'-Bipyridine (100 g, 0.64 mol) was dissolved in dime-
thylformamide (600 mL). Afterwards, chloroacetic acid (163.4 g,
1.72 mol) was added [42] and the suspension was heated to 140 °C,
whereas the chloroacetic acid dissolved, followed by stirring at
130 °C overnight. After cooling to room temperature, the formed
precipitate was filtered off and washed with hot dimethylforma-
mide, chloroform, dichloromethane (each two times) to obtain the
yellowish pure product MV (160.64 g, 0.63 mol) in a yield of 98%. 'H
NMR (Fig. S1,300 MHz, D50, 6 in ppm): 9.03 (d, ] = 6.8 Hz, 4H, Ar H),
8.49 (d,] = 6.7 Hz, 4H, Ar H), 4.48 (s, 6H, CH3); ESI-TOF MS (Fig. S2)
m|z (%): 93 (100) [M?*], 171 (23) [M** — CH3s].

Poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate-co-
[2-(methacryloyloxy)ethyl] trimethylammonium chloride) (P1)
was a test sample provided as aqueous solution (capacity of 8.3 Ah
L") in a molar ratio (2,2,6,6-tetramethylpiperidin-4-yl-methacry-
late:[2-(methacryloyloxy)ethyl]trimethylammonium chloride) of
1:1 by Polymaterials AG (Germany). The aqueous solution was
dialysed against water (MWCO = 1000 g mol~!) and lyophilized to
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yield an orange powder. The number-average M;, = 20,600 g mol~!
and weight average molar mass M,y = 35,300 g mol ', resulting in a
relatively broad dispersity of D = 1.71, was determined by AF4-
MALLS (Fig. $3); 'H NMR (Fig. S4, 300 MHz, D,0, & in ppm): 5.02
(s, br, 1H), 4.49 (s, br, 2H), 3.77 (s, br, 2H), 3.22 (s, br, 9H), 2.15—-1.06
(m, 36H), (radical quenched by phenylhydrazine, for the multiplett
at 2.15—-1.06 ppm after integration an amount of 26 protons was
expected; however, 36 protons were calculated, which belong to
the hydrolysis of the methacrylic ester in the backbone of the
copolymer); absolute spin-activity: 6.93 x 10'7 spins mg~' (equals
a radical content of 50 + 4% of the TEMPO moiety of P1), capacity
(given error corresponds to the error propagation calculated from
the theoretical capacity and the measured EPR activities): 30 =+
3 mA h g ! (both determined by EPR, Fig. S5).

2.3. Electrochemical characterization

Cyclic voltammetry (CV) measurements were conducted on a
VMP3 potentiostat/galvanostat (Bio-Logic, France), with a glassy-
carbon disk (diameter 2 mm), an AgCl/Ag reference electrode for
aqueous electrolytes and a platinum wire counter electrode.

2.4. Cell assembly

The static laboratory cell was designed and constructed in a flat
cell type with a membrane active area of 5 cm? (JenaBatteries
GmbH, Germany), see Fig. S6 for a detailed overview. Charge/
discharge tests were conducted on a VMP3 potentiostat/galvano-
stat (Bio-Logic, France). The electrolyte was circulated between the
electrochemical cell and the storage tanks with a peristaltic pump
(Hei-FLOW Value 01 Multi, Heidolph, Germany). Typically, 10 mL of
electrolyte were used with a flow rate from 4 up to 16 mL min ™. All
pumped flow cell measurements were carried out at room tem-
perature under argon atmosphere. For static flow cell measure-
ments 4 mL of electrolyte, whereby the active usable volume is
1.84 mL (see Supporting Information for calculation of the effective
usable volume), per half-cell were utilized. The batteries were
charged/discharged with constant current and the resulting po-
tential was measured over time. The electric cell resistance (R; with
and R, without the FAA-3-50 AEM) was determined by electro-
chemical impedance spectroscopy (EIS). Afterwards, the area
resistance (R) was calculated by using the equation, R = (R; — Ry)-A
in [Q cm?] with A = area of the used 5 cm? test cell.

3. Results and discussion
3.1. Synthesis, characterization, and electrochemical behavior

To investigate the general applicability of a combined all-
organic aqueous RFB, a suitable organic polymer as well as a low-
molar-mass-based charge-storage material is required. Therefore,
we used the N,N'-dimethyl-4,4’-bipyridinium dichloride (MV) as
anolyte and a TEMPO-containing copolymer P1 as catholyte. In
particular, this active material combination was chosen with regard
to a further application on a large-scale and for future commer-
cialization. On the one hand, MV (also known as paraquat) is pro-
duced in a two-step synthesis from inexpensive educts on the
multi-ton scale by Syngenta® (Switzerland), therefore being much
cheaper than respective polymers and readily available for battery
production. On the other hand, the only commercially available and
water-soluble TEMPO molecule (4-HO-TEMPO; TEMPOL) is
comparatively more expensive and poorly suitable for RFB appli-
cation due to side reactions. The long-term usability of 4-HO-
TEMPO as active material is restricted by the auto-oxidation of the
OH-functionality forming the 4-keto-TEMP-hydroxylamine [43].

Hence, co-polymers working without OH-functionalities and being
water soluble represent a suitable alternative.

The synthesis of the anode material MV (Scheme 1, Fig. S1)
started from 4,4’-bipyridine and was carried out according to the
literature [12,42].

The basic electrochemical behavior of MV was studied by cyclic
voltammetry (CV) and advanced cyclic voltammetry (CVA). In
contrast to CV a hold time after each forward scan is implemented
at CVA measurements. This experimental design is used to inves-
tigate the chemical reversibility of the redox-process in an envi-
ronment, which is more representative to a battery operation. Both
measurements (Fig. 1) were performed in 1 M aqueous sodium
chloride solution with a low concentration of the redox-active
material of 10 mM. In general, viologens can undergo a two-step
reduction. The first reduction yields a monocationic radical spe-
cies MV (Scheme 1), which shows a characteristic intense blue
color. The following second reduction step yields the neutral
colorless species MV®. However, for battery application only the
first reduction, which is completely chemically reversible, is usable
due to occuring side reactions and insolubility of MV® [12,44,45].

The cyclic voltammogram (Fig. 1a), obtained for 10 mM MV,
shows a chemically reversible reduction and re-oxidation at Ey;
2= —0.6 V vs. AgCl/Ag for the MV /MV** redox couple. The cyclic
voltammogram (Fig. 1b), obtained with the CVA under the same
conditions, exhibits no significant differences to the original
voltammogram.

The utilized copolymer P1 (see Scheme 2), which contains the
radical TEMPO as well as a quaternary ammonium cation moiety in
a 1:1 ratio to increase the solubility in water, was prepared via a free
radical copolymerization of 2,2,6,6-tetramethylpiperidin-4-yl-
methacrylate and [2-(methacryloyloxy)ethyl]trimethyl ammonium
chloride, followed by oxidation with Hy02/Na;WO4 [22]. An in-
dustrial sample solution of this material was dialysed against water
(MWCO = 1000 g mol~') and lyophilized to obtain an orange
powder for further applications. Its weight-average molar mass
(My) was determined to be 35,300 g mol~! (P = 1.71) in an absolute
manner by AF4-MALLS, since size-exclusion chromatography did
not provide adequate estimations of the molar mass. The radical
content of P1 was determined by EPR spectroscopy, indicating an
absolute spin-activity of 6.93 x 10" spins mg~! and, hence, a ca-
pacity of 30 + 3 mA h g~! (given error corresponds to the error
propagation calculated from the theoretical capacity and the
measured EPR activities). Afterwards, the electrochemical behavior
of P1 was studied by cyclic voltammetry as well as advanced cyclic
voltammetry, with a low active-material concentration of 5 mM P1
in 1 M NaCl,q solution (Fig. 2).

The cyclic voltammogram (Fig. 2a) shows a chemically revers-
ible oxidation and re-reduction at a half-wave potential of 0.7 V vs.
AgCl/Ag for the TEMPO/TEMPO" redox couple. The spectrum
(Fig. 2b), obtained by CVA measurements under the same condi-
tions, also displays a chemically reversible redox wave at Ey,
2 = 0.7 V vs. AgCl/Ag and, therefore, no significant differences.

3.2. Battery tests

3.2.1. Membrane tests

The separator represents a crucial component of a RFB, because
of economic aspects (besides the fact that the active material is one
of the main cost elements [34,46]) and associated performance
parameters such as lifetime, current, and energy density. Therefore,
it should be tailor-made for RFB applications and ideally exhibit a
low ohmic resistance in the utilized electrolyte as well as a good
permeability for the supporting electrolyte ions to allow a high
counterion mobility. At the same time, it should prevent cross-
contamination of the redox-active species, which would
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Fig. 1. Characterization of MV: Cyclic voltammogram obtained for 10 mM aqueous solution of MV with 1 M NaCl as supporting electrolyte, (a) at different scan rates and (b) via an
advanced method including a hold time of 5 min at the inversion potential (exemplary at 200 mV s ').
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Scheme 2. Schematic representation of the synthesis route and the redox-reaction of P1. The TEMPO containing copolymer P1 was originally prepared by Janoschka et al. [22] via a
free radical polymerization followed by an polymer-analogous oxidation (top); redox reaction of P1 (bottom). ABCVA = 4,4'-azobis(4-cyanovaleric acid).

otherwise result in a low coulombic efficiency and in a long-term
capacity decay. Furthermore, a good mechanical stability and
chemical inertness are essential for a long lifetime [5]. Commonly
used perfluorinated Nafion® (DuPont, USA) membranes should be
replaced due to economic aspects (ca. US$ 500/m?) [30,34], while
lower-priced dialysis membranes are not suitable for separation of

low-molar-mass materials such as MV.

Since both utilized active materials exhibit a positive charge in
all occurring redox-states, inexpensive anion-exchange mem-
branes were chosen for all battery tests. These AEMs (all Fumatech
BWT, Germany) offer cost saving versus Nafion® membranes by
around 30—70%. Four different types, namely the FAA-3-PE30, FAP-
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Fig. 2. Characterization of P1: Cyclic voltammogram obtained for 5 mM aqueous solution of P1 with 1 M NaCl as supporting electrolyte, (a) at different scan rates and (b) via an

advanced method including a hold time of 5 min (exemplary at 200 mV s~ ).

PK-3130, FAS-30 and FAA-3-50 (detailed technical data in Table S1)
were investigated in a flow cell (Fig. S7) employing 0.5 M MV and
P1 (each in a 1.5 M NaClyq solution) as well as graphite felt
electrodes.

To determine the electric cell resistance and to study the impact
of the current density on the performance, the four cells were
charged/discharged in a voltage window of 0.80—1.35 V (Fig. 3,
Table S2). No apparent degradation of the electrolyte that would
result in hydrogen-, oxygen- or chlorine-formation, was noticed.
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The FAS-30 and the FAA-3-50 AEM show the lowest area
resistance with 3.32 and 1.67 Q cm? (calculated after determination
of the electric cell resistance by electrochemical impedance spec-
troscopy, EIS), respectively and therefore the best ion mobility.
Furthermore, nine different current densities (1, 2, 3, 4, 6, 8, 10, 12
and 16 mA cm~2) could be applied. In contrast, for the flow cells
employing the FAA-3-PE30 or the FAP-PK-3130 membrane lower
maximum current densities of only 8 and 12 mA cm™2 were
applicable and higher area resistances of 9.62 and 7.77 Q cm? were
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Fig. 3. Electric performance of a pumped 5 cm? test cell including capacity, coulombic, voltage, and energy efficiency depending on the current density (0.5 M MV and P1in 1.5 M
NaCl,q; 10 mL electrolyte per half-cell; flow rate adjusted to 16 mL min~'; theoretical charge storage capacity of 6.5 Ah L™"); a) fumasep® FAA-3-PE30, b) fumasep® FAP-PK-3130, c)

fumasep® FAS-30 and d) fumasep® FAA-3-50 AEM.
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found. Comparing the values for the charging/discharging capacity
as well as the coulombic, voltage and energy efficiency (Fig. 3a—d)
similar results were achieved. In particular, Fig. 3c and d (FAS-30
and FAA-3-50 AEM) display a high conformity with coulombic ef-
ficiencies up to 97%, energy efficiencies of 80—87% (except for a
current density of 1 mA cm2) and charging capacities of 62 to
42 mAh at current densities of 1-10 mA cm~2. Nevertheless, also
the flow cell tests of FAA-3-PE30 and FAP-PK-3130 present appre-
ciably good results with coulombic efficiencies of up to 92/98%,
energy efficiencies of 75/85%, and charging capacities of 61 to
32 mAh at current densities of 1-6 mA cm 2.

To summarize, in all cell tests a parabolic rise of the coulombic
efficiency and a linear drop of the voltage efficiency with increasing
current densities can be observed. This may be caused by the
increasing potential gap between the charging and discharging
plateaus. The charging capacities decrease with increasing current
densities. Furthermore, it was shown that all four employed AEMs
are suitable for this low-molar-mass/polymer combined aqueous
RFB. However, due to the lowest electric cell resistance and best
performance parameters the fumasep® FAA-3-50 AEM is utilized
for all following flow cell experiments.

3.2.2. Influence of the conducting salt concentration on the electric
cell resistance

Commonly, supporting electrolytes (conducting salts) are used
for charge balancing and to increase the conductivity of the elec-
trolyte solution [5]. For example, Hu et al. [34] investigated the
influence of the conducting salt concentration on the conductivity
of the electrolytes. In terms of safety and economic aspects, the
utilization of sodium chloride in aqueous solution as the supporting
electrolyte is favored.

However, due to the high mobility of chloride counterions of MV
[12], it is an interesting consideration whether the utilization of a
conducting salt such as NaCl is generally essential for this combined
RFB. Therefore, a flow cell without additional conducting salt was
charged/discharged in a voltage window of 0.80—1.35 V (Fig. 4a)
and the impact on the current rating investigated (Fig. 4b).

The obtained results (Fig. 4a and b) verify that the usage of a
conducting salt is not mandatory. However, the achieved perfor-
mance parameters are inferior compared to those of the same flow
cell (Fig. 3d) using additional 1.5 M NaClyq conducting salt. For
example, it exhibits a three times higher area resistance
(101 Q cm?) and only current densities of up to 6 mA cm™2 are
achievable. Therefore, the utilization of NaCl,q as conducting salt
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for the combined aqueous RFB is highly recommended. To deter-
mine its optimal concentration, a flow cell was cycled with elec-
trolytes containing 0—5 M NaCl (Fig. 5, Table S3).

With increasing NaCl concentration (up to 1.5 M) the electric cell
and area resistance decreases nearly linear until a plateau at 1.5 M is
reached. At even higher concentrations over 3 M the resistance
slightly rises again. This behavior is attributed to an increase in the
viscosity of the NaClyq solution, leading to a decline in their
mobility.

On the basis of these results, a 1.5 M NaCl,q solution was utilized
as electrolyte for all pumped flow cell tests, because the best
compromise between a high counterion mobility and solution
viscosity is accomplished at this concentration.

3.2.3. Investigation of the influence of the flow rate on the battery
performance

In contrast to previous publications that studied the active
material design, the optimization of flow conditions has, surpris-
ingly, not been addressed so far. Since the flow rate used to pump
the electrolyte through a cell stack has a significant influence on a
battery's overall efficiency and on the performance of the cell itself,
the discharge capacity on the utilized electrolyte flow rate was
investigated. The flow cell was charged/discharged in a voltage
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Fig. 5. Electric cell and area resistance of a 5 cm? test cell as a function of the utilized

concentration of the NaCl,q solution (10 mL solution per half-cell, flow rate adjusted to
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Fig. 4. Pumped 5 cm? test cell, employing the FAA-3-50 AEM, with 0.5 M of MV and P1 in aqueous solutions (with a theoretical charge storage capacity of 6.7 Ah L~'), 10 mL

electrolyte per half-cell, flow rate adjusted to 16 mL min~
energy efficiency depending on the current density.

1: a) exemplary 3rd to 5th charge/discharge cycle at a current density of 5 mA cm~2, b) capacity, coulombic-, voltage-, and
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window of 0.80—1.35 V at a current density of 10 mA cm 2. In a first
experiment, the flow rate of the anolyte and catholyte solutions
were increased from 4 mL min~' to 8 and 12 mL min~, reaching up
to 16 mL min~! (Fig. 6). This equals a full exchange of the solution
within the cell of two up to eight times per minute.

When comparing a static with a dynamic flow cell, the overall
efficiency and the performance of the pumped cell itself is
incomparably better, because in a static set-up only a restricted
amount of the redox-active materials diffuses to the active elec-
trode area. Furthermore, the utilized cell design allows only a
partial assessment of the available electrolyte volume. However, by
utilizing a dynamic set-up an increase of the flow rate improves the
overall efficiency and performance of the cell only to a moderate
extent. Therefore, as obvious in Fig. 6 the discharge capacity only
slightly rises with increasing flow rate (up to 16 mL min~"). For the
next experiment, the flow rate of the anolyte and the catholyte
were changed independently of each other. First, the P1 containing
catholyte was set at a constant rate of 4 mL min~! while the flow
rate of MV was altered (Fig. S8a). Second, the flow rate of the P1
containing catholyte was studied at constant flow rate of MV
(Fig. S8b). Compared to the previous experiment, with increasing
flow rate of only one electrolyte solution (other electrolyte solution
constant at 4 mL min~! flow rate during the test) the discharge
capacity only imperceptibly changed.

To summarize, both experiments indicate that the influence of
the flow rate compared to other important factors, such as the
conducting salt concentration or the employed AEM, appears less
significant.

3.2.4. Investigation of the long-term cycling stability

Based on the results of the applicability of four different AEMs,
the influence of the conducting salt concentration, the flow rate, as
well as the voltage window, the following conditions were chosen
for a final long-term cycling stability test, carried out in a static test
cell (Fig. 7) and pumped (Fig. 8) 5 cm? flow cell: fumasep®™ FAA-3-50
AEM, 0.5 M MV and P1, each in a 1.5 M NaCl,q solution, charging/
discharging with a constant current density of 5 mA cm~2 in a
voltage window of 0.80—1.35 V and a constant flow rate of
16 mL min~! for the pumped flow cell.

The static test cell was charged/discharged for 2,500 consecutive
cycles. A capacity of 6.8 mAh was achieved in the fifth cycle (Fig. 7).
The theoretical possible discharge capacity is 12.3 mAh, this equals
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Fig. 7. Long-term cycling stability test in a static electrochemical 5 cm? test cell with
0.5 M MV and P1 (each in 1.5 M NaCl,q solution, theoretical charge storage capacity 6.7

Ah L") charge/discharge capacity and columbic efficiency over 2,500 consecutive

charge/discharge cycles at a constant current density of 5 mA cm~2.

a material utilization of 55%. This low value can be attributed, as
previously described, to the use of a static test cell set-up. The
coulombic efficiencies rise within the first 60 cycles from 88 up to
97% and remain constant at 97—98% afterwards. After an initial
capacity drop, the capacity is almost constant for 500 cycles before
a linear decay in capacity occurs. During the 2,500 consecutive
charge/discharge cycles, the maximal discharge capacity of 6.8 mAh
decreases to 1.3 mAh, which represents a capacity decay of 81%.
This major capacity decay is possibly caused by side reactions,
induced by atmospheric oxygen that slowly permeates into the cell
and oxidizes the viologen monoradical cation MV"*. Exemplarily
for the 5™, 500™ and 2,500™ cycle a voltage efficiency of ~90% as
well as an energy efficiency of 84 and twice 88% were calculated.
A pumped flow battery (Fig. 8) was cycled for 500 consecutive
charge/discharge cycles and revealed a maximum discharge ca-
pacity of 444 mAh, which correlates to 66% of the theoretical
possible discharge capacity of 67 mAh. A stable battery cycling was
possible for 100 consecutive charge/discharge cycles. Afterwards
the discharge capacity rapidly decreased to 2.8 mAh within 400
cycles. This major capacity decay is caused by an osmotic process.
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Fig. 6. Discharging capacity of a pumped 5 cm? test cell, employing the FAA-3-50 AEM,
with 0.5 M MV and P1 (both in 1.5 M NaCl,4 solution, with a theoretical charge storage
capacity of 6.7 Ah L), 10 mL electrolyte per half-cell, as a function of the utilized
electrolyte flow rate.
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Fig. 8. Long-term cycling stability test in a pumped electrochemical 5 cm? test cell
with 0.5 M MV and P1 (each in 1.5 M NaCl,q solution, theoretical charge storage ca-
pacity 6.7 Ah L~'), 10 mL electrolyte per half-cell, flow rate adjusted to 16 mL min~':
charge/discharge capacity and columbic efficiency over 500 consecutive charge/
discharge cycles at a constant current density.
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During the long period of this experiment, it was observed that the
electrolyte volume of the P1 containing half-cell slowly decreased,
whereas the volume of the MV containing half-cell slowly
increased. We assume, that after the 100%™ cycle the solubility limit
of P1 was achieved, whereby the active material refined on the
surface of the electrode (Fig. S9), which results in a pronounced
decline of the capacity. To confirm this assumption the osmotic
pressure of the catholyte and anolyte, respectively was investigated
in an osmosis chamber with determined densities of the catholyte
and anolyte solutions (Fig. S10, detailed description in the Sup-
plementary information).

Exemplarily for the 10" and 100™ cycle a voltage efficiency of 90
and 91%, as well as an energy efficiency of both times 85% was
calculated.

4. Conclusion

A combined aqueous all-organic RFB, which for the first time
utilized a polymer as well as low-molar-mass-compound as active
materials was manufactured and investigated in detail. A TEMPO-
containing copolymer poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl
methacrylate-co-[2-(methacryloyloxy)ethyl]trimethyl ammonium
chloride) (P1) whose absolute molar mass was detailed via solution
light scattering and the viologen derivative N,N’-dimethyl-4,4-
bipyridinium dichloride (MV) dissolved in a safe aqueous sodium
chloride solution and affordable AEMs were used. Both redox-
active materials are widely considered as suitable charge-storage
materials in RFBs and are, due to their economic and environ-
mental benefits, the most promising organic alternatives to the
commonly used metal-based active materials. MV and P1 were
electrochemically characterized via cyclic voltammetry, which
shows a chemically reversible redox-reaction at a half-wave po-
tential of 0.7 V for the TEMPO/TEMPO" redox couple and —0.6 V vs.
AgCl/Ag for the MV*/MV** redox couple, leading to a cell voltage
of 1.3 V in a subsequent battery application.

Furthermore, several key factors such as the concentration of
the conducting salt, the flow rate of the electrolytes and the
applicability of four different AEMs were investigated in detail to
approach the best battery performance. With the acquired insights
(1.5 M NaCl,q solution, constant flow rate of 16 mL min~’, fumasep®
FAA-3-50 AEM), long-term cycling stability tests in a static and
subsequently in a pumped battery set-up were performed. The final
flow cell exhibits a stable charge/discharge performance over 100
consecutive cycles with a discharge capacity of over 44 maAh,
coulombic efficiencies up to 95%, a high energy efficiency of 85% as
well as an overall energy density of the electrolyte system of
38WhLL
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An aqueous all-organic redox-flow battery employing a (2,2,6,6-tetramethylpiperidin-1-
yl)oxyl-containing polymer as catholyte and dimethyl viologen dichloride as anolyte

Tino Hagemann®®, Jan Winsberg®®, Mandy Grube®¢, lvo Nischang®‘, Tobias Janoschkad,
Norbert Martin®, Martin D. Hager®®, Ulrich S. Schubert®¢*

1. Experimental
1.1. Materials, chemicals and methods

All starting materials were purchased from commercial sources and were used as obtained.
Poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate-co-[2-(methacryloyloxy) ethyl]tri-
methylammonium chloride) (P1) was a test sample provided as agqueous solution (capacity of
8.3 Ah L) by Polymaterials AG (Germany). For the dialysis of P1 a regenerated cellulose-
based dialysis membrane (Spectra/Por® 6, Spectrum Laboratories, Inc., USA) with an
molecular-weight cut-off (MWCO) of 1,000 g mol™ and a flat width of 45 mm was utilized.
The used graphite felt (2.25 x 2.25 x 0.4 cm?, sigracell® GFA6 EA, SGL Carbon, Germany),
as well as the utilized anion-exchange membranes fumasep® FAA-3-PE30, FAP-PK-3130,
FAS-30 and FAA-3-50 (all Fumatech BWT, Germany), were cut into appropriate pieces.

Reactions were monitored by using a Shimadzu (Japan) GC-MS-1-system with a GC-
QP2010S-detector and an Agilent (USA) DB-5ms-column. *H NMR spectra were recorded on
a Bruker (USA) AC 300 (300 MHz) spectrometer at 298 K. Chemical shifts are reported in
parts per million (ppm, o scale) relative to the residual signal of the deuterated solvent.
Electrospray ionization (ESI) mass spectrometry measurements were performed on a
micrOTOF Q-1 (Bruker Daltonics Inc., USA) ESI time-of-flight (ESI-TOF) system.
Asymmetric flow field-flow fractionation (AF4) (Postnova Analytics, Germany) was used to
determine molar masses.[1] The radical content of P1 was determined via X-Band electron
paramagnetic resonance (EPR) spectroscopy. The measurements were conducted on an
EMXmicro CW-EPR spectrometer from Bruker (USA) using powdered samples. The total spin
count was the average of nine measurements. Cyclic voltammetry (CV) measurements were
conducted on a VMP3 potentiostat/galvanostat (Bio-Logic, France), with a glassy-carbon disk
(diameter 2 mm), an AgCI/Ag reference electrode for aqueous electrolytes and a platinum wire

counter electrode. The densities of the anolyte and catholyte solutions needed for estimations
1



of the osmotic and hydrostatic pressure were measured with a DMA4100 density meter (Anton
Paar, Austria) at a temperature of 20 °C. The accuracy of the obtained density values were
enabled by appropriate calibration and verified by a control measurement of the density of pure

water arriving at exactly known literature values (p = 0.9982 g cm3).[2]

1.2. Characterization of the utilized N,N"-dimethyl-4,4"-bipyridinium dichloride (MV)

'H NMR spectrum of N,N -dimethyl-4,4 -bipyridinium dichloride (MV).
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Figure S1. *H NMR spectrum (300 MHz, D20, §): 9.03 (d, J = 6.8 Hz, 4H, Ar H), 8.49 (d, J = 6.7 Hz, 4H, Ar H),
4.48 (s, 6H, CH3), obtained for MV. The signal (J in ppm) at 4.79 (s) belongs to the solvent residual peak of D,0.



ESI-TOF MS spectrum of N,N"-dimethyl-4,4"-bipyridinium dichloride (MV).
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Figure S2. ESI-TOF MS spectrum (positive ion mode, H,O/CH3CN, ¢ = 0.5 ug mL ™) m/z (%): 93 (100) [M?],
171 (23) [M*™— CHg], obtained for MV.

1.3. Characterization of the utilized poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate-
co-[2-(methacryloyloxy) ethyl]trimethylammonium chloride) (P1)

Asymmetric flow field-flow fractionation (AF4) coupled to multi angle laser light scattering
(MALLYS)

AF4 was performed on an AF2000 MT System (Postnova Analytics, Germany) coupled to a
refractive index (RI) detector as concentration detector (PN3150) and a MALLS detector
(PN3621) equipped with a 532 nm laser. Molar mass estimations were performed via Zimm-
plot. The AF4 system is equipped with a tip and focus pump (PN1130), an autosampler
(PN5300), and a channel oven unit (PN4020). The channel had a trapezoidal geometry with an
overall footprint area of 31.6 cm?. The nominal height of the spacer was 350 um and a 10 kDa
molar mass cut off membrane made of regenerated cellulose (Postnova Analytics GmbH,
Germany) was used as accumulation wall. All experiments were carried out at a channel oven
temperature of T = 25 °C with a fluid phase of 0.9% (w/w) aqueous sodium chloride solution.
For the measurements, the focusing time was set to 4 min and 20 ulL of sample at a
concentration of 14.1 mg mL ! were injected with an injection flow rate of 0.2 mL min™*. The
cross-flow was set to 2.8 mL min~t and the focus flow rate was set to 3.3 mL min™?, resulting
in a detector flow rate of 0.7 mL min™t. After switching to elution, the cross-flow was hold

constant for 30 minutes. Afterwards, it was decreased linearly to 0 mL min~t within 5 minutes.
9



After the cross-flow reached zero, the tip flow was kept constant for at least 5 minutes and
elution further monitored. The elution measurement with the corresponding MALLS signal at

an angel of 90° are shown in Figure S3.

Refractive index increment

Accurate values of the refractive index increment dn/dc needed to estimate appropriate values
of the molar mass were determined independently with an Optilab rEX system (Wyatt,
Germany) by manual delivery of six known concentrations of P1 in 0.9% (w/w) agueous
sodium chloride solution, i.e. identical to that used as the liquid phase in AF4. Delivery of
solutions was enabled via a plastic syringe. The temperature was setto T = 25 °C. The dn/dc
was calculated by the slope of the plot from the refractive index against the concentration. A

value of the dn/dc of 0.160 mL g~* was estimated.

AF4 fractogram of P1
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Figure S3. AF4 elugram with elution monitored via the MALLS detector at an angle of 90° and the corresponding
molar mass trace shown in red for P1. Fluid phase in the experiment: 0.9% (w/w) NaClyq solution. Conditions:
concentration: ¢ = 14.1 mg mL™?, Injection volume: Vinjection = 20 UL, recovery: 73%.



'H NMR spectrum of P1
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Figure S4. 'H NMR spectra (300 MHz, D20, 6): 5.10 (s, br, 1H), 4.49 (s, br, 2H), 3.77 (s, br, 2H), 3.22 (s, br, 9H),
2.2-0.8 (m, 36H), (radical quenched by phenylhydrazine), obtained for P1. The signal (J in ppm) at 4.79 (s) belongs
to the solvent residual peak of D,O. For the multiplett at 2.15-1.06 ppm after integration a amount of 26 protons
was expected, however 36 protons were calculated, which belongs to the hydrolysis product of the methacrylic
ester in the backbone of the copolymer.

EPR spectrum of P1

40+
30-
20
10

0 -

Intensity

-10 -

-20 -

-30

-40

r T T T T T T T T 1
3200 3300 3400 3500 3600 3700
Field / G

Figure S5. EPR spectrum of P1 in solid state. According to literature[3, 4] a three-line pattern with an intensity
ratio of 1:1:1 is anticipated in aqueous solution, due to the free electron interaction with the N nucleus of the
nitroxide group. Indeed, the powder spectrum displays only a single line without hyperfine structure due to the
high concentration of the nitroxide radicals and the resulting line broadening.



2. Cell assembly

The static laboratory cell was designed and constructed in a flat cell type with a
membrane active area of 5 cm? (JenaBatteries GmbH, Germany), see Figure S6 for a detailed
overview. The used graphite felt (2.25 x 2.25 x 0.4 cm®, sigracell® GFA6 EA, SGL Carbon,
Germany), as well as the utilized anion-exchange membranes fumasep® FAA-3-PE30, FAP-
PK-3130, FAS-30 and FAA-3-50 (all Fumatech BWT, Germany), were cut into appropriate
pieces. Charge/discharge tests were conducted on a VMP3 potentiostat/galvanostat (Bio-Logic,
France). The electrolyte was circulated between the electrochemical cell and the storage tanks
with a peristaltic pump (Hei-FLOW Value 01 Multi, Heidolph, Germany). Typically, 10 mL of
electrolyte were used with a flow rate from 4 up to 16 mL min~t. All pumped flow cell
measurements were carried out at room temperature under argon atmosphere. For static flow
cell measurements 4 mL of electrolyte per half-cell were utilized, whereby the effective volume
is 1.84 mL. The effective volume (Ve) was calculated by using the equation, Vz = A; -7-@in
[mL] with Ag (geometric area of the electrode) = 5 cm?,  (thickness of the electrode) = 4 mm
and @ (porosity of the electrode) = 0.92. The batteries were charged/discharged with constant
current and the resulting potential was measured over time. The electric cell resistance (R1 with
and R> without the FAA-3-50 AEM) was determined by electrochemical impedance
spectroscopy (EIS). Afterwards, the area resistance (R) was calculated by using the equation,
R = (R,— Ry) - A in [Q cm?] with A = area of the used 5 cm? test cell.

Figure S6. Schematic representation of the 5 cm? test cell. One half-cell consists of a frame (a), PTFE block with
hose connections and rubber seal (b), graphite current collector (c), Teflon sealing (d), PTFE flow frame (e), Teflon
sealing (f), surface enhancing graphite felt (g). Both half cells are separated by an anion-exchange membrane

(h).[5]



electrolyte
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Figure S7. Photograph of the utilized pumped battery set-up (5 cm™2 test cell, electrolyte reservoirs, and tubes) for
charge/discharge experiments. The peristaltic pump is absent in the photograph.

2.1. Membrane tests

Table S1. Selected technical data of the employed fumasep® AEM membranes.

FAA-3-PE30 FAP-PK-3130 FAS-30 FAA-3-50
Backing foil PET PET PET PET
Reinforcement PE PK none none
Counter ion bromide chloride / sulfate  bromide bromide
Thickness (dry) / um 30 110-130 28-31 40-45
Areaq resistance* (CI- 0.48 1.20 0.80 <2.50
form) /Q cm?

*In CI” form in 0.5 M NaCl,qat 25 °C, measured in standard measuring cell (through-plane).



Table S2. Performance parameter of the employed fumasep® AEM membranes in a dynamic flow cell.

Membrane Electric cell Current Capacity Coulombic
resistance / Q density / (charge/discharge) / efficiency / %
mA cm™ mAh

FAA-3-PE30 2.28 1to 8 54.29/48.91 at 821093
3mA cm

FAP-PK-3130 191 1to 12 53.87/49.21 at 81to 98
3mA cm

FAS-30 1.02 1to 16 53.17/46.69 at 70 to 97
3mA cm

FAA-3-50 0.69 1to0 16 53.31/46.45 at 70 to 97
3mA cm

2.2. Investigation of the influence of the conductive salt concentration on the electric cell

resistance

Table S3. Influence of the conducting salt concentration on the electric cell and area resistance.*

Molarity NaClaq  Electric cell resistance  Electric cell resistance Area resistance (R) /

/mol L7 (R1)/ Q without AEM (R2) / Q Qcm?
0.0 201 0.350 8.30
0.5 1.71 0.350 6.80
1.0 1.46 0.358 5.51
1.5 0.73 0.356 1.87
2.0 0.73 0.360 1.85
2.5 0.62 0.359 1.31
3.0 0.62 0.358 1.31
4.0 0.65 0.354 1.48
5.0 0.70 0.354 1.73

*The influence of the conducting salt concentration on the electric cell and area resistance was investigated in
a5 cm? test cell: 10 mL solution per half-cell, flow rate adjusted to 16 mL min™!, FAA-3-50 AEM.



2.3. Investigation of the influence of the flow rate on the battery performance
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Figure S8. Discharging capacity of a pumped 5 cm? test cell, employing the FAA-3-50 AEM, with 10 mL of 0.5 M
MV and P1 (both in 1.5 M NaClyq solution, with a theoretical charge storage capacity of 6.42 Ah L™), 10 mL
electrolyte per half-cell, as a function of the utilized electrolyte flow rate; a) with constant 4 mL min~* flow rate
of the P1 containing electrolyte and b) with constant 4 mL min™* flow rate of the MV containing electrolyte.

2.4. Investigation of the long-term cycling stability

Figure S9. Photograph of utilized graphite felt, graphite current collector and PTFE flow frame (from left to right)
after the long-term cycling stability test of a pumped electrochemical 5 cm? test cell with 0.5 M MV and P1 (each
in 1.5 M NaClyq solution, theoretical charge storage capacity 6.44 Ah L), 10 mL electrolyte per half-cell, flow
rate adjusted to 16 mL min?.

2.5. Investigation of the osmotic process

To confirm the assumption that the major capacity decay, which occurred after 100 cycles
during the long-term cycling stability test in a pumped electrochemical 5 cm? test cell (Figure 8,
Chapter 3.2.4), is caused by an osmotic process, the osmotic pressure of the anolyte and
catholyte was investigated in an osmotic chamber (Figure S10). To create conditions, which

9



are as close as possible to the ones in the long-term cycling stability test, the left side of the
osmosis chamber was filled with 0.5 M MV in 1.5 M NaClyq solution (60 mL), the right side
with 0.5 M P1 in 1.5 M NaClgg solution (60 mL). The half-cells were separated by a fumasep®
FAA-3-50 AEM.

Figure S10. Photograph of utilized osmosis chamber. Left chamber: 0.5 M MV in 1.5 M NaCl,q solution (60 mL);
right chamber: 0.5 M P1 in 1.5 M NaCl,q solution (60 mL). Both chambers are separated through a fumasep®
FAA-3-50 AEM.

After the osmotic (posmo) and the hydrostatic pressure (pnydro) have balanced out, it was observed
(Figure S10) that the capillary rise (h) of the left cell (0.5 M MV in 1.5 M NaCl,q solution) was
higher than the one of the right cell (0.5 M P1 in 1.5 M NaClgq solution), which indicates a
different osmotic pressure and therefore a different concentration of the dissolved material.
With the observed capillary rise (h) the osmotic pressure difference (Aposmo) Was calculated by
using the equation, Aposmo =p'g-h = Apnyaro With p=density of the liquid,
g = gravitational acceleration and h = capillary rise. The density of both the anolyte (0.5 M MV
in 1.5M NaClyg, p=1.0773gcm™=) and catholyte (0.5M P1 in 1.5M NaCly,
p=1.0922 g cm3) was measured with a DMA4100 densitymeter (Anton Paar, Austria) at
20 °C and verified by a subsequently measurement of the density of water (p =0.9982 g cm 3,
which is equal to the literature value).[2] With an observed capillary rise of 5.6 cm an osmotic
pressure of posmo = Phydro = 591.83 Pa of the MV containing anolyte (left half-cell) as well as
10



Posmo = Phydro = 460.72 Pa of the P1 containing catholyte (capillary rise of 4.3 cm, right half-
cell) was calculated resulting a osmotic pressure difference of Aposmo = 131.11 Pa. This results
prove that the concentration of dissolved material of the anolyte is higher than these of the
catholyte, whereas over time e.g., during long-term cycling stability tests in a pumped flow cell,
water flows from the catholyte half-cell through the semipermeable AEM to the anolyte half-
cell.

References

[1] M. Wagner, C. Pietsch, L. Tauhardt, A. Schallon, U.S. Schubert, J. Chromatogr. A, 1325
(2014) 195-203.

[2] Die naturwissenschaftliche Wissensdatenbank. http://www.internetchemie.info/chemie-
lexikon/daten/w/wasser-dichtetabelle.php, 2017 (accessed 25.08.2017).

[3] S. Yi, B. Captain, M.F. Ottaviani, A.E. Kaifer, Langmuir, 27 (2011) 5624-5632.

[4] O. Swiech, R. Bilewicz, E. Megiel, RSC Adv., 3 (2013) 5979-5986.

[5] T. Hagemann, J. Winsberg, B. H&aupler, T. Janoschka, J.J. Gruber, A. Wild, U.S. Schubert,
NPG Asia Mater, 9 (2017) e340.

11



Publication P5

Poly(TEMPO)/zinc hybrid-flow battery: A novel, “green,” high voltage, and

safe energy storage system

J. Winsberg, T. Janoschka, S. Morgenstern, T. Hagemann, S. Muench, G. Hauffman,
J.-F. Gohy, M. D. Hager, U. S. Schubert,
Adv. Mater. 2016, 28, 2238-2243.

Size-exclusion
membrane

Cathode

cr |
Zn2+

Reproduced with permission of Whiley VCH, Copyright © 2017.



2
o
<
S
=
5
=
=
()
1%/

2238  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

'a\
Me \Iiir’ﬁ

www.MaterialsViews.com

Poly(TEMPO)/Zinc Hybrid-Flow Battery: A Novel, “Green,”
High Voltage, and Safe Energy Storage System

Jan Winsberg, Tobias Janoschka, Sabine Morgenstern, Tino Hagemann, Simon Muench,
Guillaume Hauffman, Jean-Frangois Gohy, Martin D. Hager, and Ulrich S. Schubert*

The amount of electric energy, produced from renewable
sources like wind power and solar radiation, increases glob-
ally every year.'l Therefore, intelligent energy storage systems
have to be developed. Interesting candidates for the storage of
electric energy from renewable sources are redox-flow batteries
(RFBs).*"1 In contrast to “classical” batteries, the active mate-
rial of RFBs does not form solid electrodes, but is dissolved in
an electrolyte. Besides the all-vanadium RFB,[1%14 hybrid-flow
batteries, which combine a zinc anode with a halogen cathode,
have attained much attention, e.g., zinc-bromine and zinc-
polyiodide batteries.'>18] The special characteristic of a hybrid-
flow battery is that at least one redox state of one active species
is insoluble. Typically Zn**y is reduced to Zn’ during the
charging process forming a solid anode. Inherent of a halogen
cathode is the toxicity of I, and particularly of bromine, which
are generated during battery cycling.l'1>?% Expensive com-
plexing agents are required to maintain the solubility of bro-
mine and to increase the safety of halogen-based RFBs.[20-21l
In recent years research on organic active materials experi-
enced a significant upturn;P?220 e.g., Zhao et al. reported a
polyaniline-particle/zinc flow battery.””) With the polymer-
based redox-flow battery (pRFB), a new, metal-free concept was
demonstrated recently. Organic polymers were used as redox-
active materials in combination with a simple size exclusion
membrane as separator.”] The pRFB tries to reduce acquisition
costs and the environmental impact of RFBs, by replacing toxic
and expensive heavy metal salts, the critical sulfuric acid elec-
trolyte, and also expensive Nafion membranes by more cost-
efficient and less corrosive components. Both, the zinc-halogen
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and the pRFB system still have potential for further improve-
ments. Combining the benefits of both systems by applying
a 2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO) containing
polymer as catholyte and a Zn?*/Zn° anode, together with an
inexpensive size exclusion membrane, leads to a new type of
a semi-organic hybrid-flow battery. TEMPO containing poly-
mers show a lower toxicity compared with other ionic poly-
mers (e.g., poly-L-lysine and poly(ethylene imine)) as well as
vanadium salts.”] Various zinc compounds, e.g., zinc chloride,
-gluconate, and -oxide, are approved as nutrients and dietary
supplements by the US Food and Drug Administration. There-
fore, a better environmental sustainability of a TEMPO/zinc
hybrid-flow battery against state-of-the-art RFB technologies
is evident. Nishide and co-workers investigated TEMPO con-
taining polymers, mainly with the focus as cathode-active mate-
rial for semi- and all-organic thin-film batteries.?*-32l TEMPO
containing catholytes for application in RFBs were previously
investigated;?*33-3°1 however, all of these systems suffered
from considerable drawbacks. For instance they rely on lithium
anodes strictly limited to organic solvents and anhydrous condi-
tions. From an economic and ecological point of view lithium
represents an unfavored active material for RFB applications,
due to its high price and serious safety issues. The requirement
of strictly anhydrous and oxygen-free conditions results in low
applicable current densities and high manufacturing efforts
and costs.

With regard to the standard redox-potentials of the two redox
couples, a TEMPO/zinc battery should exhibit a cell-potential
of about 1.69 V.%¥l Considering thermodynamics, such high
voltages are not attainable in aqueous solution, as water elec-
trolysis would initiate above 1.2 V. However, the application of
a zinc-anode with a very high overpotential for hydrogen evo-
lution expands the applicable potential window up to 2 V. An
additional benefit is the robustness of the novel battery system.
The presence of oxygen, commonly causing self-discharge,
does not lead to any side reactions and, therefore, an elaborate
inertization of the battery is not required.

The hybrid-flow battery consists of two half cells separated
by a size-exclusion membrane derived from regenerated cel-
lulose. The membrane is permeable for small ions like Zn?*,
chloride, and perchlorate, as well as the solvent (water), but
retains the polymeric active material. The main advantages of
this membrane are the high stability in many solvents as well
as the low cost compared to state-of-the-art Nafion membranes.
The anolyte contains a Zn?"-salt as active species, which acts
simultaneously as supporting electrolyte. The catholyte is basi-
cally the same solution as the anolyte, but comprises addition-
ally the polymeric TEMPO cathode active material (Figure 1).
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Figure 1. a) A water-based poly(TEMPO)/zinc hybrid-flow battery. The battery contains an electrochemical cell with an anode and a cathode compart-
ment, separated by a size exclusion membrane. Catholyte and anolyte are circulated between the electrochemical cell and the storage tanks. Zinc chlo-
ride is used simultaneously as anode active material and as supporting electrolyte. The polymeric TEMPO is the cathode active material. b) Schematic
representation of the copolymer structures: P(TEMPO-co-PEGMA) (P1 and P2) in different molar ratios and P(TEMPO-co-METAC) (P3).538

In this study, three types of different TEMPO copolymers
were investigated (Table 1). Each polymer was designed in
particular for either application in organic or aqueous media
and was used as active material in a corresponding electrolyte
solution (Table 2). Detailed description of the polymer syn-
thesis and characterization can be found in the Supporting
Information.

The catholytes can be divided into two groups: organic car-
bonate-based (A and B) and water-based (C and D) catholytes.
Organic carbonates are widely used solvents in various battery
applications, because of the good electrochemical stability and
low vapor pressures.?! For this study a mixture of ethylene car-
bonate (EC), dimethyl carbonate (DMC), and diethyl carbonate
(DEC) was utilized showing a good ion conductivity compared
with other carbonate-based electrolytes (Table S1, Supporting

Table 1. Polymers used in this study.

Information). Zn(ClO,),x6H,0 served as supporting electrolyte
and anode active material, respectively.

Water-based electrolytes reveal the highest ionic conductivity
and are, therefore, used with preference (Table S1, Supporting
Information). The group of aqueous catholytes employs P2
and P3. Zinc chloride was used as supporting electrolyte and
anode active material. The chloride salt was selected because
of its superior solubility and electrochemical stability compared
to other zinc salts. To prevent the formation of zinc hydroxide,
ammonium chloride was added.?” Solutions of P3 precipitated
in zinc chloride solutions above 0.1 M, therefore, sodium chlo-
ride was utilized as main supporting electrolyte.

Cyclic voltammetry (CV) measurements of 0.1 M Zn(ClO,), x
6H,0 dissolved in a carbonate mixture (EC/DMC/DEC, v:vi,
1:1:1) were performed to determine potentials of the Zn?*/Zn°

Polymer M,, [kg mol™] PDI Molar ratio (TEMPO:Comonomer) Radical content?) [mole fraction x]
P1 70 13 3.5:19 0.77 (theoretical value 0.77)
P2 542 2.6 1:19 0.499 (theoretical value 0.5)
P3 37% 2.4 1:19 0.28" (theoretical value 0.5)

ASEC DMAC + 0.21 wt-% LiCl, poly(styrene) standard; ®Asymmetric flow field flow fractionation (AF4); comonomers: 9Poly(ethylene glycol) methacrylate M,, = 450 g mol~';
9Poly(ethylene glycol) methacrylate M, = 950 g mol'; ©[2-(methacryloyloxy)ethyl]trimethylammonium chloride; 7Calculated from EPR spin count (see Figure S4, Sup-

porting Information, for EPR spectra).
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Table 2. Polymeric catholytes used in this study
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Catholyte Polymer Solvent Supporting electrolyte Energy density® [Wh L]
A P1 EC/DMC/DEC? 0.75 M Zn(CIO,), X 6H,0 8.1
B P1 EC/DMC/DEC? 0.5 M Zn(ClO,), X 6H,0 12
C P2 Water 1.0 M ZnCly, 1.0 m NH,CI 4.1
D P3 Water 0.71 m NacCl, 0.08 m ZnCl,, 0.08 m NH,Cl 1.9

AMixture (viviv 1:1:1); Plenergy density as product of capacity and OCV at 50% SOC (carbonate-based electrolytes: 1.3 V, aqueous electrolyte: 1.7 V, see Figure S7 (Sup-

porting Information) for OCVs depending on SOC).

redox couple. Zinc precipitation at potentials lower than —1.25 V
versus AgNO;3/Ag and dissolution at potentials above -1.0 V
versus AgNO;/Ag were observed on a glassy carbon electrode
(Figure 2a, dashed line). The special shape of the voltammo-
gram is typical for zinc electrodeposition and illustrates a large
peak split of 1.8 V. Likely, a limited ionic conductivity going
along with finite diffusion of zinc cations in the carbonate elec-
trolyte is the reason for the large peak split. As far as a bat-
tery application is concerned, this effect is disadvantageous
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as it decreases the cell potential. The cyclic voltammogram of
P1 shows the quasi-reversible oxidation and rereduction of the
radical TEMPO moiety to the oxammonium cation (TEMPOY)
at 0.4 V versus AgNO;/Ag with a peak split of 120 mV in
the previously investigated electrolyte (Figure 2a, solid line).
Rotating disc electrode (RDE) measurements were performed
to investigate the redox properties of P1. Levich-analysis
reveals a diffusion-controlled behavior of P1 in zinc perchlo-
rate solution and a diffusion coefficient of 1.65 x 107 cm? 57!
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Figure 2. a) Cyclic voltammogram of 0.1 M Zn(ClO,4), x 6H,0 (dashed line) and 0.01 m P1 (solid line) in EC/DMC/DEC (v:v:v, 1:1:1), scan
rate 50 mV s7', b) charging/discharging curve of a poly(TEMPO)/zinc hybrid-flow battery, catholyte: A 0.75 m Zn(ClO4), X 6H,0 EC/DMC/DEC (v:v:v,
1:1:1), 8 mL electrolyte per half-cell, 6.1 Ah L™, current density 1 mA cm™2, flow rate 20 mL min~', c) long-term cycling of a static poly(TEMPO)/zinc
hybrid-flow battery utilizing catholyte B with constant current of 1.4 mA cm?, cycles 2-501, after 500 cycles 81% of initial discharge capacity were
retained, coulombic efficiency above 99.7%, and d) capacity, coulombic-, voltage-, and energy efficiency depending on the current density, catholyte B
with a capacity of 0.91 Ah L', 8 mL electrolyte per half-cell, flow rate adjusted to 20 mL min~".
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(Figure S3a,b, Supporting Information). Subsequent Koutecky—
Levich analysis illustrates mass-transport-independent currents.
The electron-transfer rate constant k% of 9.93 x 10™* cm s7!
and a transfer coefficient o of 0.443, which is close to the value
of an ideal reversible redox reaction of 0.5, were derived by
Tafel analysis (Figure S3c,d, Supporting Information).

A hybrid-flow battery was setup by utilizing zinc-foil as
anode, a 0.75 M Zn(ClO,), x 6H,0 solution in EC/DMC/DEC
(viviv, 1:1:1) as anolyte, and catholyte A with a capacity of
6.1 Ah L1, This configuration leads to a theoretical energy den-
sity of 8.1 Wh L. Both half-cells were separated by a dialysis
membrane (regenerated cellulose, molecular weight cut-off
(MWCO) of 1,000 g mol}; see Figure S8b, Supporting Informa-
tion, for a representative setup). A simple charging/discharging
experiment (Figure 2b) illustrates reversible charging and dis-
charging, but also shows a potential drop of 350 mV between
the charging and discharging plateau. The cell resistance,
determined by electrochemical impedance spectroscopy (EIS),
was 27.3 Q prior to charging. After 227 charging/discharging
cycles a second EIS measurement revealed the formation of
a semi-circle, which indicates a charge transfer resistance of
79 Q and implies an evidence for the internal resistance drop
(Figure S5b, Supporting Information). Also the kinetically
restricted redox reaction of Zn(II)/Zn(0) in the carbonate-based
electrolyte, determined prior via CV, and a low ionic conduc-
tivity of 6.9 mS cm™! substantiate this observation. Continuous
cycling of a static nonpumped battery with steady current
(Figure 2c) revealed very slow capacity decay of only 0.04%
per cycle and high coulombic efficiencies (>99.7%). Investiga-
tions of the battery performance at various current densities
were conducted with catholyte B, with a capacity of 0.91 Ah L!
(Figure 2d). Various current densities were applied and the
charging/discharging capacity as well as the potentials of the
corresponding plateau were determined. A material activity
of 99% for current densities of 0.5 mA cm™2 was reached. For
higher current densities the discharge capacity drops to a pla-
teau level of around 6 mAh (82% activity). Charging was pos-
sible up to 4 mA cm™. The coulombic efficiency stayed always
above 89% with a peak efficiency of 99% at a current density
of 1.5 mA cm™. A linear decline of the voltage efficiency was
observed with increasing current densities. This behavior was
probably caused by the restricted ion conductivity in the applied
electrolytes and the consequential increasing potential gap
between charging and discharging plateaus. Charging times for
catholytes A and B are summarized in Tables S2 and S3 in the
Supporting Information.

In conclusion, poly(TEMPO)/zinc hybrid-flow Dbatteries
based on organic carbonate electrolytes could be established
successfully. Energy densities of up to 8.1 Wh L™ were achieved
with catholyte A, due to the high solubility of P1 in organic car-
bonates. In comparison, energy densities of water insensitive
redox-flow batteries already reported in literature range from
5 to 16 Wh L1540 Also, a good long-term stability with 500
consecutive charging/discharging cycles was obtained. In the
charging process, zinc-cations are reduced at the anode to Zn®
and a deposit is formed on the electrode. The long-term cycling
tests revealed the formation of dendrites (Figure S8a, Sup-
porting Information), which can potentially limit the long-term
stability. In order to prevent shortenings by dendrite growth

Adv. Mater. 2016, 28, 2238-2243
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through the pores of the membrane, additional space for the
Zn® deposit was established in the anode halfcell. Carbon
paper is used to increase the surface area of the anode and
allows the application of higher current densities. According to
the limited ionic conductivity of organic electrolytes applicable
current densities are limited to 4 mA cm2 Higher current den-
sities can be applied in aqueous electrolytes.

Polymer P3 shows low solubility in concentrated solutions
of various zinc salts, independent of the applied anion (chlo-
ride, perchlorate, sulfate, and nitrate). Therefore, the amount of
zinc chloride was reduced to a twofold molar excess related to
TEMPO units and sodium chloride was employed as essential
supporting electrolyte. Ammonium chloride was added to sup-
press the formation of zinc hydroxide during battery cycling.
CV analysis revealed an improved behavior of the Zn?**/Zn°
redox couple in water-based electrolytes compared to organic
carbonates (Figure 3a). The peak separation of the redox couple
is reduced to 0.53 V at a scan rate of 50 mV s7!. Determina-
tion of the diffusion coefficient for P3 by RDE analysis was
not possible, due to a nonlinear curve in the Levich-plot (see
Figure S3a,b, Supporting Information, for voltammograms and
Levich-plot).[*!

A water-based hybrid-flow battery with catholyte D showed
an excellent battery cycling. Well-defined flat charging/
discharging plateaus with a narrow potential drop were
achieved. Current densities up to 12 mA cm™2 could be applied
and, thus, increased by factor three compared to organic electro-
lytes. Varying the current density did not have a significant effect
on the capacity (Figure 3d). The discharging capacity main-
tained stable for current densities between 1 and 10 mA cm 2.
Starting from 12 mA cm™2, a decrease in capacity was observed.
Catholyte D showed 73% of the theoretical discharging capacity.
The coulombic efficiency remained always above 90% with a
maximum of 99% at 12 mA cm™2; the energy efficiency never
dropped below 80%. Charging times for different current densi-
ties are summarized in Table S5 in the Supporting Information.
The improved battery performance is caused by the accelerated
reaction of the zinc redox couple in aqueous media and by a
substantially reduced cell resistance of 1.35 Q (see Figure S5a,
Supporting Information, for impedance spectrum). A long-
term cycling test revealed good stability (Figure 3c). After 1,000
consecutive charging/discharging cycles 78.6% of initial dis-
charging capacity was retained, which indicates a stable redox
behavior of the active species. Water electrolysis or the forma-
tion of gaseous chlorine did not occur.

A precipitation of P2 in zinc chloride solutions could not be
observed up to salt concentrations of 1 m. Thus, zinc chloride
could be used as supporting electrolyte without the additional
usage of sodium chloride. As noted before, the addition of
ammonium chloride improved the cycling stability due to the
suppression of zinc hydroxide formation. Higher concentra-
tions of P2 could be achieved in water compared to P3, so that
a capacity of 2.39 Ah 7! was reached with catholyte C. Current
densities of up to 20 mA cm™ were applicable; however, going
along with a significantly reduced capacity (Figure S6c, Sup-
porting Information). Charging times depending on the applied
current density are summarized in Table S4 in the Supporting
Information. In general, a linear decrease of the capacity was
observed with increasing current density. This is induced
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Figure 3. a) Cyclic voltammogram of an aqueous 0.1 m zinc chloride 0.01 m P3 solution. Scan rate 50 mV s, b) exemplary charging/discharging curves
at a current density of 2 mA cm™2, aqueous catholyte D: P3 solution in NaCl, ZnCl,, NH,Cl with a capacity of 1.1 Ah L™, flow rate 20 mL min~", c) long-
term stability test, cycling of a static cell, catholyte D, and d) electrical performance: capacity, coulombic-, voltage-, and energy efficiency depending

on the applied current density.

by a limited mass transport to the electrode and leads to an
increasing overpotential. Nevertheless, the system benefits sig-
nificantly from the increased Zn?* concentration in catholyte C
compared to catholyte D, as the applicable current density was
nearly doubled. A maximum material activity of 87.6% was
reached at 2 mA cm™, which also is a significant improvement
compared to catholyte C. The coulombic efficiency was not
affected by the decreasing behavior of the capacity and stayed
mostly above 90%. Charging/discharging curves, long-term
stability test, and electrical performance analysis can be found
in Figure S6a—c (Supporting Information). The stable poten-
tial window of 2 V is of importance for the charging process
with high current densities, as the potential of the charging
plateau increases with increasing current density (Figure S6d,
Supporting Information). For densities of, e.g., 20 mA cm™ a
charging up to 2 V was observed, while charging with relatively
slow densities of, e.g., 6 mA cm~2, is completed at 1.9 V.

In reference to the investigated hybrid-flow batteries uti-
lizing carbonate-based electrolytes, the electrical performance
could be increased by the use of an aqueous electrolyte.
Thus, the environmental impact could be reduced as well.
Despite of the high cut-off voltage of 2 V, no water electrolysis
could be detected and stable battery cycling was performed.
Particular worth mentioning is the difference between the two
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open circuit voltage (OCV) curves (Figure S7a,b, Supporting
Information). In the aqueous system an OCV of 1.7 V at 50%
state of charge (SOC) was observed, in contrast to the organic
system, where an OCV of 1.3 V at 50% SOC was reached.

A novel type of zinc hybrid-flow battery was successfully
implemented. The application of several TEMPO-containing
polymers, as active cathode material, leads to significant
improvements concerning corrosion and environmental impact
compared to already known zinc-halogen hybrid-flow bat-
teries. The different applied catholytes comprised P(TEMPO-
co-PEGMA)s, synthesized via RAFT polymerization and
P(TEMPO-co-METAC), which was designed particularly for
aqueous solutions. To the best of our knowledge, it is the first
reported type of flow battery, which enables a stable potential
window of up to 2 V in aqueous media, without utilization of
toxic and expensive heavy metals. Furthermore, a contamination
with oxygen is unproblematic rendering the expensive inertiza-
tion of the battery unnecessary. In carbonate-based electrolytes,
high-energy densities of 8.1 Wh L! were achieved, while water-
based electrolytes allow application of higher current densi-
ties of up to 20 mA cm?, as well as a stable energy efficiency
of over 80%. Furthermore, water-based TEMPO/zinc HFBs
feature an elevated OCV of 1.7 V compared to organic-based
ones with an OCV of 1.3 V. Both systems showed very good

Adv. Mater. 2016, 28, 2238-2243
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long-term stability of 500 and 1,000 consecutive charging and
discharging cycles, respectively. When comparing the inves-
tigated TEMPO-copolymers with one another, P(TEMPO-co-
PEGMA)s are the copolymers of choice for poly(TEMPO)/zinc
hybrid-flow batteries. The reported poly(TEMPO)/zinc HFB
features high applicable current densities, compared to previ-
ously reported TEMPO containing RFBs, low acquisition costs
for both active materials as well as the membrane. The robust-
ness of the employed redox couples leads to high cycle stabili-
ties and, in general, to low intrinsic hazards. This enables the
suitability as energy storage system in large scales.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Chemicals and materials: Ethylene carbonate (99%, Alfa Aesar), dimethyl carbonate
(anhydrous >99%, Aldrich), diethyl carbonate (anhydrous >99%, Aldrich), zinc perchlorate
hexahydrate (Aldrich), zinc chloride (reagent grade >98%, Aldrich), sodium chloride (VWR)
and ammonium chloride (Carl Roth) were used as received. Zinc foil (99.98%, thickness
250 um Alfa Aesar) was used to build zinc electrodes. Dialysis membrane derived from
regenerated cellulose with a MWCO of 1,000 Da (Spectra/Por® 6, Spectrum Laboratories,
USA) received as pre-wetted dialysis tubing was cut, rinsed with water/propylene carbonate
and stored in the electrolyte solution for at least 24 hours. Graphite felt was cut in appropriate

pieces (2.25%2.25%0.4 cm, GFAG6, SGL, Germany).

Polymer description: The synthesis of polymers P1, P2 and P3 is described in literature.*®!
Analytical data such as molar masses and radical content are given in Table 1. 2,2,6,6-
Tetramethyl-4-piperidyl methacrylate (TEMPMA) was used as precursor of the redox-active
TEMPO moiety and was copolymerized with a comonomer unit, increasing the solubility and
capacity of the polymer electrolyte. Therefore, TEMPMA was copolymerized with [2-
(methacryloyloxy)ethyl]trimethylammonium chloride (METAC) or poly(ethylene glycol)
methyl ether methacrylate (PEGMA) and subsequently oxidized in a polymer analogous
reaction to the TEMPO radical. P(TEMPO-co-PEGMA)s (P1 and P2) were synthesized via
reversible addition-fragmentation chain transfer (RAFT) polymerization.*®) Both polymers
differ in the PEGMA/TEMPO ratio. Polymer P1 contains PEGMA (M, = 450 g mol™) as

comonomer in a ratio of 3.5:1 TEMPO:PEGMA; P2 incorporates PEGMA (M, = 950 g mol™)



WILEY-VCH

in a ratio of 1:1. For P2, the PEGMA content is higher, to achieve a better water solubility.
P(TEMPO-co-METAC) (P3) is especially designed for aqueous solutions and polymerized
via free radical polymerization initiated by azo-bis-isobutyronitrile (AIBN). P1, P2 and P3
are statistically distributed copolymers.

Molar masses (M) <100 kg mol™ were aimed to ensure low viscosities of the electrolytes.
Approximate molar masses were determined via size exclusion chromatography (SEC). For
P1 and P2 molar masses (My) of 54 and 70 kg mol™ were reached with PDI values of 1.3 and
2.6, respectively. Polymer P3 has a molar mass (My) of 37 kg mol™ and a PDI value of 2.4.
The radical content was determined via electron paramagnetic resonance (EPR) spectroscopy
(Figure S4). For P1 1.7x10" spins mg™ (107% of theoretical activity, mole fraction: 77%
(based on 100% of theoretical activity)), for P2 5.2x10" spins mg™ (97% of theoretical
activity, mole fraction: 49%) and for P3 7.5x10"" spins mg™ (55.3% of theoretical activity,

mole fraction: 27.5%) was measured.

Synthesis: Poly(2,2,6,6-tetramethylpiperidin-4-yl methacrylate-co-poly(ethylene glycol)
methyl ether methacrylate)
In a representative example for the precursor polymer of P1 and P2, 2,2,6,6-
tetramethylpiperidin-4-yl methacrylate (100 g; 443.8 mmol) and poly(ethylene glycol) methyl
ether methacrylate (57.06 g; 126.8 mmol) as well as 2-cyano-2-butyl dithiobenzoate
(895.3 mg; 3.8 mmol) and 4,4’-azobis(4-cyanovaleric acid) (533.1 mg; 1.9 mmol) were
dissolved in a mixture of methanol and water (3:1; 380 mL). The mixture was deaerated by
flushing with argon for 20 min and subsequently stirred at 70 °C for 24 h, after which full
monomer conversion was achieved. The reaction mixture was used for the subsequent

oxidation without further purification.
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Poly(2,2,6,6-tetramethylpiperidin-4-yl methacrylate-co-2-(methacryloyloxy)-N,N,N-

trimethylethane ammonium chloride)

In a representative example for the precursor polymer of P3, 2,2,6,6-tetramethylpiperidin-4-yl
methacrylate (100 g; 443.8 mmol) was dispersed in water. After the addition of hydrochloric
acid (45 mL; 37%), the mixture was stirred at room temperature until the monomer was
completely dissolved. 2-(Methacryloyloxy)-N,N,N-trimethylethane ammonium chloride)
(106.7 mL; 80% solution in water; 443.8 mmol), 4,4-azobis(4-cyanovaleric acid) (12.4 g;
44.38 mmol) and 2-mercaptoethanol (4.98 mL; 70.7 mmol) were added. The mixture was
deaerated by flushing with argon for 20 min and stirred at 80 °C for 6 h, after which full
monomer conversion was achieved. After cooling to room temperature, the solution was
alkalized with sodium hydroxide and used for the subsequent oxidation without further

purification.

General procedure for preparation of P1, P2 and P3 (oxidation)

To the reaction mixture, three equivalents hydrogen peroxide (30%) and 0.03 equivalents
sodium tungstate dihydrate were added. The mixture was stirred for 24 h at room temperature
and subsequently dialyzed against water. The solvent was removed by lyophilization to yield

the polymer as orange powder.

Polymer characterization: Size exclusion chromatography (SEC) was performed on an
Agilent 1200 series system (degasser, PSS; pump, G1310A; auto sampler, G1329A; oven,
Techlab; DAD detector, G1315D; RI detector, G1362A,; eluent, DMAc + 0.21% LICl,
1 mL/min; temperature, 40 °C; column, PSS GRAM guard/1000/30 A). Asymmetric flow
field flow fractioning (AF4) was conducted on an AF2000 MT System (Postnova Analytics,

Landsberg, Germany) coupled to an UV (PN3211, 260 nm), RI (PN3150), MALLS (PN3070,
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633 nm). X-band electron paramagnetic resonance (EPR) measurements were conducted on a
EMXmicro CW-EPR spectrometer from Bruker using powdered samples. The total spin count

was the average of five measurements.

Cell assembly: The electrochemical cell was designed and constructed in a flat cell type
with a membrane active area of 5 cm?® (JenaBatteries GmbH, Germany). See Scheme S1 for a
detailed overview. Zinc electrodes were cut out of zinc foil (50x65 mm, 5.7 g) and brushed

with sandpaper directly before cell assembly.

Electrochemical characterization: Cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and charging-/discharging tests were conducted on a VMP3
potentiostat/galvanostat (Biologic, France). For CV measurements, a standard three electrode
setup with a glassy-carbon disk working electrode (diameter 2 mm), a AgNO3/Ag reference
electrode for carbonate based electrolytes, a AgCl/Ag/water reference electrode for aqueous
electrolytes and a platinum wire counter electrode were used. Rotating disc electrode (RDE)
measurements were conducted on a VersaSTAT potentiostast/galvanostat (Princeton Applied
Research, USA), with a glassy carbon tip (diameter 5 mm), the rotation speed was controlled
externally by a Model 636A ring-disk electrode system (Princeton Applied Research, USA).
Evaluation of the RDE analysis via Levich plot (limiting current i;m vs. square root of rotation

speed ) yields the diffusion coefficient D by using Levich equation,

2 1 1

i;;m = 0.62nFAD3wzv scy, with n=1, Faraday’s constant F = 96,485 C mol™, electrode
surface of 0.2 cm? the solutions kinematic viscosity v=1.0x10° m?s!B) and the bulk
concentration ¢y of the redox-active TEMPO repeating unit. The ion conductivity of the
electrolytes was measured with a Cond 3110 SET 1 incl. TetraCon 325 (WTW, Germany) at

20 °C.
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Membrane description: In this study dialysis membranes derived from standard
regenerated cellulose were applied as separator in battery application. Spectra/Por® 6
(Spectrum Labs, USA) with a MWCO 1,000 g/mol were received as pre-wetted dialysis
tubing. The membrane is characterized by a symmetric porosity, a thickness of 62.5 pm and is
manufactured from natural cellulose reconstituted from cotton linters. With this separator a
retention of the cathode active polymer (molar masses >10,000 g/mol) but a diffusion of the

low molecular mass conductive additive is possible.

Battery tests: For static, non-pumped long-term charging/discharging experiments, both
half cells were filled with 3 mL electrolyte solution using a syringe. To study the influence of
the current density on the electrical performance of the battery, dynamic measurements were
performed, whereat the electrolyte was circulated between the electrochemical cell and the
storage tanks with a peristaltic pump (Hei-FLOW Value 01 Multi, Heidolph, Germany).
Typically, 8 mL of electrolyte were used with a flow rate of 20 mL min™. All measurements
were carried out at 25 °C under normal atmosphere. The batteries were charged/discharged
with constant current and the resulting potential was measured over time. EIS was measured
between 100 mHz and 200 kHz at O V in potentiostatic mode, zero crossing determined cell
resistance. Coulombic efficiencies were calculated by the quotient of discharging current and
charging current of the same cycle, voltage efficiencies by the quotient of mean potential of
discharging- and charging plateau, energy efficiency by the product of voltage efficiency and
coulombic efficiency. State of charge (SOC) vs. open circuit voltage (OCV) was conducted
with alternating charging and resting periods. A current of 0.5 mA cm™ was applied for 30 s

subsequently followed by a resting period of 60 s, where the OCV was measured.
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a) b) ¢ d) e ;f) 9h O

Scheme S1: Schematic representation of the electrochemical cell. One half-cell consists of a frame (a), PTFE
block with hose connections and rubber seal (b), graphite/zinc current collector (c), rubber sealing (d), PTFE
flow frame (e), rubber sealing (f), surface enhancing graphite felt/carbon paper (g). Both half cells are separated

by a size exclusion membrane (h).
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Figure S2: a) Rotating disc electrode measurement of P1 (1x10° molL™' (repeating unit), 0.1 M
Zn(Cl0,),x6H,0 in EC/IDMC/DEC v:v:v, 1:1:1, scan rate 5mV s?) at different rotating rates from 0 to
3600 rpm, b) Levich-plot from the obtained limiting currents at 700 mV vs. AgNO/Ag; application of Levich-
equation yields a diffusion coefficient D = 1.65x10" cm?s™, ¢) Koutecky-Levich plot for different
overpotentials yielding the mass-transfer-independent current i, d) Tafel plot yielding k° = 9.93x10* cm s™ and
a =0.443.
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Figure S3: a) Rotating disc electrode measurements of P3 (33 mM) in 710 mM NaCl, 8 mM ZnCl, and 8 mM
NH,ClI in H,0. b) Levich-plot from the obtained limiting currents at 900 mV vs. AgCI/Ag.
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WILEY-VCH

a b
54
- 41.0
DDDDDDDDDDDDDDDDDDDDDDD
2.0 4] C
cnnm H10.8 2
coo 8 Hm © 0
184 = 3l 5555555555555555555 =
= E 0.6 2
8 16 = o5
< 2 24 o
g g 04 E
8 141 g “5
g 6 11 . . 2
° = Charging capacity 1028
7 ol © Discharging capacity
o Coulombic efficiency
1.0 : T ; . T T T T T T T T T 0.0
140,000 160,000 180,000 200,000 0 5 10 15 20 25 30 35 40 45 50
Time (s) Cycle
c d
22 - .
OB)BiD/D/_/DlD D\D 1.0
20 QA——VAV—XZ::Q\ - \D
18 los
6] %
—~ 14 Ko
<
A -0.6 <
E 124 ? §
2 10 2 £
g Joa & g
Q 84 X . w ]
8 —=a— Charging capacity s
64 —e— Discharging capacity 8
4 4 —0— Coulombic efficiency 402
5 —0— Voltage efficiency .,
] —2— Energy efficiency 124 ----15mAcm
0 . . . . 0.0 ——6mAcm?
0 5 10 15 20

T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Charge (mAh)

Current densitiy (mA cm™)
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over charge for different current densities.
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Table S1: lon conductivities of the applied electrolytes.

Electrolyte lon conductivity [mS cm™]
0.71 M NaCl, 0.08 M ZnCl,, 0.08 M NH, 60.4
1 M ZnCl,, 1 M NH,CI 144.0
0.5 M TBACIO,4 5.9
0.75 M TBACIO, 6.9

Table S2: Charging times of a poly(TEMPO)/zinc hybrid-flow battery utilizing catholyte A depending on the
applied current density.

Current density [mA cm?] Full charge/discharge time [s]
2,700
3,000
3,300
4,700
8,200

NWhOOIo

Table S3: Charging times of a poly(TEMPO)/zinc hybrid-flow battery utilizing catholyte B depending on the
applied current density.

Current density [mA cm™] Full charge/discharge time [s]
4 1,100
3 2,500
2 4,400
15 5,900
1 8,900
0.5 21,100
0.2 68,700

Table S4: Charging times of a poly(TEMPO)/zinc hybrid-flow battery utilizing catholyte C depending on the
applied current density.

Current density [mA cm] Full charge/discharge time [s]
20 115
18 170
16 440
14 720
12 840
10 1,380

8 2,080
6 3,310
4 5,770
3 8,010
2 12,520
1 24,760
0.5 46,390

10
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Table S5: Charging times of a poly(TEMPO)/zinc hybrid-flow battery utilizing catholyte D depending on the
applied current density.

Current density [mA cm] Full charge/discharge time [s]
12 380
10 500
8 640
6 890
4 1,380
3 1,840
2 2,780
15 3,720
1 5,600

Figure S8: a) Dendrite formation inside the anode half-cell after battery cycling and b) pumped HFB battery

setup, comprising the electrochemical cell, two reservoir tanks (catholyte & anolyte) and a peristaltic pump.

11
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A well-defined block copolymer was applied in a semi-organic polymer hybrid-flow battery (pHFB).
A 2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO) containing polymer was utilised as cathode active
material. Micellar structures of the active material were achieved by utilising a diblock copolymer com-
posed of a polar poly(TEMPO methacrylate) (PTMA) and an unpolar poly(styrene) (PS) block, which
enables the formation of core-corona micelles in organic carbonates. The synthesised PTMA-b-PS was
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electrochemically investigated and subsequently utilised as catholyte in polymer/Zn pHFBs. The con-
structed flow batteries feature an excellent cycling stability of 1000 consecutive charge/discharge cycles
with 95% retention of initial discharge capacity and a stable voltage range of 2 V. Further, the charging
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Introduction

The energy transition from an ecologically problematic electri-
city generation mainly based on fossil fuels and nuclear power
to a sustainable and ‘green’ electricity production faces several
problems concerning grid stability and temporal shifts
between energy production and consumption.'™ Intelligent
energy storage and management technologies are required to
overcome these problems and to ensure a stable electricity
supply. Smart grids combine sustainable electricity production
from renewable sources, like wind power and solar energy,
with storage systems. One of the most promising storage
technologies for decentralised grids is the redox-flow battery
(RFB) technology.” RFBs utilise solvated redox-active materials
that are circulated between an electrochemical cell and storage
tanks. Accordingly, RFBs are one of a few battery technologies
where power and capacity can be scaled independently from
each other, by sizing the volume of the electrolyte (capacity) or
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process leads to slight changes in the micellar structure combined with an increased solubility.

the active area of the electrochemical cell (power). All-
vanadium redox-flow batteries (VRFB) are the state of the art
and the ones closest to market penetration. They utilise
vanadium ions dissolved in sulfuric acid as redox-active
material and supporting electrolyte, respectively.”® Con-
sequently, the VRFB faces several problems concerning acqui-
sition costs, environmental impact and corrosion.”” These
drawbacks can be reduced with zinc hybrid-flow batteries
(HFB), which feature a Zn2+(aq)/Zn°(S) anode, but also a proble-
matic halogen-based cathode, e.g., bromine or polyiodide.*
In recent years, research focused increasingly on organic active
materials for RFB applications.”*® Several polymeric redox-
active materials for the utilisation in flow batteries were
reported,”*® e.g., Sukegawa et al. presented a 2,2,6,6-tetra-
methylpiperidinyl-N-oxyl ~(TEMPO) crowded bottlebrush
polymer for flow battery applications."” A promising next gene-
ration of aqueous-based all-organic polymer redox-flow bat-
teries (pRFB) was recently reported by Janoschka et al. and
employed statistically distributed TEMPO- and N-methyl-4,4"-
bipyridinium-based copolymers as catholyte and anolyte,
respectively.">>* Thus, a substitution of the dangerous
halogen-based cathode in zinc HFBs with a safer organic-
based, e.g., polymeric TEMPO is meaningful and was reported
by us, recently.>” However, one major challenge pRFBs have to
deal with is the viscosity of the electrolyte. Dissolved polymeric
species lead to an increased viscosity of the electrolyte com-
pared to low molar mass compounds. Special shaped polymers

Polym. Chem., 2016, 7, 1711-1718 | 1711
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can counteract this phenomenon, so that dendrimeric or micel-
lar structures are preferred architectures over regular, linear
polymers. Micellar TEMPO-containing block copolymers were
previously reported by Hauffman et al and were applied as
active material in semi-organic thin-film batteries.”®**° The aim
of this study is the application of well-defined TEMPO-metha-
crylate/styrene block copolymers, self-assembling into micellar
structures in organic carbonate-based electrolytes, as cathode
active material in semi-organic polymer/Zn hybrid-flow batteries
(pHFB) and the investigation of the electrochemical behaviour
as well as the structure of the charged micelles.

Experimental
Chemicals and materials

Ethylene carbonate (99%, Alfa Aesar), dimethyl carbonate
(anhydrous >99%, Aldrich), diethyl carbonate (anhydrous
>99%, Aldrich) and zinc perchlorate hexahydrate (Aldrich)
were used as received. Zinc foil (99.98%, thickness 250 pm,
Alfa Aesar) was used to build zinc electrodes. Dialysis mem-
brane derived from regenerated cellulose with a molecular
weight cut-off (MWCO) of 1000 Da (Spectra/Por® 6, Spectrum
Laboratories), received as pre-wetted dialysis tubing, was cut,
rinsed with water/propylene carbonate and stored in the elec-
trolyte solution for at least 24 hours. Graphite felt was cut in
appropriate pieces (2.25 x 2.25 x 0.4 cm, GFA6, SGL).

Synthesis

The synthesis of PTMAg3-b-PS;5 is described in literature and
was conducted in a two-step reaction.***® First, tosylchloride
initiated the synthesis of the poly(2,2,6,6-tetramethyl-4-piperi-
dyl methacrylate) chloride (PTEMPMA-CI) block. In a second
reaction step, PTEMPMA-CI was used as macro initiator for the
polymerisation of a second nonpolar styrene block. The sub-
scripted number reflects the average degree of polymerisation
of the respective blocks (determined via "H NMR analysis). An
exemplary synthesis procedure is described as follows:

In a first reaction step, PTEMPMA-CI was synthesised via
atom transfer radical polymerisation (ATRP). A solution of
N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA;
57.8 mg, 0.333 mmol, 1.1 equiv.) and CuCl (30 mg,
0.303 mmol, 1 equiv.) in anisole was added to a solution of
2,2,6,6-tetramethyl-4-piperidyl methacrylate (TEMPMA)
(30.727 g, 136.36 mmol, 450 equiv.) and 4-toluenesulfonyl
chloride (57.8 mg, 0.303 mmol, 1 equiv.) in anisole and stirred
at 80 °C for 16 min. The polymerisation was quenched by
cooling in an ice bath and exposing the reaction mixture to
air. In a second reaction step, the block copolymer
PTEMPMAg;-b-PS;5 was synthesised via ATRP. A solution of
PMDETA (30.8 mg, 0.178 mmol, 1.1 equiv.) and CuCl (16 mg,
0.1616 mmol, 1 equiv.) in anisole was added to a solution of
PTEMPMA-Cl (M, = 14400 g mol™, b = 1.18; 2.327 g,
0.1616 mmol, 1 equiv.) and styrene (7.416 g, 80.808 mmol, 500
equiv.) in anisole and stirred at 100 °C for 16 h. The polymeris-
ation was quenched by cooling in an ice bath and exposing the
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reaction mixture to air. The subsequent oxidation to the
TEMPO free radical was conducted by the addition of meta-
chloroperoxybenzoeic acid (463.9 mg, 2.688 mmol, 1.5 equiv.)
to a solution of PTEMPMAg;-b-PS;35 (2 g, 0.0284 mmol, 0.0284
equiv.) in dichloromethane at 0 °C and stirred for 1 h. The
accordingly obtained PTMAg;-b-PS35 diblock copolymer was
precipitated in hexane and dried under reduced pressure.

Polymer characterisation

Dynamic light scattering (DLS) measurements were performed
on an ALV CGS-3 (ALV-Laser GmbH, Langen, Germany) equipped
with a He-Ne laser (633 nm) at 25 °C (viscosity of the electrolyte
mixture 7 = 1.92 mPas, refractive index n = 1.4004). Determi-
nation of the refractive index was conducted on a Optilab rEX at
25 °C (Wyatt Technology, USA). Size exclusion chromatography
(SEC) was performed on an Agilent 1200 series system (degasser,
PSS; pump, G13104; auto sampler, G1329A; oven, Techlab; DAD
detector, G1315D; RI detector, G1362A; eluent, DMAc + 0.21%
LiCl, 1 mL min™'; temperature, 40 °C; column, PSS GRAM
guard/1000/30 A). Transmission electron microscopy (TEM) was
performed on a Tecnai G> 20 (FEI, USA) at an acceleration
voltage of 120 kV. Samples were prepared on a carbon coated
TEM grid (Quantifoil, Germany) by depositing 2 pL of the solu-
tions onto the grid. Solutions were allowed to adhere to the grid
for 5 min. After that, the solution was removed with filter paper
and allowed to dry. Finally, the grids were rinsed with the pure
electrolyte solution and dried. X-band electron paramagnetic res-
onance (EPR) measurements were performed on an EMXmicro
CW-EPR spectrometer (Bruker, USA) using powdered samples.
The total spin count was determined via the SpinCountT soft-
ware module taking the average of five measurements.

Cell assembly

The electrochemical cell was designed and constructed in a
flat cell type with an active membrane area of 5 cm” (Jena-
Batteries, Germany; see Scheme S17). Zinc electrodes were cut
out of zinc foil (50 x 65 mm, 5.7 g) and brushed with sand-
paper directly before cell assembly.

Electrochemical characterisation

Cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS) and charge/discharge experiments were con-
ducted using a VMP3 potentiostat/galvanostat (Biologic,
France). For CV measurements, a standard three-electrode
setup with a glassy-carbon disk working-electrode (diameter
2 mm), a AgNO;/Ag reference electrode and a platinum wire
counter electrode were used. Rotating disc electrode (RDE)
measurements were conducted on a VersaSTAT potentiostat/
galvanostat (Princeton Applied Research, USA), with a glassy-
carbon tip (diameter 5 mm), the rotation speed was controlled
externally by a Model 636A ring-disk electrode system (Princeton
Applied Research, USA). Evaluation of the RDE analysis via
Levich plot (limiting current 7, vs. square root of rotation
speed ) reveals the diffusion coefficient D by using Levich
equation: i, = 0‘62nFAD§w%u‘%co, with n = 1, Faraday’s con-
stant F = 96 485 C mol ™", electrode surface of 0.2 cm?, the solu-
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tions kinematic viscosity v = 1.0 x 107° m?® s™* (ref. 30) and the
bulk concentration ¢, of the redox-active TEMPO repeating unit.

Battery tests

For static, non-pumped long-term charge/discharge experi-
ments, both half cells were filled with electrolyte solution
(3 mL) using a syringe. Dynamic measurements were per-
formed to study the influence of the current density on the
electrical performance of the battery, whereas the electrolyte
was circulated between the electrochemical cell and the
storage tanks with a peristaltic pump (Hei-FLOW Value 01
Multi, Heidolph, Germany). Typically, 8 mL of electrolyte were
used with a flow rate of 20 mL min~" (Fig. S4bt). All measure-
ments were carried out at 25 °C under normal atmosphere.
The batteries were charged/discharged with constant current
and the resulting potential was measured over time. EIS was
measured between 100 mHz and 200 kHz at 0 V in potentio-
static mode, zero crossing determined cell resistance. Coulom-
bic efficiencies were calculated by the quotient of discharging
current and charging current of the same cycle, voltage
efficiencies by the quotient of mean potential of discharging
and charging plateau, energy efficiency by the product of
voltage efficiency and coulombic efficiency. State of charge
(SOC) vs. open circuit voltage (OCV) was determined with alter-
nating charging and resting periods. A current of 0.5 mA cm™>
was applied for 30 s, subsequently followed by a resting period
of 60 s, where the OCV was measured.

Results and discussion

The detailed synthesis of TEMPO-methacrylate/styrene block
copolymers (PTMA-b-PS) was previously reported.”®*® Since a
radical polymerisation of TEMPO-methacrylate cannot be per-
formed, 2,2,6,6-tetramethyl-4-piperidyl methacrylate
(TEMPMA) is polymerised as precursor and afterwards oxi-
dised to the TEMPO free-radical in a polymer analogous reac-
tion. In this study PTMAg;-b-PS;35 was used for all experiments.
The number in the subscript reflects the average degree of
polymerisation of the respective blocks and was determined
via "H NMR analysis prior to oxidation to the TEMPO free-
radical. The TEMPMA to comonomer ratio was 1.8 and the
actual radical content of the polymer was investigated via elec-
tron paramagnetic resonance (EPR) spectroscopy. A spin count
of 1.7 x 10"® spins mg™" (Fig. S11) was measured, which corre-
lates to a radical content of 82% of the theoretical maximal
value (mole fraction x = 0.53). According to SEC measurements,
the polymer has a molar mass (M,) of 41 kg mol™" (poly
(styrene) standards) and a dispersity (P) of 1.1 (Fig. S27). This
deviation can be attributed to the used calibration standards.
Since PTMAg;-b-PS35 contains an nonpolar styrene block
and a polar TEMPO block, it aggregates into micellar struc-
tures when dissolved in organic carbonates, presumably into
micelles featuring a PS core and a PTMA corona.”® Because of
their good electrochemical stability and low vapour pressures
organic carbonates are widely used solvents in various battery
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applications.*! For this study a mixture of ethylene carbonate
(EC), dimethyl carbonate (DMC) and diethyl carbonate (DEC)
was utilised revealing a good ion conductivity compared to
other carbonate-based electrolytes and a previously verified
formation of micelles for PTMAg;-b-PS;5.2% Zn(ClO,),-6H,0
with a concentration of 0.5 M served as supporting electrolyte
and anode active material, respectively. In a subsequent
battery application the redox couples TEMPO'/TEMPO and
Zn*' (4q)/Zn’) were employed (Fig. 1a).

Zn*"(4q) is reduced to Zn’g in the charging process and
forms a deposit on the anode. This process is characteristic to
a hybrid flow battery (HFB), always featuring one active
material with one insoluble species. Hence, additional space
for the Zn’) deposit is required to prevent a short circuit,
caused by dendrites growing through the pores of the mem-
brane. Dialysis membranes, derived from regenerated cellu-
lose, with a molar mass cut-off (MWCO) of 1000 g mol ™" were
employed as separator. This membrane is permeable for the
supporting electrolyte but retains the cathode active micelles
(Fig. 1c). An additional benefit of Zn pHFB is the robustness of
the utilised anode active material, since Zn shows no side-reac-
tions with oxygen, which typically lead to self-discharge in
battery applications. Expensive treatment with an inert gas is,
therefore, rendered unnecessary.

Electrochemical analysis of PTMAg;-b-PS;5

Cyclic voltammetry (CV) measurements of 0.01 M PTMAg;-b-
PS;5 (referred to the weighted average repeating unit of
TEMPO-methacrylate and styrene) were conducted in EC/DMC/
DEC (v:v:v 1:1:1) with 0.1 M Zn(ClO,),-6H,0 and revealed a
quasi-reversible redox reaction of the TEMPO'/TEMPO redox-
couple at 0.4 V vs. AgNO;/Ag with a peak-split of 90 mV (Fig. 2,
solid line). Additionally the electrodeposition of Zn>" on the
glassy-carbon electrode was observed for potentials lower than
—1.18 V and dissolution at potentials above —1 V vs. AgNO3z/Ag
(Fig. 2, dashed line). The redox reaction reveals a large peak
split of 2.1 V. This is attributed to the restricted ionic conduc-
tivity of Zn>" in organic carbonate-based electrolytes.

Further electrochemical analyses were performed via rotat-
ing disc electrode (RDE) measurements of 1.6 mM PTMAg;-b-
PS;5 (based on the weighted average repeating unit of TEMPO-
methacrylate and styrene) in EC/DMC/DEC (v:v:v 1:1:1)
with 0.1 M Zn(ClO,),-6H,0. Levich-analysis reveals a diffusion-
controlled behaviour of the micellar polymer in zinc perchlorate
solution and a diffusion coefficient D of 1.8 x 1077 cm® s .
Subsequent Koutecky-Levich analysis illustrates mass-trans-
port-independent currents. The electron-transfer rate constant
k° of 7 x 107" ecm s7' and a transfer coefficient a of 0.49, which
is close to the value of an ideal reversible redox reaction of 0.5,
were derived by Tafel analysis (Fig. 3).

In a subsequent pHFB application zinc foil was utilised as
anode and a 0.5 M solution of Zn(ClO,),-6H,0 in EC/DMC/
DEC (v:v:v 1:1:1) was used as anolyte, in which zinc per-
chlorate serves both as supporting electrolyte and anode active
material. The catholyte additionally contains the block copoly-
mer micelles with a concentration of 13 mg mL™". This con-
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centration represents the maximum solubility of PTMAg;-b-
PS;5 in the electrolyte solution and leads to a capacity of
1.2 Ah L' and 1.6 Wh L™" at 50% state of charge (SOC). A
stable battery cycling was performed in a voltage range
between 0.5 and 2 V. Well-defined charge/discharge plateaus
were achieved but illustrate a voltage drop of 280 mV at a
current density of 1 mA cm™> (Fig. 4a). This effect is related to
a relatively high solution resistance of 29 Q (see Fig. S3t for
EIS measurement) and the restricted ionic conductivity of the
organic electrolyte, which causes a finite Zn>*-diffusion to the
anode. This effect is also evident in the behaviour of the
voltage efficiency (VE), which decreases linearly with increas-
ing current densities. However, coulombic efficiencies (CE)
above 90% were achieved for all applied current densities, with
a maximum of 98% at 2 mA cm > A maximal discharge
capacity of 8.7 mA h was reached at 0.2 mA cm™2, which corre-
lates to a material utilisation of 93%. A constant discharge
capacity of 6.1 mA h was attained for current densities in the
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range of 1 to 3 mA cm™> (Fig. 4b). Carbon paper is used to
increase the surface area of the anode and allows the appli-
cation of higher current densities. Due to the limited ionic
conductivity of organic electrolytes, applicable current den-
sities are still limited to 5 mA cm™>. This is comparable to pre-
viously reported flow battery systems based on organic
electrolytes, where maximal current densities in the range of
0.06 and 10 mA cm > were achieved.'®**?%2%3233 Inyesti-
gations on the reversibility of the employed redox couples were
performed by long-term battery cycling in a non-pumped cell-
setup at constant current of 1.5 mA cm™>. Over 1000 consecu-
tive charge/discharge cycles with excellent discharge capacity
retention of 95% and coulombic efficiencies of 99.8% were
reached (Fig. 4c). During the charging process zinc-cations are
reduced at the anode to Zn’) and a deposit is formed onto
the electrode. This led to a formation of dendrites in the long-
term cycling tests (Fig. S4bt), potentially limiting the long-
term stability. Additional space for the Zn® deposit is required
in the anode half-cell to prevent short circuits by dendrite
growth through the pores of the membrane. All battery tests
were conducted under regular atmosphere and neither oxygen
nor traces of water lead to side reactions of the employed
redox couples, despite the elevated voltage of 2 V and the low
reduction potential of Zn**(,q).

This journal is © The Royal Society of Chemistry 2016

Micellar structure of PTMAg;-b-PS;5

Rheological measurements of polymeric catholytes revealed
non-Newtonian, shear thinning behaviour, for polymer con-
centrations of 13 mg mL™' in EC/DMC/DEC (v:v:v 1:1:1)
with 0.5 M Zn(ClO,),-6H,0. A comparison of the dynamic visc-
osities between the micellar PTMAg;-b-PS;35 and a statistically
distributed copolymer P(TMA-co-PEGMA)** (equal ratio of
TEMPO active-unit and comonomer) indicates a lower viscosity
of the catholyte comprising the micellar polymer in the rele-
vant sheer rate window >10° s™* (Fig. 5a). Therefore, the micel-
lar structure of the polymer has a positive effect on the overall
viscosity of the electrolyte.

We also investigated the structure of the charged block
copolymer micelles in solution. After the charging procedure
a change of the structure was observed. Prior to charging, a
Tyndall effect was observed by clouding of the catholyte
(Fig. S51). This indicates a certain agglomeration of the
uncharged micelles, at a concentration of 13 mg mL ™" in the
applied electrolyte. After complete charging via chronoam-
perometry at 1.9 V (Fig. S61), a clear catholyte solution was
obtained. The subsequent characterisation via dynamic light
scattering (DLS) measurements detected one population of
micelles with an average apparent hydrodynamic radius
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Fig. 4 Polymer/zinc hybrid-flow battery utilising PTMAgz-b-PSss5 as
cathode active material in EC/DMC/DEC (v:v:v 1:1:1) with 0.5 M
Zn(ClOy),-6H,0O as supporting electrolyte and anode active material,
respectively; energy density 1.6 W h L™ (a) exemplary charge/discharge
curves, 1 mA cm™2, 8 mL electrolyte per half-cell, flow rate 20 mL min~2,
(b) electrical performance for varied current densities, 8 mL electrolyte
per half-cell, flow rate 20 mL min~2, (c) long-term stability test in a non-

pumped cell-setup, constant current of 1.5 mA cm™2.

(Rn,app) of 40 nm. Furthermore, the intensity weighted distri-
bution (R, .pp) revealed two populations, one with a radius of
55 nm and a second population with a radius of 310 nm. This
signal is likely induced by secondary aggregation (Fig. 5b).
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Fig. 5 (a) Rheological measurements of 13 mg mL™' PTMAgz-b-PSzs
and P(TMA-co-PEGMA)?* in EC/DMC/DEC (v:v:v 1:1:1) with 0.5 M
Zn(ClOy4),-6H,0, (b) dynamic light scattering (DLS) measurement of
charged PTMAg3z-b-PS35 micelles 13 mg mL™* in EC/DMC/DEC (v:v:v
1:1:1), distributions <Rp>napp: Mean number weighted and <Rp>; app:
mean intensity weighted distribution; the characterisation of the
uncharged catholyte was not feasible due to the clouding within the
electrolyte.

The enhanced solubility of the micelles after charging is
induced by the positively charged corona. Additional trans-
mission electron microscopy (TEM) images were acquired to
confirm these observations. The clouded electrolyte solutions
contain a large number of sheet-like structures, which are
rather unstable under TEM imaging conditions (Fig. 6a).
Occasionally also individual micellar structures can be found
(Fig. 6b), however, the majority of the observed structures
resembles the form of extended sheet-like structures. In con-
trast, TEM imaging of the charged micellar solution revealed
the presence of a large number of individual micelles with a
typical diameter of 50 to 75 nm (Fig. 6¢). A zoom-in on indi-
vidual micelles reveals the core-corona structure, due likely to
electrolyte residues in the corona of the structures. Contrast
is obscured in this case by small needle-like features, which
presumably stem from the electrolyte itself (as revealed by the
rather dark contrast). Next to the micellar structures larger
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Fig. 6 Transmission electron microscopy (TEM) images of PTMAgz-b-PSss prior and after charging, 13 mg mL™* active polymer in EC/DMC/DEC
(viv:iv1:1:1) with 0.5 M Zn(ClO4),-6H,0, (a) imaging of the uncharged catholyte, (b) zoom-in of Fig. 6(a), (c) imaging of the charged catholyte,

(d) zoom-in of Fig. 6(c).

aggregates with a diameter of ~300 nm are formed
(Fig. S7at). These were observed also by DLS measurements.
Additionally, structures with a similar diameter, but an
immense contrast, were observed (Fig. S7bf). It is apparent
that these structures are significantly darker compared to the
micellar systems, thus, it is assumed that they consist of
rather heavy elements, which can be found in the electrolyte
solution. Thus, it is concluded that these high contrast aggre-
gates assemble by accumulation of the supporting electrolyte
in the preparation process.

The TEMPO-containing micelles revealed excellent stability
during all experiments, indicated by stable voltage curves over
hundreds of charge/discharge cycles. No significant change
in the micellar structure between the oxidised and neutral
redox-state was observed. However, an enhanced solubility of
the charged, more polar, micelles was apparent and a precipi-
tation or proceeding formation of agglomerates can be
excluded.

Conclusions

A novel type of TEMPO-containing catholyte was utilised suc-
cessfully in a semi-organic polymer/zinc hybrid-flow battery
(pHFB), combining the well-defined block copolymer PTMAg;-
b-PS;5 as redox-active cathode and Zn®'(,q)/Zn’s as anode
active material as well as EC/DMC/DEC (v:v:v 1:1:1) with
0.5 M Zn(ClO,),-6H,0 as solvent and supporting electrolyte,

This journal is © The Royal Society of Chemistry 2016

respectively. Electrochemical investigations via cyclic voltam-
metry (CV) and rotating disc electrode (RDE) measurements
revealed a quasi-reversible oxidation at 0.4 V vs. AgNO;/Ag, as
well as a diffusion coefficient D of 1.8 x 107 ¢cm” s™*. The
semi-organic pHFBs showed well-defined potential curves with
flat charge/discharge plateaus. A stable cycling in the range of
0.5 and 2.0 V was observed with coulombic efficiencies of
99.8% and 1000 consecutive charge/discharge cycles, indicat-
ing stable and fully reversible redox reactions of the anode and
cathode active material, even in the presence of oxygen and
water. With increasing current densities up to 5 mA cm™> a
linear decrease of the energy efficiency was observed. The
micellar catholyte features a maximum material utilisation of
93%. Investigations on the structure of the oxidised catholyte
via dynamic light scattering measurements (DLS) were con-
ducted and confirmed the preservation of micellar structures
for the charged polymer. Radii of 40 and 55 nm were detected
for single micelles as well as a radius of 310 nm for secondary
agglomerates. Transmission electron microscopy (TEM)
images confirmed these observations. Micelles with a diameter
in the range of 50 and 75 nm as well as agglomerates with
~300 nm were observed. The viscosity of the electrolyte was
reduced by the utilisation of a micellar catholyte in compari-
son to previously reported catholytes based on linear, statisti-
cally distributed TEMPO-containing copolymers. Thus, an
implementation of special shaped polymers for flow battery
applications is a consequential advancement by compensating
one of the largest challenges this technology has to overcome.
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Figure S1: Electron paramagnetic resonance (EPR) measurement of PTMAes-b-PS3s in the solid state, spin count:
1.657x1018 spins mg™.
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Figure S2: Size exclusion chromatography (SEC) elugram of PTMAes-b-PS3s, eluent: DMAc + 0.21 wt-% LICl,

poly(styrene) standard.
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Figure S3: Electrochemical impedance spectroscopy (EIS) of a polymer TEMPO/zinc hybrid-flow battery (pHFB)
between 100 mHz and 200 kHz at 0 V in potentiostatic mode.



Scheme S1: Schematic representation of the electrochemical cell. One half-cell consists of a frame (a), PTFE
block with hose connections and rubber seal (b), graphite or zinc current collector (c), rubber sealing (d), PTFE
flow frame (e), rubber sealing (f) and a surface enhancing graphite felt/carbon paper (g). Both half cells are

separated by a size exclusion membrane (h).

Figure S4: a) Dendrite formation inside the anode half-cell after battery cycling and b) pumped pHFB setup,

comprising the electrochemical cell, two reservoir tanks (catholyte & anolyte) and a peristaltic pump.



Figure S5: Micellar catholyte a) prior to charging (cloudy dispersion) and b) after charging (clear solution).
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Figure S6: Chronoamperometry for charging of the pHFB, potential 1.9 V. The resulting current was measured

over time.



Figure S7: Transmission electron microscopy (TEM) image of PTMAes-b-PSss after charging, catholyte:
13 mg mL™ active polymer in EC/DMC/DEC (v:viv 1:1:1) with 0.5 M Zn(ClO,),-6H.0; secondary agglomerate

~300 nm diameter (a), high contrast agglomerate with an elevated content of heavy metal supporting electrolyte

(b).

Table S1: lon conductivity of the applied electrolyte.

Electrolyte lon conductivity [mS cm™]

0.5 M Zn(CIO4)2x6H20 5.9
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ABSTRACT: The utilization of boron-dipyrromethene (BODIPY) as
active group for the charge storage process in a battery application is
reported. Two BODIPY-containing copolymers were synthesized and
electrochemically characterized. The polymers feature redox processes
at 0.7 Vand —1.5 V vs AgNO;/Ag, which enable the application in a
redox-flow battery setup.

he amount of electricity generated from renewable next generation RFB technology, the all-organic polymer RFB

sources, like wind power and solar energy, increases (pRFB), was developed by Janoschka et al; it utilizes water-
year by year."” The basis of energy supply changes from fossil soluble redox-active polymers as active materials in combina-
fuels and nuclear power to a sustainable, renewable, and more tion with an aqueous sodium chloride solution as electrolyte.””
decentralized production.”® Since most of the renewable Thus, the use of rare and expensive heavy metals can be
sources cannot provide energy continuously, storage technol- avoided. Additionally, the Nafion membrane was replaced by a
ogies are required to ensure a stable supply by closing the gap more cost-efficient dialysis membrane, derived from regen-
between energy production and consumption.”* One of the erated cellulose. However, the potential long-term capacity

most promising storage technologies that fulfils these demands
is the redox-flow battery (RFB).”~” The development of RFBs
started in the 1940s by Kangro and co-workers.'” Skyllas-
Kazacos et al. improved the RFB technology by the
development of the all-vanadium redox-flow battery
(VREB)."'™"* It utilizes vanadium ions as both cathode and
anode active material. Sulfuric acid serves as solvent and
supporting electrolyte.'* Both half cells are separated by a
proton-permeable Nafion membrane. From an ecological and
economic perspective, the VRFB is not the storage technology
of choice, as the toxic and expensive heavy metal and the highly
corrosive electrolyte have a significant ecological impact, with
regard to disposal and fabrication. Additionally, the relatively
low cell voltage of <1.4 V represents a limitation of this
technology. Research focused increasingly on organic redox-
active materials for RFB applications,"”'® e.g, Potash et al.
reported a symmetric RFB featuring diaminoanthraquinones as
active materials, recently.19 First attempts on organic polymer

decay by cross contamination of cathode- and anode-active
polymers (e.g, by side reactions) and a relatively low cell
voltage of 12 V are inherent properties of this system.
Additionally polymer/zinc hybrid-flow batteries were reported
by us, recently.”** With the VRFB as a model, a bipolar redox-
active unit that can be used as both cathode and anode active
material is desired, since it reduces the synthetic effort and
counteracts the long-term capacity decay by cross contami-
nation, which then affects only the Coulombic efficiency."’
Also, a potential gap between the two redox reactions of around
2 V would be favored to achieve high power densities. Oh et al.
presented the first attempt using a polythiophene-particle-based
RFB,” but the conjugated polymer led to unstable cell voltages,
ranging from 1 to 3 V, and agglomerated particles, which can
clog flow channels in the cell stack. To overcome these
drawbacks, a nonconjugated polymer solution is the material of

RFBs were conducted by Nishide et al. groposing a polymeric Received: February 12, 2016
TEMPO-crowded bottlebrush polymer™ and by Nagarjuna et Revised:  April 15, 2016
al. investigating a poly(viologen)/lithium system.”' A promising Published: May 6, 2016
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choice. Boron-dipyrromethenes (BODIPYs), typically used as
LASER and fluorescent dyes,”*~*" are promising candidates for
organic battery applications, because tailored BODIPY
derivatives feature reversible oxidation and reduction reac-
tions.”” The potential gap between the oxidized and reduced
state, as well as their stability and reversibility, can be controlled
by the choice of the substituents decorating the BODIPY
core.’”*! In comparison to other organic bipolar active groups
(e.g., nitronyl nitroxides, thiophene, etc.), BODIPYs represent
the best compromise with regard to the synthetic effort and
voltage between the two redox reactions as well as the stability
of all three redox states.

The aim of this study is the synthesis of BODIPY-containing
polymers that are tailored for RFB applications, as well as the
investigation of their electrochemical behavior and their ability
to be utilized as active group in all-organic redox-flow batteries
(see Figure S1 for a schematic representation of an all- BODIPY
pREB). The substitution of all hydrogen atoms of the BODIPY
core impedes side reactions and, thus, ensures the reversibility
of all redox reactions, which is mandatory for the charge storage
process.

Hence, the styrene-based, alkyl-functionalized derivative 4
was used as monomer (Scheme 1). A five-step synthesis of 4

Scheme 1. (a) Schematic Representation of the Synthesis of
Monomer 4 and the Polymers P1 and P2 and (b) Redox
Mechanism of 4°

a U
\\ 0 SI—\
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“A detailed investigation of the redox mechanism was performed
33
earlier.

was recently developed by Grazon et al.,, with an overall yield of
7%.”* We advanced the procedure toward a two-step route with
an overall yield of 34%. The first step comprises the
condensation of 3-ethyl-2,4-dimethylpyrrole 1 and 4-iodoben-
zoyl chloride 2 to an iodophenyl BODIPY derivative 3.
Subsequent Hiyama cross-coupling reaction, utilizing Pd(dba),
(dba = dibenzylideneacetone) as palladium source and
JohnPhos ((2-biphenyl)di-tert-butylphosphine) as ligand,

leads to the styrene-containing monomer 4.

3402

The capacities of pRFB electrolytes mainly depend on the
solubility of the active polymer in the electrolyte and, therefore,
monomer 4 was copolymerized with solubility-enhancing
comonomers. The polymerizations were performed by free
radical polymerization procedures and initiated by 2,2'-azo-bis-
(2-methylpropionitrile) (AIBN). Relatively low molar masses
(M, = 3—100 kg mol™") and a good solubility were aspired.
Because polar solvents, like organic carbonates, are preferred
for battery applications, polymers with polar comonomers are
required to increase the solubility. Thus, (vinylbenzyl)-
triethylene glycol monomethyl ether (TEGSt) 5> and
(vinylbenzyl)trimethylammonium perchlorate (TASt) 6 were
applied as comonomers, leading to highly soluble copolymers,
poly(BODIPY-co-TEGSt) P1 (M, = 17 kg mol™', P = 2.3) and
poly(BODIPY-co-TASt) P2 (M, = 4 kg mol™', D = 1.5). The
compositions (determined via 'H NMR) and molar-mass
characteristics are summarized in Table 1. Both polymers differ
mainly in the polarity of the comonomer unit, as TEGSt is
partially negatively charged and TASt is positively charged.

Table 1. Compositions, Molar Masses, and Dispersities of
the Poly(BODIPY)s P1 and P2 as well as of Poly(TEMPO)
P3

polymer  comonomer  molar ratio®  M,” M,” b Y
P1 6 0.20 17 40 2.3 0.38
P2 7 0.20 4 6 LS 0.61
P37 na. 0.78 s 70 13 096

“Ratios determined via 'H NMR spectroscopy, quotient of redox-
active monomer and comonomer. “SEC: DMAc + 0.21 wt % LiCl,
poly(styrene) standard, in kg mol™". °Y: yield, “Poly(TEMPO-co-
PEGMA)** (see Supporting Information for synthesis procedure and
schematic representation).

The electrochemical behavior of 4 was analyzed by cyclic
voltammetry (CV) measurements and revealed two quasi-
reversible redox reactions at —1.51 and 0.69 V vs AgNO;/Ag in
0.1 M Bu,NClO, in propylene carbonate (see Figure S2 for CV
measurements and Scheme 1b for the redox mechanism). This
leads to a high possible cell voltage of over 2 V for a respective
battery.

Further investigations on the chemical reversibility of the
redox couples were conducted via UV—vis—NIR spectro-
electrochemical measurements. After oxidation to BODIPY",
the intensity of all characteristic absorption bands at 520, 370,
and 256 nm decreases (Figure S3a). During the subsequent
rereduction, all signals are restored qualitatively. This is an
indication for a chemically reversible redox reaction. During the
reduction reaction to BODIPY", the intensity of the main
absorbance signals at 521 and 371 nm decreases, and a new
signal at 432 nm arises (Figure S3b). After subsequent
reoxidation, the initial absorbance spectrum is re-established,
confirming the stable redox behavior of the monomeric
BODIPY species for both oxidation and reduction.

However, the electrochemical behavior of the polymers
differs. CV measurements of P1 and P2 in propylene carbonate
(PC) with 0.1 M Bu,NClO, (Figure 1) revealed a quasi-
reversible redox couple in the cathodic and anodic region. The
peak splits of the redox reactions are 90 mV (P1) and 100 mV
(P2); the corresponding integrals are summarized in Table S1.
A linear increase of the peak current against the scan rate
indicates a precipitation on the glassy carbon electrode in case
of the oxidation reaction of P1 (Figure la, inset). This effect

DOI: 10.1021/acs.chemmater.6b00640
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Figure 1. Cyclic voltammograms of P1 (a) and P2 (b) in propylene
carbonate 0.1 M Bu,NCIO, at different scan rates. Inset: (a) peak
current vs scan speed, oxidation reaction, (b) peak current vs square
root of scan speed, oxidation reaction.

was not observed for P2, where a linear increase of the peak
current vs the square root of the scan rate was observed (Figure
1b, inset). This behavior was also apparent for the reduction
reaction of both polymers (Figure S4). Hence, it is assumed
that P1 is not ideally suited as cathode active material, but P2 is
an appropriate choice.

The capability of P1 and P2 as active material in battery
applications was investigated in two static test setups (Figure
S5). PC and 0.5 M Bu,NCIO, served as electrolyte. Cathode
and anode compartment are separated by a size-exclusion
membrane with a molecular weight cutoff (MWCO) of 1,000 g
mol™". An all-organic pRFB comprising poly(TEMPO-co-
PEGMA) P3** (TEMPO = 2,2,6,6-tetramethylpiperidinyloxyl,
PEGMA = poly(ethylene glycol)methacrylate, see Supporting
Information for synthesis procedure and schematic polymer
structure) as catholyte and P1 as anolyte was investigated first
to study the capability of the BODIPY polymer as anode-active
material. A second all-BODIPY battery, which utilized P2 as
catholyte and P1 as anolyte, was investigated afterward.

The TEMPO/BODIPY battery (P3/P1) revealed well-
defined charge and discharge plateaus at 2.04 and 1.82 V,
respectively. The low potential voltage difference leads to a
voltage efficiency (VE) of 89% and an energy efficiency (EE) of
88% (Figure 2a). A long-term stability test with 100
consecutive charge/discharge cycles showed Coulombic
efficiencies of 99%, indicating good reversibility of the
employed redox couples (Figure 2b). A total of 70% of initial
discharge capacity could be preserved. The slowly decreasing
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Figure 2. (a) Representative charge/discharge voltage curves of an all-
organic pRFB comprising P1 and P3, operating voltage in the range of
1.4 and 2.15 V, electrolyte energy density 0.5 Wh L™, cycles 3rd to
Sth. (b) Long-term battery cycling, with a constant current of 0.25 mA.
PC with 0.5 M Bu,NCIO, served as electrolyte.

discharge capacity can be attributed to a moderately proceeding
electrolyte crossover. The material activity was 64 mAh L™'; an
activity on this scale was expected for charge/discharge
experiments in nonpumped setups, since the charging process
proceeded exclusively diffusion controlled.

The applied comonomers in P1 and P2 are optimized for
either utilization as cathode or anode active material. Therefore,
an all-BODIPY battery was fabricated using P2 as cathode and
P1 as anode active material. Flat charging plateaus at 2.06 V
were observed, while the mean discharge voltage was 1.28 V.
Therefore, a VE of 62% and an EE of 55% were achieved. In a
long-term stability test, a discharge capacity decay of 30% was
observed during an initialization period over the first 10 cycles,
followed by a stable period over the next 90 cycles with steady
capacity retention (Figure 3b); Coulombic efficiencies reached
89%. The material activity was 6 mAh L™". With regard to the
results of the TEMPO/BODIPY RFB, the high potential
difference between the charge/discharge plateaus represents an
indication of a hindered rereduction of P2 (Figure 3a),
although CV measurements revealed no indication for
irreversible redox processes. Further investigations on the
discharge process were conducted using a three electrode setup
(AgNO;/Ag reference; Figure S6). The discharge process can
be divided in two separate stages at a half-cell potential of 0.5
and 0.1 V vs AgNO;/Ag. Nevertheless, constant discharge
capacities were reached. The applied current was 0.25 mA,
which was limited by the ionic conductivity of the electrolyte,
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Figure 3. (a) Representative charge/discharge voltage curves of an all-
BODIPY pRFB comprising P1 and P2, operating voltage in the range
of 0.8 and 2.1 V, electrolyte energy density 0.5 Wh L™/, cycles 13 to
15. (b) Long-term battery cycling with constant current of 0.025 mA.
PC 0.5 M Bu,NCIO, served as electrolyte.

but is in the typical range other systems, based on organic
. 016,17,1921,36—
electrolytes, could achieve,'®'”'**13673?

B CONCLUSION

The utilization of a BODIPY compound as active group in an
energy storage application was demonstrated successfully. The
synthesis of the BODIPY styrene derivative 4 was improved
with respect to the known literature procedure (from 7% to
34% yield). Two different BODIPY copolymers were
synthesized and electrochemically characterized, and their
suitability as active material in a redox-flow battery was
demonstrated. Poly(BODIPY-co-TEGSt) P1 and poly-
(BODIPY-co-TASt) P2 were synthesized and revealed good
electrochemical stability. P1 and P2 were successfully applied in
a static battery setup. The first battery utilized P1 as anolyte
and poly(TEMPO-co-PEGMA) P3 as catholyte. This high-
voltage, all-organic redox-flow battery shows a good Coulombic
efficiency of 99% and a high average discharge voltage of 1.82
V. A second, all- BODIPY flow battery was prepared where, P1
was utilized as anolyte and P2 as catholyte. After a short
induction phase of 10 cycles, a stable battery cycling was
achieved for an additional 90 cycles. The demonstration of one
bipolar copolymer, which can be used as both cathode and
anode active material could not be demonstrated in the present
work. Further investigations on the anodic redox reaction as
well as the development of a bipolar copolymer and the
application in a pumped battery would be part of future
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research. Nevertheless, BODIPYs could demonstrate their
capability as potential bipolar material in RFB applications,
therefore being an organic alternative to all-vanadium redox-
flow batteries.
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Experimental

Materials: 4-lodobenzoyl chloride (97%, Apollo Scientific), 3-ethyl-2,4-dimethyl pyrrole (97%,
fused in glass ampule, TCI), boron trifluoride diethyl etherate (Aldrich), triethylamine (VWR),
JohnPhos  (ABCR), 2,4,6,8-tetramethyl-2,4,6,8-tetravinyl-cyclotetrasiloxane  (ABCR),
bis(dibenzylideneacetone)palladium(0) (Aldrich), tetrabutylammonium fluoride solution (1.0 M
in THF, Aldrich), 4-vinylbenzyl chloride (Aldrich), triethylene glycol (VWR), propylene
carbonate (anhydrous 99.7%, Aldrich), perchloric acid (70%, Aldrich) and
tetrabutylammonium perchlorate (99%, Aldrich) were used as received, 2,2'-azobis(2-
methylpropionitrile) (AIBN, Aldrich) was recrystallized from methanol prior to use. 4-
Vinylbenzyl methoxytris(oxyethylene) ether (TEGSt) 6 was synthesized according to
literature procedures.’ Graphite felt (SGL Carbon, Germany) was cut in appropriate pieces.
Dialysis membrane (SpectraPor 6, SpectrumLabs, USA) was received as pre-wetted dialysis
tube, cut into squares (10x10 mm?) rinsed with deionized water, washed with dry propylene

carbonate, and stored in the electrolyte solution over molecular sieves for at least 24 h.

Characterization: 'H and *C NMR measurements were performed on a Bruker RC AC
300 (300 MHz & 75 MHz) at 298 K. Chemical shifts are reported in parts per million (ppm, &
scale) referred to the residual signal of the deuterated solvent. Elemental analyses were
performed using a Vario ELIlII-Elementar Euro and an EA-HekaTech. Size-exclusion
chromatography (SEC) was conducted on an Agilent 1200 series system (degasser, PSS;
pump, G1310A; auto sampler, G1329A; oven, Techlab; DAD detector, G1315D; RI detector,
G1362A; eluent, DMAc + 0.21% LiCl, 1 mL min™'; temperature, 40 °C; column, PSS GRAM
guard/1000/30 A).

Electrochemical characterization: Cyclic voltammetry (CV) and charge/discharge tests
were performed on a VMP3 potentiostat/galvanostat (Biologic, France). For CV
1



measurements, a standard three-electrode setup with a glassy-carbon disk working electrode
(diameter 2 mm), a AgNOs/Ag reference electrode for carbonate-based electrolytes and a
platinum wire counter electrode was utilized. Spectro-electro-chemical experiments were
performed in a quartz cuvette containing, a platinum grid working electrode, a platinum wire
auxiliary electrode, and a AgCI/Ag reference electrode. The potential was controlled using a
Metrohm Autolab PGSTAT30 potentiostat. The redox process was monitored by UV-vis
spectroscopy using a PerkinElmer Lambda 750 UV-vis-NIR spectrophotometer and

considered complete when there was no further spectral change

Battery tests: For static, non-pumped long-term charge/discharge experiments a custom-
made PTFE-trough with a restrained membrane was utilized. The membrane was pinched
between the two compartments. Graphite felt blocks (5x5x5mm?®) were put in the
compartments and a platinum wire pierced in. One compartment was filled with 1 mL of
catholyte, the other one with 1 mL of anolyte solution. Catholyte and anolyte were prepared
with a concentration of 13 mg mL™" of active polymer and 0.5 M Bu,NCIO, in propylene
carbonate. The polymers were previously dialyzed to remove oligomeric species. All
measurements were carried out at 25 °C under argon atmosphere. The batteries were
charged/discharged with constant current and the resulting potential was measured over
time. Coulombic efficiencies were calculated by the quotient of discharging current and
charging current of the same cycle, the voltage efficiency by the quotient of the mean
discharging potential and the mean charging potential and the energy efficiency by the

product of coulombic efficiency and voltage efficiency.
Synthesis

4,4-Difluoro-1,3,5,7-tetramethyl-2,6-diethyl-8-(4-iodophenyl)-4-bora-3a,4a,-diaza-s-indacene
(3)

4-lodobenzoyl chloride 2 (1.03 g, 3.9 mmol) was dissolved in dry CH,Cl, (90 mL). The
solution was deaerated with argon and 3-ethyl-2,4-dimethylpyrrole 1 (1 g, 8.1 mmol, 2.1 eq.)
was added via a syringe. The reaction mixture was stirred at room temperature for 24 h.
Triethylamine (2.5 mL, 18 mmol, 4.7 eq) and BF3;xOEt, (2.5 mL, 20.3 mmol, 5.2 eq) were
added. After additional 24 h the reaction mixture was extracted three times with H,O
(100 mL). The organic phase was dried over MgSO, and the solvent removed in vacuum.
The crude product was purified via column chromatography (eluent EtOAc:heptane, v:v, 1:1).
The bright orange phase was collected. Yield: 710 mg, 36%. 'H NMR (CD,Cl,, 300 MHz,
ppm): & 7.89 (d, J = 8.3 Hz, 2H), 7.1 (d, J = 8.3 Hz, 2H), 2.51 (s, 6H), 2.35 (q, J = 7.6 Hz,
4H), 1.37 (s, 6H), 1.01 (t, J = 7.6 Hz, 6H); ®*C NMR (CDCl;, 75 MHz, ppm): & 154.2, 138.2,



135.4, 133.0, 130.5, 130.32, 94.5, 17.1, 14.6, 12.6, 12.0, EI-MS: m/z 506; elemental
analysis: calc. C: 54.58%, H: 5.18%, N: 5.53%, found: C: 54.66%, H 5.18%, N: 5.59%.

4,4-Difluoro-1,3,5,7-tetramethyl-2,6-diethyl-8-(4-vinylphenyl)-4-bora-3a,4a,-diaza-s-indacene
(4)

Pd(dba), (dba = dibenzylideneacetone; 27.1 mg, 47.1 umol), JohnPhos ((2-biphenyl)di-tert-
butylphosphine; 17.7 mg, 59.3 umol) and 3 (500 mg, 988 ymol) were dissolved in THF
(5mL) and purged with argon for 15min. 2,4,6,8-Tetramethyl-2,4,6,8-tetravinyl-
cyclotetrasiloxane (170.2 mg, 493.89 umol) was added then followed by a 1 M solution of
Bu;NF in THF (1.09 mL, 1.09 mmol). The reaction mixture was purged with argon for
additional 15 min and subsequently refluxed for 6 h. After cooling to room temperature, the
solvent was evaporated under reduced pressure. Afterwards, the crude product was
dissolved in EtOAc (50 mL) and extracted three times with H,O (50 mL). The organic phase
was dried over MgSO, and the solvent removed under reduced pressure. Purification of the
crude product occurred via column chromatography on silica gel (eluent: EtOAc:Toluene, v.v,
1:1). Yield: 400 mg, 99%.

"H NMR (CD,Cl,, 300 MHz, ppm): & 7.59 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 6.84
(dd, J = 17.7, 10.9 Hz, 1H), 5.9 (d, J = 17.7 Hz, 2H), 2.51 (s, 6H), 2. 35 (q, J = 7.6 Hz, 4H),
1.37 (s, 6H), 1.01 (t, J = 7.5 Hz, 6H); *C NMR (CDCl;, 75 MHz, ppm): 5 153.8, 140.0, 138.4,
137.9, 136.3, 132.8, 130.8, 128.6, 126.8, 114.8, 17.1, 14.6, 12,5, 11.9; HR-ESI-MS:
calculated m/z 429.2288, found m/z 429.2289, molecular formula [Cz5HngF2N2]Na+.

(Vinylbenzyl)trimethylammonium perchlorate (TASt) (7)

(Vinylbenzyl)trimethylammonium chloride (1 g, 6.55 mmol) was dissolved in H,O (100 mL)
and HCIO, (5.6 mL, 65 mmol) was added. The precipitate was filtered off, washed with H,O
(3%x50 mL), and dried under reduced pressure. Yield: 1.53 g, 86%.

"HNMR (MeCN-d3, 300 MHz, ppm): & 7.53 (dd, J = 30.2, 8.1 Hz, 4H), 6.81 (dd, J = 17.6,
11.0 Hz, 1H), 5.92 (d, J = 17.6 Hz, 1H), 5.38 (d, 11.0 Hz, 1H), 4.41 (s, 2H), 3.02 (s, 9H),
3C NMR (CDCls, 75 MHz, ppm): & 139.8, 135.8, 133.2, 127.0, 126.8, 117.4, 115.9, 68.9,
52.3; ESI-MS: m/z 176.14.



Poly(BODIPY-co-TEGSt) P1

Monomer 4 (22 mg, 63 pymol), comonomer 6 (17.5 mg, 63 ymol) and AIBN (1 mg, 6 ymol)
were dissolved in 1,2-dichloroethane (500 pL). The reaction solution was purged with argon
until the volume was reduced to 100 pyL and subsequently heated up to 75 °C for 24 h. After
cooling to room temperature the polymer was precipitated from cold heptane, the solvent
was decanted and the polymer dried under reduced pressure. Purification occurred via
dialysis (acetone:acetone) using dialysis tubes with a molecular-weight cut-off of
1,000 g mol™. Yield: 38%

"H NMR (CD,Cl,, 300 MHz, ppm): & 7.33-6.25 (br, 20H), 4.62-4.21 (br, 8H), 3.83-3.17 (br,
60H), 2.67-2.40 (br, 6H), 2.7-0.14 (br, 37H); SEC (DMAc + 0.21 wt-% LiCl, poly(styrene)
standard): M, = 16,900 g mol™", M,, = 39,600 g mol™, = 2.3.

Poly(BODIPY-co-TASt) P2

Monomer 4 (50 mg, 123 pmol), comonomer 7 (135 mg, 492 umol) and AIBN (5 mg, 31 ymol)
were dissolved in 1,2-dichloroethane and acetone (2.6 mL, v:v, 5:8). The reaction solution
was deaerated via three freeze-pump-thaw cycles and subsequently heated to 75 °C for
24 h. After cooling to room temperature the polymer was precipitated from cold heptane, the
solvent was decanted, and the polymer dried under reduced pressure. Purification occurred
via dialysis (acetone:acetone) using dialysis tubes with a molecular-weight cut-off of
1,000 g mol™. Yield: 61%

"H NMR (MeCN-d3, 300 MHz, ppm): & 7.52-6.37 (br, 19H), 4.69-4.16 (br, 9H), 3.41-2.77 (br,
36H), 2.43-2.08 (br, 19H) 1.89-0.7 (br, 19H); SEC (DMAc + 0.21 wt-% LiCl, poly(styrene)
standard): M, = 3,900 g mol™", M,, = 5,800 g mol™”, B = 2.3.

Poly(TMA-co-PEGMA) was synthesized according to literature.? An exemplary synthesis

procedure as follows:

Poly(2,2,6,6-tetramethylpiperidin-4-yl methacrylate-co-poly(ethylene glycol) methyl ether

methacrylate)

In a representative example for the precursor polymer of P3, 2,2,6,6-tetramethylpiperidin-4-yl
methacrylate (100 g; 443.8 mmol) and poly(ethylene glycol) methyl ether methacrylate
(57.06 g; 126.8 mmol) as well as 2-cyano-2-butyl dithiobenzoate (895.3 mg; 3.8 mmol) and
4,4'-azobis(4-cyanovaleric acid) (533.1 mg; 1.9 mmol) were dissolved in a mixture of
methanol and water (3:1; 380 mL). The mixture was deaerated by flushing with argon for
20 min and subsequently stirred at 70 °C for 24 h, after which full monomer conversion was
achieved. The reaction mixture was used for the subsequent oxidation without further

purification.



General procedure for preparation of P3 (oxidation)

To the reaction mixture, three equivalents hydrogen peroxide (30%) and 0.03 equivalents
sodium tungstate dihydrate were added. The mixture was stirred for 24 h at room
temperature and subsequently dialyzed against water. The solvent was removed by

lyophilization to yield the polymer as orange powder.

L)
o M

Scheme 1: Schematic representation of the chemical structure of P3.
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R = polymeric backbone

electrochemical cell with an anode- and a cathode compartment, which are separated by a size-exclusion
membrane. Catholyte and anolyte contain the BODIPY-functionalized polymer, acting as active material, as well
as a conductive additive. The electrolytes are circulated between the electrochemical cell and the storage tanks.
In the catholyte BODIPY is oxidized to BODIPY" and in the anolyte it is reduced to BODIPY".
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Figure S2: Cyclic voltammogram of BODIPY monomer 4 in PC 0.1 M TBACIO, at different scan rates.
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Figure S3: Spectro-electro-chemical measurements of the BODIPY monomer 4 in CH.Cl, with 0.1 M TBACIOs.



Table S1: Integrals of the redox peaks of P1 and P2 at a scan rate of 500 mV s,

Polymer Reaction Integral (10° mC)
P1 Oxidation 1.22
P1 Re-reduction 1.11
P1 Reduction 1.10
P1 Re-oxidation 1.19
P2 Oxidation 0.88
P2 Re-reduction 0.85
P2 Reduction 1.25
P2 Re-oxidation 1.66
b
0.0050 -
®  Reduction 0.00454 ™ Reduction
0.00454 © Re-oxidation . O Re-oxidation e
0.0040{
__ 0.0040+ .
< < i
€ 0,003 £ 0.0035
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Figure S4: Absolute value of peak current against square root of scan speed of the reduction and re-oxidation
reaction of (a) P1 and (b) P2.
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Figure S5: Photograph of the custom-made PTFE trough. The membrane can be pinched between the two
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Figure S6: Discharging of an all-BODIPY P1/P2 battery. Cathode and anode potentials are measured vs.
AgNO3/Ag.
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