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Abstract 

In consequence of the increasing relevance of intermittent sustainable energy sources such as solar 

and wind energy, there is a growing demand for highly efficient and at the same time economic sta-

tionary storage concepts. In this context, redox flow batteries (RFBs) gained a lot of scientific interest 

in recent years. This especially applies to aqueous RFBs based on aromatic organic active materials 

such as quinones, which are characterized by a high natural abundance and favorable charge transfer 

characteristics. However, current concepts are restricted by severe drawbacks such as fast capacity 

fading due to active material degradation as well as insufficient cell voltages and voltage efficiencies. 

These issues primarily originate from a lack of suitable high-potential active materials, which are com-

monly prone to nucleophilic side reactions as a function of their redox potential. As current state-of-

the-art active materials are not capable of providing high redox potentials together with stable cycling 

performances, new structural motifs are required. In this context, this work provides novel design 

strategies for the development of capable quinonoid active materials towards efficient concepts of 

stationary energy storage. 

This thesis presents a systematic investigation of the structure-property relationships of nitrogen-

functionalized quinone compounds. The class of diaza-quinones was thoroughly investigated according 

to different analytical techniques, in order to evaluate the benefit of this structural modification and 

to expand upon the existing knowledge of their homocyclic base structures. Performance-relevant key 

quantities – such as diffusion coefficients, redox potentials and kinetic rate constants – were deter-

mined by means of varying voltammetric techniques. The electrochemical stability of the compounds 

was investigated according to a combination of exhaustive electrolysis and a subsequent structural 

elucidation based on 1H NMR spectroscopy. Based on the gained results, vulnerable sites could be 

identified thus shedding light on the mechanism of potential degradation reactions. Experiments were 

conducted in varying solvents, comprising aprotic as well as acidic and alkaline aqueous solution, in 

order to elucidate the impact of solvent-related effects – such as hydrogen bonding and protonation – 

on the charge transfer behavior of diaza-quinones. With these results, the structural motif of diaza-

quinones was refined to obtain capable catholyte active materials for aqueous RFBs based on organic 

active materials (ORFBs). In addition, the experimental approach was complemented by theoretical 

considerations: experimental trends were successfully reconstructed by means of density functional 

theory (DFT) calculations. Based on the developed model, desirable diaza-quinone structures were 

defined to propel future research in this field. 

Conclusively, this work provides useful guidance regarding the development of stable and capable 

quinonoid active materials for ORFBs and hence can contribute to meet the requirements for a com-

mercial application of this promising technology. 
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Zusammenfassung 

Im Hinblick auf den stetig zunehmenden Anteil regenerativer Energieträger wie Wind- oder Solar-

energie am Energiemix steigt auch der Bedarf an gleichermaßen effizienten und wirtschaftlichen sta-

tionären Energiespeicherlösungen. Vor diesem Hintergrund erregten vor allem Redox-Flussbatterien 

in den vergangenen Jahren enormes wissenschaftliches Interesse. Dies gilt insbesondere für wässrige 

Flussbatterien auf Basis aromatischer, organischer Aktivmaterialien wie Chinonen, welche sich einer-

seits durch große natürliche Vorkommen und andererseits durch hervorragende Ladungstransferei-

genschaften auszeichnen. Aktuelle Konzepte werden allerdings durch stetige Kapazitätsverluste sowie 

unzureichenden Zellspannungen und Spannungseffizienzen beeinträchtigt. Derartige Limitierungen 

sind in erster Linie auf das mangelnde Angebot an leistungsfähigen Katholyt-Aktivmaterialien zurück-

zuführen. Da nach aktuellem Stand der Forschung kein chinoides Aktivmaterial existiert, welches so-

wohl eine schnelle Reaktionskinetik als auch eine hohe Zyklenstabilität und Elektronenaffinität in sich 

vereint, bedarf es der Erschließung neuartiger Strukturmotive. Vor diesem Hintergrund befasst sich die 

vorliegende Arbeit mit der Untersuchung von Designstrategien zur Entwicklung leistungsfähiger, chi-

noider Aktivmaterialien. 

Hierzu wurden die Struktur-Wirkungsbeziehungen stickstofffunktionalisierter Chinonverbindungen 

systematisch untersucht und sowohl elektro- als auch physikochemische Eigenschaften durch struktu-

relle Anpassungen gezielt modifiziert. Mithilfe verschiedener analytischer Methoden wurden die defi-

nierten Zielstrukturen charakterisiert und leistungsrelevante Kenngrößen bestimmt. So wurden Diffu-

sionskoeffizienten, Redoxpotentiale und Ladungstransferraten ausgewählter Derivate anhand ver-

schiedener voltammetrischer Methoden ermittelt. Die elektrochemische Stabilität der Verbindungen 

wurde durch deren vollständige elektrolytische Umsetzung mit anschließender Strukturaufklärung in 

Form von 1H-NMR-Spektroskopie untersucht. Auf diese Weise konnten elektrochemisch anfällige Po-

sitionen im Molekül identifiziert und somit wertvolle Rückschlüsse auf den vorliegenden Degradations-

mechanismus gezogen werden. Zur Bestimmung des Einflusses lösungsmittelspezifischer Effekte auf 

das elektrochemische Verhalten von Diaza-Chinonen fanden die Untersuchungen in verschiedenen 

Medien wie aprotischen, aziden und alkalischen Lösungen statt. Anhand der gewonnen Erkenntnisse 

wurde das Diaza-Chinon-Strukturmotiv systematisch weiterentwickelt und im Hinblick auf eine Anwen-

dung als leistungsstarkes Katholyt-Aktivmaterial ausgearbeitet. Diese experimentelle Herangehens-

weise wurde dabei durch theoretische Aspekte ergänzt: Experimentelle Trends wurden mithilfe von 

DFT-basierten Rechnungen erfolgreich bestätigt und auf Basis des erhaltenen Modells weitere vielver-

sprechende Zielstrukturen definiert. 

Die vorliegende Arbeit leistet einen wichtigen Beitrag zur Entwicklung stabiler und leistungsstarker 

chinoider Aktivmaterialien für ORFBs und zeigt somit neue Wege für eine ökonomische Realisierung 

dieser vielversprechenden Technologie auf. 
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1 Introduction 

1.1 Motivation and Outline 

The increasing relevance of sustainable energy sources and the concomitant need for load 

compensation generates a large scientific interest with regard to different concepts of stationary 

energy storage (SES). Besides electrical double-layer capacitors, approaches involving the conversion 

of electrical energy to kinetic or potential energy such as flywheels or pumped hydroelectric storage 

have been successfully demonstrated.1 However, drawbacks such as small energy contents, long 

response times and geographic constraints prevent a widespread application for those technologies.2 

As an alternative, technologies summarized under the term “chemical energy storage” such as 

batteries and fuel cells provide storage solutions based on electrochemical energy conversion. As a 

prime example lithium-ion batteries (LIBs) experienced great improvements regarding specific 

energies, energy densities and achievable cell voltages within the last three decades since their market 

introduction.3,4 However, metrics concerning the size and dimensions of the system are considered 

less crucial for stationary applications. More importantly, batteries for grid storage should exhibit a 

high calendar life and round-trip efficiency combined with rapid response times at reasonable capital 

costs.5,6  

Redox flow batteries (RFBs) are considered as a promising technology to fulfill those requirements 

due to their high power input and output, scalability and great variety of suitable active materials as 

well as solvents.7 RFBs take advantage of two dissolved redox couples that are stored in separate 

reservoirs and can be pumped through an energy converter to release or store energy whenever 

needed. The first development of redox flow batteries in a modern sense occurred in the early 1970s 

at the National Aeronautic and Aerospace Administration (NASA): in consequence of the first oil crisis, 

NASA investigated solutions for cost-effective electrochemical energy storage. The studies comprising 

various low-cost electrolytes concluded with a system based on the redox couples Cr3+/Cr2+ and 

Fe3+/Fe2+.8–10 In the 1980s the concept was further developed and transferred to vanadium redox 

couples by Skyllas-Kazacos and coworkers.11–13 Due to continuous technical improvements made since 

this pioneering work the all-vanadium redox flow battery (VRFB) was subject of a significant number 

of field studies.14–18 At this point it is also commercially available to customers for a wide range of 

applications.19,20 

However, a significant increase of the vanadium prices could be observed recently along with the 

growing demand for the required oxide raw materials.21 As a consequence, new strategies are 

obligatory to enable the competitiveness of VRFBs against alternative stationary storage solutions.22 

The same applies for lithium-based systems such as lithium-sulfur, lithium-oxygen and LIBs in 
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particular, which may also experience a rise in manufacturing costs due to the steep and ongoing 

increase of lithium, cobalt and nickel prices.3,23 Since the availability of utilized battery materials as well 

as their sustainable extraction gain further relevance with respect to environmental and economic 

aspects, alternative active materials have to be developed.  

With regard to aqueous RFBs, aromatic organic compounds constitute a promising substance class for 

sustainable and cost-efficient SES.24–28 Especially quinones, which may be derived from abundant 

resources such as lignin, have attracted wide scientific interest.29–31 Many recent publications have 

investigated the structure-property relationships of quinonoid compounds and their application in 

redox flow batteries due to their fast charge transfer kinetics and tunable redox potentials.32–38 Since 

the advent of aqueous redox flow batteries with organic active material (ORFB) that began with the 

studies of Aziz et al.39 in 2014, many efforts have been made with respect to quinonoid electrolytes. 

The investigated, mostly anthraquinone-based molecules were optimized for their solubility in water 

as well as their redox potential by addition of electron donating and hydrophilic functional groups 

leading to high energy densities.32,35,36,40–42 Furthermore, detrimental side reactions affecting the 

stability of active compounds such as Michael addition or self-polymerization have been addressed 

recently: sterically demanding functional groups such as ether-linked alkyl chains proved to be a 

successful measure to prevent decomposition, yielding a high cycling stability and calendar life.37,43–45 

It is to be noted that these efforts refer to electron-rich compounds designed for the application as 

anolyte active material. However, promising candidates for the catholyte side of the battery are 

equally required to enable sustainable and cost-efficient all-quinone-based ORFBs. Yet, studies 

considering these high-potential molecules can only be found scarcely in the literature. The presented 

compounds further exhibit insufficient redox potentials or low cycling stabilities, preventing their 

efficient application as catholyte active material.46–50 

To overcome these challenges, this thesis outlines pathways for the design and characterization of 

potent quinonoid active materials for ORFBs. Herein, design strategies concerning the incorporation 

of nitrogen into quinone base structures are presented as an effective measure to improve the 

electrochemical characteristics of the homocyclic compounds. Due to the more electron withdrawing 

nature of nitrogen compared to carbon the redox potential of the associated derivatives is significantly 

increased. Depending on the intrinsic electron affinity of the base structure favorably high redox 

potentials are achieved, which – in combination with appropriate anolyte active materials – enables 

high cell potentials of ORFBs. Additionally, the impact of the heterocyclic structure on the overall 

charge transfer characteristics is elucidated to provide a fundamental understanding of this new class 

of active materials. To classify the benefit for RFB applications, performance-relevant quantities are 

determined by selected analytical as well as voltammetric techniques. This work’s studies reveal 
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favorable properties of the nitrogen-augmented derivatives surpassing their established homocyclic 

analogues. Experimental results are further complemented by density functional theory (DFT) 

calculations to predict the influence of structural modifications and to enable the tailored design of 

future catholyte active materials. Altogether, this thesis shows that diaza-quinones can contribute to 

more sustainable and efficient concepts of SES. 

In order to provide a topical introduction, the basic principles of redox flow batteries are elucidated 

as part of the following section 1.2. Subsequently, section 1.3 summarizes relevant information with 

regard to quinonoid active materials for ORFBs, highlighting their redox behavior, structure-property 

relationships and potential degradation mechanisms. In this context, the performance-relevant 

quantities of ORFB active materials and the pitfalls in their investigation are outlined in section 1.4 as 

part of the publication “Which Parameter is Governing for Aqueous Redox Flow Batteries with Organic 

Active Material?”. This is followed by section 1.5, providing an overview over state-of-the-art active 

materials applied in ORFBs as well as design strategies to maximize their performance. 

Subsequently, the main results of this thesis are presented in terms of two scientific publications 

highlighting the characteristics, benefits and prospects of nitrogen-functionalized quinones. In the 

publication “Quest for Organic Active Materials for Redox Flow Batteries: 2,3-Diaza-anthraquinones 

and Their Electrochemical Properties” the compound class of diaza-anthraquinones (DAAQs) is 

introduced as an advanced form of the underlying homocyclic anthraquinone (AQ). Due to the 

modified base structure, the redox potential is positively shifted by 300 mV in acidic solution. Further 

insights into the structure-property relationships of DAAQs are given by the addition of peripheral 

substituents such as methoxy or hydroxyl moieties. It is found that adding a methoxy group proves to 

be an effective measure to increase the electrochemical stability of the compound. Hydroxyl moieties 

on the other hand evoke a negative shift of the redox potential, hence allowing for a tailored 

adjustment of the charge transfer characteristics. Hence, DAAQs are introduced as a versatile and 

adaptable class of active species regarding an application in aqueous RFBs. The results of this 

publication are complemented by subsequent studies focusing on the impact of solvent-related effects 

on the charge transfer characteristics of DAAQs. The impact of hydrogen bonding and protonation is 

investigated in varying solvents, revealing specific features such as an increased stabilization of the 

semiquinone intermediate as well as an additional protonation state at low pH values. 

This concept was subsequently transferred to intrinsically more electron-deficient base structures 

in order to increase upon the benefit of the nitrogen-based positive potential shift found for DAAQs. 

As a result, naphthoquinone (NQ) with its comparably confined aromatic system was identified as a 

suitable template structure regarding catholyte active materials for ORFBs. In the publication 

“Tailoring Dihydroxyphthalazines to Enable their Stable and Efficient Use in the Catholyte of Aqueous 
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Redox Flow Batteries” the class of dihydroxyphthalazines (DHP) is consequently introduced as an 

evolution of the priorly investigated DAAQs. The reduced diaza-naphthoquinone DHP features fast and 

competitive charge transfer kinetics as well as a favorably high redox potential of 0.796 V vs SHE. This 

value clearly surpasses the potential of established homocyclic quinones, thus emphasizing the 

significance of the diaza-based design strategy with regard to the development of high-potential 

quinone active materials. Furthermore, the incorporation of methyl groups is presented as an effective 

measure to prevent potential nucleophilic degradation reactions. It is shown that long-term stable 

active materials are obtained, which enable high cycling efficiencies. In accordance with these findings, 

desirable DHP-based active materials are outlined by means of DFT calculations to further propel 

research in the field of quinonoid active materials for ORFBs. 

In the last section, the results and insights of this PhD thesis are summarized and evaluated within 

the scientific context. Conclusively, based on the presented findings the prospects as well as future 

tasks in this field of research are addressed as part of a final outlook. 
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1.2 Redox flow batteries 

The development of redox flow batteries dates back to the year 1949 when W. Kangro filed a patent 

for a novel technology to store electrical energy.51 The concept described dissolved redox couples 

stored in separate tanks that can be transferred into different oxidation states while passing through 

an energy converter and was proposed as an effective measure for load levelling. Subsequently, a 

variety of elements was discussed to be used as potential active materials to fuel this new technology. 

However, it was not until 1962 that the combination of titanium and iron was proposed as an 

economically competitive alternative to lead- and nickel-iron batteries.52 Research in this field was 

further propelled within the context of the first oil crisis in the early 1970s: NASA consequently started 

to investigate solutions for cost-effective electrochemical energy storage to focus on renewable 

intermittent energy sources. The studies comprising various low-cost electrolytes concluded with the 

concept of the first redox flow battery in a modern sense, which was based on the redox couples 

Cr3+/Cr2+ and Fe3+/Fe2+.8–10 The following transfer to vanadium redox couples in the 1980s initiated 

further investigations spanning several decades until the present day, making VRFB the most 

extensively studied concept in the field of RFBs.12,53–57 . As a result, a high number of 90 installations 

with a total power of about 330 MW can be found all over the world at present.22 

Within the last 15 years the number of publications investigating RFBs with non-aqueous 

electrolytes increased progressively along with alternative aqueous metal-based concepts such as the 

vanadium-polyhalide RFB.58,59 However, with respect to economic and environmental aspects the 

scientific focus shifted towards ORFBs lately, starting with the publications of Huskinson and Yang in 

2014.39,50 In these studies low-cost aqueous solvents were combined together with organic active 

materials that may be derived from abundant resources to hold down the costs per kWh.43 Within the 

last 6 years, great progress has been made in the field, especially regarding the design of anolyte active 

materials. Design strategies taking advantage of the structure-property relationships of organic 

compounds resulted in promising substances that could be optimized for an application at low 

potentials, high roundtrip efficiencies and high solubility in water.32,37,43 However, commercialization 

of ORFBs has not been achieved yet due to limited achievements in the field of catholyte research. 

Assuming that these challenges can be overcome in the near future, ORFBs pose a promising 

technology to enable economic and widespread SES. It should be noted that besides the important 

role of active materials attention has to be devoted to the composition of the battery to position ORFBs 

as a capable alternative to other stationary concepts.  

To introduce the reader to the general concept of ORFBs, its working principle and design 

opportunities are described in the following section. In this context, the major battery components 

and their impact on the process of energy conversion shall be elucidated in more detail. 
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1.2.1 Working principle 

The unique feature of the most prominent RFB concept is that the active material is present in 

solution, which is why it is also denoted as all-liquid RFB.60 By ways of illustration, a simplified scheme 

of this battery type is given in Figure 1. As already described by Kangro’s patent in 1949, the redox 

couples involved in the process of energy conversion are present dissolved in a liquid and can therefore 

be stored separately in tanks.51 This circumstance represents one of the most beneficial aspects that 

distinguishes all-liquid RFBs from established secondary batteries such as LIBs: the dimensions of the 

electrode material do not predetermine the stored capacity of an RFB but rather the volume of the 

storage tanks, which allows for a more flexible design of the system. The actual process of energy 

conversion takes place inside an energy converter that consists of two electrode chambers allocated 

to the occurring oxidation and reduction of active material. As suggested by the term “redox flow”, the 

electrolyte is constantly pumped back and forth between storage tanks and the converter during 

application. In between the two electrode chambers, a separator allows for charge compensation 

while still maintaining spatial segregation of both circulatory systems. The charge transfer occurs 

within the converter at the interface between the liquid electrolyte and the porous electrodes. Since 

the porous electrodes in this case solely serve as current collectors, another major advantage of RFBs 

over conventional secondary batteries becomes apparent: the challenges associated with phenomena 

such as phase transformations or electrode morphology changes during charge and discharge are 

completely avoided.61  

 

Figure 1: Schematic illustration of a redox flow battery and its components. Anolyte and catholyte are stored in 

separate tanks as part of two circulatory systems segregated by a separator such as an ion exchange membrane. 

The separator allows for charge compensation between the two chambers of the reactor entailing the porous 

current collectors. 
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In this context, the generatable power is determined by the size of the current collectors as well as the 

number and interconnection of stacks. Together with the fact that the amount of stored capacity can 

be scaled as desired according to the size of the electrolyte reservoirs, RFBs offer a high flexibility and 

can be adapted to certain applications.60 

For the sake of completeness, it is to be noted that a multitude of varying RFB concepts has been 

reported to date, which share functional similarities with the described all-liquid approach. Those 

concepts may be classified by means of the aggregate state of the reactants involved in the process of 

energy conversion. One category of multiphase systems is classified by the comprehensive term 

“hybrid RFBs”. This denotation refers to the fact that the active material of at least one half-cell is 

present in different aggregate states – e.g. solid/liquid − depending on the state of charge.60 

Consequently, the reactant is plated from and stripped back into solution during cycling. To give an 

example, zinc has been widely investigated in terms of hybrid RFBs in combination with different 

cathode counterparts such as halogens, vanadium or cerium.62,63 Due to the highly negative standard 

potential of zinc, high cell voltages can be achieved, which holds especially true for alkaline 

solutions.64,65 Yet, in the case of hybrid RFBs such as the zinc-iodine system solid material is deposited 

in the course of cell cycling. As a result, issues associated with phase transition such as dendrite 

formation or the clogging of pumps and pipelines are observed.66 Consequently, one of the major 

advantages of all-liquid RFBs is annulled for this setup. To circumvent the negative aspects associated 

with the plating and stripping of solid material, alternative concepts combining a permanently liquid 

with a liquid/gaseous half-cell were proposed. Those were commonly based on a combination of the 

H+/ 1

2
H2 redox couple as the liquid/gaseous component and varying halide solutions as the liquid 

component.67,68 However, the need for noble metal catalysts, electrolyte crossover, poisoning of the 

catalyst by halide ions and corrosion issues prevented a widespread application to date.69–72  

In an attempt to further increase the energy density of RFBs, the concept of flowable electrolytes 

was transferred to the electrode materials commonly used in the context of LIBs. Since the active 

material is present in the form of suspensions or conducting inks, this battery design allows to 

overcome the restrictions posed by the solubility limit of active species. The first lithium-flow battery 

was reported by Duduta et al.73, which applied a suspension of LiCoO2 with 1.5% Ketjen Black on the 

cathode side and a suspension of Li4Ti5O12 with 2% Ketjen Black on the anode side, both dispersed in 

an alkyl carbonate solvent. Due to their high effective concentration of redox electrons in the range 

between 10 M and 40 M and the high theoretical cell voltages evoked by the use of lithium as active 

substance, such systems offer considerably high energy densities.61 On the downside, due the high 

viscosity of the lithium inks high pumping losses are to be expected, which have a significantly negative 

impact on the operating efficiency at system level. Furthermore, safety concerns emanating from the 
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reactive nature of lithium and the volatility of commonly applied organic solvents may limit the 

implementation of semi-solid RFBs with regard to large scale applications.74 

In general, much more elaborate technical solutions are required for the operational management 

of batteries with multiphase systems compared to the classical all-liquid RFB. Due to the special 

requirements associated with a uniform metal deposition or continuous gas feed and storage as well 

as the circulation of suspensions, more advanced electrolyte delivery systems are obligatory.60,75 Thus, 

it may be more favorable to capitalize on the beneficial properties correlating with the use of all-liquid 

RFBs with regard to economic and sustainable SES. Leaving aside the favorable physicochemical 

peculiarities of aqueous RFBs – which shall be discussed in more detail later in section 1.2.2 – all-liquid 

batteries commonly provide a number of operational advantages: pumping losses are mitigated due 

to the use of inviscid electrolytes, reaction heat effectively dissipates along with the fluid transport 

and mechanical stress as well as morphological changes of the electrode are completely avoided 

because of the fluidic nature of the active material.  

 

 

1.2.2 Components 

Irrespective of the scaling opportunities for storage tanks and converter, the basic performance of 

RFBs is dictated by the components involved in the process of energy conversion and the nature of 

their materials. For instance, electrode materials may offer vastly different surface areas and 

geometries as well as chemical surface modifications depending on the respective redox chemistry and 

conditions.76 The efficiency of the separator is closely intertwined with the nature and structural design 

of the applied active material as well as the solvent used.77,78 The solvent in turn provides access to 

different temperature and potential ranges as well as a variety of different redox chemistries. 

Conclusively, it is to be noted that a clever choice of components contributes to the overall efficiency 

of RFBs. The performance-relevant components of RFBs and the underlying physico- and 

electrochemical principles shall be elucidated in more detail to take account of their importance in the 

process of energy conversion. 

 

Electrode materials 

As the electrode of an RFB provides the active surface area which moderates the heterogeneous 

charge transfer between the consumer and the active material, its texture and composition has a great 

significance in the process of energy conversion. In general, one would assume that high a surface area 

is beneficial to convert as much active material as possible at a time. However, in the case of RFBs the 

electrolyte must be pumped through the generator to undergo the desired redox processes. 
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Depending on the density and overall surface of the electrode, it may be harder to pass the active 

surface, which then may be associated with a loss of energy. As a result, there is a trade-off between 

the surface area required for an effective charge transfer and the energy required for a sufficient feed 

of electrolyte. This is especially important for commercial applications.  

In general, there are two basic electrode configurations that find application in RFBs, which are 

denoted as flow-through and flow-by (see Figure 2).79 In case of the flow-through configuration, a mesh 

or porous matrix of a conductive solid serves as the reactive surface that moderates the charge transfer 

between current collector and the active material dissolved in the electrolyte. During charge and 

discharge, the electrolyte is pumped through the porous network to undergo the desired redox 

reaction. The generated electrons are transferred into the external circuit, whereas ions migrate into 

the opposed electrode chamber for charge compensation. The most common electrode materials 

applied in flow-through configurations are fibrous and mostly carbon-based such as carbon or graphite 

felts. This is due to a combination of beneficial properties, namely an inert character versus corrosive 

media, high electrical conductivity, high oxygen and hydrogen overvoltages as well as a high porosity.80 

Furthermore, the intertwined structure of carbon felts enables a good turbulence of the electrolyte 

and hence a fast rate of active material conversion.5 

In case of a flow-by configuration, the electrolyte containing the active species flows in a channel 

parallel to a planar electrode. Despite the fact that these electrodes commonly feature a spatially 

constrained three-dimensional surface layer formed by porous domains and catalyst particles, an 

interaction corresponding to a planar surface is observed.5 The passing stream of electrolyte infuses 

the surface layer, forming an approximately stationary phase of suppressed convection.81 In this phase, 

the active material diffuses laterally towards the planar electrode surface. Since in the case of flow-by 

configurations electrolyte percolation is negligible, energy losses associated with pumping can be 

effectively minimized. However, due to the stagnant layer within the porous electrode mass transfer 

and the conversion of active material takes place at a nearly constant rate, which can only be 

marginally increased by forced convection. The utilization of active material hence cannot be adapted 

as efficiently as in the case of flow-through designs. To circumvent these shortcomings, engineering 

approaches regarding the design of the electrolyte flow field are investigated. For instance, 

interdigitated or serpentine flow fields are used to increase the distance the electrolyte traverses in 

contact with the active surface area, which is also denoted as the residence time.79,82 In the context of 

ORFBs, flow field modifications proved to be an effective measure to increase the overall limiting 

current as well as peak power density.24,35,47  
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Figure 2: Schematic illustration of the two primary electrode concepts applied in RFBs, commonly denoted as 

flow-through and flow-by configuration. In the case of flow-through electrodes, the electrolyte is pumped 

through a porous network of a conductive solid material such as carbon felt. The flow-by concept on the other 

hand implies that the essentially unobstructed electrolyte passes a spatially confined porous electrode layer 

while partially infusing its surface. 

Which of both configurations − flow-through or flow-by − is to be preferred is still subject of 

debate.5,79,83 Surely it depends on a number of factors including the physicochemical properties of the 

flowing reactant, the nature of the occurring redox reaction and the associated phases. In the case of 

all-liquid RFBs such as ORFBs a flow-through configuration may be preferred: due to the highly fluid 

character of water, pumping losses are significantly mitigated. However, ORFBs commonly suffer from 

a low solubility of organic active material, which implies a rapid depletion of the dissolved reactive 

species during cycling, preventing high current densities. This drawback however may be compensated 

due to the high degree of forced mass transfer within the volumetric electrode at high pump rates. 

This also has a positive impact on organic active materials with low diffusion coefficients, which may 

be applied more efficiently as a result of the extrinsically enhanced rate of mass transfer. On the other 

hand, flow-by configurations may offer certain advantages in combination with active materials of high 

diffusivity (e.g. gases) or if solid substances are involved in the process of energy conversion. For 

instance, the plating of solid material is easier to realize for flow-by electrodes, since a free flow path 

for the electrolyte is permanently maintained.84 In the case of a flow-through configuration however, 

solid material may block the obligatory pathways, preventing circulation and therefore leading to an 

increased pumping resistance or even complete failure of the system. 
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In general, many different factors need to be considered for the design of volumetric electrodes 

like carbon or graphite felts to achieve optimal performance. As mentioned earlier, a high active 

surface is desirable to maximize the conversion rate of active material. On the other hand, a high 

permeability of the electrode would minimize pressure drops and hence reduce pumping costs. Active 

surface area and permeability of felt electrodes are equally affected by the utilized fiber diameter. 

However, there is an inverse correlation between both quantities, thus requiring compromises in 

electrode design.85,86  

Besides its geometry, the chemical nature can also have a significant impact on the overall 

performance of an electrode, as it may affect the kinetics of the occurring charge transfer. In order to 

classify the influence of surface modifications on the charge transfer kinetics, two different reaction 

mechanisms have to be distinguished, namely inner-sphere and outer-sphere reactions. In a 

heterogeneous outer-sphere electron transfer, the reactant center is located in the outer Helmholtz 

plane. This plane describes the closest distance to the electrode which can be attained by reactants 

that do not penetrate the layer of specifically adsorbed solvent molecules.87 Consequently, the 

electron transfer occurs by a tunneling mechanism across the solvent layer, which is why there is no 

strong interaction of the electrode surface with the reactant. As opposed to this, inner-sphere 

reactions correspond to specifically adsorbed reactants that are located at the inner Helmholtz plane 

and hence in fact exhibit strong interactions with the electrode surface.88 An experimental distinction 

can be made according to the electrode-dependent kinetics of the occurring charge transfer. Whereas 

outer-sphere reactions are rather insensitive to the nature of the applied electrode material, a strong 

dependence is observed in the case of inner-sphere reactions.89 In the context of RFBs, the outer-

sphere mechanism primarily applies to ligand-stabilized metal ions such as ferrocyanide or 

polyoxometalates.88,90 Accordingly, the majority of active materials used in RFBs are allocated to the 

inner-sphere pathway. Thus, special care should be taken with respect to electrode pretreatment, since 

reaction rates may vary by several orders of magnitude.80 Several measures have been reported to 

increase the charge transfer kinetics of carbon-based electrodes such as electrochemical activation91, 

thermal treatment92 or chemical etching93 and doping94. In most cases, the increased coverage of the 

electrode surface with oxide-containing groups such as –C=O and –COOH was identified as the factor 

promoting the heterogeneous electron transfer between active material and electrode. However, the 

applicability and efficiency of these measures highly depends on the composition of the system 

referred to. As new designs of organic active materials emerge steadily, equally strong progress in the 

design of electrode materials will be required in the future. 
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Separators 

The separator of an RFB ensures the charge compensation between both electrode compartments 

during charge and discharge while maintaining a spatial segregation between both circulatory systems. 

In an ideal case, the separator solely allows for the transition of species that are not directly involved 

in the process of energy conversion such as conducting salt ions or protons. Its main purpose is to 

prevent the crossover of active material, which may be highly detrimental, since the transferred 

material would not be available for subsequent cycles or may even trigger unwanted side reactions. 

Either way, an irreversible loss of capacity would be inherent, underlining the meaning of the separator 

for the overall efficiency of RFBs. Its composition and structure is highly dependent on the used system, 

that is to say the utilized active material as well as the solvent and additives used. The most prominent 

concepts, their fields of application and functional peculiarities shall be discussed in this section. 

Generally, there are four types of separators that are to be distinguished for the use in RFBs: 

(1) microporous separators, (2) ion-exchange membranes (IEMs), (3) hybrid and (4) ceramic 

membranes.60 However, the application of ceramic separators is confined to a small number of RFB 

systems due to their low ionic conductivity .95 Since they do not relate to the topic of this thesis, 

ceramic membranes thus will be omitted in the following detailed discussion for the sake of brevity. 

(1) Microporous separators (pore size < 2 nm), which often are also denoted as size exclusion 

membranes are usually used in combination with rather bulky active materials such as polymers. As 

microporous membranes are based on charge-neutral polymer scaffolds, their efficiency is solely 

determined by the ratio of their pore diameter and the size of the incoming molecule. Measures to 

specifically adapt the dimensions of active substances to size exclusion membranes of a given pore 

radius hence proved to be very successful.96,97 Due to the low costs of their base materials such as 

polyacrilnitrile98, polyethersulfone99 and polyvinylidene fluoride100 microporous membranes can be 

produced very economically and hence reduce the overall costs of RFBs. In fact, Janoschka et al. 

investigated the application of a low-cost cellulose-based dialysis membrane in a polymer-based ORFB 

with positive results.101 However, high energy densities can only be realized for molecules with high 

charge-to-mass-ratios.102 This contradicts the application of bulky active materials such as polymers, 

which tend to suffer from electrochemical instability if their redox centers are packed too densely.103 

Consequently, with regard to high energy densities more advanced concepts are obligatory to improve 

the selectivity of separators towards more compact active materials.  

In the case of (2) IEMs, a porous polymer network serves as the host structure similar to size 

exclusion membranes. Beyond that, IEMs are further augmented with acidic or basic side chains.60 

These functional groups enable an ionic bias that – depending on its polarity − supports the transfer of 

anions or cations for charge compensation and at the same time excludes redox-active molecules of 

the opposed charge. By way of example, these functional side chains can be incorporated into the 
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polymer-based host structure by infusing an ion-exchange resin together with a crosslinker.104IEMs can 

be categorized into cationic, anionic and amphoteric according to the polarity of their stationary phase. 

In terms of their base polymer, cationic IEMs are further divided into fluorinated and nonfluorinated 

membranes. At present especially perfluorinated membranes are widely used in RFB applications due 

to their beneficial properties: in the case of Nafion®, which is probably the most established system in 

this category, perfluorovinyl ether groups terminated with sulfonic acid moieties are incorporated into 

a tetrafluoro-ethylene (Teflon) host structure (see Figure 3a).105 The Teflon backbone ensures a high 

mechanical stability of the polymer, whereas the incorporated sulfonic acid moieties provide a high 

ionic conductivity of up to 58.7 mS cm−1.5 Consequently, cations and especially protons can be easily 

transferred across the membrane, which allows for efficient charge balancing during electrochemical 

applications. The high ionic conductivity of Nafion® emanates from parallel channels, which are formed 

by the self-organized sulfonic acid moieties that are themselves encased by strands of the polymer 

backbone, forming inverted-micelle cylinders (see Figure 3b)106.  

 

 

Figure 3: Chemical (a) and macroscopic structure (b) of Nafion®. The tetrafluoro-ethylene host structure (grey) is 

equipped with perfluorovinyl ether side chains, which in turn are terminated with sulfonic acid moieties (red). 

The self-organizing inverted micelle structure of the polymer generates parallel channels featuring high proton 

conductivities. 
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A major issue, directly referring to the high ionic conductivity of perfluorinated membranes, is 

denoted as electroosmotic drag. This describes the transport of water molecules across the 

membrane, which accompanies the desired movement of ions. At the interface between membrane 

and electrolyte an electric double layer (EDL) is formed comprising ionic charges from the electrolyte. 

When an electric field is applied − as in the case of RFBs during cycling − the ions within the fluid located 

at the EDL move as a result of the acting Coulomb force.107 The moving ions drag bound solvent − e.g. 

water molecules − causing a bulk fluid motion.108 Since the water content has a large impact on the 

membrane properties as well as the overall RFB performance, measures to maintain an optimal 

balance of the water content in both reservoirs are crucial.109 Besides the unwanted water transport, 

most perfluorinated membranes exhibit insufficient ion selectivity leading up to the crossover of active 

material and hence nonideal Coulomb efficiencies.  

In this context, (3) hybrid concepts are investigated to increase the permselectivity of the 

membranes. This is accomplished by a combination of IEMs such as Nafion® and inorganic substances 

that block the hydrophilic clusters represented by the aggregated sulfonic acid moieties. For instance, 

additives such as silicates110, titaniumdioxide111 or zirconium phosphate112 are inserted into the 

polymer matrix, leading to a significant increase of the ion selectivity. However, in turn the overall ionic 

conductivity of the separator decreases, which emphasizes the need for further research in the field 

of IEMs. 

Crossover and its prevention can not only be addressed in terms of separator design but rather also 

concerns the choice of active materials as implied earlier with regard to size exclusion membranes. In 

this context, so-called symmetrical RFBs present an unusual but promising approach: symmetrical 

systems take advantage of the application of the same parental active material in both electrode 

compartments. In this special case, the electrolyte composition is identical on both sides of the cell in 

the discharged state, whereas after charging, anolyte and catholyte solely distinguish by the oxidation 

state of the active substance.113 If crossover occurs, this accordingly does not result in the mixing of 

disparate chemical compounds and therefore capacity can be restored in the following charge or 

discharge steps.33 Furthermore, no chemical potential gradient can be observed in the discharged 

state, which otherwise may drive the crossover between both electrode compartments. Besides the 

studies focusing on metal-based complexes113–116, several publications recently investigated the 

feasibility of symmetric RFBs based on organic molecules.33,117–119 In this case, the sites involved in the 

charge transfer are located within the same molecule. Regarding electrochemical applications, the 

relative potential difference between the two associated redox events should be maximized to achieve 

high energy densities. The extent of their separation is determined by specific interactions, which 

depend on the number of moieties or molecular orbitals involved. If the charge transfer is allocated to 
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a single group as in the case of anthracene, electrostatic repulsion determines the relative potentials 

of the redox events. However, if multiple molecular orbitals are involved as in the case of two benzene 

rings connected by an alkyl chain, the measured potential difference is determined by the extent of 

their interaction.82,120 As a result, specific adjustments of electrochemical characteristics may turn out 

to be very challenging from a synthetic point of view, especially with regard to active materials with a 

low molecular weight.121 This becomes even more evident in the case of aqueous systems: besides the 

desired large relative potential difference required for high cell voltages, the intrinsic electron affinity 

– i.e. the absolute redox potentials − of an active compound have to conform to the operable potential 

window given by water as the solvent. Conclusively, despite the promising premise of symmetric 

systems, ORFBs based on structurally diverging anolyte and catholyte active materials are more viable 

at this point. However, this postulates the use of optimized separators maintaining a high ion 

conductivity, chemical stability and in particular ion selectivity during application.  

 

 

Electrolyte 

As a combination of the electrochemically active species, the solvent and conducting ions, the 

electrolyte comprises the supposedly most performance-relevant components of an RFB. These 

essential components have to meet certain individual requirements in order to achieve a high power 

and energy density. For instance, the active material should exhibit fast charge-transfer kinetics at a 

maximum relative potential difference between the redox potentials of both half cells. Furthermore, 

the solvent needs to provide a high capacity for the dissolution of active material, a low viscosity to 

reduce pump losses and a broad operable potential window so that high cell voltages can be achieved. 

In turn, the conducting ions have to maintain a high solution conductivity to prevent voltage losses 

while also featuring a high mobility and membrane compatibility to allow for an effective charge 

compensation during cycling.122 Whereas the role of active materials shall be discussed in more detail 

in section 1.3, the following section will primarily focus on the choice of solvent and its implications 

for the overall performance of RFBs and their components. 

A general distinction of electrolytes can be made according to the three major categories of 

solvents, namely the concepts based on ionic liquids (ILs), aqueous and nonaqueous electrolytes. The 

most apparent benefit regarding the use of ILs as a solvent in battery applications is their 

electrochemical stability over a wide potential span.123 Accordingly, high cell voltages may be attained 

in combination with suitable active materials, leading to high energy densities. However, the choice of 

suitable IEMs is hindered by sterically demanding complexing ions, which limit the maximum current 

densities during cycling. In general, high viscosities and low ion conductivities prevent a widespread 
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application of ILs as solvents in RFBs. In order to mitigate these drawbacks, different combinations of 

anions and cations have been investigated.124,125 The addition of water was further reported to 

decrease the viscosity and increase the ionic conductivity of electrolytes based on hydrophilic ILs.126,127 

However, many challenges related to their high viscosities remain unsolved and together with the high 

costs severely limit their application at system level.75 Due to the low relevance of IL-based systems in 

the context of this thesis, a more detailed discussion of such is omitted at this point. For the sake of 

brevity, the reader is referred to the given specialized literature for more information.128–130 

Instead, with focus on ORFBs, the different aspects of aqueous electrolytes shall be discussed in 

more detail while also considering nonaqueous electrolytes as a potential alternative. To begin with, 

aqueous electrolytes largely benefit from the favorable properties ascribed to their solvent: water is a 

non-hazardous, environmentally friendly substance that is abundantly available and therefore 

economically promising with respect to widespread SES. Water has a low viscosity, which according to 

equation (1) correlates with a high mobility ui of the supporting ions and hence allows for a fast charge 

transport in solution. As reflected by equation (2), this turns out to be very beneficial for the 

conductivity of aqueous electrolytes.131 
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Here z is the charge of the considered ion, e is the elementary charge, η is the solvent viscosity, r is 

the ion radius, F is the Faraday constant, ci is the concentration of supporting ions and κ is the resulting 

specific ionic conductivity. As can be seen, besides the viscosity of the solvent the concentration of 

ionic species largely contributes to the ionic conductivity of the electrolyte. In this regard, another 

significant parameter of the solvent has to be considered, which is denoted as the dielectric constant 

r
ε  or relative permittivity. This quantity describes the ability of a material to adapt and align to an 

applied electric field and thus determines the solvation of ionic species. In general, the solubility of 

supporting salts increases together with 
r

ε .58 Beyond that, the relative permittivity is a measure for 

the degree of ion pairing for a dissolved species, which is described by the Denison-Ramsey 

equation (3)132 
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where Kd is the dissociation constant of the supporting salt, 
r

ε  and 
0

ε  are the relative permittivity of 

the solvent and the permittivity of vacuum, L is the distance of closest approach of two associated ions, 

kb is the Boltzmann constant and T is the absolute temperature. Due to the high relative permittivity 

of water (78.39), a high concentration of free charge carriers is inherent and voltage losses are 

mitigated.133 Consequently, aqueous RFBs can be cycled at high currents, which enables high power 

densities and an effective charge balancing at system level, which is further substantiated by the 

availability of highly conductive IEMs: starting with the pioneering work of Skyllas-Kazacos in the mid-

1980s, aqueous RFBs have been intensively investigated for more than 30 years to the present day. 

Thus, a lot of effort has been made in the area of membrane design and many performant concepts 

are readily available for a multitude of systems and applications.98–100,104 Nonetheless, it is to be noted 

that there are drawbacks that come with the choice of water as a solvent: for instance, the application 

of aqueous electrolytes is confined to a temperature range between 0 °C and 100 °C. As a result, 

temperature management may be necessary to ensure full functionality in particularly hot or cold 

environments. The major disadvantage of aqueous electrolytes however is represented by the 

comparatively narrow electrochemical stability window (ESW), which is dictated by the electrolysis of 

water. By implication, at low potentials the hydrogen evolution reaction (HER) takes place on the 

cathode side: 

 

Acidic:  3 2 24H O 4e 2H 4H O
+ −+ → +  (4) 

 

Basic:  2 24H O 4e 2H 4OH
− −+ → +   (5) 

 

On the other hand, oxygen forms on the anode side at high potentials as a result of the oxygen 

evolution reaction (OER): 

 

Acidic:  2 2 36H O O 4H O 4e
+ −→ + +  (6) 
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Basic:  2 24OH O 2H O 4e
− −→ + +   (7) 

 

Overall:  2 2 22 H O 2H 2O→ +  (8) 

 

A combination of the cathodic and the anodic process yields the overall reaction described by 

equation (8). The potential span between HER and OER amounts to 1.23 V for kinetically ideal 

reactions, whereas the absolute potential of both events is determined by the pH value of the solution 

(for more information, see also section 1.3.1). However, considering the overpotentials of HER and 

ORR at carbon electrodes, the ESW of water can be further expanded by a clever choice of electrode 

materials.60 

 

Table 1: Physicochemical quantities of water and selected nonaqueous solvents. Tf: freezing point of pure 

solvent. Tb: boiling point of pure solvent. Other quantities denoted as before. Data taken from ref.133 

Solvent Tf [°C] Tb [°C] η [mPa s] 
r

ε  

H2O 0 100 0.89 78.4 

Tetrahydrofuran (THF) −108 66 0.46 7.6 

Propylene carbonate (PC) −55 242 2.53 64.9 

1-Propanol −176 97 1.94 20.5 

Acetonitrile (AN) −44 82 0.34 35.9 

1,2-Dimethoxyethane (DME) −69 85 0.46 7.2 

 

In this context, nonaqueous solvents such as tetrahydrofuran (THF) or carbonates provide a larger 

operable potential window and temperature range, hence mitigating the major drawbacks of aqueous 

electrolytes. For instance, THF has a low freezing point of −108.4°C, which enables an applicaaon in 

particularly cold environments.133 1,2-Butylene carbonate (BC) in turn features a remarkably broad 

ESW of 7.2 V.58 However, these benefits come at a price: to achieve a high current and hence power 

density, charge compensation must occur at a fast rate during cycling, which requires a high ionic 

conductivity of the applied electrolyte. As already mentioned for aqueous electrolytes, a high mobility 

and concentration of the supporting ionic species has to be given to ensure this. As described by 

equation (1) the charge carrier mobility ui directly correlates with the viscosity η of the solvent. 

Unfortunately, a large amount of common nonaqueous solvents such as propylene carbonate 

(2.53 mPa s) and 1-propanol (1.94 mPa s) exhibits high viscosities (see Table 1), hence limiting the 
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charge transport compared to aqueous solvents (0.89 mPa s).133 Besides these restrictions, these 

comparatively high viscosity of organic solvents also significantly increases the pumping costs at 

system level. One may argue that organic solvents with low viscosities such as acetonitrile (0.34 mPa s) 

or 1,2-dimethoxyethane (0.46 mPa s) may be used instead to circumvent the concomitant energy 

losses. However, for nonaqueous solvents there is a definite trade-off between their viscosity and 

relative permittivity 
rε , which constitutes a severe bottleneck for an application at high current 

densities.58 In addition, IEMs show an unsatisfactory performance in nonaqueous solvents, leading to 

low power outputs and uncompetitive coulombic as well as voltage efficiencies compared to aqueous 

RFBs.134,135 Another aspect that is to be considered is the additional costs for conductive additives, 

which are required to attain a practical conductivity of the electrolyte. Whereas in the case of aqueous 

electrolytes mostly cheap additives such as potassium hydroxide or sulfuric acid are used, which do 

not contribute significantly to the overall costs, rather costly additives such as tetrabuytlammonium 

hexafluorophosphate or sodium perchlorate are applied in nonaqueous systems.58,136 Besides their 

detrimental impact on electrolyte costs, such additives were reported to interfere with the intended 

electrochemistry of the active material and to promote side reactions.137 Furthermore, they may also 

limit the ESW of nonaqueous solvents, relativizing their greatest advantage over aqueous systems.131 

On top of all that, nonaqueous solvents are to be seen ecologically questionable, which contradicts the 

idea of green and sustainable energy storage.138,139 

Conclusively, water-based electrolytes combine a multitude of beneficial properties with regard to 

sustainable and economic SES. Due to the low viscosity and high relative permittivity of water, aqueous 

electrolytes are rendered highly conductive, enabling high energy densities and efficient load levelling. 

In consequence of the nonflammable and non-toxic nature of water, these performance-relevant 

properties are paired with a reduced risk for health and environment. Additionally, the use of cheap 

additives to promote the conductivity of the electrolyte allows to cut costs and to position aqueous 

RFBs as an economically promising concept for future energy storage. However, in order to further 

improve upon the competitiveness of aqueous RFBs, it is equally necessary to reduce costs of other 

components of the battery, namely the separator, electrodes and the applied active material in 

particular. 
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1.3 Quinone active materials 

Due to the growing demand for electrochemical energy storage, the prices of inorganic reactants 

such as vanadium or lithium are steadily increasing up to the present day.21,23 Thus, other sources for 

active materials need to be harnessed in order to maintain a stable supply chain and to reduce the 

overall costs of stationary storage in particular. In this regard, the use of cheap and abundant organic 

redox materials poses a promising alternative, since such reactants may be extracted from plentifully 

available resources as organic waste products.29,31 Besides the economic aspect, organic redox 

materials have a number of technological merits such as the abundant design space of structure motifs 

and highly tunable structures and properties.  

In this context, the substance class of quinones represents a great example for organic compounds 

with potential for electrochemical applications. Quinones share the structural motif of a fully 

conjugated cyclic dione structure, whereas their general nomenclature follows the terminology of their 

parent hydrocarbons140: by way of illustration, the structures of benzo- (benzene), naphtho- 

(naphthalene) and anthraquinone (anthracene) are depicted in Figure 4. Another general distinction 

can be made according to the position of the two characteristic carbonyl groups: the prefix ortho is 

used in the case of an adjacent configuration, whereas quinones featuring carbonyl groups in opposite 

positions are denoted as para-quinones. 

 

 

 

Figure 4: The primary quinone base structures derived from the parent hydrocarbons benzene, naphthalene and 

anthracene. BQ, NQ as well as AQ are illustrated in para configuration. For comparison, BQ is further depicted in 

ortho configuration on the right. 

To return to the sustainable aspect of organic active materials, quinones can be derived from a 

waste product of the paper and pulp industry, namely lignocellulose. 15-30 wt% of this renewable 

biomass is ascribed to lignin, which poses a promising starting material for the production of bulk 

aromatics.141 According to a process originally developed by Monsanto142 (see Scheme 1), the oxidation 

of lignosulfonate yields vanillin, syringaldehyde and other phenolic compounds143: 
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Scheme 1: Catalytic conversion of lignosulfonate. A hydrolysis step in alkaline solution yields a desulfonated 

product, which is oxidized by means of a copper-based catalyst. In this way, lignosulfonate can be refined to 

phenolic compounds such as vanillin or syringaldehyde, which serve as precursors for the preparation of quinone 

compounds. 

 

Besides this homogeneous phase approach, similar results were reported for an electrochemical 

cleavage of lignin.30,144,145 The obtained phenolic compounds subsequently can be adapted to 

electrochemical applications by hydroxylation in solutions of hydrogen peroxide.146,147 The resulting 

dihydroxybenzenes consequently can be oxidized and thus are transferred into the desired quinonoid 

compounds, which have been thoroughly investigated due to their exemplarily redox behavior.148,149 

Another approach involves the coupling of aryl aldehydes like vanillin via Friedel-Crafts acylation to 

yield polycyclic systems such as AQs.150 Overall, quinones pose a versatile class of compounds with 

highly favorable electro- and physicochemical properties, which makes them a promising candidate 

for the active material of ORFBs.78 Furthermore, the potential for cost reduction of lignin-derived 

quinones presents a major advantage over other active materials and thus generated a lot of economic 

and scientific interest within the last few years. In the following section, the different aspects of 

quinones shall be elucidated by considering the redox chemistry and structure-property relationships 

as well as potential degradation mechanisms of this compound class. 

 

 

1.3.1 Redox behavior 

The reduction of quinones (Q) generally occurs by a transfer of two electrons, yielding the anion 

radical (Q●−) as an intermediate and the dianion (Q2−) as the final product. With regard to the energy 

density of RFBs, this poses a great advantage over conventional metal-based redox couples such as 

vanadium, chromium and iron, since twice the number of electrons is transferred per mole of reactant. 

Due to the aromatic nature of the fully reduced species, quinones exhibit a high stability and 

reversibility with respect to charge transfer processes.25 Furthermore, the associated redox reactions 

occur at fast rates, which implies fast charge transfer kinetics.151 In consequence of their manifold 

beneficial properties, quinones are commonly considered as a promising active material for battery 
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applications and thus have been subject of a multitude of electrochemical studies within the last ten 

years.152,153 However, the redox behavior of quinones is complex and depends on several direct as well 

as indirect factors: the absolute potentials of the occurring charge transfers are determined by the 

intrinsic electron density of the compound as well as dynamic contributions related to the applied 

solvent such as hydrogen bonding and protonation.154 Whereas the aspects of molecular electron 

density and its modification will be discussed in detail in section 1.3.2, the following paragraph 

elucidates the impact of the solvent − e.g. hydrogen bonding and protonation − on the electrochemical 

behavior of quinones. 

 

Aprotic media 

In that respect, it may be favorable to begin with the lowest level of complexity: for nonaqueous, 

aprotic solvents such as acetonitrile, intermolecular hydrogen bonding and protonation are excluded, 

which allows for an independent consideration of the occurring charge transfer processes. In this case, 

the two-electron reduction of quinones takes place sequentially (see Scheme 2), forming the 

aforementioned anion radical Q●−, also denoted as semiquinone, and the dianion Q2−.155  

 

 

Scheme 2: The electrochemical reduction of quinones in aprotic solvents. Due to electrostatic reasons, electron 

transfer takes place sequentially, which manifests in two individual voltammetric waves in a cyclic 

voltammogram. 

In aprotic solvents, the potential difference between the individual charge transfer steps is large 

enough so that two well-defined waves are observed in a cyclic voltammogram (CV). This appears to 

be reasonable from electrostatic arguments, since more energy should be required to add an electron 

to a molecule with a negative charge considering the first electron transfer.156 Nevertheless, despite 

the absence of hydrogen bonds and proton donors in the solvent the observed characteristics may 

vary drastically as a result of intramolecular interactions. To give an example, the introduction of 

hydroxyl groups (−OH) evokes a positive potential shift of both individual redox processes (see Figure 

5). Prima facie, this circumstance may seem counterintuitive, as hydroxyl groups are known to exhibit 

a positive mesomeric effect, hence increasing the overall electron density of the molecule.154 However, 
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the observed behavior emphasizes the dominance of an opposite effect, which is denoted as 

intramolecular hydrogen bonding.157 Accordingly, the positive shift of the redox potential results from 

the close proximity of the hydroxyl group and the carbonyl oxygen of the quinone: due to the exchange 

of the hydroxyl hydrogen between both moieties, the negative charge of the reduction products is 

effectively delocalized − e.g. stabilized − across the molecule.158 If hydrogen-bond donors such as 

methanol or water are added to the aprotic electrolyte, a competition between intra- and 

intermolecular hydrogen bonding occurs. Although in most cases the intramolecular option is 

preferred, the stabilizing effect is outweighed with increasing molar fraction of the added donor.159  

 

Figure 5: Intramolecular hydrogen bonding and its impact on the charge transfer characteristics of quinones. Due 

to the exchange of the –OH hydrogen between the hydroxyl and the carbonyl moieties of the dihydroxy-quinone 

(grey), the negative charge of the reduction products is effectively stabilized. This manifests in a positive potential 

shift compared to derivatives lacking the capability for intramolecular hydrogen bonding (orange). The measured 

currents were normalized to the maximum anodic current of the first redox event. 

When water is incrementally added to an aprotic solution containing the quinone compound, the 

two voltammetric waves of the individual electron transfers move to more positive values of the 

potential scale.160 However, it is to be noted that the two reduction products are not equally affected 

by intermolecular hydrogen bonding: the second signal associated with the formation of the quinone 

dianion Q2− advances to a significantly higher extent than the signal related to the process of 

semiquinone Q●− formation. If a sufficiently large amount of water is added, both signals eventually 

merge to a single voltammetric wave.161 This may be explained by the increased capability for hydrogen 

bonding of Q2− compared to Q●−. Due to the 2 x 3 lone pairs of the quinone dianion, up to six hydrogen 
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bonds may be considered, which are to be classified as strong or at least moderate in nature.162 For 

the case of AQ in DMF, it was postulated that the hydrogen bond strength of the dianion needs to 

surpass the stabilization of the semiquinone by at least 72 kJ to enable the merging of the two 

voltammetric waves.156 Considering six ligands, this corresponds to an energy discrepancy of 12 kJ per 

hydrogen bond. To put this into perspective, the hydrogen bond of a water-hydroxyl hydrogen bond 

(112 kJ) was determined to be 95.6 kJ stronger than a hydrogen bond between two water molecules 

(15.5 kJ).163 With that in mind, it seems reasonable to assume a stabilization of Q2− over Q●− by an 

amount of 72 kJ. 

 

Aqueous solutions 

Moving on to exclusively aqueous solutions, the solvent itself poses an abundant and strong 

hydrogen bonding agent. The relative potential difference between the two redox processes is typically 

compensated by means of the hydrogen bonding interaction with the solvent and a single 

voltammetric wave is observed in the CV. Consequently, the individual electron transfers occur at 

approximately the same potential, which is why the reduction of quinones in alkaline aqueous 

solutions is formally referred to as a simultaneous two-electron transfer (see Scheme 3).164 However, 

an independent stabilization of the semiquinone over the dianion may evoke a separation of both 

processes, even in an aqueous environment. This rare phenomenon was reported with regard to the 

addition of metal cations and supporting salts: due to an ion-pairing effect of the semiquinone 

intermediate with cations of specific dimensions, two distinct voltammetric waves were 

observed.165,166 As part of this thesis, this was further achieved by a heterocyclic modification of the 

quinonoid base structure.167 The peculiarities of such an intrinsic stabilization of the semiquinone 

intermediate and the implications for the overall charge transfer kinetics will be discussed more 

thoroughly in the following paragraph as well as section 2.2. 

 

 

Scheme 3: The electrochemical reduction of quinones in alkaline, aqueous solution. In consequence of the 

increased hydrogen- bonding capability of Q2− over the reduction intermediate Q●−, the two associated electron 

transfers occur at the same or at least very similar potentials. Consequently, quinone reduction in alkaline 

aqueous solution is commonly considered to take place as a simultaneous two-electron transfer. 
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Shifting the focus towards acidic aqueous solutions, the transition to the other end of the pH scale 

adds another layer of complexity to the redox behavior of quinones: besides the impact of hydrogen-

bonding, protonation phenomena further have to be taken into account. In general, the reduction of 

quinones is considered to take place as a fast and highly driven two-electron/two-proton transfer in 

acidic media, yielding the fully protonated form of the reduced quinone QH2.168  

 

 

Scheme 4: The electrochemical reduction of quinones in acidic, aqueous solution. At low pH values, electron 

transfer is accompanied by protonation. If the semiquinone intermediate Q●− is protonated to yield QH●, this 

creates an additional driving force for the second reduction process. The concerted transfer of protons and 

electrons is commonly denoted as proton-coupled electron transfer. 

Due to this so-called proton-coupled electron transfer (PCET), the overall reaction scheme of 

quinones turns out to be complex in aqueous solutions: the combination of three redox as well as in 

each case three protonation states yields a total number of 9 potential species, which are described 

by the 9-membered square scheme (see Scheme 5). In this scheme, horizontal pathways correspond 

to electron transfers, whereas vertical pathways represent protonation reactions. Because of the 

minimum proton activity, merely electron transfers and thus a horizontal movement across the 

scheme is observed in alkaline aqueous solutions. For acidic solutions on the other hand, a multitude 

of reaction pathways are to be considered, comprising varying sequences of proton and electron 

transfer.  

In light of this, there is a general debate if the PCET of quinones is to be described as a stepwise or 

a concerted pathway. With respect to the homogeneous reactions, it was recently reported that the 

PCET of quinones is in fact a complicated mix of concerted and stepwise pathways at intermediate 

pH.169 Nonetheless, in buffered or sufficiently acidic media – i.e. at low pH values − protonation and 

deprotonation may be considered to occur at equilibrium, assuming a fast and diffusion-controlled 

rate of the reaction.170 On this assumption, the ratio of different protonation states of each redox state 

will be constant at a given pH, which implies that the reaction rate is solely determined by the kinetic 

limitations of the electron transfer.171 Based on this prerequisite, the involved protonation states are 

grouped and the redox reaction can be described by a simple two-electron transfer with an apparent 

equilibrium potential Eapp and an apparent rate constant kapp.172 
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Scheme 5: The nine-membered square scheme describes the potential reaction pathways of quinones during 

reduction. The pathways or reaction sequences are determined by the acid dissociation constants of the involved 

species and the actual pH value of the solution. Horizontal pathways represent the transfer of electrons, whereas 

the transfer of protons is illustrated as vertical movement across the scheme. 

 

However, it is important to note that the overall kinetics of the charge transfer are affected by the 

reaction pathway along the square scheme, which may vary as a function of the applied conditions: 

kapp and Eapp highly depend on the acid dissociation constants (pKa) of the individual species as well as 

the pH value of the solution. Hence, different sequences of protonation (chemical step C) and electron 

transfer (denoted as E) are postulated for different pH regions: to give an example, besides the solely 

electron-based EE process in highly alkaline solutions, an EECC process is found for anthraquinone-2,6-

disulfonate (AQDS) around pH 10. Between pH 4 and 7 an alternating ECEC mechanism is dominant, 

which in turn switches to an CECE sequence at very low proton activities (pH ≈ 1).42 These results 

coincide with the studies of Laviron171 and Vetter173, which focused on the reaction sequence of 

benzoquinone (BQ).  

This reaction sequence may in fact largely affect the observed kinetics of the occurring redox 

process, which primarily refers to pH regions featuring an alternating transfer of electrons and protons. 

For instance, considering a reduction at intermediate pH values (ECEC), the first electron transfer (E1) 

is followed by a protonation of the reduction product Q●−, which generates the protonated 

semiquinone radical QH●. Interestingly, this species is more oxidizing than the initial compound Q prior 

to the first electron transfer, which is why the original order of both events as seen in aprotic solvents 

is reversed. This alteration in the order of redox events is commonly denoted as potential-inversion. 

In this situation E2 is more positive than E1 and the redox reaction occurs at a new mean equilibrium 

potential Eapp, which is positively shifted with regard to E1. This implies that the two otherwise 

sequential electron transfers take place simultaneously as manifested by a single cathodic and anodic 

wave in the experiment. One would assume that this concerted charge transfer results in a highly 

driven process.82,174 However, as a matter of fact, wide peak-to-peak separations are observed 
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between the cathodic and anodic current response in CVs for a high degree of potential inversion, 

implying slow charge transfer kinetics.166 This contradictory behavior may be explained by means of 

the significant shift of the equilibrium potential evoked by the protonation of the reduced species Q●−: 

to allow for a reaction at equilibrium, current has to flow significantly prior to the actual potential E1 

of the first electron transfer, which de facto initiates the whole process. However, the intrinsic electron 

transfer rates of quinones are insufficient to ensure this, which eventually manifests as the high 

overpotentials observed in the CV.156 This behavior is taken into account by equation (9), which 

correlates the degree of potential inversion (E1 − E2) with the apparent kinetics of the reaction: 
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Here, kr is the actual kinetic rate constant of the occurring electron transfer, which declines with an 

increasing degree of potential inversion as expressed by kapp.172 In order to achieve fast charge transfer 

kinetics, it would be necessary to diminish the relative potential difference between the individual 

electron transfers (E1 − E2). More precisely, it may be favorable to thermodynamically stabilize the 

semiquinone intermediate species, which effectively corresponds to a positive shift of E1 relative to E2. 

The stability of Q●− can be quantified by means of the equilibrium constant Kc of the 

comproportionation reaction between Q and QH2 (equation 10).175 Returning to the initial argument, 

the equilibrium constant directly correlates with the degree of potential inversion, which is given by 

equation (11): 
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Conclusively, a stabilization of the semiquinone intermediate – i.e. a positive shift of the first charge 

transfer E1 − corresponds to a decreased extent of potential inversion and, by implication, improved 

charge transfer kinetics. To accomplish this, a number of measures has been identified. Besides the 

aforementioned effect of ion-pairing caused by cationic additives165,166, distinct structural motifs have 
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been reported to contribute to the stability of Q●−: to give an example, the addition of fused benzene 

rings to already existing quinone structures was identified to have a beneficial impact on the charge 

delocalization within the semiquinone and consequently its stability.176 Furthermore, a significant 

increase of Kc was corroborated with respect to the addition of electron withdrawing substituents, 

which eventually promotes fast charge transfer kinetics in the case of strong potential inversion.175–177 

It is to be noted that this was alternatively accomplished by a nitrogen-based heterocyclic modification 

of the quinone base structure within the framework of this thesis. This approach will be discussed as 

part of the discussion in section 2. 

 

Pourbaix diagrams 

Given the fact that protons may take part in the redox reactions of quinones, the equilibrium 

potential of the charge transfer consequently varies as a function of the applied pH value. The potential 

of the reversible reduction process involving the uptake of h protons and n electrons  
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thus may be described by the Nernst equation (13) as follows: 
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Subsequently, the logarithmic term can be further modified to yield equation (14), where E0' (Q/QH2) 

is the formal potential of the reduction of the quinone, which is altered as a function of the proton 

activity as measured by Eexp. As the pH value of an aqueous solution is defined as the negative decadic 

logarithm of the proton activity [H+], the associated term can be replaced as described by 

equation (15), 

 

( )
( )

0'

exp 2

QH
Q/QH ln H ln

h n
h hR T R T

E E
nF nF Q

− +

+
   = + −    

 (14) 

 

( )
( )

0'

exp 2

QH
Q/QH 2.303 pH ln

h n

hhR T R T
E E

nF nF Q

− +  = − −
  

(15) 



Introduction 

29 

 

Figure 6: Pourbaix diagram of AQDS. The pH dependent voltammetric analysis of the 2,7-disulfonate AQ 

derivative reveals three domains of varying slopes m. This implies a divergent ratio of transferred electrons and 

protons (2e−/2H+: mtheo = 59 mV/pH; 2e−/1H+: mtheo = 29 mV/pH; 2e−: mtheo = 0 mV/pH). Consequently, the acid 

dissociation constants of the variously protonated species can be derived from the intersection of the three 

domains (pKa1 ≈ 6.75; pKa2 ≈ 10.5). 

which then explicitly describes the relation between the measured potential of the reaction and the 

applied pH value.178 In this light, it becomes apparent that the relation between Eexp and the applied 

pH value is not consistent, but rather depends on the ratio of transferred protons h and electrons n. In 

this context, Pourbaix diagrams represent an effective presentation format to illustrate such 

correlations and the resulting domains associated with species of varying protonation states. As 

opposed to the compound class of phenols, the oxidation and reduction products of quinones are 

stable on the timescale of CV experiments, which is why reliable values can be obtained for the pH-

dependent equilibrium potentials.179 To give an example, the Pourbaix diagram of AQDS (Figure 6) is 

divided into three domains, which correspond to a 2e−/2H+ (pH < 6.75), a 2e−/1H+ (6.75 < pH < 10.5) 

and a 2e− (pH > 10.5) reaction. In accordance with equation (15) a slope of 59, 29 and 0 mV pH−1 

respectively is yielded for these domains, whose intersections correspond to the pKa values of the 
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related species. Conclusively, due to the favorable illustration of varying reaction mechanisms and 

significant quantities such as pKa values, Pourbaix diagrams are considered as a useful tool for the 

investigation of PCET reactions. 

 

 

1.3.2 Structure-property-relationships 

To achieve a high cell voltage for RFBs as well as for any other battery system, the potential 

difference between the reactants located at the anode and cathode needs to be as large as possible. 

Whereas inorganic active materials such as vanadium generally exhibit invariant potentials180, the wide 

design space of quinonoid structure motifs delivers access to a multitude of design opportunities. The 

reactivity or rather electron affinity of organic reactants is determined by the energy of their lowest 

unoccupied molecular orbital (LUMO).159 By implication, the electronic properties of quinones are 

directly correlated with their structural design, which makes this compound class highly adaptable for 

an application within specific potential ranges and media. The direct relationship between the half-

wave potentials Ehw of organic reactants in polarographic experiments and their LUMO energy was first 

established by A. Maccoll181: 

 

hw m 1 CE E += − +  (16) 

 

In this equation, C describes the difference in solvation energies of the neutral molecule and its radical 

anion, whereas –Em+1 corresponds to the negative of the LUMO energy. On the assumption that C is 

constant, the differences in half-wave potentials for a series of varying quinones thus should be solely 

given by –∆Em+1. Peover was the first one to experimentally demonstrate this interrelation for the first 

of the two occuring electron transfers on the basis of a selection of unsubstituted quinone species in 

acetonitrile.182 As part of this study, he also corroborated that the same orbital (LUMO) is associated 

with the first as well as the second electron transfer. However, a less predictable behavior was found 

for the overall redox potentials in protic solvents as well as substituted quinones in general. This was 

attributed to the contribution of other factors such as hydrogen bonding and complications induced 

by the varying pKa values of different species.183,184 Consequently, a precise quantitative prediction for 

the impact of specific substituents is not trivial under such conditions. Nevertheless, the electron 

density – i.e. the energy level of the LUMO − is to be considered as a decisive factor to adapt the redox 

potential of quinone compounds.  
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In that context, it should be noted that a change in electron density may arise from mesomeric as 

well as inductive effects of substituents.185 The inductive effect describes the donation (+I) or acception 

(−I) of electron density through the sigma (σ) bonds of the molecule, which is generally governed by 

the relative electronegativity of the bonded atoms. For instance, methyl groups (−CH3) are commonly 

considered electron donating, while highly electronegative substituents such as halogens (−F, −Cl, −Br) 

act as electron density acceptors. Mesomeric or resonance effects on the other hand describe the 

delocalization of electron pairs in conjugated systems: for instance, substituents such as hydroxyl 

(−OH), alkoxy (−OR) or amino groups (−NH2) contribute to the electron density of a π-bonded system 

by donating their available lone-pairs (+M). Conversely, moieties like carbonyl (R2−C=O), nitro (−NO2) 

and sulfonic acid (−SO3H) are known to decrease the electron density of the conjugated system by 

accepting electron pairs from it (−M).186 By means of illustration, both effects are depicted in Scheme 

6. For the most part, the two phenomena are opposing each other: considering a −OH moiety, the 

electron withdrawing character of oxygen (−I) on the one hand and the availability of lone electron 

pairs (+M) on the other hand simultaneously allows for negative inductive as well as positive 

mesomeric effects. Interestingly, the incorporation of hydroxyl moieties was generally found to 

decrease the redox potential of quinones in aqueous solution, emphasizing the electron donating 

character of –OH after all.39 Which of both effects predominates eventually depends on the relative 

electronegativity of the associated atoms and the efficiency of the overlap between the p orbitals of 

the respective substituent and the conjugated system. In this regard, the extent of interaction may be 

determined by the relative position of functional groups and the specific geometry of the resulting 

resonance structures.187 As a general rule, for −NH2 and −OR moieaes resonance commonly 

predominates induction, whereas inductive effects have a stronger impact in the case of halogens.188 

 

 

Scheme 6: Schematic illustration of mesomeric and inductive effects of functional groups. For a better 

understanding, electron lone pairs are included. Whereas single bonded substituents equipped with electron 

lone pairs such as –OMe commonly act as electron donors (+M), double bonded substituents such as R2−C=O 

tend to withdraw electron density via resonance (−M). The impact of mesomeric effects is mainly determined by 

the degree of orbital overlap, whereas inductive effects are generally governed by the relative electronegativity 

of the associated binding partners. For instance, hydroxyl oxygen acts as an inductive electron acceptor due to 

its high intrinsic electronegativity, thus effectively decreasing the electron density of the attached system R1/R2. 
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In consequence of the complex interplay between hydrogen bonding, protonation, mesomeric and 

inductive effects, the exact prediction of redox potentials of organic reactants presents a challenging 

endeavor. However, due to the ever-increasing processing power of modern computers, more and 

more of these factors can be accounted for in theoretical calculations, namely DFT calculations. In the 

past ten years, powerful models supported by experimental results have been elaborated to effectively 

describe the structure-property relationships of quinones.189–194 In accordance with the LUMO energy 

theory established by Maccoll (equation 16), electron donating substituents such as −OH, −CH3 and –

OR groups were found to increase the electron density of quinones, thus decreasing the redox 

potential compared to the base compound. On the other hand, electron withdrawing functional groups 

such as carboxyl (−COOH), sulfonic (−SO3H) and phosphonic acid moieties (−PO3H2) had the opposite 

effect, shifting the redox potential to more positive values.32 Furthermore, with respect to the energy 

density of ORFBs, the presence of hydrophilic substituents such as −OH, −SO3H and −PO3H2 was 

identified as an effective measure to promote the water solubility of quinones.152 

 

 

Figure 7: Overview of the reduction potentials of selected quinone base structures and substitution patterns: 

(1) AQ, (2) NQ, (3) BQ, (4) AQDS, (5) 1,4-benzoquinone-2,6-dimethyl-3-sulfonic acid48, (6) 1,2-benzoquinone-2-

sulfonic acid and (7) 1,2-benzoquinone-3,5-disulfonic acid. Apart from compound (5), all displayed compounds 

were analyzed as part of this thesis. The blue boundaries illustrate the ESW of water. 

Nonetheless, it is important to note that the impact of such substituents on the overall electron 

density of an organic compound is limited. The intrinsic electron density of the base compound 

eventually dictates the approximate operable potential range, which can be further fleshed out by 

means of peripheral substituents.189 Consequently, intrinsically electron-rich quinonoid compounds 
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such as AQs are considered as suitable base structures for anolyte active materials, whereas it may be 

more facile to derive high-potential catholyte compounds from BQs. In order to illustrate the structure-

property relationships of quinones, a selection of varying quinone derivatives and their associated 

reduction potentials is displayed in Figure 7. 

 

 

1.3.3 Degradation mechanisms 

The structural integrity of active materials poses a crucial factor to achieve stable cycling 

performances and a high calendar life for energy storage devices. Whereas metal-based redox couples 

such as iron, chromium and vanadium are characterized by a commonly strict electrochemical 

conversion, organic reactants such as quinones may be prone to specific side reactions during cycling. 

As predefined by the vast research field of organic chemistry, a multitude of side reaction mechanisms 

may be conceived.195,196 However, under the conditions present in ORFBs the number of plausible 

reaction pathways diminishes to a more limited selection.197 Due to the aromatic nature of the reduced 

hydroquinone form, those mechanisms primarily concern the oxidized form, which is an α, β-

unsaturated ketone that acts as an electrophile. Consequently, nucleophilic addition poses one of the 

major degradation pathways of quinones. In general, two different region-chemistries are to be 

distinguished, namely the 1,2- and 1,4-addition. The predominant mechanism of the two is determined 

by the nature and compatibility of nucleophile and electrophile. In this context, a distinction is made 

between so-called soft and hard reactants with regard to their respective polarizability: nucleophiles 

and electrophiles containing atoms of small dimensions and high electronegativity are commonly 

denoted as hard reactants, whereas soft reactants are rather based on comparatively large and mostly 

uncharged atoms.198  

This concept of hard and soft reactants can also be transferred to the molecular orbital model: the 

“hardness” of reactants increases together with a rising energy of the empty, electrophilic orbitals 

(LUMO) and a decreasing energy of the filled, nucleophilic orbitals, also denoted as highest occupied 

molecular orbitals (HOMO). For the “softness” of reactants, the exact opposite is true.199 In general, 

hard nucleophiles prefer to react with hard electrophiles, while soft nucleophiles by contrast mostly 

interact with soft electrophiles. This is due to the varying forms of interaction, which mediate the 

reaction between the two reaction partners. In accordance with the frontier molecular orbital 

analysis200, hard-hard interactions are governed primarily by electrostatic attractions between positive 

and negative charges, whereas soft-soft interactions predominantly depend on the orbital overlap 

between the HOMO of the nucleophile and the LUMO of the electrophile. 
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Scheme 7: Schematic illustration of the nucleophilic attack of quinones by water. The so-called conjugate or 1,4-

addition, also often denoted as Michael addition, eventually results in the addition of a hydroxyl moiety. 

Furthermore, the formerly oxidized quinone is chemically transformed into the reduced hydroquinone state. 

To return to the quinone system, α, β-unsaturated carbonyl compounds exhibit two electrophilic 

sites, which both are potentially prone to be attacked by nucleophiles. The carbonyl group features a 

high positive partial charge on the carbonyl carbon, which may promote a 1,2-addition with hard 

nucleophiles such as water or hydroxyl ions. Due to its large orbital character, the conjugated site 

between the α and β carbon on the other hand is to be considered as a soft electrophile, which is likely 

to react with soft nucleophiles like alkenes or thiols in a 1,4-addition reaction. This reaction is also 

denoted as conjugate addition, since it is associated with the withdrawal of electrons via resonance 

effects (see Scheme 7). For the special scenario of a carbanion acting as the nucleophile, the reaction 

is referred to as Michael addition.195 However, in recent years it was used synonymous with the 1,4-

addition of water within the context of quinonoid ORFBs. As described earlier, from the standpoint of 

frontier molecular orbital analysis, a 1,2-addition of water should be more likely in the case of α, β-

unsaturated carbonyl compounds as quinones. Nonetheless, the nucleophilic addition of water and 

hydroxyl ions may in fact occur according to the conjugated pathway in aqueous solution, albeit at a 

slow rate, as supported by the given literature.44,47,48,201 This may be explained by the large abundancy 

of both reagents in an ORFB environment in contrast to the otherwise preferred soft nucleophiles. This 

argument is further supported by the studies conducted as part of this thesis, which will be discussed 

in more detail in section 2.3. 

Along with the undesired addition of substituents to unsubstituted sites, nucleophilic substitution 

of already present functional groups is one of the most common degradation modes of organic active 

materials. In this reaction, electron withdrawing substituents are commonly exchanged by nucleophilic 

species such as water, hydroxide ions or even reduced molecules of the used active species.202,203 With 

respect to quinone compounds, various scenarios of this undesired degradation mechanism have been 

reported to date. Some of these are the hydrolysis of halogenoquinones in alkaline media204, the acid-

catalyzed proto-desulfonation of sulfonated BQ derivatives49 and the alkyl chain cleavage of 

carboxylated AQs43. As already mentioned in context with the structure-property relationships of 

quinones, the introduction of new functional groups as well as the replacement of already present 

ones is known to affect the charge transfer characteristics of organic active species. The electron 
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affinity as well as the solubility of the attacked reactant may be altered drastically, which in turn might 

have a negative impact on the overall battery performance.205  

Consequently, a multitude of potential degradation pathways have to be taken into consideration 

for the design of active material structures as well as the choice of solvent. Besides the described major 

nucleophilic degradation pathways, further modes comprising epoxidation206,207, tautomerization44, 

anthrone formation208,209 and polymerization210,211 of quinone active species have been reported. 

However, due to their comparatively marginal impact on the long-term performance of ORFBs, the 

reader is referred to the given specialized literature for more information.212 

 

 

1.4 Performance-relevant key quantities (Publication I) 

The performance of an ORFB is defined by the amount of energy that can be stored at a time as 

well as its power output during application. Both properties are strongly dependent on various 

physicochemical parameters.  

The energy density Wd of a given system is defined as the product of its specific capacity Cs and the 

voltage between its two half-cells U: 

 

sd
W = C U  (17) 

 

Cs in turn describes the charge that can be stored in a specific mass or volume of the electrolyte: 

 

0

s

mnF c mF
C = =

MV M
 (18) 

 

Here, m is the mass of the electrochemically active material, n is the number of electrons, F is the 

Faraday constant, M is the molar mass and V is the volume of the electrolyte. In consequence, the 

energy density of an ORFB is finally determined by the concentration of active material c0, the number 

of electrons n associated with its redox process and – with respect to the cell voltage U − the difference 

between the redox potentials E0 of the applied anolyte and catholyte active materials.205 
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The areal power density Pd on the other hand is influenced by the active surface area A, which is 

commonly defined as the effective area of the separator, and the inner resistance Ri of the cell.7,213 

This resistance comprises several contributions such as the electronic resistance of the electrolyte Rel, 

the charge transfer resistance of the anodic and cathodic processes Rct as well as the mass transport 

resistance Rmass: 

 

2

i 0 el ct mass( )
d

UI I R U I R I R I R IP
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A A A A

− − −
= = = (19) 

 

Thus, the power output of RFBs largely benefits from fast charge transfer kinetics and fast diffusion of 

active material, which is expressed by high kinetic rate constants k0 and diffusion coefficients D. 

Conclusively, E0, c0, D and k0 are to be considered as crucial factors for the performance of RFBs.7 

 

As part of this thesis, an overview over these performance-relevant quantities was prepared and 

published in the journal Chemie Ingenieur Technik. This work outlines the parameters with the highest 

impact on the performance of RFBs, their interrelation and pitfalls in their determination. The overview 

is substantiated by experimental results, which illustrate the impact of the nature and pH value of the 

solvent on the electrochemical characteristics of quinone redox compounds. The manuscript was 

written by the author of this thesis and edited by one co-author. Reprinted with permission from 

Chemie Ingenieur Technik. Copyright (2019) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

J. D. Hofmann, D. Schröder, Which Parameter Is Governing for Aqueous Redox Flow Batteries with 

Organic Active Material? Chemie Ingenieur Technik 2019, 91 (6), 786–794.  
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1.5 State of the art and potential limits of quinone active materials in ORFBs 

As implied earlier, the research field of aqueous redox flow batteries based on quinonoid active 

materials is a quite recent one. The associated research gained attraction not until the pioneering work 

of Yang et al.50 and Huskinson et al.39 in the year 2014. Both research groups presented the approach 

of an anthraquinone-based electrolyte for the low-potential side of a redox flow battery. The 

derivative, commonly abbreviated as AQDS, was equipped with two sulfonic acid moieties to improve 

the solubility in aqueous solution. Yang et al. further utilized a quinone-based catholyte, capitalizing 

on ORFBs completely based on quinonoid active materials – an approach that should be pursued 

exclusively by this working group in the following years. Other research groups primarily focused on 

the use of quinone derivatives as anolyte active materials. Several studies were published with regard 

to basic40,41,43,214, acidic34,215,216 and also neutral aqueous solution36,37,217–219. Great improvements have 

been reported considering the resilience against detrimental side reactions such as nucleophilic 

substitution or Michael addition. However, these efforts solely relate to the comparably electron-rich 

quinone species, which were applied as anolyte active materials. The range of applied catholyte active 

materials is considerably limited to the highly hazardous bromine and rather bulky metal-based 

coordination compounds such as ferrocene or ferrocyanide. The reason for this lies in the overall 

susceptibility of organic compounds against nucleophilic side reactions: these processes can be 

excluded easier in the case of intrinsically more electron-rich compounds such as the primarily used 

homocyclic AQ derivatives.44 Consequently, the hardest task on the way to all-quinone ORFBs will be 

to identify structural motifs that combine a high electron affinity with a high cycling stability. 

The theoretical framework for the design of potential catholyte active materials was already 

revealed by a large number of studies focusing on the computational as well as experimental analysis 

of the structure-property relationship of quinones.189–191,193 These studies focused on the impact of the 

nature and position of specific substituents on the redox potential as well as the water solubility of 

varying quinone base structures. The observed trends were found to be well-reflected by experimental 

results.32,220 Electron-withdrawing functional groups such as nitro, sulfonic and phosphonic acid groups 

shift the redox potential to more positive values, enabling the design of promising high-potential 

materials. Relating back to the work of Yang et al., different BQ species were investigated as potential 

catholyte active materials, including 1,2-benzoquinone-3,5-disulfonic acid (BQDS) and the 

electrochemically more stable DHDMBS (3,6-dihydroxy-2,4-dimethylbenzenesulfonic acid).47–49 

However, all of the so far proposed quinonoid catholyte materials failed to offer high redox 

potentials with a high cycling stability.7,46 Since regular quinones – despite the opportunities given by 

the addition of specific functional groups − are struggling to fulfill these requirements, different 
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structural motifs are obligatory. In that respect, heterocyclic alternatives to the established quinone 

base structures may offer opportunities to create novel quinonoid active materials towards efficient 

and sustainable energy storage. 
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2 Results and Discussion 

At the beginning of this PhD project, only a small number of quinone species was applied 

successfully as the active material of ORFBs.39,50 This proof of concept motivated further research 

aiming to improve the energy density of ORFBs on the basis of different structural motifs. In this 

context, the redox potential as well as the solubility of quinone active species were identified as 

significant key properties. Consequently, combined experimental and computational studies 

investigated the structure-property-relationships of different quinone species.189,190,193 The reported 

structures were limited to homocyclic quinonoid base structures such as AQs, NQs and BQs, which 

were altered by the addition of peripheral substituents. This approach allowed for an adjustment of 

the general properties determined by the respective base structure. However, the influence of the 

peripheral substituents is limited with respect to the tailoring of active species with specific 

electrochemical properties. The design of alternative base structures on the other hand is a promising 

approach to deliver access to novel active materials with vastly different properties, since the 

characteristics of an organic active species are predominantly defined by its backbone. 

In this light, novel quinone base structures were developed and characterized as part of the joint 

project FOREST (Future Organic Electrolyte for Energy Storage) funded by the BMEL (Federal Ministry 

of Food and Agriculture). The methods for the synthesis of these compounds were developed at the 

Institute of Organic Chemistry at the Justus Liebig University Giessen within the research group of 

Professor Wegner. The concepts and methods for the physico- and electrochemical characterization 

of the resulting structural motifs were developed by the author of this work within the research group 

of Professor Janek at the Institute of Physical Chemistry at the Justus Liebig University Giessen. In this 

context, the results presented in the following section constitute the basis of this thesis. These results 

comprise two scientific publications elucidating the design and characterization of nitrogen-based 

quinone analogues as well as further investigations on the reduction mechanism of diaza-quinones in 

different solvents. 

 

2.1 Publication II: Quest for Organic Active Materials for Redox Flow 

Batteries: 2,3-Diaza-anthraquinones and Their Electrochemical Properties 

This publication introduces the compound class of DAAQs as possible active species for ORFBs. To 

gain a fundamental understanding of their structure-property relationships, three derivatives were 

investigated at varying pH values. Performance-relevant quantities – such as redox potential, diffusion 

coefficient and kinetic rate constant – were determined by means of cyclic voltammetry and 

hydrodynamic measurements.  
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In acidic solution, the results revealed a distinct positive potential shift of about 300 mV for DAAQs 

compared to their homocyclic analogues. In alkaline solution an extraordinary charge transfer behavior 

was observed: a graduation of the commonly concerted two electron transfers implies an increased 

stabilization of the intermediate semiquinone species as compared to homocyclic AQs. Besides, all the 

investigated derivatives were found to exhibit competitive diffusion coefficients and kinetic rate 

constants, implying the applicability of DAAQs with respect to fast energy conversion in ORFBs. As a 

proof of concept, the investigated derivatives were further subjected to full-cell measurements. In 

addition, a DFT-based model was established to theoretically describe the structure-property 

relationships of DAAQs. Conclusively, the electro- and physicochemical properties of the heterocyclic 

DAAQs were thoroughly investigated, revealing their beneficial properties for stationary storage 

applications. 

The concepts and experiments of the electrochemical characterization of DAAQs for this publication 

were developed by the author of this thesis under the supervision of D. Schröder and J. Janek. The 

paper was written by the first author and edited by the nine co-authors. The full-cell experiments were 

conducted by F. L. Pfanschilling under my supervision. The synthetic methods of the investigated diaza-

anthraquinone derivatives were developed by the research group of H. A. Wegner. The compounds 

were synthesized by L. Hong and S. Schmalisch. D. Mollenhauer and S. Schwan contributed the DFT 

calculations on the redox potentials of the investigated active materials. H. A. Wegner, N. Krawczyk 

and P. Geigle contributed to the scientific discussions. Reprinted with permission from Chemistry of 

Materials. Copyright (2018) American Chemical Society. 

 

J. D. Hofmann, F. L. Pfanschilling, N. Krawczyk, P. Geigle, L. Hong, S. Schmalisch, H. A. Wegner, D. 

Mollenhauer, J. Janek, D. Schröder, Quest for Organic Active Materials for Redox Flow Batteries: 2,3-

Diaza-Anthraquinones and Their Electrochemical Properties. Chem. Mater., 2018, 30 (3), 762–774. 
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2.2 Elucidating the impact of the nature and pH value of the solvent on the 

charge transfer characteristics of diaza-quinones 

Publication II revealed several peculiarities with regard to the electrochemical properties of DAAQs 

compared to their homocyclic analogues. Besides the observed increase of the redox potential, the 

nitrogen-based functionalization most notably affected the charge transfer characteristics of the 

investigated derivatives. This is particularly evident for measurements in alkaline solution, which 

revealed an extraordinary separation of the two commonly simultaneous electron transfers observed 

for the reduction of quinones in aqueous solution. To gain a deeper understanding of their charge 

transfer behavior, the DAAQs were systematically studied with regard to the impact of the nature and 

pH value of the applied solvent. For that purpose, voltammetric measurements were conducted in 

aqueous solutions of varying pH value as well as in aprotic, organic solvents. Whereas the pH-

dependent measurements of publication II were limited to scenarios of high (pH = 0) and low acidity 

(pH = 14), the pH value was adjusted incrementally in this case, enabling the construction of a Pourbaix 

diagram. As the charge transfer behavior of quinonoid compounds is known to be affected by 

protonation and hydrogen bonding, these measurements were complemented by experiments in 

acetonitrile as an aprotic, non-hydrogen bonding solvent to mitigate or even eliminate effects of this 

sort. 

 

  

Figure 8: Voltammetric overview of varying quinone compounds. (a) Comparison of reduction potentials and 

relative potential differences ∆Ep between the two subsequent electron transfers of AQ, DAD and DADdi(OH) in 

acetonitrile. (b) Comparison of the ∆Ep of DAD and DAD(MeO). For the sake of clarity, E was shifted to match the 

potentials of the reduction process at more negative potentials for both CVs. 
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As described in publication II, a separation of the two occurring charge transfer steps, formerly 

described as peak splitting, is observed for some DAAQs in alkaline aqueous media as a result of a 

stabilized semiquinone intermediate. This theory was corroborated by a direct comparison of the CVs 

of the unmodified DAAQ base structure and its homocyclic AQ analogue in a nonaqueous solvent. To 

substantiate these results, the experiment was repeated subsequently under optimized conditions as 

thoroughly dried electrolyte components. As depicted in Figure 8(a), the stabilizing effect of the 

incorporated nitrogen evokes a positive potential shift of the first reduction process and thus manifests 

in an increased relative potential difference between the two occurring charge transfers. For DAD, this 

turns out to be 60 mV larger as compared to the regular AQ species. 

 

 An even more pronounced peak splitting was observed in the case of DAD(MeO), which was 

associated with the radical-stabilizing effect of methoxy groups. Indeed, the increased graduation 

observed in alkaline solution is corroborated by comparative measurements in acetonitrile as depicted 

in Figure 8(b). With regard to valence band theory, this stabilizing effect is to be associated with the 

interaction between the radical center and the nonbonding electron pairs of oxygen provided by the 

methoxy group.221 Since the methoxy moiety enables an extended delocalization of the radical and 

hence an increased resonance energy, the intermediate is thermodynamically stabilized. This 

manifests in a positive potential shift of the first peak at more positive potentials in the CV. 

Furthermore, it is substantiated by the similar reduction potentials of DAD and DAD(MeO) − especially 

with regard to acidic solution − despite the well-known positive mesomeric effect of the methoxy 

moiety. By implication, the anticipated electron-donating effect of the methoxy group may be 

compensated by the positive shift due to resonance stabilization.  

Interestingly, no peak splitting at all is observed for DADdi(OH) in alkaline solution. As already 

indicated in section 1.3.1, this may be explained by the additional influence of intramolecular hydrogen 

bonding, which emanates from the hydroxyl substituents added to the structure in close vicinity to the 

characteristic hydroxyl/carbonyl groups. The same effect leads to allegedly contradictory results for 

CV measurements in acetonitrile: in spite of the commonly electron donating effect of the 

incorporated hydroxyl moieties, a positive potential shift is observed as compared to the 

unfunctionalized base structure DAD (see Figure 5). Furthermore, the relative potential difference of 

the subsequent electron transfers is clearly reduced as a result of this effect. It is to be expected that 

this also translates to the measurements in aqueous media, which consequently feature a single 

reduction and oxidation peak. 

The impact of hydrogen bonding and protonation adds another layer of complexity for 

measurements in aqueous solution, which go beyond the intrinsic factors given by the specific 

structure of the derivatives. In order to resolve the charge transfer behavior of DAAQs as a function of 
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these effects, voltammetric measurements were carried out under incremental variation of the pH 

value of the electrolyte. Subsequently, a Pourbaix diagram was created by means of the formal 

potentials extracted from these measurements. This form of presentation illustrates the interplay of 

protonation and electron transfer on the basis of pH dependent potential shifts according to the 

theoretical framework given in section 1.3.2. Intersections between areas of different slopes are to be 

interpreted as the dissociation constants (pKa) of the associated protonation states.  

 

 

Figure 9: Pourbaix diagram of the unfunctionalized diaza-anthraquinone DAD. A pH-dependent voltammetric 

analysis reveals three domains of varying slopes. Below pH = 1.5 the educt is present in a protonated state, 

resulting in a 2e−/2H+ reduction (mtheo = 59 mV/pH). Between pH = 1.5 and pH = 2.85, the diaza-moiety is 

protonated in the course of the occurring reduction, resulting in a 2e−/3H+ process (mtheo = 89 mV/pH), followed 

by another 2e−/2H+ reaction sequence. The semiquinone anion radical Q●− is protonated up to a pH value of 8. 

From this point, the second voltammetric wave associated with the formation of QH− shifts further on according 

to a 1e−/1H+ process. By implication, the peak splitting priorly observed for DAD at high pH values increases up 

to a pH value of 9.4, which marks the formation of the dianion Q2− in the absence of protonation. Consequently, 

the potential of the two individual electron transfers remains constant for pH values beyond that. 
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It becomes evident that the Pourbaix diagram of DAAQs in Figure 9 features a number of peculiar 

features as compared to the homocyclic AQDS (compare Figure 6). This primarily applies to the 

extreme regions of the pH scale: whereas the area between pH = 2.85 and pH = 8 exhibits a slope of 

about 59 mV/pH − representing a 2e−/2H+ transfer as already encountered for AQDS − extraordinary 

characteristics are observed at pH values below and above that range. Originating from pH = 8, the 

graduation of the two individual electron transfers increases together with the pH value of the 

solution. Unlike the semiquinone intermediate (pKa ≈ 8), a protonation of the dianion Q2− as the final 

reduction product occurs up to pH ≈ 9.4. This results in a slope of 59 mV/pH (1e−/1H+) and eventually 

the distinct peak splitting as observed in publication II. Beyond a pH value of 9.4, the potential of both 

individual electron transfers remains constant, since protonation is not further involved in the 

reduction process. Regarding the area below pH = 2.85, the slope clearly increases as compared to the 

intermediate pH region. This suggests that the ratio of transferred electrons and protons changes in 

favor of the latter. The determined slope of 84 mV/pH indicates a 3H+/2e− transfer, which is associated 

with a theoretical slope of 89 mV/pH. The pKa value of 3.47222 for phthalazine as a reference compound 

legitimates this assumption of an additional protonation of the diaza-moiety in the course of DAAQ 

reduction. The situation changes once more going to even more acidic conditions below pH = 1.5: as 

indicated by the reduced slope, DAD is presumably present in its protonated form even prior to 

reduction. However, the experimentally determined slope of 71 mV/pH slightly surpasses the 

anticipated value of 59 mV/pH for a 2e−/2H+ process. Anyway, there is strong indication that DAAQs 

undergo an additional protonation process at low pH values compared to homocyclic AQs. The 

resulting cationic form of the protonated active material may become relevant for RFBs based on 

proton-conducting membranes. However, the implications for the crossover behavior of DAAQs are 

yet to be investigated. 

Nevertheless, DAAQs may also be applied as effective at less acidic pH values: as stated earlier, the 

reaction sequence of AQs is determined by an alternating electron and proton transfer at pH values 

below 7 (see section 1.3.1 for more detailed information). A reaction sequence of this sort is commonly 

accompanied by a high degree of potential inversion, which according to equation (9) leads to sluggish 

overall charge transfer kinetics.36,37,42,218 Now with regard to DAAQs, the diaza-induced stabilization of 

the semiquinone intermediate should diminish the degree of potential inversion in this pH region, thus 

positively affecting the apparent rate constant kapp. Ultimately, this effect should translate to low peak 

separations ∆Ep during CV.166 For the purpose of a conclusive evaluation of the overall charge transfer 

kinetics of DAAQs in the neutral to acidic pH region, the voltammetric measurements conducted as 

part of the Pourbaix analysis will be consulted. As illustrated in Figure 10, DAD indeed features a 

considerably low and constant peak separation across the investigated pH range, which even applies 
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Figure 10: Voltammetric evaluation of the charge transfer kinetics of DAAQs in the pH range between 0 and 7 by 

means of ∆Ep. The grey highlights mark a potential interval of 40 mV, which is maintained across the investigated 

pH range. 

to the potentially problematic alternating reaction sequences. In fact, the measured ∆Ep of about 

40 mV comes very close to the value of 30 mV anticipated for an ideal two-electron transfer.82 By 

implication, electron transfer occurs at solely marginal overpotentials with respect to the associated 

equilibrium potential. Conclusively, DAAQs offer fast charge transfer kinetics unaffected by the 

respective reaction sequence. This allows for an efficient application across a large range of pH values 

and thus poses a major advantage over homocyclic analogues, which may be negatively affected by 

the consequences of potential inversion. 

 

Experimental: 

The investigated active materials were provided by the research group Wegner (Institute of Organic 

Chemistry, JLU Giessen). The voltammetric measurements in acetonitrile and aqueous solutions were conducted 

according to the procedure described in publication II.167 To allow for measurements at distinct pH values, 

buffered aqueous solutions up to an ionic strength of 0.2 mol L-1 were prepared. The buffer components (H3PO4, 

KH2PO4, K2HPO4, K3PO4, KHSO4, K2SO4, NH4Cl, C4H6O4) were purchased from Sigma Aldrich and used as received. 

The setup for measurements in nonaqueous solvents comprised a glassy carbon working electrode (Ø = 5 mm), 

a Pt sheet counter electrode, a Ag/AgNO3 reference electrode and about 3 mL of electrolyte. The aqueous setup 
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comprised a glassy carbon working electrode (Ø = 3 mm), a Pt sheet counter electrode, a Ag/AgCl (3M KCl) 

reference electrode and 20 mL of electrolyte. The buffered aqueous solutions were prepared and measured by 

Felix Kerner under my supervision as part of the B.Sc. thesis “Characterizing organic active materials for aqueous 

redox flow batteries at various pH values”.223 
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2.3 Publication III: Tailoring Dihydroxyphthalazines to Enable their Stable and 

Efficient Use in the Catholyte of Aqueous Redox Flow Batteries 

Based on the promising properties of DAAQs revealed in publication II, the following research aimed 

to further capitalize on the benefits of the nitrogen-based functionalization of homocyclic quinones. 

As outlined earlier, the number of quinonoid high-potential active materials is sincerely limited as a 

result of the associated challenges regarding the susceptibility versus nucleophilic side reactions. The 

aim was to transfer the concept to an intrinsically electron-poor species to obtain capable catholyte 

active materials, since a distinct relative increase of the redox potential is achieved for diaza-modified 

compounds. The NQ base structure was identified as a suitable template yielding the novel compound 

class of dihydroxyphthalazines, which was thoroughly investigated in this publication. 

Three dihydroxyphthalazine derivatives featuring varying substitution patterns were characterized 

according to different methods comprising cyclic voltammetry in quiescent solution as well as 

hydrodynamic measurements using a rotating disc electrode. In consequence of their heterocyclic 

structure, dihydroxyphthalazines are able to compete with BQ species, which are considered as state 

of the art quinonoid catholyte materials. The results reveal that the high redox potentials achieved for 

this compound class are complemented by fast charge transfer kinetics. Besides, vulnerable sites of 

the DHP base structure were identified and blocked by methyl substituents to address the general 

susceptibility of catholyte active materials versus nucleophilic side reactions. The modified structure 

exhibited a high stability during exhaustive electrolysis, clearly surpassing the performance of 

established BQ species. The improved cycling stability was supported by 1H NMR measurements. In 

order to further improve upon the beneficial properties of DHPs, DFT calculations were performed 

focusing on the design of desirable structural motifs for future research. Thereby, a number of 

structures with increased redox potentials as well as increased water solubility were outlined to propel 

research in this field. With this publication, the compound class of dihydroxyphthalazines is introduced 

as a capable high-potential active species, filling an existing gap regarding stable quinonoid catholyte 

active materials for ORFBs. 

 

The concepts and experiments of this publication were developed by the author of this thesis under 

the supervision of D. Schröder and J. Janek. The paper was written by the first author and edited by 

the seven co-authors. The synthetic methods of the investigated dihydroxyphthalazines were 

developed by the research group of H. A. Wegner. S. Schmalisch synthesized the DHP derivatives and 

further assisted with the evaluation of the conducted 1H NMR measurements. D. Mollenhauer and S. 

Schwan contributed the DFT calculations on the redox potentials of the investigated active materials. 

H. A. Wegner and L. Hong contributed to the scientific discussions. Reprinted with permission from 

Chemistry of Materials. Copyright (2020) American Chemical Society. 
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J. D. Hofmann, S. Schmalisch, S. Schwan, L. Hong, H. A. Wegner, D. Mollenhauer, J. Janek, D. Schröder, 

Tailoring Dihydroxyphthalazines to Enable Their Stable and Efficient Use in the Catholyte of Aqueous 

Redox Flow Batteries. Chem. Mater. 2020, 32 (8), 3427–3438. 
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3 Conclusions and Outlook 

In this PhD project, nitrogen-modified quinone analogues were introduced as potent active species. 

These open up attractive design opportunities for organic active materials used in ORFBs. It was 

demonstrated that diaza-quinones feature unique properties, which are very beneficial for energy 

storage applications. In the context of this thesis, these characteristics were thoroughly investigated 

by means of various electrochemical and analytical techniques. Based on the gained results, the 

structural motif of diaza-quinones was developed and refined to obtain stable and efficient active 

materials for ORFBs. 

At the beginning of this project, only a few studies focusing on the structure-property relationships 

of quinone compounds for ORFBs had been published. The studies revealed nowadays well-known 

trends considering the impact of peripheral functionalization on the properties of established base 

structures such as AQs, NQs and BQs. In this work, however, the base structure itself was altered in 

order to further expand upon the existing knowledge on the structure-property relationships of 

quinonoid compounds. To investigate the impact and potential benefit of a heterocyclic structure with 

regard to ORFBs, the performance-relevant parameters of DAAQs were fully characterized. The results 

revealed competitive charge transfer kinetics and diffusion coefficients, which were complemented by 

remarkable electrochemical features: the nitrogen-based modification was found to increase the 

electron affinity of the associated compound, which translates to a distinct positive shift of its redox 

potential of about 300 mV. Additionally, varying substitution patterns opened up opportunities to 

further adjust the electrochemical properties of the base compound: two incorporated hydroxyl 

moieties resulted in a negative shift of the redox potential by 54 mV in acidic and 264 mV in alkaline 

aqueous solution. Besides, the cycling stability of DAAQs was clearly increased in acidic solution by 

adding a methoxy moiety to the base structure. The measurements in alkaline solution further 

indicated a stabilization of the DAAQ semiquinone anion radical as compared to commonly used 

homocyclic quinone analogues. 

These findings were substantiated by subsequent studies under optimized anhydrous conditions, 

which revealed a stabilization of the semiquinone intermediate. This manifests in an increased 

potential difference between the two occurring charge transfers, surpassing the homocyclic AQ by 

60 mV. This peculiarity holds great opportunities, especially for the charge transfer kinetics of quinones 

under the influence of protonation (see section 1.3.1). Indeed, complementary voltammetric studies 

of DAAQs yielded negligible overpotentials across a pH range from 0 to 7. For commonly used 

homocyclic quinone species, this range is prone to a high degree of potential inversion and thus worse 

kinetics. Consequently, the diaza-modified derivatives offer kinetic advantages in the case of 
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protonation, which renders this compound class more flexible with regard to optimizations of the pH 

value of ORFB systems.  

Beyond that, the pH dependent voltammetric studies were carried out up to a pH of 14. This 

resulted in a comprehensive analysis of diaza-quinones across the full pH range. The interplay of 

electron and proton transfer was resolved by a Pourbaix analysis, yielding the pKa values of varying 

protonation states. Thus, a deeper understanding of specific features of DAAQs – such as the observed 

peak splitting in alkaline solution as well as an additional state of protonation at pH values below 3 – 

was gained. Overall, the electrochemical characteristics of this new class of compounds were 

thoroughly elucidated, emphasizing the versatile character of diaza-functionalized quinones in general 

as well as their excellent applicability as an active material in ORFBs. 

In order to further capitalize on the unique features of diaza-quinones, the focus of this thesis was 

subsequently strengthened on the design of capable active species for the catholyte side of ORFBs. 

Previous results showed an increased redox potential of diaza-quinones compared to their homocyclic 

analogues. Consequently, the concept was transferred to intrinsically more electron-deficient 

structural motifs, introducing the naphthoquinone-based class of DHPs. In fact, the unsubstituted DHP 

base structure exhibits a high redox potential of 796 mV vs. SHE, which is 282 mV more positive in 1M 

H2SO4 than the unsubstituted DAAQ investigated priorly. More importantly, this value even surpasses 

the redox potential of any of the established homocyclic base structures of quinones, including BQs. 

In addition, a comprehensive characterization revealed superior charge transfer kinetics of DHPs, 

outperforming BQs by one order of magnitude. 

The resilience of the organic active material against detrimental side reactions poses another 

essential factor to enable high efficiencies during ORFB operation. This issue was addressed in terms 

of a structural modification of the blank DHP. To prevent the conjugate addition of water, the base 

structure was augmented by two methyl moieties in this work. A combined approach of exhaustive 

oxidative electrolysis and a structural elucidation by 1H NMR analysis demonstrated the desired 

electrochemical oxidation of the methylated DHP without nucleophilic side reactions.  

To gain a further understanding of the structure-property relationships of DHPs, a total of three 

varying derivatives was experimentally characterized according to different voltammetric methods. As 

in the case of homocyclic quinones, the redox potential could be lowered systematically by 

incorporating electron-donating methoxy and methyl groups. Overall, the free sites in between the 

characteristic hydroxyl, or respectively, carbonyl moieties were identified as positions with a distinct 

impact on the redox potential as well as the stability of DHPs. Based on these findings, structural motifs 

were outlined in order to further improve upon the promising properties of diaza-quinones in terms 
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of energy and power density. In this context, substitution patterns with increased redox potential and 

water solubility were defined by means of DFT calculations to propel further research in this field. 

Conclusively, this thesis provides insightful information on the structure-property relationships of 

nitrogen-based heterocyclic quinones. This fundamental understanding of the physico- and 

electrochemical characteristics of diaza-quinones, which is supported by experimental results and 

theoretical considerations, provides valuable guidance for the design of high-performing quinonoid 

active materials for ORFBs. This particularly applies to the high-potential side of the battery, which is 

restrained by problems associated with the highly electrophilic nature of the active material. Besides 

this central purpose, the gained knowledge may also contribute to the progress of related research 

areas focusing on organic compounds as part of energy storage concepts. For instance DHPs in 

particular may pose favorable n-type organic electrode materials due to their high intrinsic redox 

potential, enabling high working potentials of up to 3 V vs. Li+/Li.224,225 Furthermore, the design 

strategies presented in this work may also contribute to the development of redox mediators for 

metal-ion batteries, fuel cells or dye-sensitized solar cells because of the favorable charge transfer 

characteristics.226–229  

Nevertheless, this work first and foremost lays the foundation for the further development of 

quinone-based ORFBs while also revealing future tasks to leverage this promising technology: 

 

• This work provides useful design strategies to optimize the electrochemical performance 

of quinonoid active materials for ORFBs. The focus was put on the beneficial replacement 

of two adjacent ring carbons by nitrogen, resulting in distinct improvements of 

electrochemical key quantities. However, adjustments of relative atom positions within the 

structure may allow for further optimization. For instance, switching to an ortho-

configuration of the characteristic carbonyl moieties is expected to increase E0 due to an 

increased degree of coordination between the two carbonyl oxygens and the incoming 

cation/proton.230 A similar effect was reported for the placement of nitrogen in β-position 

relative to the carbonyl group.231 Consequently, the potential of the structural motif of 

diaza-quinones is not fully exhausted yet and may be improved further to create even more 

elaborated structures with superior performance. 

• The main emphasis of this work was to elucidate the structure-property relationships of 

diaza-quinones in different media and their structural refinement. However, it is imperative 

to evaluate a multitude of intertwined factors in order to enable a high cycling performance 

of ORFBs. These factors are directly affected by the choice of solvent and comprise the 

achievable cell potential, membrane resistance as well as redox kinetics, solubility and 
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crossover of the applied active material. The results gained in this work provide guidance 

on how to optimize the performance of diaza-quinones as a function of the nature and pH 

value of the used solvent. However, further studies will be necessary to define optimal 

operating conditions in order to fully capitalize on the beneficial properties of this 

promising compound class at system level. In this context, the revealed additional 

protonation state at low pH values and its implications for the interaction between the 

resulting cationic species and the applied membrane material should be taken into 

consideration for future studies as well. 

• The electrode material of ORFBs is a decisive factor in the process of energy conversion as 

it mediates the charge transfer between the external circuit and the dissolved active 

species. Hence, electrode design provides a considerable development potential with 

respect to morphological and surface chemical optimization. Whereas sulfonic acid groups 

and comparable moieties capable of hydrogen-bonding were generally found to be 

detrimental for the kinetics of the occurring charge transfer50, recent reports indicate that 

kinetic disadvantages of this sort may be compensated by a clever design of electrode 

materials.232 Therefore, future work should be committed to the investigation and 

refinement of varying electrode concepts. 

• Due to the comparably low solubility of the investigated diaza-quinone derivatives, 

potential concentration-dependent effects could not be accounted for in this work. 

However, as soon as higher concentrations of active material can be realized – e.g. 

according to the design strategies proposed in publication III − it will be essential to 

investigate their actual existence and extent. For instance, the viscosity of the electrolyte 

may be significantly altered at elevated concentrations, thus affecting the overall efficiency 

at system level. Besides, in this work the solvent was investigated as the main motive for 

nucleophilic side reactions. Yet, considering high concentrations of active species, a 

nucleophilic attack originating from the reduced form of the active material may be 

considered as well. 
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