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Abstract  

 

For the realization of sustainable energy storage, technologies beyond the state-of-the-

art lithium-ion battery are needed. One technology, which could be able to supplement 

the future electrochemical energy storage landscape in this regard are organic batteries, 

which use redox active organic molecules or polymers as electrode active materials. 

These redox materials include compounds like conducting polymers, carbonyls, organo-

sulfurs or organic stable radicals and provide beneficial properties like a high theoretical 

gravimetric capacity, good safety, mechanical flexibility and producibility from abundant 

elements (C, H, O, N, S). 

Especially the development of organic stable radical polymers received a lot of research 

interest in the last 20 years. These redox active materials exceled particularly in terms 

of rate capability and coulombic efficiency, when used in combination with a lithium-

ion-based anode and electrolyte. One polymer, which has to be mentioned especially, 

is poly(2,2,6,6-tetramethyl-4-piperinidyl-N-oxyl methacrylate) (PTMA). PTMA, which 

has been thoroughly investigated as cathode material in a lithium-ion battery setup and 

became a standard material in organic battery research, provides a specific capacity near 

the theoretical value of 111 mAh g-1, a stable redox potential of 3.6 V vs. Li+/Li and a high 

capacity retention at elevated current densities in state-of-the-art battery electrolytes 

such as 1M LiPF6 in EC/DMC. However, these electrolytes cause concerns in safety due 

to toxicity and flammability. Furthermore, the organic nature of these electrolytes pro-

motes the dissolution of PTMA in the cell, which limits the cycle life and increases the 

self-discharge rate.  

Although these problems are evident, for a long time there has been a lack of investiga-

tions addressing the important role of the electrolyte for PTMA and organic batteries in 

general. In fact, in consideration of the energy storage mechanism of PTMA, it is clear 

that electrolyte properties like ion concentration, conductivity and viscosity etc. will af-

fect the electrochemical performance of PTMA-based electrodes in a mayor way. With 

respect to the existing approaches on electrolytes in this field, which have been pre-



 
 

sented in publication 1 (review article), it must be stated that more detailed studies to-

wards the impact of the electrolyte on the electrochemical behavior of PTMA and other 

organic materials are necessary in order to optimize their performance in energy storage 

application. 

Therefore, this thesis uses PTMA as a model active material and performs a systematic 

study on the influence of the electrolyte on the electrochemical behavior of PTMA-

based electrodes. Thereby, in four different publications, special attention is paid to the 

influence of the electrolyte composition, the electrolyte concentration, the use of ionic 

liquids as electrolytes for PTMA and the self-discharge behavior of PTMA-based elec-

trodes in different electrolytes. 

The investigation of this topic starts with publication 2 in which PTMA is tested in a half-

cell setup in combination with 3 different metal-free electrolytes, namely 1M 1-butyl-1-

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (Pyr14TFSI) in propylene car-

bonate (PC), tetraethylammonium bis(trifluoromethylsulfonyl)imide (Et4NTFSI) in PC 

and neat Pyr14TFSI, which is an ionic liquid. The results of this publication show a signif-

icant impact of the used conducting salt and the nature of the electrolyte on the perfor-

mance of PTMA. In 1M Pyr14TFSI in PC, PTMA delivers a high specific capacity of 

100 mAh g-1 as well as good rate capability. On the other hand, in 1M Et4NTFSI in PC a 

far lower specific capacity is observed, although only the cation is changed in the system. 

Due to the low conductivity of pure Pyr14TFSI, a reduction in capacity and rate capability 

is found for PTMA in this electrolyte. However, the high viscosity has a beneficial effect 

on the stability and self-discharge performance in comparison to the organic electro-

lytes. This is achieved due to the reduction of the dissolution of PTMA into this electro-

lyte. Furthermore, in this work hybrid devices containing a PTMA cathode and an acti-

vated carbon negative electrode are realized with 1M Pyr14TFSI in PC as well as neat 

Pyr14TFSI. Both systems are successfully cycled for 10000 cycles at a high current density 

of 10C. There, a beneficial effect of the ionic liquid-based electrolyte on the cycling sta-

bility is obtained as well. 

After the investigation of the electrolyte composition on the electrochemical behavior 

of PTMA, publication 3 focusses on the impact of the electrolyte concentration. There 

PTMA is tested with 1, 2 and 3M 1-butyl-1-methylpyrrolidinium tetrafluoroborate 



 
 

(Pyr14BF4) in PC. By doing so, a comparable performance is found for PTMA at low rates 

in all electrolytes, while at elevated currents the better transport of the low concen-

trated mixtures becomes evident. On the other side, the 3M electrolyte provides supe-

rior performance in terms of self-discharge of the electrodes. While in the 1M solution, 

the PTMA-based electrode is completely self-discharged after 4.5 days, in the 3M elec-

trolyte residual charge is obtained even after 11 days of rest. The mechanism of this 

charge loss is found to be a diffusion-limited process probably due to dissolved active 

material, which works as redox shuttles in the electrolyte. Therefore, the increased vis-

cosity of the 3M solution hinders this diffusion and thus reduced the charge loss in rest. 

Since in publication 2 and 3 beneficial effects of high concentrated electrolytes on the 

electrochemical performance of PTMA have been found, PTMA is tested with two apro-

tic ionic liquids, namely Pyr14TFSI and 1-butyl-1-methylpyrrolidinium bis(fluorosul-

fonyl)imide (Pyr14FSI), and two protic ionic liquids, namely 1-butyl-pyrrolidinium bis(tri-

fluoromethylsulfonyl)imide (PyrH4TFSI) and 1-butyl-pyrrolidinium bis(fluorosulfonyl)im-

ide (PyrH4FSI), in publication 4. In this study, a good performance of PTMA-based elec-

trodes in combination with aprotic ionic liquids is observed. Especially PTMA in Pyr14FSI 

displays a high specific capacity of 74 mAh g-1 (in comparison to other ionic liquids), good 

rate capability and a very stable cycling. This emphasizes once again the importance of 

the chosen ions in the electrolyte. However, PTMA in combination with protic ionic liq-

uids as electrolyte shows a different picture. Here lower values of specific capacity and 

a general decomposition of the active material takes place during all presented experi-

ments. This behavior is attributed to the interaction of PTMA and the proton present in 

PyrH4TFSI and PyrH4FSI, which leads to the degradation of the active groups. These inter-

actions need to be clarified in future works. 

Publication 5 represents the conceptual most sophisticated work shown in this thesis 

and elucidates the complex processes occurring during the self-discharge of PTMA. In 

order to do so this work utilizes a test schedule in which PTMA-based electrodes are 

charged at five different current densities (0.1C, 0.5C, 1C, 2C or 10C), rested for four 

different rest times (10 min, 1 h, 10 h or 24 h) and discharged at the corresponding cur-

rent. This schedule results to a matrix of 20 capacity retention values and is applied to 

PTMA in organic electrolyte media (1M Pyr14TFSI in PC) and ionic liquid electrolyte (pure 



 
 

Pyr14TFSI) to examine the influence of the electrolyte properties on the self-discharge 

behavior. Here it is found, that for PTMA in the two utilized electrolytes exist different 

threshold currents, which are appropriate to use, in order to achieve a stable charged 

state in the electrode. The value of this threshold current depends on the transport 

properties of the used electrolyte. When charging currents higher than this threshold 

are used, an unstable charged state is obtained. This is the cause of activation-controlled 

faradic reactions on the surface of the electrode followed by a charge redistribution pro-

cess inside the electrode, which yields to a charge loss in the system. If the electrodes 

are charged with currents well below the threshold, the self-discharge is found to be 

diffusion-controlled again like examined in publication 3. Therewith it is clear that a care-

ful selection of the electrolyte and fitting charging currents are necessary to minimize 

the self-discharge performance of PTMA. 

The combined results of this thesis show that the electrochemical behavior of PTMA-

based electrodes heavily depends on the electrolyte used in the system. Therefore, a 

careful selection of the electrolyte for every application is indispensable in order to op-

timize the performance of PTMA. While low concentrated electrolytes provide high ca-

pacity and rate capability, electrolytes with higher concentrations improve stability and 

self-discharge performance. This optimization is also possible for other organic battery 

materials and a deep investigation of the electrolyte/electrode interaction should be a 

standard in organic battery research. Furthermore, the electrolyte should be used as a 

tool for electrochemists to influence the processes occurring inside storage devices and 

illuminate corresponding mechanisms as proofed in the case of the self-discharge be-

havior of PTMA in this work. 

 

  



 
 

Zusammenfassung  

Für die Realisierung nachhaltiger Energiespeicher werden Technologien jenseits der mo-

dernen Lithium-Ionen-Batterie benötigt. Eine Technologie, welche die zukünftige elekt-

rochemische Energiespeicherung in dieser Hinsicht ergänzen könnte, sind organische 

Batterien. Diese verwenden redoxaktive organische Moleküle oder Polymere als Elekt-

rodenaktivmaterialien. Diese redoxaktiven Materialien umfassen Verbindungen wie leit-

fähige Polymere, Carbonyle, organische Schwefelverbindungen oder organische stabile 

Radikale und bieten nützliche Eigenschaften wie eine hohe theoretische gravimetrische 

Kapazität, hohe Sicherheit, mechanische Flexibilität und die Herstellung aus verfügbaren 

Elementen (C, H, O, N, S). 

Besonders die Entwicklung von organischen stabilen radikalischen Polymeren hat in den 

letzten 20 Jahren ein großes Forschungsinteresse erfahren. Dort zeichneten sich diese 

redoxaktiven Materialien besonders durch ihre Ratenfestigkeit und coulombische Effizi-

enz aus, wenn sie in Kombination mit einer Lithium-Ionen-basierten Anode und Elektro-

lyten eingesetzt wurden. Hier hervorzuheben ist Poly(2,2,6,6-tetramethyl-piperidinyl-N-

oxyl-4-yl-methacrylat) (PTMA). PTMA, das eingehend als Kathodenmaterial im Lithium-

Ionen-Batterieaufbau untersucht und zu einem Standardmaterial in der organischen 

Batterieforschung wurde, bietet eine spezifische Kapazität nahe dem theoretischen 

Wert von 111 mAh g-1, ein stabiles Redoxpotential von 3,6 V vs. Li+/Li und eine hohe 

Kapazität bei hohen Stromdichten in modernen Batterieelektrolyten wie 1M LiPF6 in 

EC/DMC. Diese Elektrolyte verursachen jedoch Sicherheitsbedenken aufgrund von Toxi-

zität und Entflammbarkeit. Darüber hinaus fördert die organische Natur dieser Elektro-

lyte die Löslichkeit von PTMA in der Zelle, was die Lebensdauer der Zelle begrenzt und 

die Selbstentladungsrate erhöht.  

Obwohl diese Probleme offensichtlich sind, hat es lange Zeit an Untersuchungen gefehlt, 

die sich mit der wichtigen Rolle des Elektrolyten für PTMA und organische Batterien im 

Allgemeinen befasst haben. Es ist in Anbetracht des Energiespeichermechanismus von 

PTMA klar, dass Elektrolyteigenschaften wie Ionenkonzentration, Leitfähigkeit und Vis-

kosität etc. die elektrochemische Leistung PTMA-basierter Elektroden maßgeblich be-

einflussen. In Bezug auf die bestehenden Ansätze zu Elektrolyten in diesem Bereich, die 

in Publikation 1 (Übersichtsartikel) vorgestellt wurden, muss festgestellt werden, dass 



 
 

detaillierte Studien zu den Auswirkungen des Elektrolyten auf das elektrochemische 

Verhalten von PTMA und anderen organischen Materialien notwendig sind, um deren 

Leistung in Energiespeicheranwendungen zu optimieren. 

Daher wird in dieser Arbeit PTMA als Modellaktivmaterial verwendet und eine systema-

tische Studie zum Einfluss des Elektrolyten auf das elektrochemische Verhalten von 

PTMA-basierten Elektroden durchgeführt. Dabei wird in vier verschiedenen Publikatio-

nen besonderes Augenmerk auf den Einfluss der Elektrolytzusammensetzung, der Elekt-

rolytkonzentration, der Verwendung von ionischen Flüssigkeiten als Elektrolyte für 

PTMA und das Selbstentladeverhalten von PTMA-basierten Elektroden in verschiedenen 

Elektrolyten gelegt. 

Die Untersuchung dieses Themas wird mit Veröffentlichung 2 begonnen, in der PTMA in 

einem Halbzellenaufbau in Kombination mit 3 verschiedenen metallfreien Elektrolyten 

getestet wird, 1M 1-Butyl-1-methylpyrrolidiniumbis(trifluoromethylsulfonyl)imid 

(Pyr14TFSI) in Propylencarbonat (PC), Tetraethylammoniumbis(trifluoromethylsul-

fonyl)imid (Et4NTFSI) in PC und reines Pyr14TFSI, welches eine ionische Flüssigkeit ist. Die 

Ergebnisse dieser Veröffentlichung zeigen einen signifikanten Einfluss des verwendeten 

Leitsalzes und der Art des Elektrolyten auf die Leistung von PTMA. Im Einzelnen liefert 

PTMA in 1M Pyr14TFSI in PC eine hohe spezifische Kapazität von 100 mAh g-1 sowie eine 

gute Ratenfestigkeit. Dagegen wird in 1M Et4NTFSI in PC eine deutlich geringere spezifi-

sche Kapazität beobachtet, obwohl nur das Kation im System verändert wird. Aufgrund 

der geringen Leitfähigkeit von reinem Pyr14TFSI, wird für PTMA in diesem Elektrolyten 

eine reduzierte Kapazität und Ratenfestigkeit festgestellt. Allerdings wirkt sich die hohe 

Viskosität im Vergleich zu den organischen Elektrolyten positiv auf die Stabilität und das 

Selbstentladeverhalten aus. Dies wird durch die Verringerung der Löslichkeit von PTMA 

in diesem Elektrolyten erreicht. Des Weiteren werden in dieser Arbeit Hybridsysteme, 

welche eine PTMA-Kathode und eine negative Elektrode mit Aktivkohle enthalten, mit 

1M Pyr14TFSI in PC sowie mit reinem Pyr14TFSI realisiert. Beide Systeme werden erfolg-

reich für 10000 Zyklen bei einer hohen Stromdichte von 10C zykliert. Dabei wird eben-

falls ein positiver Effekt der ionischen Flüssigkeit als Elektrolyt auf die Zyklenstabilität 

festgestellt. 



 
 

Nach der Untersuchung der Elektrolytzusammensetzung auf das elektrochemische Ver-

halten von PTMA wird in Publikation 3 der Einfluss der Elektrolytkonzentration unter-

sucht. Dort wird PTMA mit 1, 2 und 3M 1-Butyl-1-methylpyrrolidiniumtetrafluoroborat 

(Pyr14BF4) in PC getestet. Dabei wird für PTMA bei niedrigen Strömen in allen Elektroly-

ten ein vergleichbares Verhalten festgestellt, während bei höheren Strömen der bessere 

Transport der niedrig konzentrierten Mischungen deutlich wird. Auf der anderen Seite 

bietet der 3M Elektrolyt eine überlegene Leistung in Bezug auf die Selbstentladung der 

Elektroden. Während in der 1M Lösung die PTMA-basierte Elektrode nach 4,5 Tagen 

vollständig selbstentladen ist, wird im 3M Elektrolyten auch nach 11 Tagen Ruhezeit eine 

Restladung gemessen. Der Mechanismus dieses Ladungsverlustes erwies sich als diffu-

sionslimitierter Prozess, der wahrscheinlich auf gelöstes Aktivmaterial zurückzuführen 

ist, welches als Redox-Shuttle im Elektrolyten wirkt. Daher behindert die erhöhte Visko-

sität der 3M Lösung diese Diffusion und reduziert somit den Ladungsverlust während 

der Ruhephase. 

Da in Publikation 2 und 3 vorteilhafte Effekte von hochkonzentrierten Elektrolyten auf 

die elektrochemische Leistung von PTMA gefunden wurden, wird PTMA in Veröffentli-

chung 4 mit zwei aprotischen ionischen Flüssigkeiten, Pyr14TFSI und 1-Butyl-1-methyl-

pyrrolidiniumbis(fluorosulfonyl)imid (Pyr14FSI) und zwei protischen ionischen Flüssigkei-

ten, 1-Butyl-pyrrolidiniumbis(trifluoromethylsulfonyl)imid (PyrH4TFSI) und 1-Butyl-pyr-

rolidiniumbis(fluorosulfonyl)imid (PyrH4FSI) getestet. In dieser Studie wird eine gute Leis-

tung von PTMA-basierten Elektroden in Kombination mit aprotischen ionischen Flüssig-

keiten beobachtet. Insbesondere PTMA in Pyr14FSI zeigt eine hohe spezifische Kapazität 

von 74 mAh g-1 (im Vergleich zu anderen ionischen Flüssigkeiten), eine gute Ratenfestig-

keit und hohe Stabilität. Dies unterstreicht einmal mehr die Bedeutung der gewählten 

Ionen im Elektrolyten. PTMA in Kombination mit protischen ionischen Flüssigkeiten als 

Elektrolyt zeigt jedoch ein anderes Bild. Hier kommt es bei allen gezeigten Experimenten 

zu niedrigeren Werten der spezifischen Kapazität und zu einer generellen Zersetzung 

des Aktivmaterials. Dieses Verhalten wird auf die Wechselwirkung von PTMA und dem 

in PyrH4TFSI und PyrH4FSI vorhandenen Proton zurückgeführt, die zum Abbau der aktiven 

Gruppen führt. Diese Wechselwirkungen müssen in zukünftigen Arbeiten aufgeklärt 

werden. 



 
 

Publikation 5 stellt die konzeptionell anspruchsvollste Arbeit dieser Dissertation dar und 

klärt die komplexen Vorgänge bei der Selbstentladung von PTMA auf. Dazu wird ein Ver-

suchsplan verwendet, bei dem PTMA-basierte Elektroden mit fünf verschiedenen 

Stromdichten (0,1C, 0,5C, 1C, 2C oder 10C) geladen, für vier verschiedene Ruhezeiten 

(10 min, 1 h, 10 h oder 24 h) geruht und mit entsprechendem Strom entladen wird. 

Dieses Schema resultiert in einer Matrix von 20 Kapazitätserhaltungswerten und wird 

auf PTMA in organischem Elektrolyten (1M Pyr14TFSI in PC) und in ionischer Flüssigkeit 

(reines Pyr14TFSI) angewandt, um den Einfluss der Elektrolyteigenschaften auf das 

Selbstentladungsverhalten zu untersuchen. Dabei wird festgestellt, dass für PTMA in 

den beiden verwendeten Elektrolyten unterschiedliche Schwellenströme existieren, die 

zu verwenden sind, um einen stabilen Ladezustand in der Elektrode zu erreichen. Der 

Wert dieses Schwellenstroms hängt von den Transporteigenschaften des verwendeten 

Elektrolyten ab. Bei der Verwendung von Ladeströmen, die höher als dieser Schwellen-

wert sind, wird ein instabiler Ladezustand erreicht. Dies ist die Ursache für aktivierungs-

kontrollierte faradische Reaktionen an der Elektrodenoberfläche, gefolgt von einem La-

dungsumverteilungsprozess im Inneren der Elektrode, der zu einem Ladungsverlust im 

System führt. Werden die Elektroden mit Strömen deutlich unterhalb der Schwelle auf-

geladen, so zeigt sich die Selbstentladung wieder diffusionskontrolliert, wie in Veröffent-

lichung 3 festgestellt. Damit ist klar, dass eine sorgfältige Auswahl des Elektrolyten und 

passende Ladeströme notwendig ist, um die Selbstentladung von PTMA zu minimieren. 

Die kombinierten Ergebnisse dieser Arbeit zeigen, dass das elektrochemische Verhalten 

von PTMA-basierten Elektroden stark von dem im System verwendeten Elektrolyten ab-

hängt. Daher ist eine sorgfältige Auswahl des Elektrolyten für jede Anwendung unerläss-

lich, um die Leistung von PTMA zu optimieren. Während niedrig konzentrierte Elektro-

lyte eine hohe Kapazität und Ratenfestigkeit bieten, verbessern Elektrolyte mit höheren 

Konzentrationen die Stabilität und das Selbstentladungsverhalten. Diese Optimierung 

ist auch für andere organische Batteriematerialien möglich und eine tiefgehende Unter-

suchung der Elektrolyt/Elektroden-Interaktion sollte ein Standard in der organischen 

Batterieforschung sein. Darüber hinaus sollte der Elektrolyt als Werkzeug für Elektro-

chemiker genutzt werden, um die Vorgänge im Inneren von Speichergeräten zu beein-

flussen und entsprechende Mechanismen zu beleuchten, wie im Fall des Selbstentla-

dungsverhaltens von PTMA in dieser Arbeit bewiesen. 
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1 Introduction 

1.1 Motivation 

 

The rapid increase of the world population is accompanied by a proportionally growing 

energy consumption and CO2 generation (see Figure 1) [1,2]. In order to limit the CO2 

production and therewith the greenhouse effect, it is evident that this high demand on 

energy should not be met by fossil fuels, but more and more by renewable resources 

like wind, biomass, solar, geothermal, hydropower and tidal [1]. Many of these energy 

sources are unsteady in supply. Therefore, it is necessary to store generated energy for 

later usage and grid stabilization. One possibility to do this is the use of electrochemical 

storage devices like batteries. The most advanced battery technology today is the lith-

ium-ion battery (LIB), which excels in both energy and power density [3]. The state-of-

the-art LIB consists of a graphite anode, a transition metal oxide cathode and a Li-salt 

like lithium hexafluorophosphate (LiPF6) dissolved in a mixture of organic carbonates 

e.g. ethylene carbonate/ dimethyl carbonate (EC/DMC) as electrolyte [3,4]. However, 

this setup deals with two main problems.  

 

Figure 1: Increase of annual world energy consumption, reprinted with permission from 
reference [1]. 
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Firstly, the established cathode active materials lithium nickel manganese cobalt oxide 

(NMC) and lithium cobalt oxide (LCO) rely on cobalt, which is on the list of critical raw 

materials [5–10]. Secondly, the utilized organic electrolytes are volatile and highly flam-

mable, which makes them the source of serious safety risks [11]. Consequently, the in-

troduction of new battery chemistries is of key interest for a sustainable energy supply. 

A battery concept, which could meet the requirements for this sustainable approach are 

organic batteries (OBs) utilizing redox active organic molecules or polymers (ROMPs) as 

electrode materials [11]. These materials perform electrochemical redox reactions and 

thereby can reversibly store and deliver charge. Due to their organic nature, ROMPs dis-

play very favorable properties in view of electrochemical energy storage and cell design. 

Among those are: a high theoretical gravimetric capacity, good safety, low cost, superior 

reaction kinetics, improved power, mechanical flexibility, property tailoring (e.g. redox 

potential, solubility, polarity), multi electron transfer reactions, abundant elements (C, 

H, O, N and S), production from renewable biomass resources and easy disposal [12–

17]. However, up to date ROMPs were not able to penetrate the energy storage market 

in a major way, since there are still many drawbacks and challenges, which need to be 

overcome. In the future, limitations like a low volumetric capacity caused by the intrinsic 

low density of ROMPs, the dissolution of solid organic electrode material into liquid elec-

trolytes (reduced cycling stability) and high self-discharge of some organic material clas-

ses need to be addressed [14,15,18–21]. 

The following introduction aims to provide an overview of materials, which have been 

used in OBs including the general classification of the compounds, the explanation of 

the exploited charge/discharge mechanisms and the consequent cell configurations in 

which organic materials are used. Afterwards, the general tasks of electrolytes in energy 

storage systems and the special role of the electrolyte in organic batteries are empha-

sized. This is followed by an overview of electrolytes, which have been investigated for 

the utilization with organic redox active materials. While doing so, a special focus will be 

set on organic stable radicals and especially poly(2,2,6,6-tetramethyl piperidinyl-N-oxyl-

4-yl methacrylate) (PTMA), which is the main active electrode material of this work. 

However, at first a general introduction to the working principles of batteries is given. 
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1.2 Energy Storage in Battery Systems 

 

Batteries are closed systems which convert chemical energy into electrical energy via 

the redox reactions at the two electrodes [22]. The electrode with the redox reaction at 

a lower redox potential is referred to as negative electrode (anode during discharge). 

The electrode where the redox reaction occurs at the higher redox potential is defined 

as positive electrode (cathode during discharge). Cathode and anode are connected by 

an external circuit. During the discharge process electrons move from the anode to the 

cathode through the external circuit. Therewith the anode is oxidized while the cathode 

is reduced. 

Anode and cathode are ionically connected by an electrolyte, which assures the move-

ment of ions between the electrodes and therewith charge compensation during the 

charge or discharge process. The importance of the electrolyte in this process is high-

lighted in section 1.5. The described processes during the discharge of a single battery 

cell are shown in Figure 2 [15]. 

 

Figure 2: General battery cell setup with anode, cathode and electrolyte during dis-
charge. 

Important parameters utilized for the characterization of a battery system are consid-

ered and defined below. 
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Cell Voltage V or E [V] 

𝑉𝑉 = 𝑉𝑉𝐶𝐶 − 𝑉𝑉𝐴𝐴 (1) 

𝑉𝑉𝐶𝐶  is the cathode potential and 𝑉𝑉𝐴𝐴 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝. Both are given in V. 

Theoretical capacity Qth [mAh g-1] 

𝑄𝑄𝑡𝑡ℎ =  
𝑛𝑛 × F
𝑀𝑀

 (2) 

 

𝑛𝑛 is number of transferred electrons, F is the Faraday constant (96485 C mol-1) and 𝑀𝑀 is 

the molar mass of the electrode material (anode or cathode) in g mol-1. 

Specific capacity Q [mAh g-1] 

𝑄𝑄 =  
𝑖𝑖 × 𝑡𝑡
𝑚𝑚

 (3) 

 

𝑖𝑖 is the applied current in mA, 𝑡𝑡 is the time in h and 𝑚𝑚 is the mass of the active material 

loaded on the electrode in g. 

Energy E [Wh kg-1] 

𝐸𝐸 = 𝑄𝑄 × 𝑉𝑉 (4) 

The energy of a battery is the product of charge 𝑄𝑄 stored inside the system and the 

average voltage 𝑉𝑉 at which the exploited redox reaction occurs. 

Power P [W kg-1] 

𝑃𝑃 =  𝑖𝑖 × 𝑉𝑉 =  
𝐸𝐸
𝑡𝑡

 (5) 

 

The power of a battery gives an information about how fast the energy of a battery can 

be stored or delivered. 
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Coulombic efficiency η [%] 

𝜂𝜂 =  
𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑄𝑄𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 × 100 % 
(6) 

The coulombic efficiency indicates the effectiveness of the charge/discharge process of 

a battery or electrode. This value should be near 100 % but can be decreased by parasitic 

processes or resistances in the cell. 

C-Rate [C] 

𝐶𝐶 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  
𝑖𝑖
𝑖𝑖1ℎ

 (7) 

 

In order to give information about how fast a battery or electrode is charged independ-

ent from the used active material, researchers use the C-rate. 𝑖𝑖1ℎ is the theoretical cur-

rent, which is needed for the full charge of a system in 1 h. Therewith 1C corresponds to 

the current 𝑖𝑖 applied to fully charge a battery or electrode in 1 h. 

Cycling stability [mAh g-1 or %] 

The cycling stability describes the loss of specific capacity 𝑄𝑄 after a certain number of 

cycles in comparison to the initial capacity displayed by the same electrode or battery. 

The cycling stability can be given in mAh g-1 or in %. 

Self-Discharge [%] 

The self-discharge of a battery is the spontaneous loss of charge due to parasitic reac-

tions inside the cell during a rest period and is calculated analog to the coulombic effi-

ciency. 
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1.3 Organic Redox Active Materials for Organic Batteries 

 

1.3.1 General Classification of ROMPs  

In general, ROMPs are organic materials (molecules or polymers), which can reversibly 

change their state of charge by exerting an electron transfer reaction of a redox active 

moiety (e.g. carbonyls, stable radicals, etc.) or by a doping process (conducting poly-

mers) [11,23,24]. With this change of charge state energy can be stored or released in a 

cell with a ROMP-based electrode. 

For a first classification, ROMPs can be divided into three different charge storage types, 

which are shown in Table 1. N-Type, which means during the charge/discharge process 

the compound alters between the electroneutral state (N) and the negative state (N-), 

P-type, where the active material moves from the neutral (P) to the positive state (P+), 

and bipolar materials (B), which can either be reduced or oxidized to both negative (B-) 

or positive (B+) state [12,25,26]. Depending on the used cell configuration, bipolar ma-

terials can be used as N- or P-type electrode materials. Nevertheless, due to their two 

possible reactions, the same bipolar material can be used as cathode as well as anode 

material in one cell. As highlighted in Table 1, the electrolyte of the electrochemical cell 

is deeply involved in the storage processes of all three ROMP types, since cations (C+) or 

anions (A-) are used for charge compensation. While doing so, in general any kind of ion 

is applicable for this charge compensation. This represents a significant difference be-

tween ROMPs and inorganic intercalation or insertion compounds in which the occur-

ring storage process is highly dependent on the used ion (e.g. Li+ and Na+) [27,28].  

Table 1: Change of charge state of N-, P- and B-type organic materials. 

Type Redox Reaction  

 

N-type 
 

 

P-type 

  
 

B-type 

 
 

N
-
C++e

-e-N + C+

P+A
--e-

+e-P + A
-

B B+A
--e- + A-

+e- - A-B
-
C+ +e- + C+

-e- - C+
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1.3.2 Possible Cell Configurations of ROMPs 

Considering the classification discussed in section 1.3.1, there are several possibilities to 

implement ROMPs in electrochemical storage systems [24,26]. 

All-Organic Storage Devices 

 
Figure 3: Possible cell configurations of all-organic storage devices. 

In all-organic storage devices, ROMPs can be integrated in 3 different ways as featured 

in Figure 3. A first possible configuration is the obvious combination of an N-type and a 

P-type ROMP. In the discharged state, both materials are in the electroneutral state. 

During the charging process, the N-type ROMP N is reduced and moves to its electro-

negative state N-. In this process, the charge compensation is assured by the insertion 

of cations from the electrolyte. In the meantime, the P-type ROMP is oxidized to the 

electropositive species and anions from the electrolyte are used for charge compensa-

tion in this electrode. For the discharge process the described processes are reversed. 

In this scenario the electrolyte functions as an ion-reservoir in which the salt concentra-

tion changes during cell cycling. 

A second configuration is represented by the combination of two N-type materials op-

erating at different reductive potentials. Here, in the discharged state one N-type ROMP 

is present in the electroneutral state (N1), while the other one is in the electronegative 

state (N2
-). Upon charging, N2 is oxidized to the electroneutral state, while N1 is reduced 

to the electronegative state. By that only the cation is needed for charge compensation 

and moves from one electrode to the other (N2 to N1). Therefore, the electrolyte acts as 

cation transport media in this case. 
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A third configuration is the combination of two p-type materials, which follows the same 

principles as the combination of two N-type materials. However, in this setup the anion 

moves between the two electrodes to provide charge compensation. Therefore, the 

electrolyte works as anion transport media. 

Metal-Ion-based Storage Devices 

 
Figure 4: Possible cell configurations of metal-ion-based organic storage devices. 

ROMPs can also be implemented in metal-ion-based storage devices. Figure 4 illustrates 

the possible cell configurations for these devices. A popular configuration is the combi-

nation of a metal-based anode (e.g. lithium, sodium, graphite etc.) with a P-type ROMP 

electrode, since this electrode combination results to the highest cell potentials for 

these devices. Upon charging the P-type is oxidized to the electropositive state with the 

subsequent insertion of anions provided by the electrolyte. In the meantime, metal-cat-

ions from the electrolyte are reduced at the metal electrode surface to the pure metal. 

Therewith, in total the concentration of ions in the electrolyte decreases while charging.  

Furthermore, N-type ROMPs can be used in combination with metal-based anodes. In 

this cell configuration both electrodes utilize the metal-cations during cycling. While 

charging, the N-type is oxidized from the electronegative state to the neutral one. In this 

case, metal-cations are transported in the electrolyte from the N-type to the metal-

based electrode, which is reduced during charging.  

The same metal-ion transport process is displayed in the combination of N-type ROMPs 

with a metal oxide material (e.g. LCO, NMC, LFP). While charging, the metal-cations dif-

fuse from the metal oxides, which are oxidized to the electroneutral state, to the N-type 

and inserted here.  
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Supercapacitors, Dual-Ion Batteries, Hybrid Devices 

 
Figure 5: Possible cell configurations of ROMPs in supercapacitors, dual ion batteries or 
hybrid devices. 

In order to achieve maximum cell voltage in supercapacitors, dual-ion batteries or hybrid 

devices, both P-type and N-type material should be in their electroneutral state at the 

discharged state of the electrochemical energy storage (EES) system. In this way, both 

P-type and N-type ROMPs alter from their electroneutral configuration to the positive 

or negative state upon cell charging. In the process, anions (P-type) or cations (N-type) 

are drawn from the electrolyte, while the counter ions are used in the other electrode. 

Hence, again the electrolyte acts as an ion-reservoir in these configurations. 

Resulting from Figure 3, 4 and 5, the electrolyte utilized for ROMPs is an essential active 

component, which can work in principle in two different ways. Either it transports one 

ion type (cation or anion) from one electrode to the other during battery cycling (ion 

transport) or it stores and provides ions for charge compensation of generated charges 

in the active materials (ion-reservoir). As explained above, ROMPs itself have no need 

for any distinct ions (unlike LIBs) as long as the used electrolyte is able to provide charge 

compensation in the charge/discharge process. This means for the realization of OBs, 

researchers can select from a wide range of possible electrolyte mixtures.  
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1.3.3 ROMP Classes  

The first prototype for an organic battery active material was proposed by Williams et. 

al. in 1969, where they combined dichloroisocyanuric acid (DCA) as cathode material 

with a lithium (Li) anode and 2M lithium perchlorate (LiClO4) in methyl formate as elec-

trolyte [29]. In the discharge of this primary battery system DCA is reduced to form the 

DCA anion and accept Li+ for charge compensation (N-type reaction), while the lithium 

anode is oxidized. Therewith this battery was able to deliver a discharge capacity of 

400 Wh kg-1. However, an average discharge voltage of only 3.1 - 3.2 V, efficiencies of 

60 – 70 %, solubility in the electrolyte and its primary nature made clear that this first 

proof of concept can only be the beginning for this new battery class. 

In the following decades, researchers all over the globe presented new organic active 

materials. Many of those can today be assigned to a few ROMP main classes. These im-

portant classes are conducting polymers (CPs), carbonyl compounds (CCs), organosulfur 

compounds (OSCs) and organic stable radicals (OSRs) (see Table 2). These materials dis-

play different storage mechanisms, favorable properties, as well as intrinsic challenges, 

which will be presented and discussed in this section 1.3.3. Furthermore, exploited re-

dox reactions for notable ROMP examples are given with corresponding key values of 

specific capacity and redox potential. Please note, that this section can only be an intro-

duction to the field of ROMPs, as in the last decades researchers introduced an over-

whelming number of materials. 
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Table 2: ROMP classes with corresponding subgroups, examples and general redox reac-
tions. 

ROMP Class Subgroups Redox Reaction 

 

Conducting 

polymers 

Polyacetylene  

Polypyrrole  

Polythiophene  

Polyaniline 

 

 

 

Carbonyls 

Quinones 

Carboxylates 

Imides 

Anhydrides 

 

 

 

Organosulfur 

compouns 

 

Disulfides 

 
  

Thioethers 

 

 

 

Stable 

 radicals 

 

Nitroxyl radical 

 

 

Phenoxyl radical 

 

1.3.3.1 Conducting Polymers 

First presented in 1977 with polyacetylene (PAc) [30], conducting polymers are among 

the first groups of organic active materials, which have been used for energy storage 

application [31–34]. After PAc, a variety of CP base structures has been presented by 

researchers. Some of the most investigated are polypyrrole (PPy), polythiophene (PTh) 

with its very prominent derivate poly(3,4-ethylenedioxythiophene) (PEDOT) and poly-

aniline (PAn) [35–42]. 

All conducting polymers have an overlap of adjacent π-orbitals in the polymer scaffold, 

which results in a semiconductor-like electronic band structure of valence and conduc-

C
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tion band. Therewith the polymer can provide electronic conductivity through the scaf-

fold. The charge storage within CPs relies on a highly delocalized doping process of the 

conjugated polymer backbone [43–45]. By oxidation (P-doping) or reduction (N-doping) 

of the CP delocalized positive charges (delocalized holes, P-type) or negative charges 

(delocalized electrons, N-type) are generated in the polymer. These charges are com-

pensated by counter ions from the electrolyte (see Table 2). Therewith, CPs are elec-

tronically as well as ionically conductive.  

This interesting storage mechanism via doping results in unique electrochemical storage 

properties for CPs. 

As already discussed above, CPs provide high electronic conductivities in the doped state 

compared to other ROMP materials (e.g. up to 1500 S cm-1 for PEDOT) [46]. Further-

more, they provide favorable kinetics in the charge/discharge process resulting to high 

current rates [45,47]. 

On the other side, CPs also deal with serious intrinsic drawbacks. Due to the conjugated 

structure, the charge centers of CPs are not separated. This leads to an interaction of 

the redox centers and results in redox potentials dependent on the doping degree of the 

CP and, therewith, in a sloping cell voltage during cycling [15,24,48]. 

Additionally, although CPs can reach high specific capacities when fully doped (one elec-

tron or hole per monomer unit), these high doping degrees are seldom reached. Most 

works addressing CPs speak of maximum doping degrees of 0.3 – 0.5 or even lower 

[12,15,49]. In this regard, also higher doping is possible, however, at high doping stages 

a destabilization of the polymer backbone is taking place and side reactions of the CP 

with other cell components like the electrolyte can occur [50–52]. In the following, key 

features and properties of some prominent CPs are presented in order to give examples 

and numbers for the above given information. Furthermore, the utilized storage mech-

anisms are shown to illustrate the processes and reactions during charge/discharge. 
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Table 3: Examples for conducting polymers with typical values of potential and specific 
capacity. 

Material Potential 

V vs. Li+/Li 

Specific Capacity 

(mAh g-1) 

Reference 

Polyacetylene 3-4 - 340/ + 48 [53]/ [54] 

 

Polypyrrole 3-4 82 [45] 

 

Polythiophene 3.1-4 82 [45] 

 

PEDOT 2.7-4.2 30-70 [45] 

 

Polyaniline 3-4 100-147 [45] 
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1.3.3.2 Carbonyl Compounds  

Due to their early discovery in 1969 and pioneering works presenting very promising 

features for EES application, CCs like quinones, imides, anhydrides and carboxylates are 

among the most popular ROMPs [29,55].  

CCs store charge in the molecular structure via the reduction of the C=O moiety to form 

a radical anion, which assigns the CCs to the N-type materials (see Table 2) [13]. Often 

two or more carbonyl groups have conjugated structures, which leads to the subsequent 

recombination of the generated radicals to form intramolecular bonds as seen in qui-

nones [13,56]. This process results to multivalent anions. The negative charges of the 

anions are compensated by cations from the electrolyte (Li+ or other metal-ions in most 

cases) [57]. Since the described charge storage process relies on a very distinct redox 

reaction of a redox active moiety in the groups, CCs (unlike CPs) show very stable redox 

potentials in energy storage application [25]. However, due to the separate redox cen-

ters CCs also display very low conductivities, which calls for conductive additives in elec-

trode fabrication [58]. 

Although they are N-type ROMPs, CCs have been mostly investigated as cathode mate-

rials in combination with a lithium anode [59–63]. Other approaches include the use of 

sodium, all-organic systems or at rarest other metals like aluminum [64–67]. In the case 

of all-organic devices, CCs can also be used as anode materials together with a P-type 

ROMP. 

In 1971 Alt et. al. were able to present very basic carbonyl structures like 1,4-benzoqui-

none (BQ), which displays a redox potential of 2.7 V vs. Li+/Li and a remarkable theoret-

ical capacity of 496 mAh g-1 [14,55]. Also other carbonyl structures, like anthraquinone 

(AQ), display a high capacity of 257 mAh g-1, since in these compounds a lot of charge is 

stored per molecular weight [68]. This results to high theoretical capacities. However, 

due to their organic nature, these small carbonyls tend to show strong dissolution in the 

standard organic LIB electrolytes, limiting the cycling stability of the EES system in which 

they are used [58,68]. Attempts to address this problem is the polymerization of small 

CCs. One successful example for this is poly(anthraquinonyl sulfide) (PAQS), which is a 

polymeric derivate of AQ. It delivers a reversible specific capacity of 220 mAh g-1 with 

redox potentials at 1.5 and 2 V vs. Na+/Na [64]. With the polymerization of the AQ a 
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significant higher structural stability and therewith cycling stability is achieved for PAQS, 

which results to a cycling stability near 100 % over 200 cycles at 5C in an organic elec-

trolyte [64]. However, this improvement in stability comes at the price of a reduced spe-

cific capacity, since a large amount of redox inactive mass is incorporated into the active 

material. 

Another approach to reduce the dissolution of these materials consist of the tuning of 

the polarity of the active materials, which is done for example in the case of carboxylates 

(mostly lithium salts e.g. dilithium terephthalate, DLT) [13,69–72]. With this concept, 

ionic groups are introduced into small redox active molecules to increase the polarity of 

the compound. This aims to reduce the solubility in organic electrolytes.  

Imides like dilithium pyromellitic diimide (DPD) or naphthalene diimide can also be used 

as N-type carbonyl compounds [25,73]. These materials can react in a two-step reduc-

tion (reduction with two electrons in each step) of which only the first is reversible and 

stabilized by the aromatic ring structure. The second reduction leads to decomposition 

of the redox system [74]. Therefore, in terms of energy storage only the first step is 

relevant. In order to achieve increased cycling stability also imides are polymerized to 

form the redox active material class of polyimides [75]. 

Another class of CCs are anhydrides like 3,4,9,10-perylene tetracarboxylic acid dianhy-

dride (PTCDA), which can be understood as oxygen analogues of imides [76]. In this sys-

tem upon the generation of the lithium enolate during charging, a conjugated system is 

formed in the perylene ring. A strong dissolution of PTCDA in 1M LiPF6 in EC/DMC can 

be prevented by embedding the active material in a sulfide polymer structure. There-

with, a stable capacity can be achieved for 300 cycles [76]. 
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Table 4: Examples for carbonyl compounds with typical values of potential and specific 
capacity. 

Material Potential 

V vs. Li+/Li 

Specific Capacity 

(mAh g-1) 

Reference 

Benzoquinone 2.7 496 [14,55] 

 

Anthraquinone 2.7 257 [68] 

 

PAQS 1.8 220 [64] 

 

DLT  0.8/1.4 300 [70] 
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DPD 1.5/1.9 200 [73] 

 

PTCDA 2.4 273 [76] 

 

 

1.3.3.3 Organosulfur Compounds 

Organosulfur compounds, which are usable for organic energy storage application can 

be divided into disulfides and polysulfides (DSs/PSs) as well as thioethers (TEs), which 

fundamentally differ in their redox mechanisms [14]. 

The redox reaction occurring in DSs/PSs involves the reversible breakage of the S-S 

bonds after the uptake of two electrons (N-type, see Table 2), which includes the charge 

compensation with two cations (again mostly metal-ions). During the reverse reaction, 

the S-S bonds are formed again. 

The first who presented this concept was the group of Visco et al. in 1988 with the in-

troduction of a molten tetraethylthiuram disulfide (TETD) electrode together with so-

dium [77]. This concept allows to use lower operative temperatures than the usual mol-

ten Na/S batteries [78]. Unfortunately, the reaction kinetics of the bond breakage and 

recombination are slow, which yields to a poor rate performance of the material shown 
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by a large peak separation in the cyclic voltammogram (CV) at a scan rate of 50 mV s-1 

[79]. Due to the bad kinetics a lithium cell utilizing a solution of TETD was only able to 

deliver 36 % of its theoretical capacity of 181 mAh g-1 at low current [68,80]. 

After the investigation of small disulfide molecules like TETD or 2,5-dimercapto-1,3,4-

thiadiazole (DMCT) [81], the incorporation of disulfides in polymer structures has been 

considered. This can be done on the one hand with the sulfides in the main chain like 

with DMCT mixed with PAn, which increases the kinetics of DMCT and leads to a capacity 

of 362 mAh g-1 [13,82]. On the other hand this is possible with disulfides in the side chain 

like with poly-2,2-dithiodianiline PDTDA [81] or poly(5,8-dihydro-1H,4H-2,3,6,7-

tetrathia anthracene) PDTTA, which exhibits a high specific capacity of 422 mAh g-1 and 

an improved cycling stability [83].  

Another approach to increase the capacity of disulfides is the introduction of more S-

atoms, which results in the term of polysulfides like dimethyl trisulfide (DMTS) [84,85]. 

This approach introduces more redox active centers and combines the concept of clas-

sical polysulfide electrodes with organic polymers. 

Unlike di- and polysulfides, the redox reaction of thioethers does not involve bond 

breakage, but an oxidation at the C-S-C thioether, which yields to a cationic radical sulfur 

group (P-type) [13]. The first thioethers have been presented by Zhang et al. in 2007 

[86]. In this work the two polymers poly(2-phenyl-1,3-dithiolane) (PPDT) and poly(1,4-

di(1,3-dithiolan-2-yl)benzene) (PDDTB) were synthesized and used as cathode materials 

in combination with a lithium anode. Especially PDDTB exhibited a high specific capacity 

of 378 mAh g-1 at two charge plateaus of 2.2 V vs. Li+/Li. Other examples for thioethers 

are thianthrene-functionalized polynorborene [87] or poly(3-vinyl-N-methylphenothia-

zine) PVMPT [88–90]. 
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Table 5: Examples for organosulfur compounds with typical values of potential and spe-
cific capacity. 

Material Potential 

V vs. Li+/Li 

Specific Capacity 

(mAh g-1) 

Reference 

TETD 2.7 65(181) [80] 

 

DMTS 2.1 720 [85] 

 

PDDTB 2.2 378 [86] 

 

 

1.3.3.4 Organic Stable Radicals  

Organic radicals in electrochemical energy storage application consist of a polymer back-

bone with radical groups attached to it, which can undergo redox reactions. In order to 

accumulate a sufficiently stable amount of those radicals into a polymer backbone, the 

unpaired electron needs to be inert towards other cell components like the electrolyte 

or towards the recombination with adjacent radicals [91,92]. This can be done either 

thermodynamically by delocalization of the radical electron or kinetically by isolation of 

the unpaired electron in the structure via bulky substituents [93]. Groups attached to 
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the polymer scaffold, which are used in this concept, are nitroxyl, phenoxyl and hydrazyl 

[92]. Due to the stabilization of the radical this group of ROMPs is described as organic 

stable radicals or organic radical polymers (ORPs). 

ORPs store charge via the transfer of the unpaired electron in the radical group (reduc-

tion for N-type, oxidation for P-type, see Table 2) [93]. Due to the simplicity of this elec-

tron transfer the rate of this reaction is usually very fast [91,94], which provides high 

power in EES application. Furthermore, since no significant change in the configuration 

of the polymer or pendent groups occurs during charge/discharge, they also provide 

high cycling stability [91]. 

Nitroxyl radicals are the first ORPs, which have been introduced for EES by the pioneer-

ing work of Nakahara et al. in 2002 [95]. In this important work, which at the time re-

vived the interest of researchers in the field of ROMPS, the redox active group 2,2,6,6-

tetramethyl piperidinyl-N-oxyl (TEMPO) was attached to a poly(methacrylate) polymer 

to form the ORP poly(2,2,6,6-tetramethyl piperidinyl-N-oxyl-4-yl methacrylate) (PTMA). 

In this work and in following studies, PTMA proofed a specific capacity close to the the-

oretical value of 111 mAh g-1 with a stable redox potential of 3.6 V vs. Li+/Li, high cycling 

stability, a coulombic efficiency near 100 % and high rate capability [20,95–104]. The 

main drawback of PTMA-based electrodes is their high self-discharge rate, which limits 

the application in real EES systems [20,102,105–107]. Nevertheless, PTMA can currently 

be regarded as the state-of-the-art ORP. Note that PTMA is only used as P-type material, 

as only the oxidation of the nitroxyl to the oxoammonium cation is reversible. The de-

scribed N-type reaction to the aminoxyl anion is irreversible [92]. 

A popular alternative nitroxyl radical group to TEMPO is 2,2,5,5-tetramethyl-1-pyrroli-

dine-N-oxyl (PROXYL), which is represented for example in the poly(2,2,5,5-tetramethyl-

3-oxiranyl pyrrolidine-N-oxyl ethyleneoxide) (PTEO), which is able to deliver a specific 

capacity of 146 mAh g-1 at 3.5 V vs. Li+/Li [108]. 

Although the vast majority of ORPs is related to the use of nitroxyl groups [109–111], 

there are other examples like phenoxyl radicals, which operate as N-type materials with 

the reduction to the phenolate (see Table 2) [112–114]. The most prominent repre-
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sentative among phenoxyls is the galvinoxyl active group utilized for example in poly(gal-

vinoxylstyrene) (PGS), which displays a specific capacity of 42 mAh g-1 at a redox poten-

tial of 3.15 V vs. Li+/Li [112,115]. 

Table 6: Examples for organic radical polymers with typical values of potential and spe-
cific capacity. 

Material Potential 

V vs. Li+/Li 

Specific Capacity 

(mAh g-1) 

Reference 

PTMA 3.6        111 [20] 

 

PTEO 3.5 146 [108] 
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PGS 3.15 42 [115] 

 

 

1.4 A Detailed View on PTMA 

 

This thesis performs a detailed analysis on the performance of PTMA in dependence of 

the utilized electrolyte media. Since 2002, PTMA became one of the standard ORPs in 

OB research. Section 1.3.3.4 already explained the redox mechanism exploited in PTMA 

and gave an overview of the performance of PTMA in current literature. The values given 

there, however, are mostly reported for the PTMA cathodes in combination with a lith-

ium-based anode and the standard electrolyte 1M LiPF6 in EC/DMC in a coin cell setup. 

The Swagelok type cell setup utilized in the results and discussion part (section 2) of this 

work differs significantly from this cell design (see Appendix A1) and has been main-

tained for the entire number of publications presented in section 2 in order to ensure 

comparability of the results. Therefore, it is important for the reader to get an insight 

into the general performance of PTMA in the utilized setup of this work. 

To provide this insight, Figure 6 illustrates an overview of the electrochemical behavior 

of a PTMA composite electrode in combination with the alternative electrolyte 1M 1-

butyl-1-methylpyrrolidinium tetrafluoroborate (Pyr14BF4) in PC. This aims to introduce 

the characteristics of the active material PTMA to the reader and to give a standard to 

compare to the results of the following publications of this work.  
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Figure 6: Electrochemical performance of a PTMA-based composite electrode in 1M 
Pyr14BF4 in PC: A) CV at a scan rate of 2 mV s-1, B) Charge/discharge profile E vs. t at 
current density of 1C, C) Voltage profile E vs. Q at current density of 1C, D) Rate capability 
at current density of 0.2C to 50C, E) Cycling stability for 150 cycles at 1C, F) Self-discharge 
behavior E vs. t at a charge current density of 1C and 1 day of rest. 

Figure 6A displays the cyclic voltammogram of a PTMA-based composite electrode in 

1M Pyr14BF4 in PC at a scan rate of 2 mV s-1. In this graph PTMA exerts one reversible 

redox peak couple with only minor peak separation of oxidation and reduction also at 

relatively high scan rate. This can be accounted to the fast one electron exchange reac-

tion described in 1.3.3.4. The average redox potential of the reaction can be found at 
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0.85 V vs. Ag (3.85 V vs. Li+/Li), which is 0.25 V higher than the standard value given in 

literature [20].  

Figure 6B presents the charge/discharge profile (cell potential E vs. time t) of a PTMA-

based electrode in 1M Pyr14BF4 in PC cycled between 0.3 and 1.4 V vs. Ag with a current 

density of 1C (the calculation of 1C is based on the theoretical capacity of PTMA of 

111 mAh g-1). As visible in Figure 6B, PTMA shows a very distinct stable redox plateau at 

0.85 V vs. Ag for both charge and discharge process. With a current of 1C a full cycle of 

the electrode (charge and discharge process) should last 120 min when 100 % of the 

theoretical capacity is accessible. In this graph, the cycle ends at 102 min, which corre-

sponds to 85 % of the expected value. The coulombic efficiency, however, is near 100 %. 

Figure 6C presents the charge/discharge behavior of a PTMA-based electrode in 1M 

Pyr14BF4 in PC as well. In this case the cell potential E is not plotted with respect to the 

time, but the specific capacity Q displayed by the cell. The redox potential is located at 

0.85 V vs. Ag. The discharge capacity is observed at 93 mAh g-1, which is 84 % of the 

theoretical capacity. The reduced capacity can be explained by the lower conductivity of 

1M Pyr14BF4 in PC (8.36 mS cm-1 at 20°C) compared to the values of the standard of 1M 

LiPF6 in EC/DMC. The coulombic efficiency is close to 100 %. 

Figure 6D shows the rate capability of a PTMA-based electrode in 1M Pyr14BF4 in PC from 

0.2C to 50C, which highlights the ability of the active material to work at elevated cur-

rents. At 50C, PTMA still displays 77 % of the capacity received at 0.2C, which once again 

emphasizes the fast kinetics of this organic stable radical. 

Figure 6E presents the cycling stability of PTMA in 1M Pyr14BF4 in PC over 150 charge/dis-

charge cycles at a current density of 1C. In the graph a very stable discharge capacity at 

87 mAh g-1 is found for the whole measurement period, which indicates a negligible de-

composition of the PTMA electrode in this system. 

Figure 6F displays the self-discharge behavior of PTMA in 1M Pyr14BF4 in PC after charg-

ing at 1C and 1 day of rest. The self-discharge of PTMA at rest shows an immediate drop 

to the redox potential of PTMA after charging, which is followed by a slow decrease in 

potential. This indicates a slow loss in capacity over the whole rest time. After 24 h, the 

loss in capacity results to 13 % of the initial stored charge.  
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1.5 Publication 1: A Critical Analysis about the Underestimated Role of 

the Electrolyte in Batteries Based on Organic Materials  

 

1.5.1 The Importance of the Electrolyte for Organic Materials 

The electrolyte is a key component in all EES devices, since its core task, which is to 

ensure the movement of ions between the electrodes and at the same time prevent the 

transport of electrons within the cell, is needed in all systems. During the charge/dis-

charge process the two electrodes are connected via an external circuit, which allows 

the electron exchange between them and therewith the exploitation of electrical work/ 

energy. In this process, the electrolyte provides the diffusion of counter ions to the elec-

trodes in order to allow charge compensation and therewith closes the inner circuit of 

the cell. Thus, it can be stated that the electrodes determine how much energy an elec-

trochemical cell can provide, while the electrolyte among other factors heavily influ-

ences how fast this energy can be delivered due to its transport properties. At the end 

of the day, this also affects the power of the considered system [4]. 

The state-of-the-art electrolytes for batteries consist of a conductive salt dissolved in a 

liquid organic solvent. Nevertheless, also other electrolyte types like solid electrolytes, 

polymer electrolytes, ionic liquids (ILs) or solvent in salt mixtures, have been proposed. 

Independent from the nature of the used electrolyte, they all should meet similar prin-

cipal properties for the application in electrochemical storage devices (see Table 7) 

[4,116]. 
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Table 7: Desired properties for electrolytes for modern EES. 

 

Desired Electrolyte Properties 

 

  

 1) High ionic conductivity 

 2) Electronic insulator 

 3) Wide electrochemical stability window 

 4) Mechanical, thermal, and chemical  

     stability 

 5) Wide operative temperature window 

 6) Environmentally friendly 

  
 

In order to provide these general requirements on electrolytes the utilized solvents and 

ions should display very distinct features (see Table 8) [116]. 

Table 8: Desired properties for solvents and ions to form efficient electrolytes. 

 

Solvents 

 

 

Ions 

 

 

High dielectric constant 

 

Complete dissociation 

Low viscosity High conductivity/ ion mobility 

Inert Inert 

Wide temperature range Stable towards oxidative or  

reductive decomposition 

Nontoxic Nontoxic 
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These requirements are of course also given for the utilization of ROMPs in all cell con-

figurations introduced in 1.3.2.  

On the other hand, due to the variety of ROMPs and their very different storage mech-

anisms presented in 1.3.3, it is evident that a careful examination of the electrolyte is 

necessary for every ROMP. In practical this means that an electrolyte optimized for car-

bonyl compounds, does not necessarily be beneficial for the use in combination with 

organic stable radicals. This is true for every different organic active material. 

In contrast to that for a long time, the main research effort targeting ROMP-based de-

vices was dedicated to the development of new redox active materials. Compared to 

that only minor work has been done towards the improvement of the electrolyte for 

OBs [19,117]. Only in the last decade researchers began to understand that due to the 

different storage mechanisms and properties of ROMPs the electrolyte affects the per-

formance of new developed organic materials in a major way [19]. Therefore, there is 

no universal electrolyte for organic materials like often proposed for the standard LIBs 

[116,118,119]. With this enlightenment the number of studies in this direction increased 

rapidly beginning from 2010 (see Figure 7). 
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Figure 7: Number of published articles with the topic: “organic redox active electrode 
materials” and “electrolyte for organic redox active electrode materials” per year (de-
rived from web of knowledge 18.03.2021). 

 

Section 1.5.2 provides an introduction to the state-of-the-art electrolytes for ROMPs and 

highlights innovative electrolyte approaches, which aim to improve the performance of 

ROMPs. 
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1.5.2 Electrolytes used in Organic Batteries 

1.5.2.1 State-of-the-Art Organic Electrolytes 

The majority of research on ROMPs has been done considering organic electrodes as 

part of LIB technology (in smaller numbers also sodium-ion battery (SIB) and other met-

als) [11–13,15,25]. Therefore, in most cases ROMP-based electrodes have been used in 

combination with some kind of LIB or SIB electrodes and the optimized electrolytes used 

for these systems have been adopted for OBs. 

Electrolytes for LIBs frequently used in literature utilize Li-salts like lithium hexafluoro-

phosphate (LiPF6), lithium perchlorate (LiClO4), lithium tetrafluoroborate (LiBF4) or lith-

ium bis(trifluoromethylsulfonyl)imide (LiTFSI) [116]. Among those salts LiPF6 is the most 

common representative, as it provides a very good mix of ion mobility, ion dissociation 

and SEI forming ability [4,116,119]. 

Regarding the organic solvent the most common used representatives are mixtures of 

linear and cyclic carbonates like ethyl methyl carbonate (EMC), dimethyl carbonate 

(DMC), propylene carbonate (PC) and especially ethylene carbonate (EC) [3,4,118,119]. 

The state-of-the-art mixture is a combination of EC and DMC in the ratio 1:1. In this mix, 

EC provides a high dielectric constant of 85.1 in order to sufficiently dissolve the con-

ducting salt (LiPF6). Unfortunately, at room temperature EC is still solid and displays an 

only moderate viscosity of 1.9 mPa s even at elevated temperature of 40°C [4,19]. There-

fore, DMC with a low viscosity of 0.59 mPa s is used to lower the viscosity of the elec-

trolyte. DMC cannot be used alone, since with a polarity of 3.1 is not suitable for efficient 

dissociation of the conducting salts. 

With these considerations, 1M LiPF6 in EC/DMC (1:1) (LP30) is the state-of-the-art elec-

trolyte for commercial LIBs and can, at this time, also be regarded as the standard for 

ROMP-based EES devices. At 25°C LP30 displays a conductivity of 10.7 mS cm-1 and a 

viscosity of 5.1 mPa s [120]. 

For these reasons also works targeting all-organic devices often use these-state-of-the-

art electrolytes, although in these systems there is no distinct need for metal-ions. Re-

searchers working on the development and optimization of ROMPs are often tempted 

to do so, since electrolytes like 1M LiPF6 in EC/DMC are established and the obtained 
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results for ROMPS are comparable to literature values, which used the same electrolyte 

[64,121–123]. 

 

1.5.2.2 The Need for Innovative Electrolytes 

Although the described standard organic electrolytes allow high performance for ROMP 

systems in terms of specific capacity, there are associated to serious risk in safety due 

to toxicity and flammability of their components (solvent and salt) [11]. 

Furthermore, since these state-of-the-art electrolyte systems are mainly designed for 

the needs of inorganic LIB electrodes, they do not meet the special requirements of 

ROMPs. For instance, in these systems major aims are the maximization of the Li+ move-

ment during charge/discharge as well as the formation of a solid electrolyte interface 

(SEI) in the first cycles. Both aspects, however, are not needed in all-organic devices. 

Additionally, there is the problem of dissolution of small organic molecules in the state-

of-the-art electrolytes, which causes serious limitations regarding cycling stability and 

life time of ROMP devices [19]. Furthermore, dissolved active groups can promote self-

discharge in the affected devices. Ways to address these issues are polymerization, 

crosslinking or the introduction of ionic groups to the active materials [12,13,15,19,124]. 

However, these attempts reduce the energy density of the ROMPs by increasing the 

molar mass of the active material.  

Therefore, there is the need for innovative, tailor-made electrolytes, which address the 

specific limitations (like cycling stability or self-discharge) of specific organic active ma-

terials. As already discussed above, this aspect of OB development has been underesti-

mated for a long time and in current literature there is a lack of such thoughtful electro-

lyte selections for ROMP-based systems. However, a few works in this regard exist of 

which a short introduction is given below. 
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Alternative organic Electrolytes 

One way to prevent the dissolution of organic active material is the use of alternative 

organic electrolytes. This includes the application of organic solvents with opposite po-

larities compared to polarity of the used organic active material. Therewith the solubility 

of the active ROMP can be reduced significantly [125–127]. This was exploited in the 

case of the high polarity carboxylate DPD in combination with 1M LiTFSI in DMC as sol-

vent, which displays a low polarity of 3.1 [127]. With this approach a stable cycling be-

havior was obtained for this active material [73]. 

Another valid approach for innovative organic electrolytes is the use of highly viscous 

electrolytes. Here the aim is to use an electrolyte with reduced mobility in order to sup-

press dissolution of electrode material and therewith increase the cycling stability [128–

130]. A good example for the is 1M LiTFSI in tetraethylene glycol dimethyl ether 

(TEGDME), which improved the cycling stability of a DLT electrode by more than 20 % in 

comparison to the standard LP30 [129]. 

Following the same concept is the utilization of highly concentrated organic electrolytes. 

With the saturation of the electrolyte solution the further dissolution of other materials, 

which includes the ROMP of the electrodes, is reduced. Therewith, the cycling stability 

of ROMP systems can be increased in a major way [131–134]. Thus, with 7M LiClO4 in 

EC/PC as electrolyte increased cycle life was found for a cuprous tetracyano quinodime-

thane (CuTCNQ) cathode compared to lower concentrations of 1, 3 and 5M with the 

same components [133]. 

Another point worth mentioning for ROMPs in combination with organic electrolytes is 

the possible operation at extreme temperatures. For example, there are reports of 

ROMP-based systems in combination with organic electrolytes reaching sufficient en-

ergy storage behavior operating at temperatures as low as - 80°C [135,136]. In this re-

gard, Zhan et. al. presented an all-organic device utilizing polyimide (PI) and polytri-

phenylamine (PTPA) as active materials in combination with 1M 1-ethyl-3-methylimid-

azolium bis(trifluoromethylsulfonyl)imide (EMIMTFSI) in a mixture of acetonitrile (ACN) 

and methyl acetate (ratio 1:1). This system was able to deliver more than 80 mAh g-1 at 

-80°C, while for PI and PTPA in 1M LiPF6 in EC/DMC only 25 mAh g-1 have been obtained 
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at -20°C [136]. Such a performance at low temperatures is hardly imaginable for other 

electrolyte concepts. 

Aqueous Electrolytes 

Next to the usage of organic electrolytes is the application of water-based electrolytes 

as environmentally friendly and safe alternative. However, these systems of course suf-

fer from the reduced electrochemical stability window of 1.23 V. To overcome this draw-

back the so-called water-in-salt approach is used, which expands the electrochemical 

stability window to a feasible range as shown in a 2 V all-organic device utilizing PTPA 

and 1,4,5,8-naphthalenetetracarboxylic dianhydride-derived polyimide (PNTCDA) in 

21M LiTFSI in water [137]. Due to the increased salt concentration again the solubility 

of ROMPs in the electrolyte can be suppressed [137,138].   

Furthermore, aqueous electrolytes offer the opportunity to optimize the pH value of the 

electrolyte by using acids or bases in the solution. Tuning the pH value of an electrolyte 

allows to implement ROMPs together with different active materials in aqueous media, 

which are in need of certain pH values to work such as PbO2, LiMn2O4 or Ni(OH2)[139]. 

Ionic Liquid Electrolytes 

The last class of liquid electrolytes worth mentioning in this brief overview is the one of 

ionic liquids (ILs), which can be seen as the subsequent conclusion of the use of highly 

concentrated electrolytes. Ionic liquids are salts with a meting point below 100°C 

[140,141]. ROMPs used with ILs display increased cycling stability due to the high viscos-

ity and high concentration of ions in the electrolyte due to the hindered dissolution of 

the active material [142–146]. With this approach it was possible to reach cycle numbers 

as high as 5000 cycles for a PI/ PTPA metal-free device in pure EMIMTFSI [143]. However, 

the improvement in cycling stability often comes with a decrease in specific capacity due 

to the lower conductivity of ILs compared to classic salt and solvent mixtures. 

Solid State Electrolytes 

The most straight forward attempt towards reducing the solubility of ROMPs are solid 

state electrolytes like oxides, sulfides, spinels or polymers [147]. With the use of solid-

state electrolytes for ROMPs high cycling stability and improvement in safety can be 
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achieved [148–151]. An interesting approach in this direction is the use of plastic crys-

tallizers like succinonitrile (SCN), which can work as a Na+ conductor. In a 2.4 V all-organic 

cell with PAn and PAQS as active materials a stable cycling even at elevated current was 

achieved [151]. For the sake of higher performance in rate capability and specific capac-

ity also a compromise between all-solid-state and liquid electrolytes has been done. This 

approach is referred to as quasi-solid-state electrolytes or in the case of polymers gel 

polymer electrolytes [152–154]. 

As shown here, researchers began to emphasize the use of innovative electrolytes to 

improve the behavior of ROMPs in EES application and even surpass the performance of 

conventional energy storage systems. However, it is also evident that this research of 

the last decade is done in small steps as often still LIB-based salts or solvents are used 

even in novel concepts. In the future a bigger leap towards ROMP tailored electrolytes 

is necessary. 

This paragraph only gave an introduction for alternative electrolytes used for ROMPs. 

More specific details on electrolyte concepts and examples are given in publication 1. 

 

1.5.3 Electrolytes used for PTMA 

As already mentioned above, the standard electrolyte for ROMPs is 1M LiPF6 in EC/DMC. 

This is also true for PTMA, especially considering the early works on the material 

[95,97,98,100,101]. More seldom also a mixture of EC/DEC is used with the same con-

ducting salt [20,99]. However in more recent works (the last decade), also other electro-

lytes like tetraethylammonium tetrafluoroborate (Et4NBF4) in ACN are utilized 

[96,102,103]. Especially also the application of IL-based electrolytes has to be men-

tioned for PTMA although most of these attempts have still been made with Li+ salts like 

lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) in 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide (Pyr14TFSI) [142,144]. Furthermore, also polymer elec-

trolytes were used in minor numbers [155]. Thus, it can be stated that at the current 

point the research regarding the electrolyte for PTMA is rather one-sided. Li-salts with 

carbonates in the concentration of 1M represent the majority of the literature. With this 

in mind it is clear that there is a lack of other directions to go in terms of the electrolyte 
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for PTMA. Only with this approach statements on influence of the cation, anion, con-

centration, solvent, conductivity, viscosity and other characteristics of the electrolyte on 

the electrochemical behavior and performance of PTMA are possible. 
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1.6 Aim of the Work 

 

In section 1.1 it has been highlighted that a sustainable energy supply for human society 

calls for innovative energy storage devices meeting the requirements for our future en-

ergy handling. 

Section 1.3 presented several redox active organic molecules and polymers, which could 

fit to those requirements. A lot of those materials have already been investigated in-

tensely and optimized from a material design point of view. 

However, coming from section 1.5, it is obvious that not only novel materials have to be 

found, but also innovative electrolytes, which act as an active component in organic en-

ergy storage devices and tremendously affect the performance of ROMPs. Not many of 

these studies have been considered so far compared to the number of works targeting 

the material point of view. Therewith there is a lack of information about the interac-

tions of ROMPs and different task specific electrolytes used for those systems. 

The aim of this work is to address exactly this topic. The redox active radical polymer 

PTMA, which was studied extensively since 2002, has been tested in combination with 

several different electrolytes. In doing so, each work targets a different aspect of the 

important interactions of electrolyte and active material. These are the influence of the 

electrolyte composition, the influence of the electrolyte concentration, subsequent the 

influence of different types of ionic liquids and finally a more specific work aiming for 

the interesting influence of the electrolyte on the self-discharge on PTMA at different 

charge/discharge conditions. Each study aims to clarify the interactions of PTMA in these 

different electrolyte environments and draws conclusions for the big picture of ROMPs 

in energy storage application. 
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2 Results and Discussion 

 

2.1 Publication 2: The influence of the electrolyte composition on the 

electrochemical behaviour of cathodic materials for organic radical 

batteries 

 

Publication 2 reports an investigation about the influence of the electrolyte composition 

on the electrochemical behavior of PTMA. 

PTMA has been tested thoroughly with LIB electrolytes in the past. However, as ex-

plained above the energy storage mechanism of PTMA itself has no need for any specific 

ion in the electrolyte. Thus, the restriction to only use Li+ as cation and corresponding 

anions like PF6- represents a limitation of choices made by current research. One goal of 

this work was to overcome this limitation and extend the number of tested electrolytes 

for PTMA. Furthermore, as the introduction part of this thesis clarified, the electrolyte 

has to be seen as an active component in EES devices. Therefore, significantly different 

performances are to be expected in electrolytes with different ions, solvents and 

transport properties. 

To shed light on this underestimated aspect, in the first half of this work we decided to 

present the performance of PTMA-based electrodes with a selection of three different 

alternative metal free electrolytes. 

The selected electrolytes are 1M 1-butyl-1-methylpyrrolidinium bis(trifluoromethyl-

sulfonyl)imide (Pyr14TFSI) in PC, tetraethylammonium bis(trifluoromethylsulfonyl)imide 

(Et4NTFSI) in PC and neat Pyr14TFSI, which can also be used without solvent, since it is an 

ionic liquid. These model electrolytes have been used in high power supercapacitors and 

proved feasible performance in this application [156,157]. Since the presented electro-

lytes display very different transport properties with viscosities of 5.1, 4.6 and 90 mPa s 

and conductivities of 7.3, 9.1 and 2.2 mS cm-1 (in the order of 1M Pyr14TFSI in PC, 1M 

Et4NTFSI in PC and Pyr14TFSI) , PTMA displays a very different electrochemical behavior 

in each of them [157–159]. 
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At first, after CV measurements, the diffusion coefficients of the PTMA half-cell systems 

are calculated via the Randles-Sevcik equation [160]: 

𝑖𝑖𝑝𝑝 = 0.4463 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 �
𝑛𝑛F𝑣𝑣𝑣𝑣

R𝑇𝑇 �
1
2
 

(8) 

Where 𝑖𝑖𝑝𝑝 is the peak current in the CV in A, 𝑛𝑛 is number of transferred electrons in the 

redox reaction (here 1), F is the Faraday constant (96485 C mol-1), 𝐴𝐴 is the area of the 

working electrode in cm2, 𝑐𝑐 is the concentration in mol cm-3, 𝑣𝑣 is the scan rate in V s-1, 

𝐷𝐷 is the diffusion coefficient in cm2 s-1, R is the universal gas constant (8.314 J K-1 mol-1) 

and 𝑇𝑇 is the temperature in K. By summarizing all terms except of the scan rate 𝑣𝑣 into a 

factor 𝑎𝑎, this equation simplifies to 

𝑖𝑖𝑝𝑝 =  𝑎𝑎𝑎𝑎𝑏𝑏 (9) 

 

By plotting the logarithm of 𝑖𝑖𝑝𝑝 versus the logarithm 𝜈𝜈 the b-value of a system can be 

determined. A b-value of 0.5 indicates a diffusion-controlled system, while a value of 1 

would suggest a surface-controlled process [161]. In this study b-values of 0.66, 0.65 and 

0.58 were found for 1M Pyr14TFSI in PC, 1M Et4NTFSI in PC and neat Pyr14TFSI respec-

tively, which emphasizes a diffusion-controlled process in all three systems.  

Afterwards the behavior of PTMA-based electrodes during charge/discharge has been 

examined. At a current density of 1C, the PTMA cycled in 1M Pyr14TFSI in PC displays the 

highest specific capacity of 100 mAh g-1, followed by 1M Et4NTFSI in PC with 75 mAh g-1. 

The lowest capacity is displayed by PTMA in neat Pyr14TFSI with 60 mAh g-1. This low 

value can be explained by the high viscosity and low conductivity of this IL. The cou-

lombic efficiency is near 100 % for all systems. 

In rate capability tests up to 10C, PTMA in combination with the organic electrolytes is 

able to retain 90 % of their initial capacity displayed at 0.2C. In the neat IL only 50 % are 

kept at 10C. 

In cycling stability tests carried out at a current density of 1C (100 cycles) PTMA displays 

a very stable behavior in all electrolytes. However, in float tests a different picture is 

observed. Floating means to hold the potential of an electrochemical cell at a certain 

value (1.1 V vs. Ag in this work) for a certain amount of time, in order to test the system 
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in stressful conditions. In this study after 80 h of floating, PTMA displays a very different 

behavior in all three electrolytes. The worst can be seen in 1M Et4NTFSI where 60 % of 

the initial capacity is lost, which indicates an electrode decomposition at elevated po-

tentials. After 80 h of floating in 1M Pyr14TFSI in PC, PTMA is able to keep 100 % of its 

specific capacity. Therefore, no decomposition can be seen here. In neat Pyr14TFSI the 

capacity even increases over time at 1.1 V vs. Ag. This behavior can be explained by an 

increase of accessible active sites of the PTMA electrode by the viscous electrolyte. 

Another test where the beneficial effect of the IL electrolyte can be observed is the self-

discharge of PTMA. After three days of self-discharge, all charge is lost when PTMA is 

used in 1M Et4NTFSI in PC. In 1M Pyr14TFSI in PC, 30 % of the stored charge is lost after 

3 days. In the IL on the other side, PTMA is able to retain 90 % of its initial charge. 

After these first evaluations in a half-cell setup, we decided to test PTMA in a hybrid 

device together with an activated carbon (AC) electrode in 1M Pyr14TFSI in PC and 

Pyr14TFSI. In this work, already in several paragraphs it has been mentioned that for 

PTMA itself the use of Li-ion-based electrolytes is not necessary. However, this is obvi-

ously not given for PTMA in combination with a LIB-based anode. Therefore, in order to 

emphasize the findings and statements made in publication 2 for PTMA in alternative 

metal-free electrolytes, an introduction of novel EES systems e.g., all-organic or hybrid 

devices is needed. 

In this hybrid device one of the electrodes displays a faradic energy storage process 

(PTMA), while the other one stores energy via a non-faradic process (AC), which is the 

accumulation of ions on the surface of the electrode (double layer) in this case. This 

combination results to a device displaying characteristics between classical batteries 

and supercapacitors. We decided to use PTMA in combination with an AC electrode in 

order to exploit the high rate capability of PTMA, which marks one of the big benefits of 

ORPs and aligns with the characteristics of AC electrodes. 

In this study both hybrid devices have been cycled at a current of 10C between 0 - 2 V. 

The results of the charge/discharge measurements confirm the expectations drawn 

from the PTMA-electrode tests. The hybrid device containing 1M Pyr14TFSI in PC displays 

a maximum energy of 23 Wh kg-1 and power of 0.37 kW kg-1 after 500 cycles. The hybrid 

device containing Pyr14TFSI needs 1300 cycles to reach its maximum at 7.5 Wh kg-1 for 
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the specific energy and 0.4 kW kg-1. This emphasizes the better transport properties in 

the organic electrolyte in the hybrid devices as well. 

On the other hand, the IL-based electrolyte provides high stability of the PTMA electrode 

in comparison to organic electrolytes also in this application during long term cycling at 

elevated current densities. After 10000 cycles at 10C, the PTMA electrode in Pyr14TFSI 

retains 87 % of the initial capacity, while the electrode in the organic pendants decreases 

to 30 %.  

The findings of publication 2 emphasize the strong impact of the nature of the electro-

lyte on the electrochemical behavior of PTMA in half-cell configuration as well as in com-

bination with an AC electrode in a hybrid full-cell.  

On the one side, although in all electrolytes the same anion has been used, a strong 

influence of the utilized conducting salt was observed. With these findings it is evident 

that also the choice of the cation influences the performance of the P-type PTMA in this 

setup, which is rather counter intuitive. This aspect of publication 1 highlights that a 

careful investigation of electrolytes for ROMPs is needed to elucidate every aspect of 

material-electrolyte interaction. 

On the other side a clear impact of the presence of an organic solvent was found. In 

organic electrolytes a general better performance in regard of specific capacity and rate 

capability was found, while the absence of an organic solvent in the IL-based electrolyte 

ensures stability at elevated potentials and low self-discharge rates. These findings high-

light that even for the same OB system different electrolyte concepts should be used in 

order for the ROMPs to fulfill the requirements of the specific application. 

One of the alternative applications is the realization of hybrid devices, which was exam-

ined in this work. The results of energy and power density here show that already with 

little optimization in cell design working alternative energy storage concepts can widen 

the possible application for PTMA and ROMPs in general enormously. This increase in 

application possibilities again increase the number of possible electrolytes, which calls 

for detailed consideration of novel electrolyte systems. 
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2.2 Publication 3: Influence of the salt concentration on the electro-

chemical performance of electrodes for polymeric batteries 

 

From the previous investigations, it was evident that the electrolyte has a big influence 

on the performance of PTMA electrodes. At the same time, the results of PTMA elec-

trodes in neat IL gave an indication that also the concentration of the electrolyte might 

affect the behavior of the electrode. At this point it is again worth mentioning that the 

consideration of different concentrations (other than 1M) in organic electrolytes is pre-

dominantly ignored by the majority of studies addressing the electrochemical perfor-

mance of ROMPs and specifically PTMA. However, considering that the electrolyte is an 

active component in all EES devices, it is evident that this aspect should play a huge role 

in the device performance.  

Therefore, in publication 3 it was our aim to clarify the influence of the electrolyte con-

centration on the electrochemical behavior of PTMA electrodes. In this regard we pre-

pared three electrolytes dissolving 1, 2 and 3M 1-butyl-1-methylpyrrolidinium tetra-

fluoroborate (Pyr14BF4) in PC. This salt/solvent combination was chosen because of the 

very high solubility of Pyr14BF4 in PC. The utilization of these electrolytes allows the re-

alization of a model electrolyte matrix with tuned properties. The displayed conductivi-

ties of the 1, 2 and 3M electrolyte at 20°C are very similar at 8.26, 8.84 and 8.65 mS cm-1, 

respectively. The viscosities at 20°C on the other hand show significant differences (3.56, 

6.66 and 16.33 mPa s) for 1, 2 and 3M Pyr14BF4 in PC, respectively. 

During CVs carried out at 2 mV s-1 no significant impact of the electrolyte concentration 

was found. This was also the case for the voltage profiles at 1C at which PTMA in 1 and 

2M Pyr14BF4 in PC present the capacities of ca. 90 mAh g-1, while in 3M it is reduced to 

82 mAh g-1.  

The biggest influence of the different transport properties of the three electrolytes on 

the charge/discharge performance was found in the rate capability tests. At a current of 

10C the capacity retention results to 90 % for 1M, 80 % for 2M and 70 % for 3M Pyr14BF4 

in PC. With these values the influence of the electrolyte viscosity on the cell kinetics is 
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visible. A higher viscosity reduces the ion mobility in the electrolyte. Therewith, at ele-

vated charge/discharge rate, not all redox active sites of PTMA in the electrode are ac-

cessed by the ions. 

In the cycling stability tests at 1C for 100 cycles PTMA shows a very stable behavior in all 

electrolytes. In this experiment, PTMA in 2M Pyr14BF4 in PC displays the highest specific 

capacity of 86 mAh g-1. 

In the floating stability PTMA experienced only minor degradation in all electrolytes. Af-

ter 90 h at 1.1 V more than 95 % of the capacity is retained in all electrodes. 

In this study we decided to perform a deep analysis of the self-discharge of PTMA in the 

differently concentrated electrolytes. 

After fully charging the PTMA-based electrodes at 1C, a rest step of 11 days has been 

applied to all half-cells. Here significant differences in the electrode self-discharge have 

been observed for the three electrolytes. 

In 1M Pyr14BF4 in PC the electrode was fully discharged after 4.5 days of rest. In the 2M 

electrolyte the electrode was fully discharged after 9 days. In the 3M electrolyte on the 

contrary, the PTMA electrode was able to retain residual charge even after 11 days (2 %). 

To investigate the processes leading to the self-discharge, the voltage curve of the rest 

step over 11 days has been examined following the model utilized by Andreas et al. and 

Conway et al. [162–169]. 

Following these works the self-discharge in an electrochemical system can be caused by: 

1) An activation-controlled faradic process on the electrode surface 

In which the voltage displays a linear behavior with respect to the logarithm of the rest 

time. 

𝑉𝑉 =  𝑉𝑉𝑖𝑖 − 𝐴𝐴 𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡 + 𝜏𝜏) (10) 

𝑉𝑉𝑖𝑖 is the initial voltage after fully charging, 𝐴𝐴 is the Tafel slope and 𝜏𝜏 is an integration 

constant. 

2) A diffusion-controlled process 
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Where the voltage displays a linear behavior with respect to the square root of the rest 

time. 

𝑉𝑉 = 𝑉𝑉𝑖𝑖 − 𝐵𝐵√𝑡𝑡 (11) 

𝐵𝐵 represents the slope of the plot. 

3) An ohmic leakage 

Where the logarithm of the voltage plotted versus the rest time would give a linear be-

havior. 

ln𝑉𝑉 = ln𝑉𝑉𝑖𝑖 −  
𝑡𝑡
𝑅𝑅𝑅𝑅

 (12) 

 

𝑅𝑅 is the ohmic resistance and 𝐶𝐶 is the double layer capacitance. 

In this study we found a linear region in the plot of 𝑉𝑉 vs. √𝑡𝑡, which suggest a diffusion-

controlled process in the half-cell. This is an indication of a shuttle process caused by the 

dissolution of active moieties into the electrolyte [20]. In this matter the dissolution of 

organic groups as well as mobility of organic groups is reduced in high concentrated 

electrolytes due to the saturation of the solution and the increased viscosity. 

Considering these results, the self-discharge observed in PTMA electrodes in combina-

tion with the three model electrolytes is mainly connected to the transport properties 

of the used electrolyte. To further investigate this transport and clarify the effects of the 

viscosity on the self-discharge, we decided to measure the capacity loss of PTMA in 1M 

Pyr14BF4 in PC at 0°C and 20°C for 7 days after a full charge at 1C. 

The results of these experiments confirmed that the self-discharge is a diffusion-con-

trolled process. After 7 days at 0°C, the PTMA electrode was able to keep 81 % of its 

initial capacity, while the cell at 20°C was fully discharged. This is an indication for a 

reduced shuttling in the system (lower diffusion of dissolved species) due to higher vis-

cosity and lowered kinetics at reduced temperature. 

Afterwards, also the cell performance at reduced temperature was considered and a 

cycling stability test at 1C over 350 cycles has been carried out at 0°C and 20°C. In this 
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investigation the PTMA-based electrode at 0°C retained 98 % if the capacity, while at 

20°C only 85 % where kept. 

The results of publication 3 give a clear indication about the strong impact of the elec-

trolyte concentration on the performance of PTMA. We showed that the rate capability 

tests as well as self-discharge tests are affected by the salt concentration in a major way. 

Thereby higher specific capacities are obtained with low concentrated electrolytes at 

elevated current densities, due to the better transport properties. For the self-discharge 

performance, however, a beneficial effect is found for high concentrated electrolytes. 

There the reduction of the transport within the electrolyte hinders the diffusion-con-

trolled self-discharge mechanism and therewith reduced the loss of charge in the elec-

trode.  

These findings indicate that next to the careful selection of conducting salts of the elec-

trolyte also its concentration needs to be optimized for every ROMP-based system and 

for each application in order to achieve task specific performance. Lower concentration 

benefits applications with fast charges while high concentration ensures low self-dis-

charge at rest. An all-round system should meet a compromise of low and high concen-

tration of conducting ions in the solvent. 

In addition, the improved stability performance PTMA at reduced temperature could 

open a new chapter of the utilization of PTMA for low temperature applications. This 

direction needs to be pursued by further research. 
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2.3 Publication 4: Aprotic and Protic Ionic Liquids as Electrolytes for Or-

ganic Radical Polymers 

 

The previous sections showed that the use of ILs and highly concentrated electrolytes 

has a beneficial effect towards stability and self-discharge of PTMA-based electrodes. 

Therefore, after the investigation dedicated to the influence of the salt concentration 

on the electrochemical behavior of PTMA-based electrodes, the use of neat ionic liquid 

electrolytes has been carried out. The use of ILs as electrolyte media has already been 

considered in a small number of investigations dedicated to PTMA and other ROMPs. 

However, there the use of binary mixtures of Li-salts and ILs was mainly considered. 

Furthermore, the influence of protic ionic liquids has not been investigated so far. As 

observed in publication 2, the nature of the cations might change the performance of 

PTMA-based electrodes drastically. 

For these reasons, we investigated the impact of the aprotic ILs (AILs) Pyr14TFSI and 1-

butyl-1-methylpyrrolidinium bis(fluorosulfonyl)imide (Pyr14FSI) and the two protic ILs 

(PILs) 1-butyl-pyrrolidinium bis(trifluoromethylsulfonyl)imide (PyrH4TFSI) and 1-butyl-

pyrrolidinium bis(fluorosulfonyl)imide (PyrH4FSI) on the electrochemical behavior of 

PTMA. Therewith, the influence of the combination of two different anions and cations 

on the performance can be investigated. 

All considered ILs have already been successfully utilized in supercapacitors and/or LIBs 

[159,170,171]. In these works, the chemical physical transport properties have been 

identified. There it was found that the nature of the anion seems to have a strong impact 

on the electrolyte properties at room temperature. Pyr14TFSI and PyrH4TFSI display the 

highest viscosities of 90 and 60 mPa s (measured at 40°C for PyrH4TFSI). The conductivi-

ties were found at 2.2 mS cm-1 for Pyr14TFSI and 2.7 mS cm-1 for PyrH4TFSI (at 40°C). In 

the meantime, the FSI--based ILs show lower values in viscosity of 58 and 35 mPa s for 

Pyr14FSI and PyrH4FSI, respectively. The conductivities of the FSI--based ILs are very com-

parable (5.32 and 5.30 mS cm-1 for Pyr14FSI and PyrH4FSI, respectively). With these values 

a general better performance for PTMA in combination with FSI--based ILs is to be ex-

pected. 
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This suggestion is found to be valid in the case of the tested AILs. In the CV and voltage 

profile the redox potentials of the PTMA reaction are located at 0.6 - 0.8 V vs. Ag. While 

both systems show a high coulombic efficiency close to 100 %, a big difference in the 

specific capacity is observed. In Pyr14TFSI 58 mAh g-1 are measured at 1C. At the same 

time, PTMA electrodes deliver 74 mAh g-1 when used in combination with Pyr14FSI. 

In the rate capability tests the influence of the relatively high viscosity is evident, since 

a decrease in capacity is visible for PTMA in both electrolytes with every increase in cur-

rent density. However, PTMA in Pyr14FSI still delivers 29 % of the initially capacity at a 

very high rate of 100C. At the same current no charge is accessible in Pyr14TFSI.  

When the cycling stability at 1C and the self-discharge performance of the electrodes 

are considered, the beneficial effect of the highly viscous, high concentrated electrolytes 

can be seen. PTMA displays only minor degradation during charge/discharge over 100 

cycles and loses only 30 % of the initial charge after 7 days of self-discharge in both AILs. 

On the other hand, a big difference is obtained in the long-term floating behavior at 

1.1 V vs. Ag. After 8 days, a complete decomposition of the electrode material is ob-

served for PTMA in Pyr14TFSI. To the contrary, PTMA in Pyr14FSI shows an increase of the 

specific capacity from 32 to 50 mAh g-1, which indicates an increase in accessible active 

sites in the electrode. Afterwards, a stable behavior is measured for 50 additional days. 

After the investigation of PTMA in combination with AILs, also the electrochemical per-

formance of PTMA-based electrodes with PILs as electrolytes was tested for the first 

time. To start with it can be stated that PTMA works in principle with both PILs as elec-

trolyte. However, while PTMA in combination with AILs displays high stability, especially 

in the case of Pyr14FSI, the same cannot be said for the use of PILs. 

At first a reduction in the average redox potential of 0.2 V as well as a decrease in specific 

capacity is noticeable. In PyrH4TFSI only 34 mAh g-1 of specific capacity are accessible for 

the PTMA electrode, while in PyrH4FSI 54 mAh g-1 are found. Furthermore, already at 20C 

no capacity is obtained in both electrolytes, although PTMA with the FSI--based IL again 

displays the higher rate capability. 
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During the cycling stability tests at 1C a strong degradation was found for both PILs, 

which indicates an interaction of the active electrode material with the proton of these 

electrolytes. 

This instability of the electrodes in PILs was also observed during the self-discharge tests. 

After 1 day of rest after an initial full charge at 1C, no charge was left in PTMA in combi-

nation with PyrH4TFSI. In PyrH4FSI only 20 % of leftover charge is obtained after 1 day. 

In the floating test a very interesting behavior is observed. While PTMA in PyrH4TFSI does 

not show significant capacity after the first 10 h of stable potential, which indicated a 

complete decomposition, a significant increase in capacity to 44 mAh g-1 is displayed in 

PyrH4FSI during the first four days. However, after pauses in the experiment a decrease 

in capacity is visible within each break, which is reversible over time with the further 

application of stable potential. This behavior highlights the very complex interaction of 

PTMA and the present protons of the PILs. Considering the results from the self-dis-

charge and floating experiments a loss of accessible active sites of PTMA in the PILs at 

rest can be assumed. However, in the case of PTMA in PyrH4FSI this loss is reversible with 

the application of a stable potential. 

In this work, a systematic study of four neat ILs as electrolytes for PTMA-based elec-

trodes has been carried out. Therewith a very stable performance was found for aprotic 

ILs, especially for PTMA in Pyr14FSI. Also, for the first time a proof of concept for the use 

of protic IL electrolytes for PTMA was reported. However, the stability performance of 

PTMA in these electrolytes needs further investigation and improvement. These results 

highlight a strong impact of the cation as well as anion of the IL electrolytes on the elec-

trochemical behavior of PTMA-based electrodes. On the one side the change from TFSI- 

to FSI--based ILs is accompanied by an improvement in all tested performance criteria. 

On the other side, the use of protic cations instead of their aprotic counterparts in-

creases the PTMA electrode degradation in this study. 

Therefore, aprotic FSI--based ILs should be considered as high concentration electrolytes 

for ROMPs, which enable high cycling stability with feasible capacity performance. In the 

meantime, protic ILs should be the object of further research on the interaction of PTMA 

with the protons in the electrolytes. With the understanding on these occurring degra-

dation processes the general stability of PTMA electrode could be improved. 
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2.4 Publication 5: The influence of current density, rest time and electro-

lyte composition on the self-discharge of organic radical polymers 

 

The results of the previous works illustrated the strong influence of the electrolyte com-

position on the electrochemical performance of PTMA electrodes in different electrolyte 

environments. In addition, especially the self-discharge behavior was found to be heav-

ily influenced by the transport properties of the utilized electrolyte. The high self-dis-

charge rate of PTMA and other ROMP materials is considered as one of the major draw-

backs of these materials. However, so far not much research effort has been spent to 

elucidate the mechanisms of this charge loss. Only few works, which mention the high 

self-discharge rate, suggest a redox shuttle process caused by the dissolution of active 

material in the electrolyte. Obviously, the understanding of these processes is crucial to 

address and overcome this drawback for PTMA and ROMPs for application purposes. 

Therefore, to further investigate this poorly addressed aspect, we performed a detailed 

investigation on the self-discharge of PTMA-based electrodes in two different electro-

lytes namely neat Pyr14TFSI (IL) and 1M Pyr14TFSI in PC (organic electrolyte). The aim of 

the study was to clarify the influence of the used current density (in particular charging 

current) and the applied rest time, in which the self-discharge can occur. 

In order to carry out this investigation we applied a specifically tailored test schedule, 

which is illustrated in publication 5 (Fig. 1). This schedule consists of a charging step 

including five different C-rates (0.1C, 0.5C, 1C, 2C or 10C), followed by four different rest 

times (10 min, 1 h, 10 h or 24 h) in which the self-discharge occurs. After the rest step, 

the residual charge within the PTMA electrodes is measured by a discharge step with 

the same current as used in the charge step (- 0.1C, - 0.5C, - 1C, - 2C, - 10C). This residual 

charge is in the following discussion referred to as capacity retention and given in %. The 

described schedule yields to 20 values of capacity retention for each used electrolyte. 

With the use of this test schedule, we aim for a deep insight into the processes, which 

lead to the loss of charge within PTMA-based electrodes and of which so far only sug-

gestions have been made. 
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The results of the self-discharge test matrix show a strong influence of the applied C-

rate on the capacity retention of PTMA in pure Pyr14TFSI. At 0.1C an average capacity 

retention of more than 90 % is obtained independent of the used rest time. Every in-

crease of the charging current led to a decrease in capacity retention for every rest time, 

which means a higher self-discharge rate. For PTMA cycled in the 1M Pyr14TFSI in PC 

such dependency on the C-rate from 0.1C to 10C was not found. However, measure-

ments at 20C showed a significant increase in the charge loss. This leads to the first con-

clusion of this study. For every system there is a threshold current above which no suf-

ficiently stable charged state can be reached. The value of this threshold current de-

pends on the transport properties of the system. When no stable charged state is 

achieved, a more rapid self-discharge process is to be expected. 

For the clarification of the self-discharge mechanisms in this process the voltage curve 

recorded during the rest steps was again plotted with respect to log 𝑡𝑡 and √𝑡𝑡. Therewith 

in most cases, a combination of an activation-controlled faradic reaction and a charge 

redistribution process was found for most charge/rest/discharge combinations. This 

means that the application of high currents during charging, leads to subsequent faradic 

reactions (e.g. rearrangement of TFSI- anions) on the surface of the electrode, followed 

by a resistance-limited charge redistribution between the surface and the bulk material 

of the electrodes. 

Only for PTMA in 1M Pyr14TFSI in PC charged at 0.1C such behavior was not found. In-

stead, here the presence of a diffusion-limited process was observed. This suggests that 

for this electrolyte with good transport properties, charged sufficiently at low C-rate, no 

rearrangement of ions on the electrode takes place. Due to the absence of this redistri-

bution, the shuttling of dissolved moieties in the electrolyte becomes the limiting factor 

for the self-discharge. 

The work described in publication 5 shows that not only a diffusion-limited process, but 

also an activation-controlled faradic process with a subsequent charge redistribution is 

occurring during the self-discharge of PTMA-based electrodes. These findings highlight 

the complexity of the self-discharge processes, which can be heavily influenced by the 

electrolyte properties as well as the applied charging conditions. 
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Every organic active material/ electrolyte combination needs a very careful selection of 

charging conditions in order to minimize the self-discharge of PTMA and ROMPs in gen-

eral. In the light of these results, it is evident that for future investigations on the topic 

researchers should not define the self-discharge performance of innovative ROMPs 

and/or electrolytes by the conditions of previous materials, but by conditions fitting for 

the considered system. On the other hand, the meaningful selection of the electrolyte 

in a ROMP-based system is a powerful tool to improve the self-discharge behavior with 

fixed charging currents.  

Last but not least the variation of the electrolyte should be understood as a tool to in-

vestigate complex processes inside EES devices, as proved by the concept and results of 

publication 5. 
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3 Conclusion 

 

This thesis presents a series of investigations carried out to elucidate the influence of 

the electrolyte composition, electrolyte concentration and nature of ionic liquid-based 

electrolytes on the performance PTMA-based electrodes with special attention towards 

the self-discharge behavior.  

Publication 1 clarified the importance of the chosen electrolyte for every ROMP in EES 

application. Furthermore, a lack of investigations of novel electrolytes for ROMPs has 

been found and the need for new electrolyte systems for the optimization of organic 

battery performance has been highlighted. This optimization was addressed for PTMA-

based electrodes by publication 2-5. 

In publication 2, the impact of the nature of the solvent and salt of the electrolyte on 

the performance of PTMA was considered. The results of this study show that PTMA-

based electrodes display good performance in organic electrolytes (especially in 1M 

Pyr14TFSI in PC) in terms of specific capacity and rate capability. It is noteworthy here 

that, although 1M Pyr14TFSI in PC and 1M Et4NTFSI in PC are both organic electrolytes 

and display comparable transport properties (1M Et4NTFSI in PC even more favorable 

conductivity and viscosity), a far better performance was found for PTMA electrodes in 

combination with 1M Pyr14TFSI in PC. This indicates an impact of the chosen cation of 

the electrolyte on the electrochemical behavior, although for P-type materials like PTMA 

mostly only the insertion/release of the anions during the charge/discharge process is 

obvious to have an influence. Furthermore, in the context of this thesis, publication 2 

presents a first beneficial impact of high concentrated electrolytes like neat Pyr14TFSI on 

the performance in regard of self-discharge and stability.  

In the matter of high concentrated electrolytes, publication 3 targeted the influence of 

the concentration of the electrolyte on the behavior of PTMA electrodes with the use of 

1, 2 and 3M Pyr14BF4 in PC. In this study, PTMA in 2M Pyr14BF4 in PC as electrolyte shows 

the best performance with respect to the specific capacity and cycling stability at low 

currents. However, with increasing currents the limitation of the reduced ion mobility 

due to higher viscosity becomes visible. On the other side, this reduced mobility has a 
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beneficial effect on self-discharge performance of PTMA, since the lowest loss in charge 

was found in 3M Pyr14BF4 in PC. This behavior can be explained by the reduction of dif-

fusion, which was found to be the driving force for the self-discharge in this system. 

There, redox active groups dissolved into the electrolyte are suggested for working as 

redox shuttles during the cell rest. The process of dissolution and diffusion is found to 

be reduced in highly concentrated systems. The same reduction of dissolution and dif-

fusion is obtained at low temperature tests at 0°C at which self-discharge performance 

as well as cycling stability are improved. 

Because of our interest in the performance of PTMA electrodes in high concentrated 

electrolytes, PTMA was tested in combination with four different ionic liquids (aprotic 

and protic) as electrolytes in publication 4. In this work, a good compromise between 

electrode performance and electrode stability was found for the use of aprotic ionic liq-

uids, especially considering the results of PTMA in Pyr14FSI. On the other side, the first 

successful use of protic ionic liquids as electrolytes for PTMA was accomplished in this 

study. However, these protic electrolytes were not able to compete with their AIL coun-

terparts in terms of cell potential, capacity, self-discharge and stability, since a clear in-

teraction of the proton of PILs with the active material and therewith accompanying 

parasitic reactions are evident. 

At last, there was a great interest in the self-discharge behavior of PTMA in different 

electrolyte systems. Therefore, in publication 5 the effect of the applied current density 

during charging and the applied rest time in which the self-discharge can occur was in-

vestigated for PTMA-based electrodes in 1M Pyr14TFSI in PC (organic electrolyte) and 

neat Pyr14TFSI (ionic liquid). Thereby, it was found that for each electrolyte there is a 

threshold current, which is appropriate to use. If the system is charged with C-rates 

higher than this current, an unstable charged state is generated, which causes activa-

tion-controlled faradic reactions on the surface of the electrode followed by a charge 

redistribution process. These processes govern the self-discharge in the electrode. The 

threshold is highly dependent on the transport properties of the electrolyte. The faster 

the transport the higher the threshold. When currents well below the threshold are 

used, which causes a stable charged state to be reached, the self-discharge of PTMA is 
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again diffusion-controlled. Therefore, a thorough selection of electrolytes and charge 

conditions is needed in order to minimize self-discharge in PTMA-based electrodes. 

In the works of this thesis, the number of electrolytes used for investigations on PTMA 

has been systematically increased. It has been proven that the performance of PTMA is 

significantly dependent on the used electrolyte, which was to be expected from the the-

oretical considerations of the introduction. Thus, it can be said that the optimal electro-

lyte for the application of PTMA depends on the application itself. Systems with a need 

for high specific capacity and rate capability should be used in combination with low 

concentrated electrolytes with high transport properties. On the other hand, for appli-

cations, which require low self-discharge and high stability performance at low rates or 

elevated stable potentials, highly concentrated electrolytes should be used. An all-round 

system needs a careful optimization of concentration and choice of ions in order to pro-

vide a trade-off of both aspects. 

Furthermore, as shown in these works the electrolyte can be understood as a tool to 

tailor the cell performance and additionally to understand chemical and physical mech-

anisms and processes within the cell system. 
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4 Outlook 

 

With the results of this work the knowledge about the important influence of the elec-

trolyte on the electrochemical behavior of PTMA-based electrodes has been significantly 

expanded. Therein, it was possible to tune the performance of PTMA and as well study 

mechanisms inside the cell. 

However, after this work the number of possible investigations for PTMA is still large. It 

has been found that high concentrated, highly viscous electrolytes have a beneficial ef-

fect on the stability and self-discharge performance. Therefore, a way to continue the 

work in this regard is the application of other electrolyte concepts like solid state, gel 

polymer or water-in-salt electrolytes. Furthermore, the electrochemical measurements 

presented here gave many indications about possible processes inside the cell especially 

during the self-discharge of PTMA. In order to fully understand these processes in-situ 

measurements like in-situ infrared spectroscopy or in-situ Raman spectroscopy should 

be carried out. 

The investigations presented here for PTMA-based electrodes can be regarded as a 

model case study, which gives an indication about the complex interactions of ROMPs 

and utilized electrolytes. Since each ROMP/electrolyte combination is unique, each com-

bination will result to different interactions inside the cell. Therefore, each test concept 

applied to PTMA in this thesis and more could and should be applied as well to other 

redox active organic molecules and polymers. This would allow the task-specific optimi-

zation of new and established organic battery materials beyond the state-of-the-art per-

formance in the standard electrolytes. 

Furthermore, the results of this work illustrate that the electrolyte can be seen as a tool 

to understand the mechanisms occurring inside EES devices by promoting or preventing 

certain processes inside a storage device. This aspect should be utilized by researchers 

in future studies. 

Also, it must be stated here that the half-cell setup of this thesis focuses on the electro-

chemical behavior of one working electrode (PTMA). In the real application full-cells are 
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used, of course. Therefore, in the case of PTMA in combination with other active mate-

rials, especially other organics, even more optimization and research interest have to be 

spent on the careful selection of the right electrolyte in order to achieve best perfor-

mance for the EES device. 

Only with the view on the electrolyte as a third active component in the EES system a 

successful implementation of ROMPs for sustainable energy storage application can be 

achieved. 
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Appendix 

Utilized cell setup of this work 

The measurements of this work have been done in a Swagelok-type three-electrode 

setup where the working electrode was the PTMA composite (60 % active material 

PTMA, 35 % carbon black conductive additive and 5 % PVdF binder), the counter elec-

trode was an oversized carbon electrode (85 % activated carbon, 10 % carbon black and 

5 % binder PTFE), and a silver wire was used as a quasi-reference (Standard potential of 

Ag vs. Li+/Li at approximately 3V). Glass fiber was used as separator, which was drenched 

with 150 µl of electrolyte. This cell design is also referred to as half-cell setup and is 

illustrated in Figure A1. 

 

Figure A1: Three-electrode-setup utilized in this work. 
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