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1. Abstract / Resumen

1. Abstract

Human development has brought about advancements in technology, healthcare, and
human rights, contributing to an improved quality of life. However, this progress has also
led to certain challenges, such as the ever-increasing demand for resources. To address
the energy demand, the utilization of renewable energy sources has emerged as a clear
solution, offering eco-friendly and virtually unlimited energy options. Solar and wind
energy are among the most developed renewable energy sources. However, the
intermittent nature of wind and solar power poses a significant challenge.

Energy storage has become crucial to store surplus energy generated by renewable
sources for later use. Electrochemical Energy Storage (EES), particularly Redox Flow
Batteries, have emerged as a versatile solution for energy storage, ranging from domestic
applications to large-scale storage. Redox Flow Batteries offer fast response times, long
lifetimes, reduced environmental impact, low cost, and high round-trip efficiency. The
scientific community has dedicated significant attention to the development of this
technology, resulting in a growing number of research papers, patents, projects, and
companies.

Vanadium Redox Flow Batteries (VRFB) currently represent the state-of-the-art
technology, with many companies and large-scale batteries utilizing this system.
However, challenges persist, including the limited availability and high cost of vanadium
electrolyte, the precipitation of V,0Os at high temperatures (> 40 °C), low solubility at low
temperatures, and the volatile price of vanadium. Recognizing the European Union's
reliance on China, Australia, and Africa for 85% of the vanadium supply required for
VRFB, the European Commission has been funding research projects to develop new
organic earth-abundant electrolytes as potential substitutes for vanadium electrolyte in
Redox Flow Batteries.

This thesis has received funding from the HIGREEW project, which aims to develop and
validate a redox flow battery utilizing a new water-soluble, low-cost organic electrolyte.
The project also focuses on optimizing low-resistance membranes and fast electrode
kinetics to achieve high energy density and long-term durability. The thesis is structured
around three key components: the investigation of organic electrolytes (Chapter 1), the
development of ion exchange membranes (Chapter 2), and the testing of single-cell RFB
systems (Chapter 3).

e Organic electrolyte: In this chapter, we focused on the synthesis and
electrochemical characterization of 2,2'-bipyridinium anolytes as the initial
candidates for the project, in collaboration with CIC EnergiGUNE. DFT calculations
were employed to investigate the impact of structural parameters and the
incorporation of various substituents on their electrochemical properties, including
redox potential and kinetic constants. We developed a predictive model based on
Natural Bond Orbitals (NBO) delocalization and Atomic Dipole Corrected Hirshfeld
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(ADCH) charge distribution of the radical-reduced species to understand and predict
the stability and performance of the 2,2'-bipyridinium anolytes in the battery. Our
findings identified compound 4 as the most stable and promising anolyte for further
testing.

Additionally, during my international research stay in Turku, Finland, we successfully
synthesized and electrochemically characterized a novel triazine anolyte for multiple
electron storage. This new triazine anolyte exhibited three reversible redox processes
for 4 electrons at -0.47 V, -0.62 V, and -0.82 V vs Ag| AgCl (3 M KCl), demonstrating
fast kinetics, high solubility (>0.9 M), and diffusion coefficients. These properties
make the new derivative a compelling candidate for multiple electron storage in RFB.
Moreover, we observed a strong correlation between the solubility of the new triazine
and the salt concentration, suggesting a significant interaction between the
solubilizing group (-SO3’) and the pyridinium moieties. The details of this work on the
organic electrolyte can be found in Chapter 1.

e Jon Exchange Membrane: The primary objective of our research group within the
HIGREEW consortium was to select, characterize, and modify commercially
available ion exchange membranes (IEM) that meet the requirements of HHGREEW
in terms of permeability, cost, and performance. To achieve this, we conducted
electrochemical characterization of various commercial membranes, evaluating
important parameters such as swelling ratio, water uptake, ion exchange capacity,
ionic conductivity, and permeability. Based on this initial screening, we identified the
most promising membranes: two cationic membranes (FS-950 and E-630(K)) and two
anionic membranes (FAA-3-50 and FAA-3-30PE).

Subsequently, these selected membranes were subjected to modification through a
cost-effective and scalable in situ polymerization method using pyrrole and aniline.
The modification of membranes with polypyrrole resulted in a significant reduction
in permeability while maintaining a reasonable level of resistance. The modified
membranes were thoroughly analyzed and characterized to understand the impact of
the modification on transport phenomena. A detailed account of the selection,
characterization, and modification processes can be found in Chapter 2.

o Single-cell results: First, a comprehensive study was conducted to establish a
strong theoretical foundation for redox flow batteries and align it with the
experimental techniques used for battery characterization. This provided a solid
background for the subsequent research. The anolytes developed in Chapter 1
underwent thorough evaluation, yielding the following corroborations:

i) The predicting model and experimental results regarding the stability of
bipyridinium anolytes were found to align. Compound 4 exhibited the highest
stability, with a capacity decay of 0.16% per day compared to the unsubstituted
2,2"-bipyridinium (Compound 2) which showed a capacity decay of 0.75% per day.
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Furthermore, a detailed characterization of the plausible degradation pathway for
the bipyridinium anolyte was achieved.

In this same chapter, the (SPr);4TpyTz anolyte demonstrated the ability to store
multiple electrons without significant capacity decay. The concentration of the
supporting electrolyte was found to have a significant effect on the solubility of
the reduced state. A battery using 100 mM of the triazine anolyte against 100 mM
K4 [Fe(CN)s] showed no capacity decay and achieved an energy efficiency of
approximately 75% under appropriate conditions. Increasing the concentration to
200 mM of (SPr);s4TpyTz against 300 mM K,[Fe(CN)g] resulted in a small
capacity decay of 0.44% per day and no crossover within a 14-day period.
Furthermore, the system was investigated using the third and fourth electrons,
revealing a significant capacity decay and an increase in electrolyte pH,
suggesting a degradation mechanism involving the protonation of the reduced
triazine.
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1. Resumen

El desarrollo humano ha traido avances en tecnologia, salud, y derechos humanos
contribuyendo a aumentar la calidad de vida. Sin embargo, este progreso también ha
traido ciertos desafios como la creciente demanda de recursos. Para paliar este reto, la
utilizacion de fuentes de energia renovables ha aparecido como una clara solucién
ofreciendo una versiéon medio ambientalmente favorable y virtualmente ilimitada. Las
energias solar y fotovoltaica son las mas desarrolladas entre todas las energias
renovables a pesar de la naturaleza intermitente del sol y el viento.

El almacenamiento de energia se ha convertido en un elemento crucial para almacenar
los excesos energéticos generada por fuentes renovables, para su uso posterior. El
almacenamiento electroquimico de energia (EES), en particular, las baterias de flujo
redox, se ha revelado como una versatil soluciéon para el almacenamiento de energia,
desde uso doméstico hasta el almacenamiento a gran escala. Las baterias de flujo redox
ofrecen tiempo de respuesta rapida, larga durabilidad, menor impacto ambiental, bajo
coste y alta eficiencia global. La comunidad cientifica ha centrado parte de su atencién
en el desarrollo de esta tecnologia, lo que ha dado lugar a un numero creciente de
articulos cientificos, patentes, proyectos de investigacién y compaiiias.

La bateria de flujo redox de todo Vanadio representa actualmente el estado del arte de
esta tecnologia y varias compaiiias y baterias a gran escala utilizan este sistema. Sin
embargo, persisten ciertos retos, como la limitada disponibilidad y el elevado coste del
electrolito de vanadio, la precipitacién del V,0s a temperaturas (> 40 °C), la baja
solubilidad a bajas temperaturas y la volatilidad de su precio. La unién europea ha
reconocido su mala posicién en este tema puesto que China, Australia y Africa
concentran el 85% del vanadio disponible en la tierra. Por esta razén, la Comisién
Europea ha estado financiando diferentes proyectos de investigacién con el objetivo de
desarrollar nuevos electrolitos basados en material abundantes en la tierra para baterias
de flujo redox como posible sustituto al electrolito de vanadio.

Esta tesis ha recibido financiacién del proyecto HIGREEW, el cual pretende desarrollar
y validar una bateria de flujo redox usando un nuevo el electrolito organico, soluble en
agua y barato. El proyecto también se centra en la optimizacién de membranas con baja
resistencia y electrodos con répidas cinéticas para alcanzar altas densidades energéticas
y larga durabilidad. Esta tesis se ha estructurado en torno a tres componentes claves: la
investigacion de electrolitos orgénicos (Capitulo 1), el desarrollo de membranas iénicas
de intercambio (Capitulo 2), y el testeo de sistemas monocelda de baterias de flujo
redox (Capitulo 3).

e Electrolito organico: En este capitulo nos hemos centrado en la sintesis y la
caracterizacion electroquimica de anolitos de 2,2’-bipiridinio como candidatos
iniciales para el proyecto, en colaboracién con el CIC EnergiGUNE. Se han
empleado célculos computacionales DFT para investigar el impacto de los
parametros estructurales y la incorporacién de varios sustituyentes en sus
propiedades electroquimicas incluyendo los potenciales redox y las constantes
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cinéticas. Se ha desarrollado un modelo predictivo basado en la deslocalizacién
NBO (del inglés, “Natural Bond Orbitals”) y en la distribuciéon de cargas ADCH (del
inglés, “Atomic Dipole Corrected Hirshfeld”) de las especies reducidas radicalarias
para entender y predecir la estabilidad y el rendimiento de los anolitos de 2,2’-
bipiridio en la bateria. Este modelo identifico el compuesto 4 como el més estable y
prometedor anolito para un posterior testeo.

Adicionalmente, durante mi estancia de investigaciéon internacional en Turku,
Finlandia, se desarroll6 exitosamente la sintesis y caracterizaciéon electroquimica de
un novedoso anolito basado en la molécula de triazina para el almacenamiento de
varios electrones. Este nuevo anolito de triazina presenta tres procesos redox
reversibles de 4 electrones a -0.47 V, -0.62 V, and -0.82 V vs Ag|AgCl (3 M KCl),
demostrando rapidas cinéticas, alta solubilidad (>0.9 M) y coeficientes de difusion.
Estas propiedades hacen de este nuevo derivado un competente candidato para el
almacenamiento multielectronico en baterias de flujo redox. Ademas, se observo
una fuerte relacion entre la solubilidad de la nueva triazina y la concentracion de sal
sugiriendo una significante interaccién entre los grupos solubilizantes (-SO3’) y los
fragmentos piridinicos. Los detalles de este trabajo sobre electrolitos orgédnicos
pueden encontrarse en el Capitulo 1.

e Membranas de intercambio idnico: El principal objetivo de nuestro grupo de

investigacién en el consorcio HIGREEW fue seleccionar, caracterizar y modificar
membranas de intercambio i6nico comercialmente disponibles que cumplieran los
requisitos del HIGREEW en términos de permeabilidad, coste y rendimiento. Para
alcanzar este objetivo, se llevd a cabo la caracterizacion electroquimica de varias
membranas evaluando importantes parametros como el swelling ratio, adsorcion de
agua, capacidad de intercambio iénico, conductividad i6nica y la permeabilidad.
Basado en este cribado inicial se identificaron las membranas mas prometedoras:
dos membranas cationicas (FS-950 y E-630(K)) y dos anidénicas (FAA-3-50 y FAA-3-
30PE).
Después, esas membranas fueron modificadas mediante un método
econodmicamente viable y escalable, la polimerizacion in situ de pirrol y anilina. La
modificacién de membranas con polipirrol resulto en una significante reduccién de
la permeabilidad mientras se mantenia una razonable resistencia. Las membranas
modificadas fueron intensamente analizadas y caracterizadas para entender el
impacto de esta modificacién en el fenémeno de transporte. Un detallado informe
de la seleccion, caracterizacion, y procesos de modificacién se halla en el Capitulo
2.

¢ Resultados de monocelda: En primer lugar, se realizé un estudio exhaustivo para
establecer una base tedrica sélida para el estudio de baterias de flujo redox y su
relacion con las técnicas experimentales utilizadas en la caracterizacién de baterias.
Esto proporciono una buena base para la investigaciéon posterior. Los anolitos
desarrollados en el capitulo 1 se sometieron a evaluaciéon resultando en las
siguientes demostraciones:
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i)

El modelo predictivo y los resultados experimentales con respecto a la estabilidad
de los anolitos de 2,2’-bipiridinio confluyeron en los mismos resultados. El
compuesto 4 exhibié la estabilidad méas alta con un Perdida de capacidad de
0.16% por dia comparado con el derivado de 2,2’-bipiridinio sin sustituir
(Compuesto 2), el cual mostro una pérdida de capacidad de 0.75% por dia.
Ademas, una detallada caracterizacion del posible mecanismo de degradacion
para los anolitos de bipiridinio fue propuesto.

En este mismo capitulo, el anolito (SPr);4TpyTz demostrd su habilidad para el
almacenamiento de multiples electrones sin mostrar una significante Perdida de
capacidad. La concentraciéon del electrolito soporte demostré tener un efecto
significativo en la solubilidad de la especie reducida. Una bateria que utilizaba 100
mM del anolito de triazina contra 100 mM de K4[Fe(CN)s] no mostré ninguna
pérdida de capacidad y ademas alcanzaba una eficiencia energética del 75% en
las condiciones adecuadas. Aumentando la concentracién del anolito a 200 mM
de (SPr);4TpyTz contra 300 mM K4[Fe(CN)s] resultd en una pequetia pérdida de
capacidad de 0.44% por dia sin mostrar crossover en un periodo de 14 dias.
Ademas, el uso del tercer y cuarto electrén de esta triazina fue investigado,
revelando una significante pérdida de capacidad y un aumento del pH del
electrolito, sugiriendo un posible mecanismo de degradacion basado en una
protonacion de la triazina reducida.
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The rise in temperatures and CO, concentration in the atmosphere, as well as the
melting of polar ice caps, among other phenomena, are clear signs of climate
change.! This climate change is primarily caused by the consumption of fossil fuels,
which result in greenhouse gas emissions. Therefore, it is crucial to drastically
reduce the consumption of fossil fuels. Various strategies have been proposed to
address this issue, such as the electrification of transportation and the integration
of renewable energies into the electrical grid.!?

Renewable energy sources are expected to become the primary energy source by
2050, with solar and wind energies projected to account for 70% of global
production.* Despite their natural, self-replenishing nature and low or zero carbon
footprint, the implementation of these energy sources has been hindered by their
intrinsic intermittency.’ Therefore, achieving significant advancements in areas like
road electrification and the integration of renewable energies into the electrical
grid requires efficient Energy Storage Systems (ESS).5”

Consequently, over the past few years, the development of various ESS
technologies, including fuel cells,® flywheels,” compressed air systems,!®
supercapacitors,'' and different types of batteries, has gained significant attention
and become a widely studied field.!?1

However, most ESSs suffer from notable drawbacks. For instance, capacitors and
supercapacitors store energy through charge separation, providing a quick
response but delivering low energy density.!” Compressed air systems can store
large quantities of energy but have a considerable environmental impact due to
land use and the construction of reservoirs.!° Flywheels, which store kinetic energy
using a rotating disk connected to a generator, can achieve high power and energy
density but exhibit very low efficiencies over long periods.!®

Among the various battery technologies developed, Lithium-ion batteries (LIB)
have found widespread use in portable electronic devices such as mobile phones,
laptops, and electric vehicles, as well as in grid-scale energy storage. LIB offer high
energy density, efficiency, specific capacity, voltage, and excellent cycling
performance. They also have features like lack of memory, little self-discharge, and
wide temperature operation.'® However, LIB face challenges related to safety, such
as the risk of fires and explosions,?® as well as issues concerning the formation of
the solid-electrolyte interphase and volume expansion, which can compromise
battery performance.?!

Sodium-ion batteries (SIB) have been proposed as potential competitors to LIB due
to their lower cost and higher availability. However, the higher weight of SIB
hinders their substitution for LIB in portable electronic devices. Moreover, SIB
exhibit poorer electrochemical cycling performance and lower voltages compared
to LIB, making them less suitable for large-scale energy storage.!®

13



2. Introduction

As a result, attention has recently turned to Redox Flow Batteries (RFB) due to
their higher efficiencies, extended operational times, low cost per unit energy and
cycle, ability to decouple power and capacity, and suitability for large-scale energy
storage. These characteristics make RFB well-suited to stabilize the inherent
intermittency of renewable energies and ensure a steady input of energy to the
grid.?>2 The working principles of RFB will be discussed in the following section.

2.1. Redox Flow Batteries

A Redox Flow Battery (RFB) is an electrochemical energy storage device that
directly and reversibly converts chemical energy, stored in two or more chemical
components, into electrical energy. RFB have emerged as highly promising options
for large-scale energy storage systems ranging from kilowatt-hours (kWh) to
megawatt-hours (MWh) due to their unique ability to decouple capacity (volume
of external tanks) and power (size of the electrochemical cell or stack).?
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Figure 1: Schematic representation of a redox flow battery and the electrochemical cell.
The blue side and red side correspond to the anolyte and catholyte, respectively.

In an RFB (Figure 1), two active redox materials or electrolytes, dissolved in
aqueous or organic solvents, are housed in external tanks and continuously
pumped through an electrochemical cell. The electrochemical reactions of the
redox species occur on the surface of inert porous electrodes, typically made of
carbonaceous-based materials. These electrodes are usually separated by ion-
exchange membranes (IEM), which prevent electronic connection between the
electrodes and the mixing of electrolytes, while allowing ion passage to maintain
electrolyte electroneutrality. The electrolytes contain one or more redox active
materials (RAM) used for energy storage. Additionally, electrolyte solutions often
contain other components such as dissolved salts or acidic/alkaline additives as
supporting electrolytes, which enhance ionic conductivity and establish a specific
pH in the solution. Efficient ion transport through the IEM is crucial for completing
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the electrical circuit of the entire battery and plays a vital role in achieving optimal
battery performance.?

Overall, RFB are complex systems comprising different components and
interactions that significantly influence the characteristics and performance of the
battery.

2.2. RFB parameters

Understanding the different RFB characteristics and experimental protocols is
mandatory for further progress in the development of this technology. To this end,
several parameters have been designed which show the quality of the battery
performance. These are summarized below.26-2728

1. The Coulombic Efficiency (CE) describes the relationship between the total charge
extracted from the battery during the discharging process and the charge supplied
during the charge process (Equation 1). All batteries have CE losses due to parasitic
electrochemical and chemical reactions (hydrogen evolution, self-discharge
reaction with oxygen), active species crossover, and degradation of the active
materials, among others.

t
i i Qai Jo 14 dt
Coulombic Ef ficiency (CE) = discharge _ 70 discharge )
Qcharge Jo Ichargedt

2. Voltage Efficiency (VE) is another important parameter to evaluate the battery
efficiency. VE represents the ratio between the average discharge voltage and the
average charge voltage, and it is related to the operation current density, ionic
conductivity of the membrane and electrolytes, electronic conductivity and
catalytic activity of electrode materials, flow rate of electrolyte, and mass transport
of active species to the electrode surface (Equation 2).

7. v dt
Voltage Ef ficiency (VE) = Udischarge _ [0 discharge (2)

7 t
Vcharge fo Vchargedt

The difference between these key values is caused by a variety of overpotentials
which have been widely studied by polarization curves (Figure 2a). The main
contributions to the losses in a Redox Flow Battery originate from i) activation loss,
ii) ohmic loss (iR), and iii) mass transport loss. Activation loss is associated to the
activation/polarization of the electrodes: the main contribution appears at low
current densities, and it is related to the kinetics of the charge transfer reaction
(the energy needed to overcome the activation energy associated with the redox
process in the electrode-electrolyte interfaces). Ohmic loss causes a voltage drop
and is associated to resistance of the flow of electrons through the electrically
conductive components, as well as to the flow of ions through the membrane, and
can be expressed by Ohm's law. Thus, in this region, the cell voltage linearly
decreases with current densities. Finally, the last contribution is related with the
lack of active material in the electrode surface proximity due to conversion at high
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current density, significantly decreasing cell voltage. The individual contribution
of the overall cell resistance can be differentiated by Electrochemical Impedance
Spectroscopy (EIS, Figure 2b). The intercept in the real axis at high frequencies
from the Nyquist plot corresponds to the ohmic resistance of the cell (Rq). This
parameter includes the contribution of ohmic resistances of the ion exchange
membrane, the carbon felt electrode and the contact resistance between the
bipolar plates and the felt electrodes. In the middle frequency range, the charge
transfer resistance is observed (its value is proportional to width of the semicircle),
while at low frequency range diffusion and mass transport are dominant.
Furthermore, variation in the EIS during the battery cycling could suggest changes
in polarization resistance associated to electrode modification, degradation of
materials, and optimizing parameters.?® From the discharging polarization curve
(Figure 2a), the power density (mW/cm?) of the system can be calculated by
multiplying the current density (j) with the cell potential (U). This parameter gives
us a quick idea about optimal range of current densities with respect to its
performance. Typically, these curves are measured under various conditions such
as SOC (State Of Charge), temperature, or flow rate to see the effect of these
parameters on the battery performance. Also, it can be significantly affected by the
flow dynamic of the system.?3
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Figure 2: (a) Schematic representation of the discharging polarization curve showing the
main losses regarding each resistance in the system and the power density achieved (b)
Schematic representation of the different resistance identified in EIS of the whole system.

3. Finally, both parameters (Voltage efficiency and Coulombic Efficiency) merge as
a final parameter called Energy Efficiency (EE). EE is the relationship between the
energy stored during the charging and the energy released during discharging
processes (Equation 3). Typical EE values of RFB are in the 50-90% range,
depending on the applied current density, operating conditions, and internal
component quality.

ftl i v ischarge'dt
Energy Ef ficiency (EE) = CE -VE = —-4scharge diecharo (3)

fo Icharge'vcharge'dt
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4. The RFB can work at different operation modes. One of the most used methods
to charge/discharge the battery is carried out galvanostatically, i.e., at constant
current, until the battery reaches the given charging or discharging voltage limits
(cut-offs). The use of higher currents to charge/discharge the battery leads to use
smaller use of theoretical capacity of the active material (i.e., lower capacity
utilization, Equation 4), because higher currents involve higher overpotential in the
system (and thus the charging voltage limit is reached at lower SOC, and similarly
for discharging). Capacity Utilization is the relationship between the practical
capacity storage in the system vs. the theoretical capacity that could be stored at a
given testing condition and it is calculated by Equation 4:
Capacity Utilization (CU) = Laischarge (4)
Qtheoretical
Where Qeoretical 1S the number of moles of electrons that the redox active material
in the limiting side can store (Faraday’s law).

5. For most RFB technologies, Potential - Current density (U-j) dependence is linear
in a relatively broad range of current densities, and thus, the so-called Area Specific
Resistance (ASR) parameter can be used to describe the battery performance under
given conditions (SOC, electrolyte flow rate, temperature, etc.) (Equation 5). It
provides information about the total resistance of the cell, and its units are
Ohm-cm? ASR represents the resistance of the different contacts, current
collectors, bipolar plates, carbon felts, electrolyte, and membrane contributions. It
can be determined following Ohm’s Law and can be calculated from the linear part
of the Load Curves (LC).

Area Specific Resistance (ASR) = % A (5)
2711

Redox Flow Batteries (RFB) are not ideal devices, so a significant amount of work
must be done to implement them in the electrical grid. All batteries present certain
inefficiencies that make them unsuitable for worldwide implementation. Each
component incorporated in the RFB contributes to these inefficiencies in different
ways. The most common parameters that cause efficiency losses are outlined
below.

In the case of the electrolyte, various side reactions lead to capacity fade,
compromising the battery's lifetime. Aziz et al3! have reported that redox active
materials generally degrade faster at higher state of charge (SOC). This is
consistent because charged species are more reactive, so a higher SOC means a
higher amount of these sensitive species. It is worth mentioning the
electrochemical degradation that a RFB could undergo at any SOC during
charging, due to the generation of H; and O,, among other phenomena. Different
mechanisms for these side reactions have been studied over the last ten years,
including precipitation of inorganic electrolytes, T-T stacking, de-alkalization of
viologen derivatives, self-oxidation, ring opening of TEMPO derivatives, Michael
addition, and dimerization of quinones.*
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Loss of stability in the redox active material leads to a decrease in battery capacity,
known as Capacity Decay or Capacity Fade. The capacity loss per cycle is typically
evaluated through charge-discharge cycling and can be expressed in absolute
values (mAh/cycle or per day) or as a percentage of theoretical capacity
(Equations 6 and 7, respectively). It is true that time-related capacity decay
provides more information because the duration of the cycle depends on the
battery capacity. (tank volume) Therefore, the longer the cycles, the more
significant the negative effects of crossover and degradation will be. When high
Capacity Utilization (CU) values are achieved, higher concentrations of charged
species are present, increasing the probability of experiencing significant
decomposition or secondary reactions. Here is the formula to calculate Capacity
Decay:

(=dQgischarge) (mAh )
cycles

Capacity decay (CD) = ; (6)

cycle

(=dQgischarge) 100 ( % );
(Qtheoretical cycles) cycle

Capacity decay (CD") = (7)
Another parameter related to capacity decay is capacity retention, which
represents the remaining capacity after a given number of cycles and/or a certain

period of time. It is commonly expressed as a percentage of the initial capacity.

In addition to the degradation of active species, the cross-mixing of active species
between the two tanks across the ion-exchange membrane can significantly
contribute to capacity fade. This phenomenon, known as crossover, not only leads
to self-discharge but also contributes to capacity decay. In the case of asymmetric
(non-mixed) electrolytes, cross-contamination can cause changes in crucial
parameters such as conductivity, viscosity, and redox potential of the electrolytes.
Moreover, the interaction between charged species and ion-exchange groups with
opposite charges on the membrane can promote adsorption or fouling, thereby
increasing membrane resistivity.

The last significant contributor to capacity fade is parasitic electrode reactions,
such as hydrogen and oxygen evolution reactions at the negative and positive
electrodes, respectively. These reactions can occur whenever the electrode
potential extends beyond the water stability potential window (1.23 V). Their
occurrence is more prominent at higher SOC and high charging currents.®

2.3. Internal cell-components

Once the fundamental principles of RFB have been described, let's now delve into
the various components and how they can affect battery performance.
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2.3.1. Ion-Exchange Membranes (IEM).
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Figure 3: Schematic representation of an ion exchange membrane.

The ion-exchange membrane is one of the key components of RFB. As mentioned
earlier, it separates the anolyte and catholyte while allowing the passage of ions
(anions and/or cations) to balance the charges during the redox processes.
Generally, homogeneous membranes consist of polymeric structures with different
grafted ionic groups that facilitate ionic movement and provide selectivity to
transfer ions with positive or negative charge (Figure 3).3* The membranes can be
divided into two main groups based on the nature of the fixed ionic groups: Cation
Exchange Membrane (CEM) and Anion Exchange Membrane (AEM). CEM have
negatively charged groups that allow the exchange of cations (typically sulfonate,
carboxylate, or phosphate groups). On the other hand, AEM have positively
charged ionic groups (typically ammonium, sulfonium, or phosphonium groups)
that allow the passage of anions.

The most well-known and widely used ion-exchange membrane (IEM) was
developed by DuPont in the 1960s. This membrane is a copolymer of
Perfluorosulfonicacid (PFSA) and Polytetrafluoroethylene (PTFE). Nafion® has
been extensively employed as a separator in fuel cells and now in RFB due to its
high chemical and mechanical stability in harsh conditions. Additionally, it exhibits
high ionic conductivity, especially in highly acidic solutions. However, despite the
excellent characteristics of Nafion® membranes, one of the main disadvantages is
the high crossover and/or migration of active species through the membrane, as
well as the high cost, representing up to 30% of the total system cost.* The issue
of crossover has been mentioned before, and therefore, considerable efforts are
being made to develop and modify IEM.*¢* IEM can also be classified into
fluorinated, partially fluorinated, and non-fluorinated membranes based on the
chemical nature of the ionomers. For instance, Nafion membrane is an example of
a fluorinated membrane, which contributes to its elevated cost. Fluorinated
membranes are more stable under harsh conditions, but the starting materials are
more expensive. To reduce the cost of IEM, new non-fluorinated and partially
fluorinated membranes have been developed. Porous non-ionic separators have
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also been used when the redox active materials are too large to pass through the
pores, allowing only ions to pass.*

The main characteristic parameters of ion-exchange membranes include Ion
Exchange Capacity, Water-Uptake, Swelling Ratio, Ionic Conductivity,
Permeability, and Permselectivity, among others (see experimental and theoretical
procedures). Ion Exchange Capacity (IEC) represents the concentration of ion-
exchange groups (typically related to the mass of the dry membrane) that allow
ions to pass through. Various methods have been reported to measure the IEC,
such as ion-exchange with acid-base titration or pH measurement.?! An ideal
membrane should exhibit high IEC values, but this value cannot be too high as it
may render the membranes mechanically unstable or less selective, compromising
battery performance.*? It should be noted that the membranes must have good
chemical and mechanical stability under battery operating conditions. The ionic
conductivity of the membrane is one of the most crucial parameters since
increasing it improves cell performance in terms of voltage efficiency by reducing
the ohmic resistance. At the same time, the membrane must be electronically
insulating, otherwise, the battery will short-circuit. The ionic conductivity can be
measured by different methods, either in the in-plane or through-plane direction.
The ohmic resistance can be determined as the intercept of the Nyquist diagram
with the real axis in the high-frequency zone of the electrochemical impedance
spectroscopy (EIS), which is the most commonly used technique. Additionally, by
measuring polarization curves (also referred to as load curves) of the battery cell
at different SOC, the area-specific resistance of the cell can be determined, which
typically includes the significant contribution of membrane ohmic resistance.

The membrane should exhibit suitable physical properties in terms of reasonable
water uptake and swelling ratio (typically found to be <35%). Highly hydrophilic
membranes would likely dissolve in the operating media, compromising their
mechanical characteristics, especially those with a low degree of grafting.** and
could potentially lead to battery failure. Therefore, different pretreatments or
conditioning methods have been implemented to improve the performance of the
ion-exchange membrane. This conditioning step plays a vital role in affecting the
battery's resistance, self-discharge time, coulombic efficiency, and
permeability.***°

IEM play a vital role in battery performance as the major resistance in the entire
system comes from the membrane. Therefore, important parameters such as
coulombic efficiency (related to the crossover of redox active materials), voltage
and energy efficiency (linked to the resistance of the battery), and energy density
depend on the performance of the membrane.

2.3.2. Porous inert electrodes

In the case of electrodes, the main difference with conventional batteries (e.g., Li-
ion and Na-ion batteries*) is that the energy is not stored in the electrodes but in
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the electrolyte solutions. The electrodes simply provide the surface sites where the
charge transfer of the electrode reactions takes place. In contrast, in batteries
where the electrode participates in the electrochemical reaction, the electrode
undergoes transformation, including phase and/or structural changes.

Electrodes in RFB are primarily made from carbonaceous materials. These
electrodes have a high porosity, with almost the entire electrode being air.
Therefore, the electrode must be compressed in the RFB to ensure contact with
the bipolar plate. Electrodes must be chemically stable as they are constantly in
contact with electrolytes (strong acids, bases, oxidizing, and reducing agents), and
electrochemically stable within the potential window of the battery. However, the
most important characteristic is excellent electrical conductivity, allowing fast
redox reactions.*”

Graphite, which consists of stacked 2D sheets of six-membered aromatic rings of
sp? hybridized atoms, is the most thermodynamically stable allotrope of carbon.
This allotrope is typically of high interest for electrochemical energy conversion,
especially if it contains defect-rich variants or amorphous carbon (to increase
electrical conductivity). Other allotropes such as graphene* and Carbon
nanotubes (CNT)* have attracted researchers' attention, opening new possibilities
for the application of carbonaceous electrodes in energy storage. These carbon
materials are prepared by pyrolysis of carbon, leading to more graphitic materials
at higher temperatures. Apart from pyrolysis, catalytic growth of CNT and
graphene by chemical vapor deposition (CVD) allows the introduction of
heteroatoms. Different carbon materials have been developed in recent years, such
as carbon felt, graphite felt, carbon paper®, and carbon cloth®, each with different
characteristics. For example, carbon and graphite felt exhibit high surface area,
electrical conductivity, and chemical stability. Other non-carbon materials, such as
IrO,-coated dimensionally stable anode (DSA) electrodes, have been studied in
VRFB by Rychcik and Skyllas-Kazacos. Although DSA showed good
electrochemical activity, the reduction of oxide coating at the negative potentials
of the V**/V3* reactions made it unsuitable for use on the negative side>2.

In the past decades, various surface treatments have been developed to enhance
the electrochemical activity of electrodes, including structural modification,
thermal treatment®®, acid treatment®, and metal doping®. Some studies have
modified the structure of these electrodes to increase surface hydrophilicity,
enhance charge transfer kinetics, and improve the diffusion of redox-active
materials.>®>° Activation procedures, typically thermal methods, have been
reported and employed to clean and activate the electrode surface.®%6! It should
be noted that almost all the research on electrodes for RFB has focused on
vanadium chemistry. Future work may focus on developing efficient electrodes for
organic redox-active materials.
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2.3.3. Redox active materials

Redox active materials are chemical compounds capable of transforming chemical
energy into electrical energy. When this process is reversible, these materials can
return to their initial state by applying electrical energy. The mixture of the redox
active material, supporting electrolyte (if needed), and solvent is called the
electrolyte. If the electrolyte operates on the positive side, it is referred to as the
catholyte or posolyte. Conversely, if the electrolyte operates on the negative side
of the battery, it is called the anolyte or negolyte.

Redox active materials can be dissolved in water or other organic solvents. The
choice of solvent has a significant impact on the battery's performance, with each
strategy offering distinct advantages and disadvantages.

e Agqueous vs Non-Aqueous Redox Flow Batteries

During the last years, various systems have been developed utilizing different
redox active materials, ion exchange membranes, and electrodes in different
media. Specifically, redox flow batteries (RFB) can be categorized based on the use
of either water (aqueous) or organic solvents (non-aqueous) (Figure 4). Each
strategy offers distinct advantages and disadvantages, as outlined below:

RFB

Non-Aqueous system Aqueous system
v" Wider voltage window v Eco-friendly, non toxic and
v" Multiple electrons transfer flammable solvents
v" High solubility for many couples v’ Higher conductivity of
* Lower ionic conductivies supporting electrolytes
* Flammable solvents v’ Cost effective
* More expensive * Limmited to water potential

window

Figure 4: Different systems for Redox Flow Batteries and their main advantages and
disadvantages.

Non-Aqueous Redox Flow Batteries utilize organic solvents to expand the
operating voltage window beyond the limitations of water (typically <1.5 V, where
hydrogen and oxygen are produced) and extend the temperature ranges, including
sub-zero temperatures. This approach enables multiple electron transfers and
increased solubilities for specific chemistries.’>%* However, NARFB face certain
challenges that make them less feasible than aqueous batteries. These challenges
include the use of flammable and volatile solvents, expensive supporting
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electrolytes with low ionic conductivity, and limited ion mobility through the ion
exchange membrane (IEM).5566

On the other hand, Aqueous Redox Flow Batteries employ water and
commonly available salts, acids, or bases (e.g., NaCl, LiCl, KOH, HCI) for the
preparation of the electrolyte. This makes the ARFB strategy safer and more cost-
effective.b-%° Additionally, ARFB offer higher ion mobility, resulting in higher ionic
conductivities, lower resistance, and improved energy efficiency. Water also
provides moderate viscosities and a wide temperature range, further enhancing
the performance of ARFB.

Given that this thesis is conducted within a European research project (HIGREEW)
focused on developing an efficient aqueous redox flow battery, the subsequent
sections will concentrate on aqueous systems.””’! Among the various aqueous
systems, the Vanadium Redox Flow Battery (VRFB) is considered the state-of-the-
art technology and has already reached the market. Therefore, its chemistry will
be briefly described below. It is worth mentioning that Zinc/Bromine Redox Flow
Batteries (Zn/Br RFB) are also mature systems too.”>"

2.3.4. Other components

e Bipolar plates: These plates serve as electrical connections between cells and
collect the generated electric current. They are typically made using a polymer
filler, graphite particles, resins, or conductive additives such as PVA, PVDF, and
HDPE. Bipolar plates should possess qualities such as robustness, chemical
stability, ease of sealing, low weight, and low cost. However, they are
susceptible to corrosion or oxidation, which can increase the resistance of the
system and decrease battery efficiency. In the case of hybrid redox flow
batteries, bipolar plates are used as electrodes and are made of the
corresponding metal or metal oxide.

e Current collectors: These are typically made of metals such as copper and
serve as electrical connections to the bipolar plates.

o Flow frame: The flow frame forms the flow channel between the bipolar plates
and the membranes and usually contains a porous electrode. It must be
chemically resistant as it is constantly in contact with the electrolytes.

e Electrolyte storage and flow: Tanks and tubing (or piping) are used for
electrolyte storage and flow. Common materials for these components are PVC
or fluorinated materials, chosen for their high chemical stability. Pumps, with
centrifugal pumps being the most common choice for RFB, are used to facilitate
the flow. These pumps must be chemical resistant and nonconductive.

o FElectrical components: The Power Management System consists of an AC-DC
inverter that converts the DC output of the electrochemical cell to AC power
used in the grid. The Battery Management System incorporates control
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algorithms that analyze and regulate parameters such as state of charge,
current, voltage, temperature, pressure, and other relevant factors.

2.4. Types of Redox Flow Batteries

Redox Flow Batteries (RFB) can be classified into different categories based on
their mode of operation, components, and composition of active materials. While
batteries like the Vanadium Redox Flow Battery (VRFB) and Zinc-Bromine (Zn-
Br;) RFB have achieved commercialization after years of development, ongoing
research aims to overcome their limitations. Here is a brief classification of the
various types of RFB found in the literature:

= Phase changes at the electrodes:
o Classical or true: no phase changes occur during the redox process, redox
species remain in the liquid state. Examples: VRFB.
o Hybrid: a phase change takes place at one of the electrodes. Examples: Zn-
Br, RFB.
= Elemental composition of the redox active materials:
o Inorganic: Lacking the carbon element. Example: VRFB.
o Organic or organometallic: Containing earth abundant elements. Example:
Anthraquinone-based RFB.
= Form of the redox active material:
o lons: Redox ions coordinated with water or hydroxyl. Example: VRFB
o Complexes: Specially used in non-aqueous systems. Example: Ru(bpy)s
o Molecules: all organic redox active materials. Examples: quinones, triazine,
viologens...
o Polymers: polymers functionalized with redox active groups. Example: poly
viologen or poly tempol
= Composition of the electrolyte:
o Aqueous: will be discussed in section 2.3.3 and 2.6.
o Non-aqueous: will be discussed in section 2.3.3.
= Form of electrolyte:
o Solution. Redox active materials are dissolved.
o Suspension/Dispersion. RAM present in immiscible phase. Bromine RFB.
o Slurry. Specially used in all-iron RFB. Required high pump power.
= Jon permeable separator:
o lon Exchange membrane. In most of the RFB, both half cells are divided
using anion or cation exchange membranes (AEM and CEM, respectively)
o Microporous separator. Specially used in hybrid RFB or RFB which use
polymers as RAM.
o No separator. Membrane-less RFB using two immiscible aqueous
electrolytes or using laminar flow.
= Type of tank storage
o Conventional: the energy is stored in the liquid electrolyte.
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o With solid boosters: Solid redox active materials store the energy in the
tank. Example: copper hexacyanoferrate and Prussian blue solid booster
RFB.

Since this thesis focuses exclusively on Aqueous Redox Flow Batteries (ARFB), the
remaining introduction will be centered on this specific type of battery. However,
the quick classification provided demonstrates the wide range of systems currently
under development. Each system has its own set of advantages and disadvantages,
all contributing towards the shared goal of developing an efficient energy storage
system.

The variety of systems in development highlights the ongoing efforts to improve
energy storage technologies. Researchers aim to overcome limitations and
optimize various aspects such as energy density, cost-effectiveness, scalability, and
environmental impact. By exploring different redox chemistries, materials, and
system designs, they strive to enhance the overall performance and feasibility of
energy storage systems.

The ultimate objective is to develop energy storage solutions that can effectively
integrate with renewable energy sources, stabilize electrical grids, support off-grid
applications, and contribute to the transition towards a more sustainable and clean
energy future.

2.5. State-of-the-art: Vanadium Redox Flow Batteries

charge

Anolyte: V3t +1¢ v -0.26 V

discharge

charge

Catholyte: VO2* + H,0 VO, " +2H " +1e 1.00V

discharge
Figure 5: Redox reaction of all-Vanadium Redox Flow Batteries

Historically, the first group of RFB tested used aqueous metallic inorganic ions.
Most metallic ions have at least two oxidation states with good stability and
solubility, along with a broad range of redox potentials. Therefore, it is easy to
understand why this group was the first to be tested. The first successful RFB was
developed by NASA in the early '70s using iron-chromium chemistry.” Ten years
later, Maria Skyllas-Kazakos developed an all-vanadium system where four stable
oxidation states were used as two redox couples in the RFB (Figure 5).7%" This
system has become the first commercially available option and represents the
state-of-the-art for Redox Flow Batteries, with the chemistry involved depicted in
Figure 5.

Firstly, the commercial electrolyte V3** (equimolar mixture of V(III) and V (IV)) in
1 M H,SO, must be pre-charged via chronopotentiometry, resulting in V3* in the
anolyte and VO?* in the catholyte. During the charging process, the reduction of
V3 to V** occurs in the negative side, while in the positive side, the oxidation of
VO?* to VO,* takes place simultaneously. This flow of electrons from the catholyte
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to the anolyte increases the potential of the battery. To maintain the
electroneutrality of the system, protons from the anolyte cross through the IEM
(ion exchange membrane) to the catholyte. In the discharging process, the opposite
reactions and movements occur, releasing the energy stored during the charging
process (decreasing the potential). This is a simplified way to understand the redox
reactions involved in VRFB. In reality, the reaction mechanism on the electrode
surface with oxygen functional groups (-OH and -COOH) for the positive and
negative half cells during the charging process is described as follows:*

i) The vanadium reactant ions (VO?*" and V3" for the positive and negative side,
respectively) diffuse from the bulk electrolyte and get absorbed into the oxygen
functional groups on the electrode surface.

ii) Ion exchange occurs between the protons and the absorbed vanadium ions. In
this step, the ion exchange between vanadium ions can also take place at other
functional groups that act as active sites and catalysts, such as nitrogen
functional groups,”™ carbon functional groups on carbon nanofibers,”® and
metal or metal oxide catalysts.””8!

ili) On the positive electrode, one oxygen atom from H,O transfers to the VO**,
forming VO,H* with electron transfer from the OH functional groups to the
electrode.?? The electrons from the positive electrode travel to the negative
electrode, combining with V** on the electrode surface along the C-O-V bond
to form V** on the surface. On the positive side, oxygen reactions and electron
transfers take place, while on the negative side, only electron transfer occurs.
Therefore, the development of a positive electrode for VRFB involves
introducing oxygen functional groups on the electrode surface to facilitate the
oxygen transfer step.

iv) Ion exchange occurs between the vanadium species attached to the electrode
surface and the protons in the electrolyte. The discharging process involves
the opposite reactions and mechanisms.

Based on the latest results of VRFB, with a vanadium concentration of 1.6 M, a
voltage of 1.26 V can be expected, leading to a volumetric capacity of
approximately 42 A/h-L. To prevent battery damage, VRFB typically operate
between 15% and 85% state of charge (SOC), avoiding deep charge and discharge.
Therefore, a volumetric power of 38-42 Wh/L can be expected. If the cost of 1 L
of vanadium electrolyte is around $ 6 to $ 10, the estimated cost would be $ 200-
300/kWh.

In this battery, both electrolytes contain related vanadium species, which mitigates
the chemical contamination challenge associated with electrolyte crossover.
However, after long-term VRFB operation, some imbalance between the two
electrolytes can be identified. This imbalance can occur due to different reasons
(such as cross-contamination or side reactions), and its effects can deteriorate
battery performance, leading to capacity loss. The major advantage of this battery
is that the capacity can be recovered by rebalancing the battery. Different methods
have been developed depending on the causes of the imbalance.®® Despite the
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advantages of this battery and others, such as the Fe/Cr®® and Zn/bromine
RFB,®® the use of critical and high-priced metal salts, hazardous and corrosive
electrolytes (sulfuric acid solutions), and expensive ion exchange membranes like
Nafion® exclude these systems as "green" energy storage solutions. These issues
can be addressed by using organic molecules as redox-active materials for aqueous
systems.

2.6. Aqueous Organic Redox Flow Batteries

The use of organic redox-active materials eliminates the need for metals as redox-
active materials. Metals not only make the system less cost-effective (due to their
high price resulting from their low abundance in the Earth's crust), but they also
pose environmental risks. An alternative approach is the utilization of organic
electrolytes, which can be produced on a large scale at a low cost. Furthermore,
these organic electrolytes offer a high degree of tunability in terms of their
properties.3254909192 [n theory, the solubility, redox potential, and stability of the
active materials can be easily adjusted, thereby enabling the production of
batteries with higher energy density, increased cell voltage, and improved long-
term performance. In terms of designing the active materials, the field of chemistry
provides numerous combinations that can be synthesized following the principles
of organic chemistry. Consequently, different families and strategies have been
extensively studied and optimized over the years.

2.6.1. Organic compounds as Redox Active Materials

Different organic families have been developed as redox-active materials for RFB
in an effort to meet the demanding requirements for their implementation. The
electrolytes in RFB must possess the following characteristics:

i) Wide potential window: The potential difference between the two standard
potentials of the redox couples involved should be maximized to achieve a high
cell potential and high energy density. However, this is limited by the stability
of water.

ii) High solubility: A higher concentration of redox-active species leads to a higher
capacity and energy density. Solubility determines the theoretical volumetric
charge capacity of the electrolyte, indicating the amount of charge that can be
stored in a certain volume of electrolyte.

iii) High ionic conductivity: Great mobility of active species and ions facilitates
their transport to the electrode, enabling redox processes, and through the
membrane to maintain electroneutrality in the system. The low ionic
conductivity of non-aqueous systems is the main cause of their ohmic losses.*

iv) Fast kinetics: Fast electronic exchange associated with the charge/discharge of
the battery occurs at the surface of the electrodes. Elevated reaction rates
minimize side reactions, gas evolution (oxygen or hydrogen),* and cell
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resistance,’ leading to higher efficiencies and stabilities of redox-active
materials (RAM). Improved charge transfer kinetics also help avoid electrode
degradation. In this regard, many research groups have focused their attention
on optimizing electrodes for RFB.5"%

v) Low viscosity: A higher viscosity of the electrolyte results in greater energy
waste from the pumping system, making the battery less effective in terms of
lower round-trip efficiency. It should be noted that while the battery is
charging/discharging, the composition of the electrolytes varies, affecting all
its properties.® Furthermore, mass transfers are directly related to viscosity, so
an increase in viscosity leads to a decay in conductivity.®’

vi) High chemical stability: Redox Flow Batteries are considered one of the most
promising long-term energy storage systems. Therefore, ensuring the stability
of the electrolyte, as well as the entire system, is crucial. In the case of organic
molecules, reactive species can be generated during the charging/discharging
process, which may result in irreversible capacity loss due to the formation of
dimers® or free radical reactions®. Additionally, side reactions during battery
operation can lead to the generation of non-redox-active or less soluble/active
species. Aziz et al.'® proposed a useful method to assess the stability of the
electrolyte at different SOC, which corresponds to varying concentrations of
the oxidized and reduced forms. Ideally, a post-mortem analysis of the
electrolyte should be performed after battery testing to elucidate the
degradation mechanism and identify the structure of the by-products.

vii) Thermal stability: The electrolyte may experience precipitation at different
temperatures. For instance, vanadium electrolyte tends to dimerize and
precipitate at temperatures above 40 °C.%

viii)Low cost: Since the primary objective of RFB is to integrate renewable energies
into the grid, it is essential for the system to be cost-effective.

ix) Safety and environmental friendliness: Given that Redox Flow Batteries are
designed to store megawatt-hours of energy, the preparation and disposal of
electrolytes must be safe and environmentally friendly. To address this concern,
reducing the use of metals in favor of organic molecules and minimizing the
reliance on organic solvents have become trends in RFB development.!%!

2.6.2. Different families of Redox Active Materials

Considering the aforementioned aspects, it is evident that we encounter significant
challenges when designing a new class of redox active materials. However,
researchers have made considerable progress in developing different groups of
molecules that incorporate many of these features, making them promising
candidates for RFB. Each family of compounds offers specific advantages and
disadvantages that need to be optimized to guide the future of RFB towards the
utilization of organic molecules as Redox Active Materials (Figure 6). In the
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following paragraphs, we will provide a brief overview of these compound families
and their respective characteristics. The first three families of compounds
(viologens/diquats, quinones, and alloxazines/phenazines) are typically used as
anolytes.

I:] Neutral
- Basic

5) TEMPOL 1) Viologens
One electron One or two electrons I:' Acid
E°~0.8V E°~-0.45 V
High capacity decay High Catholyte
and crossover capacityretention

=== Anolyte

4) Ferrocene and *%% EO ys SHE

iron complexes
One electron
E°~ 0.9V
High capacity decay

2) Quinones

v Two electrons

v’ Hydroquinones ca
work as catholytes

v E°%-0.4V

v’ High capacity

retention

) Phenazine

& alloxazines

v' Two electronsv
v E%<-(

Figure 6: Classification of the different organic families for organic redox active materials
in aqueous system.

2.6.2.1 Viologens and diquats

oy
N
N~
R
® Viologen Diquat

Figure 7: Viologen and Diquat core.

Nitrogen-containing aromatic compounds are considered redox active species,
particularly those that contain two or more nitrogen atoms, enabling them to
undergo two consecutive one-electron reductions (Figure 7). One well-known and
widely utilized structure in this context is 4,4-bipyridine derivatives, also known as
viologens. These derivatives exhibit good stability and undergo a first reversible
reduction at -0.45 V, leading to a cation radical intermediate. Further reduction
results in the formation of a neutral species that is insoluble in water at potentials
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above -0.65 V. Additionally, viologens demonstrate excellent solubility, and their
cost-effective synthesis route is a significant advantage.!'*?

One of the most extensively studied viologens is 4,4-dimethyl bipyridinium
(Methyl Viologen), which has been widely employed as an anolyte in Aqueous
Organic Redox Flow Batteries (AORFB).1921%5 Despite its favorable properties,
Methyl Viologen does have two main drawbacks: a tendency for dimerization!%
and dealkylation in the presence of oxygen.!”” These side reactions result in the
formation of insoluble by-products, leading to a loss in capacity. To address these
limitations, numerous examples utilizing the same 4,4'-bipyridine core (viologens)
have been developed with the aim of utilizing both electrons®11% increasing
solubility and enhancing stability,!0%110:11194.113.114

To the best of our knowledge, the three most promising candidates reported to
date, with respect to capacity decay, are dextrosil-viologen!'!?, carboxylate-
viologen!!3, and asymmetric sulfonate viologen!''* (Figure 8). These compounds
exhibit either no capacity decay in the case of the first two examples or a decay
rate of only -0.045% per day over 30-50 days in the case of the asymmetric
sulfonate viologen.
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Figure 8: Three best candidates of the viologen family.

In addition to viologens, another group of compounds that has been studied for
their redox activity in RFB is the diquat or 2,2-bipyridinium derivatives. However,
the diquat family has not achieved the same level of success as viologens, and only
a few studies have utilized them as anolytes in Aqueous Organic Redox Flow
Batteries (AORFB). These studies have shown lower redox potentials, but higher
capacity decays compared to viologens.!!>!!

The electrochemical performance of diquat derivatives is inherently linked to the
dihedral angle (N-C-C-N), which will be discussed in the results section of this
thesis. Understanding and studying this dihedral angle and its impact on the
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electrochemical properties of diquat derivatives is crucial for optimizing their
performance in RFB.

2.6.2.2. Quinones and hydroquinones

Quinones are aromatic compounds in which an even number of carbon atoms are
substituted by a carboxyl group, resulting in a conjugated cyclic dione molecule.
Through electrochemical reduction, the carboxyl group undergoes enolization,
leading to the stabilization of the anionic species through the delocalization of
accepted electrons over the conjugated structure. The selection of quinones as
redox-active materials in electrochemistry is driven by their natural occurrence in
processes such as respiration and ATP production.!!®!!® Quinones are the oxidized
form of aromatic compounds, and their corresponding reduced forms, featuring
two hydroxyl groups as substituents, are known as hydroquinones.

o PCET OH
R R. . +
. 3 +2¢ +2H F/R R\‘.
L K :
‘R R -2e - 2H* ‘R R
o OH
Quinone

Hydroquinone
Figure 9: Quinone — hydroquinone transformation via redox reaction.

Both quinones (as anolytes) and hydroquinones (as catholytes) are well-known
redox species, and their fast and reversible two-electron redox reactions have been
extensively studied (Figure 9). In aqueous acidic solutions, where the proton
concentration exceeds the concentration of quinone, a single-step fast proton-
coupled electron transfer (PCET) process occurs, leading to the formation of
dihydroquinone. However, in situations where the concentration of quinone
surpasses that of protons (e.g., neutral pH), a stepwise two-step one-electron
transfer takes place, resulting in the formation of monoprotonated anion
hydroquinone. In alkaline solutions, oxyanions are preferentially formed through a
single-step two-electron transfer process. In this case, PCET does not occur, and
the oxyanions are strongly stabilized by the surrounding water molecules through
hydrogen bonding (Figure 10).12%12!
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Figure 10: Three mechanisms of quinone reduction based on the pH of the electrolyte.

From this family, various anolytes and catholytes have been developed. Starting
with the simplest chemistry of hydroquinones, different positive electrolytes have
been utilized in RFB. By introducing solubilizing groups such as sulfonic acid and
morpholine, the solubility of hydroquinones has been enhanced, and their redox
potential has shifted towards more positive values.'?>?* The main identified
degradation pathway is hydroxylation through Michael addition. 212 To mitigate
this undesired reaction, methyl groups have been attached to the hydroquinone
Core.124’126

However, despite these improvements, the hydroquinones used in these systems
were relatively small, and the main reason for capacity decay in the batteries was
the crossover of active species through the membrane. This crossover
phenomenon needs to be addressed to achieve improved performance and
durability in RFB.

Quinones have emerged as promising anolytes in RFB, with different materials
such as quinones, naphthoquinones, and anthraquinones being studied.'?! The
solubility of quinones has been improved by attaching hydroxyl groups and
operating in basic media. These substituents not only enhance solubility but also
play a significant role in shifting the redox potential to more negative values, as
they act as electron-donating groups (EDGs).'?” However, the small molecular size
of quinones leads to high crossover through the membranes, resulting in significant
capacity decay. To address this issue, larger molecules such as naphthoquinones
and anthraquinones have been designed.
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Naphthoquinones exhibit lower solubility in water, which can be enhanced by
attaching polar groups such as hydroxyl and carboxyl groups. However, they are
prone to hydroxylation via Michael addition.!?"?® The best candidate is HCNQ,
which exhibits a capacity decay of 6.4% per day at high concentrations (1 M) in
single-cell. However, even the best candidate shows significant capacity decay to
be suitable for commercial purposes.!*

Among the quinone family, the most promising branch is the anthraquinones,
which possess extended m-conjugation and high stability. The fully delocalized
electrons throughout the three rings reduce the possibility of Michael addition, and
the larger size of the molecule inhibits crossover through the ion exchange
membrane. Additionally, various functional groups can be attached to
anthraquinones to increase their solubility. Aziz et al. '* compared the performance
of anthraquinones with one or two sulfonic acid groups attached to the core. While
the sulfonic groups increase solubility and redox potential, they make these
compounds less suitable as negolytes due to the reaction between bromine
(present in the anolyte due to crossover) and the sulfonic acid groups, leading to
capacity decay. Leo Liu et al ''! improved the stability and solubility of
anthraquinone disulfonic acid (AQDS) by cation exchange using ammonium as a
counterion. AQDS(NH.,),, coupled with iodine/iodide, exhibited no capacity decay
over 14 days in an RFB.

By introducing electron-donating groups such as hydroxyl groups, the redox
potential of anthraquinones can be modulated to more negative values. These
candidates have been tested against bromine and have shown similar results in
RFB. The addition of hydroxyl groups shifts the redox potential by 100 mV to more
negative values, enhancing the cell potential. The problem of redox potential
modulation can be overcome by adding an extra carbon between the sulfonic acid
and the anthraquinone (DHAQDMS).!*® However, the cycling performance of this
molecule was compromised due to the loss of conjugation between the aromatic
ring and the sulfonic acid. Aziz et al!'®' addressed these issues by studying
hydroxylated anthraquinone in alkaline media, where the redox potential shifted
to more negative values and solubility was enhanced by the deprotonated hydroxyl
group. Thus, alkaline anthraquinone-based RFB have paved the way for the
development of the next generation of anthraquinones.

To the best of our knowledge, the most promising anthraquinones have been
designed by Aziz by introducing carboxylate or phosphate groups spaced by
carbon or oxygen atoms from the anthraquinone core, demonstrating promising
results in terms of capacity retention.!®*'*® The three most stable compounds
reported by Aziz, along with AQDS(NH.), reported by Liu, represent this new
generation of anthraquinones. The main reasons for capacity decay in these new
Redox Active Materials are chain loss and/or anthrone and its dimer formation
(Figure 11).136:137
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Figure 11: Best four candidates reported for the quinone family.

Indeed, one of the significant advantages of quinones is their ambivalence to be
used as both anolyte (quinone) and catholyte (hydroquinone). Aziz et al. '*® have
made notable advancements in this area by developing a symmetric all-quinone
aqueous battery that can function as both catholyte and anolyte simultaneously,
known as a combi-molecule (Figure 12). The concept of combi-molecules holds
great potential for the future of RFB because the capacity decay resulting from
crossover can be mitigated by rebalancing the electrolyte, similar to the approach
used in Vanadium Redox Flow Batteries (VRFB) described earlier. This innovative
approach offers the possibility of improving the overall performance and stability
of RFB.
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Figure 12: Combi-molecule reported by Aziz et a/ matching the quinone and
hydroquinone chemistry.

2.6.2.3. Alloxazines and phenazines
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Figure 13: Alloxazine and phenazine cores.
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For many years, viologen, quinone, and TEMPO families have been the
predominant organic redox active materials. However, in recent times, new
nitrogen-containing  aromatic = compounds have been investigated
electrochemically and tested in RFB (Figure 13).1%%1% Taking inspiration from
nature, alloxazines have emerged in the battery field, mimicking the redox
reactions of flavin cofactors.!*! Alloxazines are the redox-active backbone of flavins
and consist of fused benzene and pyrazine rings. This family exhibits high solubility
in water (4.5 M) and undergoes a pH-dependent, two-electron redox reaction at
low redox potentials (specific potentials to be added). Additionally, alloxazines
have a low molecular weight, resulting in higher battery capacity. Their synthesis
is relatively simple, involving a high atom-economical coupling between o-
phenylenediamine derivatives and alloxan in acetic acid and boric acid at room
temperature. 4144

Although alloxazines have been previously studied as anode materials for non-
aqueous lithium and sodium-ion batteries, their limited solubility has hindered
their use in RFB. To enhance aqueous solubility, Aziz and Gordon et al.!*°
introduced a carboxylate group into the alloxazine core, resulting in ACA
(alloxazine carboxylate) as an anolyte. Despite limited kinetics, ACA demonstrates
sufficient solubility, low redox potential, and stability to be employed as an anolyte
in RFB. In the same vein, Meng et al!® utilized a sodium salt of flavin
mononucleotide as an anolyte in RFB. While these examples have opened doors
for exploring new derivatives of alloxazines, the challenges of low capacity
retention impede further development in this family. The main degradation
pathways observed include precipitation due to m-stacking interactions'® and
hydrolysis, leading to the formation of inactive redox species. 4%:147.148

Phenazines, which exhibit redox-active behavior,!*° have been studied as potential
redox-active materials. However, it was not until 2018 that Schubert et al. utilized
the phenazine core in the design of a combi-molecule coupled with a TEMPO
moiety, enabling it to function as both an anolyte and a catholyte. One challenge
encountered in this work was the poor solubility of the combi-molecule in water.!>
Subsequently, researchers have focused on designing phenazine derivatives by
introducing different solubilizing groups such as hydroxyl, sulfonate, carboxylate,
and amino groups at various positions.!2!!33.152.133.

The degradation mechanisms of phenazine anolytes are not yet fully understood
due to limited examples studied. However, tautomerism has been identified as a
primary degradation pathway, leading to a loss of redox activity. Among the
phenazine derivatives, 1,8-PFP has emerged as the most promising candidate,
demonstrating no capacity decay during galvanostatic and galvanostatic-
potentiostatic cycling at different temperatures for over 40 days.!** Another notable
candidate is 1,6-DPAP, which exhibits a low capacity decay rate of 0.0015% per
day due to its high resistance to tautomerization. This highlights the potential of
amino acid substituents as stabilizing groups for redox-active materials (Figure
14).152
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Figure 14: Two best phenazine reported anolytes.

Despite the impressive performance of 1,8-PFP and 1,6-DPAP, their synthesis
and purification processes are laborious and require the use of expensive catalysts,
which could pose challenges for scale-up. Thus, only a few examples have been
developed using this chemistry, and the development of new phenazine-based
candidates is expected in the coming years.

o  Other studied systems.

One of the main challenges in the field of aqueous organic Redox Flow Batteries
(RFB) is the limited availability of suitable catholytes. Various compounds have
been explored as catholytes in RFB, including I/I3, Br/Brs, metal complexes,
ferrocene  derivatives, [Fe(CN)els/ [Fe(CN)e]s, hydroxyquinones, and
TEMPQ. 103125155156 Qn the other hand, inorganic compounds such as FeCl,, Zn
halides, and VOSO, have been utilized in aqueous inorganic RFB. However, these
chemistries require further improvement in terms of technology and cost-
effectiveness to enable widespread energy storage due to factors such as
expensive materials, side reactions, and corrosive electrolytes.

Therefore, considerable efforts have been directed towards the development of
new organic and organometallic catholytes specifically tailored for aqueous
RFB.103125.155.156 The aim is to overcome the limitations of current catholyte options
and find alternatives that offer improved performance, cost-effectiveness, and
compatibility with aqueous systems. The next two sections describe two families
of RAM generally used as catholytes.

2.6.2.4. Ferrocyanide and iron complexes

Iron, being one of the most abundant elements on Earth and possessing a high
redox potential (approximately 0.77 V vs SHE), is a promising candidate for
catholytes in aqueous RFB.!*"!* However, the slow electrochemical reaction, poor
stability, and high crossover through the membrane necessitate structural
modifications.

In this regard, ferrocyanide was first incorporated into the positive side of an
aqueous RFB in 1979. Ferro- and ferricyanide constitute a highly stable and non-
toxic redox couple due to the strong coordination of cyanide ions to the iron center.
This redox couple has recently been used in alkaline redox flow batteries. 21122131145
The stability of ferro-ferricyanide has also been studied in strongly alkaline media

36



2. Introduction

in RFB, as ligand exchange between hydroxide and cyanide can occur.!® One
limitation of this redox couple is its low solubility in water, with potassium and
sodium ferrocyanide having solubilities of 0.76 M and 0.5 M, respectively. A patent
was filed for a 1:1 ratio of sodium-potassium ferrocyanide, resulting in a 1.5 M
[Fe(CN)s]4 solution in water. However, this mixture may cause precipitation due to
variations in cation concentration in RFB.'® Leo Liu et al.'®! reported the use of
ammonium ferrocyanide, which increases the solubility up to 1.6 M for
ferrocyanide and 1.9 M for ferricyanide in deionized water. Despite the significant
increase in solubility, some issues with the formation of insoluble Prussian blue from
ammonium ferrocyanide have been observed during the European project in
which this thesis is ascribed.

Another intriguing iron compound that has been developed as a catholyte in
aqueous RFB is ferrocene (Fc). Since ferrocene is insoluble in water,
functionalization is required to enhance its solubility. Hu et al.!*® achieved solubility
by incorporating one or two charged polar substituents, such as quaternary
ammonium (FcNCl), while Boika et al.'®? utilized sulfonate (FcDS). The FcNCl
coupled with methyl viologen battery exhibited longer cycling stability than the
FcDS coupled with AQDS, attributed to nucleophilic attacks by acetate and sulfate
ions on the iron complex. The influence of chain length has also been investigated
by Xu et al.'®®, who found that the presence of two ammonium groups separated
by a hexane chain (BQH-Fc) led to optimum performance. The proposed
degradation mechanism in this work involves ligand exchange between water and
cyclopentadienyl, resulting in the dimerization and polymerization of the latter.

Other ligands, such as ethylenediaminetetraacetate (EDTA) and 2,2'-bipyridine,
can coordinate with iron to form stable complexes. !¢ 2, 2'-bipyridine complexes
have been utilized as catholytes in non-aqueous redox flow batteries and as solar
dyes.'®” Zhu et al.'*® developed an asymmetric iron complex using 2,2'-bipyridine-
4,4'-dicarboxylic acid and cyanide as ligands (Fe(Dcbpy):(CN).). The use of
bipyridine ligands in the design of iron complexes for non-aqueous redox flow
batteries and solar dyes can increase the potential and volume, thereby reducing
crossover through the ion-exchange membrane (IEM). By breaking the symmetry
in their design, they demonstrated an increase in solubility and stability of the
redox-active materials, with a capacity decay of 0.25% per day.

Similarly, Aziz et al.'*® reported different iron complexes with various substituents
using bipyridine ligands that can serve as catholytes in aqueous RFB. Among the
different compounds, the iron complex formed using 4,4'-bis(hydroxymethyl)-2,2'-
bipyridine (Fe(Bhmbpy);) as the ligand exhibited the best characteristics in terms
of solubility and high redox potential. In a near-neutral aqueous organic RFB, this
iron catholyte, coupled with the anolyte BTMAP-Vi, demonstrated excellent
stability with a capacity decay rate of 0.07% per day (Figure 15). Despite the
progress in developing stable organometallic catholytes, the issue of capacity
decay remains a challenge, and the search for suitable catholytes in the RFB field
continues.
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Figure 15: Best two iron complexes reported as catholytes.

2.6.2.5. TEMPO derivatives

TEMPO is a stable nitroxyl radical designed to have stability, contrary to the typical
notion associated with radicals. Its four methyl groups prevent attacks on the two-
center three-electron N-O bond. Additionally, it lacks an a-position hydrogen atom,
which would lead to disproportionation and the formation of hydroxylamine and
nitrone compounds.'”® The presence of these methyl groups prevents their
substitution with larger substituents, as it could result in homolytic cleavage of the
C-N bond, generating a nitroso compound and alkyl radical.

TEMPO has been used as a catholyte in non aqueous systems, undergoing
reversible one-electron oxidation to form the oxoammonium cation.!”! Since
TEMPO is insoluble in water, various hydrophilic groups such as hydroxy,
(TEMPOL)!** sulfate,'” and trimethyl ammonium (TMA)'>* have been attached to
the 4-position of TEMPO to enhance its solubility in water. The derivative 4-TMA-
TEMPO was coupled with methyl viologen in a highly concentrated (2 M) RFB,
demonstrating a cell potential of 1.4 V and nearly full capacity retention. This
family of compounds offers advantages such as extremely high redox potential
(0.8-1.1 V vs SHE) and high solubility (>2 M). However, there are also significant
disadvantages. TEMPOL derivatives are prone to degradation via
disproportionation in acidic media and ring-opening of the oxoammonium cation
in basic media.?® Furthermore, these derivatives exhibit high crossover, which
contributes to capacity decay.

To address this issue, Schubert et al. attempted to mitigate the problem by
developing combi-molecules where the TEMPO moiety was attached to different
anolyte moieties such as phenazine and methyl viologen (Figure 16).17*17* While
the phenazine-based combi-molecule showed almost full capacity retention, its
poor kinetics resulted in low energy efficiencies. In the case of the methyl viologen-
based combi-molecule, its poor solubility necessitated the addition of a non-
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aqueous cosolvent (20 vol.% of ethylene carbonate). However, rapid capacity
decay was observed due to pH changes caused by the formation of hydroxylamine
(TEMPO-NOH) during battery charging.
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Figure 16: Two combi-molecules reported by Schubert et a/ matching the TEMPO core
with the phenazine and viologen backbone.

Leo Liu et al. '™ introduced a new generation of TMA-TEMPO derivatives last year,
making these candidates more stable and soluble in water. They replaced one of
the methyl groups in the trimethyl ammonium moiety with a propyl ammonium
substituent (N,-TEMPO). This modification increased the repulsion between
molecules, enhancing the stability of the new derivative. This strategy showed no
capacity decay over 400 cycles when using 0.5 M of the redox-active material
(RAM), making it one of the most stable catholytes to date. However, when the
RAM concentration was increased to 1 M, the battery exhibited a 10% capacity
loss due to volume changes between the electrolytes.

In another strategy, they replaced the trimethyl ammonium moiety with
acetylamino and trimethyl ammonium (TMAAcNH-TEMPO).'”® This modification
resulted in a solubility of 4.3 M, enabling high-energy-density AORFB. When
coupled with (NPr),V as the anolyte, TMAAcNH-TEMPO showed low capacity
decay of 0.346%/day over 40 days. The introduction of the trimethylammonium
and acetamido groups effectively suppressed the ring-opening side reaction and
crossover, which are the main causes of capacity decay (Figure 17). These works
represent the best TEMPO derivatives to date. However, the low compatibility of
TEMPO radicals with the membrane and the high-capacity decay in high-
concentration batteries still require further investigation to address these issues.

|
\l!l@\/\l%l@ HNJ\/g
O, N,-TEMPO 0 TMAACNH-TEMPO

Figure 17: New generation of TEMPO derivatives show the best results of the family so far.
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In summary, the vast majority of the organic redox active materials can be ascribed
to one of these families. The range of potentials that each family of compounds
provides are summarized in Figure 18.
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Figure 18: Redox potential ranges for each family described above.

Since the beginning of this thesis, no organic redox active material (RAM) has
shown comparable results to VRFB. Therefore, the development and study of new
organic RAM need to be thoroughly investigated and evaluated. This thesis is part
of the HIGREEW project (Affordable High-performance Green Redox Flow
Batteries), which aims to design, develop, and validate an advanced redox flow
battery based on a new water-soluble, low-cost organic electrolyte. The focus is on
developing an electrolyte that is compatible with optimized low-resistance
membranes and fast electrode kinetics, aiming for high energy density and long
service life.

The primary task of our group in this project has been the selection and
modification of commercial ion exchange membranes to meet the project
requirements. This thesis primarily focuses on the development of aqueous organic
RFB. Therefore, it will highlight the main characteristics, thermodynamic
considerations, and kinetics during battery operation. The aim is to provide a
useful introduction to the complex and fascinating field of RFB.

2.7. Computational chemistry and DFT calculations in RFB

As a branch of theoretical chemistry, computational chemistry utilizes computer
simulations to solve various chemistry problems. By incorporating methods from
theoretical chemistry into computer programs, it becomes possible to calculate the
structures, interactions, and properties of molecules. There are several methods
available in computational chemistry, including ab initio, semiempirical, and
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density functional theory (DFT). The choice of method depends on factors such
as computational cost (time) and the desired level of accuracy in the results. Each
method has its own characteristics, advantages, and disadvantages, which will be
described in the next Section: Experimental and Theoretical procedures.

DFT calculations have garnered significant attention due to their ability to provide
accurate results for large systems while consuming relatively less computational
time. DFT calculations have become one of the most valuable tools for chemists
to understand and predict the behavior of different compounds. With a strong
interest in developing aqueous organic redox flow batteries (AORFB), the use of
DFT calculations has become imperative due to the vast chemical space offered
by organic chemistry. In this regard, DFT can guide the synthesis of organic
compounds by predicting important properties such as solubility, redox potentials,
and stability, among others,03156.177.178 High-throughput screening techniques can
further accelerate the synthesis of promising candidates based on the most
important characteristics of redox active materials (RAM).17%:180

DFT calculations serve not only as a screening tool for RAM but also play a crucial
role in addressing stability issues, which is another major concern in RFB. By
understanding the electrochemical properties of compounds, side reactions can
be identified and avoided through appropriate substituent patterns. The stability
of different compounds has been analyzed by studying charge distribution,'®!
geometric distribution,'" acidity,!!” orbital density,!*” and the effect of additives.!®?
Additionally, important electrochemical parameters such as the kinetics of the
redox process based on Marcus theory can be studied.!® If the redox process
involves significant structural changes between the oxidized and reduced states,
the kinetics of the process may be compromised.'®*

DFT calculations also allow for the study of the interaction between organic
molecules and ion exchange membranes, providing insights into the potential issue
of crossover in the battery.!®® The volume of the RAM and the choice of
substituents can help mitigate this phenomenon. Furthermore, aggregation
formation, which can compromise battery performance by reducing the solubility
of the redox-active material, has been investigated using DFT and Molecular
Dynamics (MD) simulations. %

This is just a brief introduction to highlight the usefulness of density functional
theory (DFT) calculations in the context of RFB. In this thesis, DFT calculations
have been employed as a means to gain insight into and optimize the designed
redox active materials (RAM) developed throughout the past three years (Chapter
1 and 3).

41



2. Introduction

2.8. HIGREEW project

HIGREEW is a research and innovation project that aims to design, develop, and
validate an advanced redox flow battery based on a new water-soluble, low-cost
organic electrolyte. The battery will be compatible with an optimized low-
resistance membrane and fast electrode kinetics to ensure long service life. The
key objectives of the project are to create an environmentally sustainable battery
with high energy and power density, maximize lifetime and efficiency, and
minimize costs.

The HIGREEW project began four years ago in November 2019 and involves 10
organizations from six different countries: CIC energigune, Gamesa Electric,
Universidad Auténoma de Madrid, Siemens Gamesa (Spain), CNRS (France), C-
TECH (United Kingdom), University of West Bohemia, PinFlow Energy Storage
(Czech Republic), Uniresearch (Netherlands), and Fraunhofer ICT (Germany).

During the first half of the project, the focus was on the technical aspects. CIC
Energigune, in collaboration with a student from UAM, developed the organic
electrolyte. Different organic catholytes and anolytes were synthesized, and their
electrochemical properties were analyzed for implementation in a Redox Flow
Battery. Simultaneously, our group was responsible for selecting, characterizing,
and modifying various commercial Ion Exchange Membranes. Since the
commercial membranes showed high permeation for organic redox-active
materials, different modifications such as in situ polymerization and Layer-by-Layer
deposition were developed and optimized to reduce permeability while
minimizing increased resistance. Additionally, in France, CNRS studied the
compatibility of the redox-active materials with carbon felts and determined the
best activation method (thermal, chemical, etc.).

The second part of the project is now nearing completion, where all the
components have been assembled in an initial stack to demonstrate their
performance in an RFB. The system setup, optimization, and validation have been
developed in collaboration between C-TECH, Pinflow Energy Storage, Gamesa
Electric, and Fraunhofer ICT.

Through this project, knowledge regarding a complete RFB system, not just single-
cells, has been acquired. Typically, universities focus on experiments related to
single-cells due to their simplicity and lower cost of setup. However, after these
initial trials, scale-up through stacks, which allow for the storage of larger amounts
of energy (from kWh to MWh), is carried out by companies. Therefore, this project
has provided the student with a closer perspective on the final battery product.
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Energy storage is a critical pillar of modern societies, providing a vital solution to
address contemporary challenges faced by our communities. As we strive to
transition towards more sustainable and environmentally friendly practices, the
integration of renewable energies into the electrical grid and the reduction of CO,
emissions have become imperatives in combatting climate change and its far-
reaching effects. In this context, energy storage technologies play a pivotal role,
enabling the efficient capture, storage, and utilization of renewable energy sources
while providing stability and reliability to the grid.

To facilitate these essential transitions, the European Union has been at the
forefront of supporting numerous research projects dedicated to advancing energy
storage technologies.

The HIGREEW project, within which this thesis is situated, holds a particular
significance in the realm of energy storage research. The primary objective of this
project is to advance and validate an aqueous organic redox flow battery system.
Redox flow batteries offer unique advantages for large-scale energy storage,
providing scalability, high energy density, and enhanced safety compared to
traditional battery technologies. As part of the HIGREEW project, our research
group has been diligently engaged in selecting, characterizing, and modifying
commercial ion exchange membranes. These membranes are integral components
of the redox flow battery, facilitating the efficient transport of ions between the
positive and negative electrolytes. Additionally, our efforts are dedicated to
developing new organic electrolytes to replace the current vanadium electrolyte,
which aligns with the overall goals of the project.

In this context, the objectives of this research are centered around the critical role
of energy storage in modern societies, aiming to address pressing challenges and
support sustainable practices. Specifically, the objectives are:

1. Develop and validate an aqueous organic redox flow battery as a key
energy storage technology for enabling the seamless transition from fossil
fuels to renewable energies.

2. Select, characterize, and modify commercial ion exchange membranes to
enhance their performance and suitability for use in redox flow batteries.

3. Utilize the research group's expertise in organic synthesis to develop and
comprehend organic redox active materials, with a focus on optimizing
their electrochemical properties, solubility, and stability within the battery
environment.
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Evaluate the performance and behavior of various organic redox active
materials in redox flow batteries under different conditions to identify
promising candidates for practical applications.

Employ Density Functional Theory (DFT) calculations to gain
mechanistic insights into the redox reactions and ion transport processes
occurring within the battery system, providing a deeper understanding of
the underlying mechanisms.

Contribute to advancing energy storage technology and promoting a
sustainable future by harnessing the potential of organic redox active
materials and their applications in redox flow batteries.
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4.1. Electrochemical techniques

This thesis has mainly focused on understanding Aqueous Organic Redox Flow
Batteries and developing new anolytes based on viologen and triazine chemistry.
As RFB are Electrochemical Energy Storage Devices, the primary characterization
techniques employed are electrochemical. However, chemical characterization has
also been conducted. Below, it is provided a brief description of the most common
characterization techniques for organic redox active materials and redox flow
batteries.

4.1.1. Characterization of Redox Active Materials

4.1.1.1 Cyclic voltammetry and Linear Sweep Voltammetry

Cyclic Voltammetry (CV) is one of the most well-known and powerful techniques
for the rapid characterization of electroactive molecular species. CV provides
information about the redox process without the need for complex systems or
sophisticated mathematical transformations. However, the interpretation of CV
results is not always straightforward due to the influence of various processes,
including chemical reactions coupled to the redox process,! ohmic resistance,?
double-layer capacitance,’ and electrode effects, among others.*®

Current

Potential

Time

p,a

Voltage

Figure 1: Schematic representation of Cyclic Voltammetry.

Cyclic Voltammetry is performed using a three-electrode setup, which includes a
working electrode (where the electrochemical event of interest occurs), a counter
electrode (to complete the electric circuit with the working electrode), and a
reference electrode (a nonpolarizable electrode with a well-known and stable
equilibrium potential used as a reference point for measuring the potential applied
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to the working electrode). A potentiostat is used to incrementally increase the
potential (the energy of electrons in the electrode) until a specific current flows
between the working and counter electrodes.

If only a single linear scan is performed, the technique is referred to as Linear
Sweep Voltammetry (LSV). In cases where electrochemically reversible redox
processes involve freely diffusing redox species, the peak current follows the
Randles-Sevcik equation:

I, = 0.4463nFAc /”FVD
RT

In the equation, I, represents the peak current (mA/cm?), n is the number of

(1)

electrons involved in the redox reaction, F is the Faraday constant, A is the
electrode surface area (cm?), ¢ is the molar concentration (mol/cm?), v is the scan
rate (V/s), and D is the diffusion coefficient of the consumed molecule in the
electrode (cm?/s). This equation allows for the calculation of the diffusion
coefficients of the prepared redox active materials. It's worth noting that slight
differences may be observed in irreversible processes. For electrode-absorbed
species, the peak current exhibits a linear dependence on the scan rate.®

Furthermore, cyclic voltammetry (CV) can be used to study the reversibility of the
redox process under investigation. It is important to understand that
electrochemical irreversibility does not imply that the redox process cannot be
reversed, but rather that it does not occur within the timescale of the experiment.
Various approaches exist to assess reversibility, with Matsuda and Ayabe
introducing the reversibility parameter, A, which in this context refers to the
balance between electrode kinetics and the timescale of the CV experiment.” From
an analytical perspective, "electrochemical reversibility" implies that the surface
concentrations of the reduced species (crqs (t)) and oxidized species (Coxs (t))
adhere to the Nernst equation at all times. Consequently, reversible systems should
exhibit a close-to-unity relationship between the anodic peak current (I;.) and
cathodic peak current (I, ).

In reversible redox processes, the current is primarily limited by diffusional mass
transport, whereas in irreversible processes, the charge-transfer kinetics become
the limiting factor. Quasireversible systems exhibit intermediate behavior,
influenced by both charge transfer and mass transport phenomena.

For reversible redox processes, the peak potentials and peak separation remain
independent of the scan rate, consistent with the Randles-Sevcik equation (as
shown in equation 1). Conversely, in irreversible systems, the peak potential and
peak separation increase (in absolute value) with higher scan rates.®

1. Reversible redox process: AE, = 5n—7 mV
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. . 200
2. Quasireversible redox process: AE,, < - mV

3. [Irreversible redox process: AE,, = % mV

In this thesis, almost all the examples studied exhibited a reversible or
quasireversible redox behavior. Cyclic voltammetry measurements were
conducted using a 5-neck cell with a Glassy carbon working electrode (6.1204.300
from Metrohm) of 3.0 mm diameter. Platinum (Pt) was utilized as the counter
electrode (CE), and an Ag|AgCl electrode (3 M KCI) was employed as the
reference electrode (RE) for all electrochemical measurements. Rotating disk
electrode (RDE) experiments were performed using a Metrohm Autolab Motor
Controller. Both cyclic voltammetry (CV) and RDE tests were carried out utilizing
an Autolab electrochemical system II PGSTAT30 potentiostat.

4.1.1.2. Rotatory Disk Electrode (RDE)

Hydrodynamic voltammetry techniques, such as Rotating Disk Electrode (RDE)
voltammetry, are widely employed for determining the kinetic constants and
diffusion coefficients of the studied redox processes. In an RDE setup, a planar
working electrode, typically made of glassy carbon, is rotated at a specific angular
velocity (w) in radians per second to induce convection at the electrode surface.
As a result, mass transfer does not follow the Randles-Sevcik model, and instead
of peaks, a plateau of constant current is observed at high overpotentials. This
limiting current can be described using the Levich equation:

Lim = 0.620nFAcD?/3v=1/641/2 2

In the Levich equation, v represents the kinematic viscosity of the electrolyte in
cm?/s, and w denotes the angular rotation velocity.

Additionally, the Koutecky-Levich model enables us to establish a relationship
between the measured current and the combined contributions of the kinetic
activity and mass transport of the reactants. This model provides insights into the
relative importance of these two factors in determining the observed current
response.

1o, 3)

1_1, . (4)

Im  Ix  0.62nFAD2/3v=1/6¢.1/2

The kinetic current can be modeled by the Butler Volmer equation as:

anFn
2.303RT

logix = lognFC,Ak, + (5)
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where k,is the standard rate constant (cm/s), a the charge transfer coefficient
(dimensionless), and 7 is the overpotential defined as E — E¢, (V)

+
I Charge-transfer
controlled
T
(0]
t -
S
O
1 lim
- v
_ T T T T T T T T T T 1
_ Potential +

Figure 2: Schematic representation of LSV and the different regions for a reduction process.

By utilizing the Koutecky-Levich equation, it becomes possible to estimate the
diffusion coefficient and kinetic constant of the redox process under investigation.
Typically, organic redox active materials exhibit diffusion coefficients in the range
of 105 cm?/s and kinetic constants around 103 cm/s.

Another method commonly used in the literature for determining these parameters
is the Nicholson equation.? However, it is worth noting that this method has not
been employed in the present thesis and is therefore excluded from the analysis.

Rotating disk electrode measurements were recorded using the same
experimental setup as employed in cyclic voltammetry.

4.1.1.3. Solubility

The UV-Vis absorption spectroscopy can be utilized to determine the
concentration of a given solution containing organic redox active materials.
According to the Lambert-Beer law, the absorbance of light is directly proportional
to the concentration of the absorbing species in the solution. By measuring the
absorbance of the solution at a specific wavelength in the UV-Vis range and
applying the Lambert-Beer law, it becomes possible to quantify the concentration
of the redox active material in the solution. This method provides a straightforward
and widely used approach for determining the concentration of various
compounds in solution:

A=c¢lc (6)
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In the Lambert-Beer law equation, A represents the absorbance, which reflects the
relationship between the initial intensity of light and the intensity after passing
through the sample (measured in arbitrary units). The molar absorption
coefficient, &, quantifies how strongly a molecule absorbs light at a specific
wavelength (measured in M-'-cm™). The optical path length, /, denotes the distance
the light travels through the sample (measured in cm). Lastly, ¢ represents the
concentration of the absorbing species in the solution (measured in M).

To determine the solubilities of the different prepared anolytes, UV-Vis
spectroscopy was employed using a PerkinElmer Lambda 365 instrument.
Calibration curves were previously obtained for all the compounds. An aliquot of
the saturated solution of each derivative was diluted until the absorption of the
sample matched the corresponding calibration curve. By multiplying the
concentration obtained from the sample interpolation by the corresponding
dilution factor, the maximum solubility of the compounds was calculated.

4.1.1.4. Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful tool extensively
used by organic chemists to elucidate, characterize, and confirm the structures of
compounds. NMR spectroscopy relies on the presence of a magnetic field
generated by a magnet within the instrument. This magnetic field causes different
atoms within a sample to become aligned. In an organic molecule, protons can
align in two distinct orientations: parallel to the magnetic field or antiparallel to it.
These two orientations are not energetically equivalent, meaning that it requires a
certain amount of energy to transition from one state to the other. When an organic
molecule is introduced into the NMR magnet, and the energy of the magnetic field
is gradually increased, the sample absorbs part of the magnetic field energy based
on the chemical behavior of each proton within the molecule. This absorption of
energy provides information about the nature of the protons in the organic
molecule, effectively creating a unique fingerprint for each molecule.

This simplified explanation provides a general overview of the underlying principle
of NMR spectroscopy. It showcases how the technique exploits the behavior of
protons, allowing chemists to obtain valuable structural information about organic
compounds.

In this thesis, NMR spectroscopy has been employed to characterize all the
compounds utilized and synthesized. Both 'H (proton) and *C (carbon) NMR
spectroscopy have been conducted on all the prepared compounds. The purpose
of these NMR measurements is to verify the organic structure of the compounds
and confirm that the synthesized or received products are indeed the desired ones.
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Figure 3: NMR magnets at the UAM (SIdI, Servicio Interdepartamental de Investigacién)
facilities.

4.1.2 Characterization of Ion Exchange Membranes (IEM)

4.1.2.1. Membrane pretreatment

In this thesis, the membranes under investigation were conditioned by immersing
them in a solution of the appropriate supporting electrolyte. This process aimed to
charge the membranes with the desired counterion. Commercially obtained
membranes often contain unwanted counterions, such as iodine or
methanesulfonate, which can potentially interfere with the subsequent
electrochemical analysis. To mitigate this issue, the membranes were soaked in a
solution of the desired supporting electrolyte. The soaking process was carried out
at room temperature for a duration of 24 hours. By immersing the membranes in
the supporting electrolyte solution, the undesired counter-ions were effectively
exchanged with the desired counter-ions, ensuring the suitability of the
membranes for the subsequent electrochemical studies.

4.1.2.2. Water uptake

Ion Exchange Membranes consist of a hydrophobic matrix containing dispersed
hydrophilic groups. These hydrophilic groups, along with the pores and cavities
within the membrane, have the ability to absorb water molecules.® This water
absorption leads to an increase in the mass of the ion exchange membrane. To
ensure the mechanical integrity of the membrane, it is important that the water
uptake does not exceed a certain limit. Typically, the water uptake of an IEM
should not exceed 30%. If the water uptake exceeds this threshold, the mechanical
properties of the membrane may be compromised.!°

To determine the water uptake of the membranes in this study, a series of steps
were carried out. First, the membranes underwent pretreatment, after which they
were washed with deionized (DI) water. Subsequently, the membranes were dried
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in a vacuum oven at 60 °C and 100 mbar for a duration of 24 hours using a
Memmert Vacuum drying oven VO. The weight of the membranes was then
measured. Following the drying process, the membranes were hydrated by
immersing them in DI water for 24 hours. After removing the excess water from
the surface of the membranes using tissue paper, the membranes were weighed
again. The water uptake of the membranes was calculated by comparing the
weight before and after hydration:

Water uptake (WU) = %- 100 (7)
d

wy, represents the weight of the hydrated membrane, while wy represents the
weight of the dried membrane. To accurately measure the weights, we utilized a
precision balance with a precision of 0.01 mg. This high-precision balance ensured
accurate and reliable measurements of the membrane weights, enabling precise
calculation of the water uptake percentage.

4.1.2.3. Swelling ratio

Due to the hydration of the IEM, a restructuring occurs within the hydrophobic
matrix, resulting in swelling of the membrane in all three dimensions.® This
observation strongly suggests that a membrane with an exceptionally high water
uptake has the potential to compromise its mechanical stability. To calculate the
degree of swelling we use the following equation:

Swelling Ratio (SR) = - 100 (8)
d

where 1, represents the length of the hydrated membrane in one of the dimensions,
and l4 represents the length of the dried membrane. The lengths of the membranes
were measured using a caliper (Sparkfun TOL-10997) and a micrometer
(Mitutoyo).

4.1.2.4. Ion Exchange Capacity

The Ion Exchange Capacity (IEC) is a measure of the ion-exchange group content
in a membrane. As a result, the properties of the membrane, such as conductivity,
water uptake, and swelling ratio, are intrinsically linked to the IEC. The IEC is
typically expressed as the ratio of milliequivalents of exchangeable ions per unit
weight of the dry membrane.

Ion Exchange Capacity (IEC) = —~2isplaced counter—ion 9)

wq

A UV-Vis spectrophotometer (PerkinElmer, Lambda 365) was utilized to measure
the ion-exchange capacity (IEC), employing different methodologies based on the
cationic or anionic characteristics of the ion-exchange membrane (IEM). The
procedures for CEM and AEM were as follows:
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For Cation Exchange Membranes (CEM):

1. The membrane was soaked in 0.01 M HCI to remove impurities, followed by
rinsing with deionized (DI) water to prevent excess acid on the membrane
surface.

2. Subsequently, the membrane was immersed in a 1 M NaCl solution, and the
quantification of IEC was conducted using UV-Vis spectroscopy.

3. To determine the number of displaced protons, a linear regression was
generated using various standard solutions containing phenolphthalein (pink
color). This method assesses the decrease in absorption resulting from the
addition of the released protons to an equimolar NaOH solution containing
phenolphthalein. This approach provides a more reliable value compared to
standard titration methods.

For Anion Exchange Membranes (AEM):

1. The membrane was soaked in a 1 M NaNOQOs; solution instead of 0.01 M HCI,
as in the case of CEM.

2. Afterward, the membrane was washed with DI water and immersed in a NaCl
solution.

3. The number of displaced nitrate ions was determined using a similar method
as with CEM, involving the construction of a linear regression with various
nitrate ion solutions using the UV-Vis spectrophotometer.

4. The utilization of the UV-Vis spectrophotometer (PerkinElmer, Lambda 365)
in these methodologies enabled accurate measurement of the ion-exchange
capacity, contributing valuable insights into the characteristics and
performance of both cationic and anionic ion-exchange membranes.

4.1.2.5. Ion conductivity

As mentioned above, ion conductivity depends on the number of ion exchange
groups present in the structure. The increase in ionic conductivity would reduce
ohmic losses, leading to higher power densities.!! The most commonly used
method to determine through-plane ion conductivity is Electrochemical
Impedance Spectroscopy (EIS). In the high-frequency region, the intercept with
the abscissa represents the resistance of the membrane (R). Thus, o was
determined using an AUTOLAB equipment (PGSTAT 302 N) connected to a
Frequency Response Analyzer (FRA) and monitored with NOVA software in the
frequency range of 101 Hz using an amplitude perturbation wave of 10 mV. This
alternating current (AC) technique involves perturbing a magnitude (current or
voltage, GEIS or PEIS, respectively) over a range of frequencies. After collecting
the impedance data, the data can be fitted to various circuit models to identify the
individual contributions to the total impedance (charge transfer resistance, mass
transport, electrode process, etc.). The pretreated membranes were cleaned with
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DI water before conducting ion conductivity testing. ¢ was calculated using
equation 10:

o= — (10)

R-A

where [ is the thickness of the dried membrane (cm), R is the resistance of the
membrane (Ohm), and A is the area of the membrane (cm?).

4.1.2.6. Membrane permeability

Regarding the relevance of crossover in RFB, the capacity of the device may
potentially be compromised due to possible self-discharge processes and side
reactions. Crossover refers to the migration of redox active species through the ion
exchange membrane. Typically, crossover occurs through the pores, channels, and
imperfections of the ion exchange membrane, making it challenging to completely
eliminate. The presence of charged ion-exchange groups can either enhance or
reduce crossover through the Donnan effect, which involves the interaction with
other charged species. This effect allows the passage of oppositely charged species
while preventing the approach of species with the same charge. Cation exchange
membranes (CEM) possess negatively charged ion-exchange groups, which favor
the passage of positively charged species while repelling negatively charged
species.

Membrane

Supporting
electrolyte

(2R

Figure 4: Schematic representation of a diffusion cell or H-cell.

Permeability measurements of the corresponding redox active materials were
performed using a diffusional cell. In this setup, a 4cm? membrane sample was
placed between two diffusion half-cells. One compartment contained a solution of
the redox active material and the supporting electrolyte, while the other
compartment was filled with a solution of only the supporting electrolyte. Both
solutions were continuously stirred to prevent the formation of concentration
gradients on the membrane surface. However, it should be noted that this method
neglects the influence of the electric field and flow. To account for these factors,
permeability measurements were also conducted under operando conditions. The
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permeation in the deficient compartment was periodically checked using a UV-Vis
spectrophotometer and calculated based on Fick's law (equation 11):

dcg(t) AP
Vp “EC = 2 (0, Cp (1)) (11)

where Cs is the deficiency side and C, the enriched one (mol/cm?®). In the same
way, Vs is the volume of electrolyte in the deficiency side, A is the area of the
diffusion cell (cm?), P is the permeability (cm?/s), and / is the thickness of the
membrane (cm). Thus, permeability (P) can be calculated as:

p="En(A) (12)

At Cp—Cp

4 = Modified IEM
—— Non modified IEM

In(C,/C,-C,)

time (days)
Figure 5: Schematic representation of one permeability plot.

4.1.2.7. Membrane modification

Membrane modifications can play a crucial role in achieving the goals set for
HIGREEW by reducing the permeation of active species while preserving battery
performance. Based on the results obtained, it has been identified that
permeability is the most critical aspect to be addressed in the membranes being
explored for them to be suitable in RFB. By improving the membrane's ability to
restrict the passage of active species, it is possible to enhance the efficiency and
overall performance of the battery system. Along this line, two different strategies
have been explored:

1. In situ polymerization. This method involves conducting polymerization
directly on the surface of a membrane to block its channels and pores. The
UAM group has significant expertise in the field of membrane
modifications. Leveraging this expertise, our efforts have focused on the
use of commercial membranes in combination with two specific polymers,
namely polyaniline and polypyrrole. These choices were made based on
considerations of scalability and economic viability. Commercial
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membranes were used to test the two monomeric materials, aniline and
pyrrole, with varying polymerization times, in order to identify the most
suitable option that fulfills the requirements of HIGREEW.

For the polymerization of pyrrole, the preactivated membrane was soaked
in a solution consisting of a 1:1 mixture of pyrrole (0.1 M) and H,SO,
(0.1 M) for a duration of 2 minutes (or 6 minutes if a longer
polymerization is desired). Following this, the membrane was immersed
in another solution containing the oxidant (either FeCl;-6H,O or
Na,S;0;) for 6 minutes (or 18 minutes in the case of long
polymerization). Afterward, the membranes were rinsed with deionized
water and stored in a 1 M NaCl solution to ensure complete removal of
any residual oxidizing agents. The volume of the solutions used depends
on the size of the membrane being modified. For instance, when
modifying a 4x4 cm membrane, 25 mL of each solution was utilized.

For the polymerization of aniline, the preactivated membrane was soaked
in a solution containing a 1:1 ratio of aniline (1 M) and HCI (1 M) for 1
minute (or 3 minutes for longer polymerization). Subsequently, the
membrane was immersed in another solution containing the oxidant
(NazS20s) for 3 minutes (or 9 minutes for long polymerization). Following
this, the membranes were rinsed with deionized (DI) water and stored in
a 1 M NaCl solution to ensure complete removal of chemicals. The
volume of the solutions depended on the size of the membrane being
modified. For instance, when a 4x4cm membrane was modified, 25 mL
of each solution was used.

time

Figure 6: Representation of the polymerization of PPy on IEM over time.

2. In the Layer-by-Layer (LbL) deposition method, the preactivated membrane
was immersed in a solution of the opposite charged polymer: If the
membrane is a Cation Exchange Membrane (CEM), we start with the
positively charged polymer. Conversely, if it is an Anion Exchange
Membrane (AEM), we start with the negatively charged polymer. In our
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study, we utilized PEI (branched, average molecular weight ~25000, Sigma
Aldrich, Germany) as the positively charged polymer and Nafion ionomer
(Nafion perfluorinated resin solution, 5% mass in lower aliphatic alcohols
and water, 1100EW; Sigma-Aldrich, Germany) as the negatively charged
polymer. The positive solution consisted of 0.1% mass of PEI in ultrapure
water, while the negative solution contained 0.1% mass of Nafion ionomer
in ultrapure water. The membranes were sequentially immersed in the PEI
solution placed in a Petri dish for 5 minutes, thoroughly rinsed with
ultrapure water, immersed in the Nafion solution placed in a Petri dish for
another 5 minutes, and subsequently rinsed with ultrapure water. The
modified membranes were then stored in the desired supporting
electrolyte.
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4.2. Battery set up

The single-cell setup used in this thesis is illustrated in Figure 7 and 8.

Current collector
Bipolar plate
Flow distributor

Sealings

Construction plate  carhon felts

IEM or separator Construction plate

Figure 7: Schematic representation of each component of a single-cell.

To assembile the cell and ensure there is no leakage, the following steps should be
followed:

1.

9.

Begin by placing the end plate with the insulating plate on the appropriate
stand for cell assembly. This will allow for the insertion of the remaining
components and the tightening of the cell using a wrench and torque key.

Insert the copper current collector.

Insert the bipolar plate, which is a carbon-polymer composite.
Insert the seal for the bipolar plate.

Insert the first flow frame.

Insert the first felt electrode.

Insert the first seal for the membrane.

Insert the membrane, ensuring there is at least a 1 cm overlay of the active
zone on each side to prevent leakage.

Place the second seal for the membrane.

10. Insert the second flow frame.

11.Insert the second felt electrode.

12. Insert the seal for the bipolar plate.

13. Insert the second bipolar plate.

14. Insert the copper current collector.
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15. Put the end plate in position.

16. Insert the eight screws, including washers. From the bottom, add the nuts
along with washers. Tighten the screws by hand until they start to resist.

17.Use a wrench and torque key to tighten all the screws up to 8 N'm. Double-
check to ensure that all screws are tightened to 8 N-m.

18. The lab-cell is now ready to be connected to liquid tanks and electronics.

62

Figure 8: Step by step representation of the setup of the battery

After the cell has been assembled, it is important to cover all tubing connections
with Teflon to prevent leakage and avoid O, permeation. The tubing is then
connected to the vessels and peristaltic pumps. The supporting electrolyte is
circulated through the cell for 30 minutes as a preconditioning step for the ion
exchange membrane or separator. This process also helps to verify the absence of
possible leaks.

Once the preconditioning step is complete, the supporting electrolyte is removed
from the cell, and each electrolyte is placed in its respective vessel. The actual
electrolyte is pumped through the cell for another 30 minutes. At this stage, the
system is placed inside a homemade glovebox. The impedance is then measured
to ensure that the membrane has been fully acclimated. The impedance should not
exceed 5 Ohm-cm?

Following the impedance measurement, the electrolyte is purged with Ar for 30
minutes to remove any traces of O, present in the system. Subsequently, the
electrolyte is flowed through the cell for an additional 30 minutes to ensure
complete exclusion of any remaining O,. Finally, the glovebox is purged with Ar
for 30-40 minutes to eliminate any O, permeation from the system.
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Potentiostat or
battery cycler

Ar /“' nolyte Catholyte

Home-made glovebox

Figure 9: (a): Schematic representation of the glovebox with peristaltic pump, single-cell,
tanks, and piping. (b): picture of the assembled system.

4.3. Battery testing

Once the battery has been set up, it is important to characterize the performance
of each component under different methods and conditions. This characterization
helps understand the behavior of the individual components and their influence
on overall battery performance. Here are some methods and conditions commonly
used for component characterization:

4.3.1. Galvanostatic cycling (and potential holding)

As expected, the quality of a battery is determined by its ability to be charged and
discharged continuously without losing or significantly changing its properties.
The most common method to assess battery performance involves charging and
discharging the battery using a battery cycler at a constant current density until
the desired voltage cut-off is reached. By plotting voltage versus time or capacity
(mAh) versus voltage, the voltage evolution provides valuable information about
the battery's performance.

Potential

Aususp jualing

Charge Discharge r

Time or Capacity

Figure 10: Schematic representation of the Potential and Current density vs Time (or
Capacity) for a galvanostatic cycling.
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Potential

Kususp jusuiny

Potential
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Time or Capacity

Figure 11: Schematic representation of the Potential and Current density vs Time (or
Capacity) for a galvanostatic cycling with a potentiostatic holding.

At the initial stage, the voltage increases considerably due to electrode
polarization. Subsequently, a plateau is reached, which exhibits a slight slope due
to the presence of ohmic resistance. Finally, the voltage begins to increase again
due to mass transport resistance.

During galvanostatic cycling, various parameters such as coulombic efficiency,
voltage efficiency, energy efficiency, capacity decay (versus cycle or time), and
capacity utilization can be determined. This method is commonly employed to
evaluate system performance as these parameters provide valuable information
about the overall performance of the system.

This method can be slightly modified by incorporating a constant voltage hold at
the end of the galvanostatic cycling. In this modification, the upper and lower cut-
off voltages are maintained until the current density decreases to extremely low
values. This modification enables the utilization of a higher battery capacity since
the current density only decreases when all the reactants in the electrolyte have
been charged or discharged.

4.3.2. Polarization curves

Polarization curves have been widely used to identify and quantify primary losses,
mainly kinetic activation, ohmic polarization, and mass transport limitations.!? In
the case of RFB, this method has been extensively studied as it provides
information about the resistance of the entire system and the power of the battery.
It is important to measure polarization curves when the electrolyte is at a specific
state of charge. There are two methods commonly used for measuring polarization
curves:

1. Linear Sweep Voltammetry: This method involves applying a linear scan of
current density while measuring the corresponding voltage (see Chapter 1
on Results and discussion). One challenge with this method is that the state
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of charge of the electrolyte may change during the charging and
discharging process, leading to deviations from linearity.

Potential

Current density
Figure 12: Schematic representation of Linear Sweep Voltammetry.

. Point-by-point method. This method involves applying a specific current
density for a given time, followed by a holding time to stabilize the system,
and then applying the opposite current density to return the system to its
initial state of charge. Using this method, lower deviations are expected
since the system maintains the state of charge after each charge-discharge
cycle. The current density is increased until it reaches a point where the
polarization and mass transport become too high, resulting in a loss of
linearity, or until the achieved potential exceeds the safety range (see
Chapter 3 on results and discussion).

% fbd—f:\: :FE [:11 1 9 o Q
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Figure 13: Schematic representation of point-by-point polarization curve.
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4.3.3. Electrochemical Impedance Spectroscopy

In addition to CV, EIS (Electrochemical Impedance Spectroscopy) is one of the
most commonly used techniques, although it is also one of the most complex ones.
EIS is an AC (alternating current) technique that is performed at a fixed potential
or current (Potentiostatic and Galvanostatic EIS, respectively). In this technique,
the frequency of a specified amplitude is swept through various orders of
magnitude.

The data obtained from EIS can be plotted using the Nyquist representation, which
comprises a real x-axis (Z°) and an imaginary (-Z°") y-axis. By fitting this data to an
appropriate equivalent circuit, important resistances can be calculated, such as R;
(solution resistance), Rmem (membrane resistance), R (charge transfer resistance),
etc.!* The ASR (Area-Specific Resistance) can be obtained from this plot where the

imaginary component is zero, representing the resistance of the entire system.!®

-Z" | Q cm?

Z'l Qcm?
Figure 14: Schematic representation of Electrochemical Impedance Spectroscopy.

In a battery, it is crucial to prevent an increase in system resistance. Such an
increase in resistance can occur due to various factors, including the adsorption or
deposition of species onto the electrodes or membranes, a loss in the ionic
conductivity of the system, and other similar factors. Therefore, it is important to
ensure that the impedance before and after cycling remains similar, indicating that
the battery has been functioning properly throughout the entire experiment.
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4.4. DFT calculations

Computational chemistry is a field dedicated to solving chemical problems using
specialized software and computational power. It provides a powerful tool for
calculating various properties of chemical systems. With computational chemistry,
we can compute optimized geometries in different phases, relative energies,
dipolar moments, polarizabilities, NMR coupling constants, and intermolecular
interactions. The availability of software programs like Gaussian has significantly
simplified the utilization of computational chemistry techniques.

Theoretical calculations can be performed for systems in different phases,
including liquids, solids, and gases, in both ground and excited states. There is a
diverse range of models and methods available to calculate the energy and
structure of the system. The choice of the appropriate theoretical method depends
on the specific problem and the level of accuracy required.

Computational calculations in chemistry can be broadly divided into classical
mechanics and quantum mechanics approaches.'®!” Classical mechanics methods,
such as molecular dynamics, simulate the motion of atoms and molecules using
classical force fields. Quantum mechanics methods, on the other hand, employ
quantum mechanical principles to describe the electronic structure and properties
of molecules. In the following scheme, the different theoretical methods used in
computational chemistry are illustrated, along with their main characteristics.

= Reasonable cost N23

= Solves approximately the Semiempirical - Req:;:«:;e::::srical
Shrodinger equations s
= Tens of atoms and empirical " Low accurancy
uantum -
a : Ab initio
Mechanics
Density
Computational Theory Theory

calculations

= High accurancy
= High cost N*7

= Reasonable cost N23
= High relationsip
cost/accurancy
= No systematic behaviour

Molecular = Low cost N'2
. dynamics * Simple
Classical = No systematic behaviour

mechanics . len:ut(.ed to the
Molecular description of the
= Follow Newton'’s laws mechanics .gecfmetry and
equilibrium conformers
= Thousands of atoms . .
= Any information about
electronic distribution

Figure 15: Scheme of the different computational methods with their main advantages and
disadvantages.

The work presented in this thesis primarily relies on DFT (Density Functional
Theory) calculations. However, a brief introduction to quantum and classical
mechanics is provided as follows:
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o Classical mechanics: This method applies the principles of classical physics
to describe molecules in terms of bonded atoms that deviate from ideal

geometries due to non-bonded Van der Waals and Coulomb interactions.
e Quantum mechanics: In this method, the behavior of electrons is explicitly

taken into account under two main approximations: ab initio (explicit
electrons) and Density Functional Theory (DFT, electronic density).

4.4.1. The time-dependent Schridinger equation

Since the thesis mainly focuses on DFT calculations, let's provide a short
introduction to Density Functional Theory (DFT). But before that, it's essential to
understand the main fundamentals of quantum mechanics, particularly the time-
dependent Schrédinger equation:

HR,r,O)Y(R,1,t) = EY(R,7,t) (13)

The molecular Hamiltonian, denoted as H, depends on the coordinates of nuclei
(R), electronic coordinates (r), and time (¢), and the wave function (1) depends on
the same parameters. The energy of the system is denoted by E.

In the language of linear algebra, the Schrodinger equation can be viewed as an
eigenvalue equation. The wave function {r is an eigenfunction of the Hamiltonian
operator H, and the corresponding eigenvalue E represents the energy of the
system associated with that wave function. The stationary state with the lowest
energy is known as the ground state.

For stationary systems, where time dependence is not considered, we can work
with the time-independent version of the Schrédinger equation, known as the
stationary Schrodinger equation. This equation allows us to find the eigenvalues
and eigenfunctions of the system, providing information about the energy levels
and wave functions associated with different states.

In the context of molecular systems, the Hamiltonian operator H can be
constructed as the sum of various terms:

P

H=T,+Te+ Vip + Voo + Vae (14)

Where T,, and T, are the kinetic contribution of nuclei and electrons, respectively,
and V,,,, V.., and V},, are the potential energy function between nuclei (repulsion),
electrons (repulsion) and nuclei-electrons (attraction).

The stationary Schrodinger equation can be exactly solved only for the Hydrogen
atom and hydrogen-like atoms (systems with one electron). For multiple-electron
systems, approximations are necessary. One commonly used approximation is the
Born-Oppenheimer approximation, which treats the nuclei and electrons
separately due to the large mass difference. This simplifies the problem by
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decoupling their motions. However, it's important to acknowledge that the Born-
Oppenheimer approximation has limitations and is an approximation.

Htot = [nuc 4 felec (15)
H™ = Ty + Van (16) HEE = Ty + Voo + Ve (17)

In the stationary Schrédinger equation, the movement of electrons around fixed
nuclei can be considered (with the kinetic contribution of nuclei equal to zero).
The calculated energy depends on the positions of the nuclei, which is particularly
useful for optimizing the molecular geometry. Thus, the stationary Schrédinger
equation can be divided into two parts: the nuclear part and the electronic part:

ﬁnuc(R)ll)nuc(R) — EnuclpnuC(R) (18)
ﬁelec(R’ T)l/)eleC(R,T) — EeleclpeleC(R'r) (19)

It is important to note that in the Born-Oppenheimer approximation, the nuclear
contribution remains constant as the kinetic contribution is zero and the nucleus-
nucleus potential is fixed due to the stationary nuclei. However, the electronic part
of the equation includes the nuclei coordinates since the solution parametrically
depends on the positions of the nuclei.

In computational methods, the Schrédinger equation is typically solved for a given
set of nuclear positions to calculate the system's energy. The positions of the nuclei
are then altered, and the equation is solved again, generating energy values for
different nuclear configurations. This process allows for the construction of the
Potential Energy Surface (PES), which represents the relationship between energy
and nuclear positions.

For methods based on the Born-Oppenheimer approximation, the electron-
electron interaction (V,,.), also known as electronic correlation, poses the most
challenging aspect. Approximate methods are employed to address the issue of
electronic correlation. The quality of the Schrodinger equation solution depends
on two main factors:

1. The method used: This pertains to the description of the Hamiltonian
employed to account for electronic correlation and calculate energy and
other properties. This encompasses the treatment of electronic correlation
within the N-electron space.

2. The set of wavefunctions: These describe the space in which the electrons
move, including the choice of monoelectronic space or active electron
space.

By considering both the appropriate method and the suitable set of wavefunctions,
accurate solutions to the Schrodinger equation can be obtained, enabling the
calculation of energy and other properties of the system.
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4.4.2. Plausible solutions of the Schrodinger equation

There are different methods to solve the Schrédinger equation, and two common
approaches are described below. These methods provide approximations to

determine the electronic structure and properties of molecular systems.
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1. Simplifying the Hamiltonian: One approach involves simplifying the

Hamiltonian by disregarding the electron-electron interaction potential V,,.
In this case, the Hamiltonian is described as the sum of /N monoelectronic
operators h (), where N represents the number of electrons and r is the
position vector. The monoelectronic operator includes the electronic
kinetic energy T, and the nuclei-electron interaction potential energy V..

ﬁ(r): Te + Vae

The wavefunction is then expressed as the product of the monoelectronic
functions ¢;(r), which depend only on the coordinates of individual
electrons.

Y = [l () (20)

. Hartree-Fock method: Another approach is the Hartree-Fock method,

where the Hamiltonian retains the electron-electron interaction potential
V... The Hamiltonian is represented by the monoelectronic operator, called
the Fock operator, which includes the  (r) term and the Hartree-Fock
potential V#F (r) accounting for the electron-electron interaction.
F=h@)+VHF (1) (21)

In the Hartree-Fock method, the N-electron system is replaced by an
equivalent monoelectronic system, where each electron experiences an
average repulsion potential created by the other (/V-1) electrons. The total
wavefunction ®#Fis built using the Slater determinant, ensuring that it is
antisymmetric to satisfy the Pauli exclusion principle.

(21 ‘(1) QDN‘(l)

P1(N) - on(N)
Here, ¢_i(r) represents the orthonormal monoelectronic functions, and

(22)

®HF(1,..,N) = (Jiﬁ)

(i) is the normalization constant.
VNI

The determination of the monoelectronic functions ¢;(r) is achieved using
the wvariational method. It involves starting with a trial function
Yrestdependent on ¢@;(r) and the Hamiltonian. The energy is then
optimized by varying the coefficients C/, which leads to changes in ¢;(r).
The goal is to find the trial wavefunction Y. with the minimum energy.
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4.4.3. Monoelectronic functions @;(r)

Monoelectronic functions ¢;(r) are defined as linear combinations of atomic
orbitals y,, using the concept of Linear Combination of Atomic Orbitals (LCAO):

N as
<Pi(7”) = Zpg1 Cip)(p (23)
Where N, 4sis the number of atomic orbitals, and y, and C/ are the coefficients.

Solving equation (23) involves solving a system of linear equations. Roothan
demonstrated that introducing ¢;(r) into the following matrix equation is
obtained:'®

FC =eSC (24)

Here, C is the matrix of coefficients Cip , S is the matrix of overlap integrals, and ¢
represents the matrix of energies.

The challenge lies in selecting the appropriate functions y, that accurately
represent the shape of the atomic orbitals. There are a few options available:!*

1. Slater orbitals: These orbitals provide an accurate description of the shape
of the orbitals. However, their integration is more complex due to the
presence of the term exp(-¢r).

2. Gaussian functions: Gaussian functions are not as accurate as Slater orbitals,
but their integration is more straightforward due to the presence of the term
exp(-ar?). If only a single function is used, it is called a primitive Gaussian.
However, when multiple functions (linear combinations of Gaussians) are
employed, they are referred to as contracted Gaussian functions.

The choice between Slater orbitals and Gaussian functions depends on the specific
requirements of the calculation, balancing accuracy and computational efficiency.

4.4.4. Basis sets

The selection of functions is commonly referred to as a basis set, which is a set of
functions that describe the space in which electrons can move. The choice of basis
set is crucial as it influences the accuracy of the results. Different basis sets have
different dimensions and play a role in the quality of the calculations.

Here are some common types of basis sets:

1. Minimum basis: This type includes the same number of functions as the
number of orbitals in the system. While providing qualitative results, they
may not capture all the details accurately. The dimension of the basis set is
the same for all elements in the same row of the periodic table. An example
is the Slater-type orbital (STO) basis, where each atomic orbital is
represented by a single Gaussian function.
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2. Extended basis: Extended basis sets, such as double-zeta (DZ), add
additional functions to each orbital, allowing for the expansion and
contraction of valence orbitals to consider the anisotropy of the system.
Examples include the 6-31G and 3-21G basis sets.

3. Polarized basis: In systems with polarized bonds, basis sets centered solely
on the atom may not be adequate. Polarized basis sets allow for the study
of electron movements away from the nuclear positions, capturing the
effects of polar bonds. Examples include the 6-31G(d,p) and 6-31G(d) basis
sets.

4. Diffuse basis: Diffuse basis sets are useful for capturing electron movements
over larger distances. They are particularly important for studying long-
range interactions like hydrogen bonding or van der Waals interactions. An
example is the 6-31+G(d,p) basis set.

e  Basis sets: an example

Let’s use 6-311++G**, one of the Gaussian basis set, used in this Thesis, as an
example. This basis set includes multiple types of functions, such as polarization
and diffuse functions, to provide a more accurate representation of electron
behavior in the system.

6-311++G

6: The core orbitals of the atoms are described by a single contracted Gaussian
function. This means that for each core orbital, there is a linear combination of six
primitive Gaussian functions.

311: The valence orbitals of the atoms are described by three contracted Gaussian
functions. Specifically, there are three different sets of primitive Gaussians used:
one set with three primitives, another set with one primitive, and a final set with
one primitive. These primitive Gaussians are combined in a linear combination to
represent each valence orbital.

++: Diffuse functions are included for both heavy atoms and hydrogen atoms. This
indicates that additional diffuse Gaussian functions are used to describe the
electron density distribution for these atoms. The first "+" denotes the diffuse
functions for heavy atoms, while the second "+" represents the diffuse functions
for hydrogen atoms.

: Polarized functions are used for both heavy atoms and hydrogen atoms. The
first "" signifies the presence of polarized Gaussian functions for heavy atoms, and the
second ™ indicates the presence of polarized Gaussian functions for hydrogen
atoms. These polarized functions allow for a more accurate representation of the
electron density near the nuclei.
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By incorporating diffuse and polarized functions, the 6-311++G** basis set
provides a more comprehensive description of the electronic behavior, especially
for heavy atoms and hydrogen atoms, in the system under study.

4.4.5. Optimization of the coefficients. The Self-consistent Field (SCF) method

After selecting the appropriate basis functions, the next step is to optimize the
coefficients €7 in order to minimize the energy of the system under study. This
process, known as the Self-consistent Field (SCF) method, aims to iteratively solve
the Hartree-Fock equation.

The SCF method starts with an initial geometry of the system and a chosen basis
set of atomic orbitals. The program then solves the Hartree-Fock equations and
performs a convergence test to assess the energy achieved. The coefficients are
adjusted iteratively until a minimum energy is obtained. It is important to note that
under the variational approximation, the calculated energy (E) will always be
higher or equal to the true energy (E..). The goal is to approach the real energy
as closely as possible by improving the optimization of the coefficients.

This iterative resolution of the Hartree-Fock equation allows computational
calculations to proceed, continuously refining the description of the electronic
structure and energy of the system.?

4.4.6. The Hartree-Fock (HF) method

Here is a concise outline of the steps followed by the Hartree-Fock method to solve
the equations, for which successive iterations are needed to refine the solution until
convergence is achieved.

Initial geometry Orthogonalization Eigenvalues

— . P n T TN

Basis set Fock matrix Convergence test
a X -
. Initial test vectors Desired
Overlap integrals "
and overlap matrix parameters

Figure 16: Outline of the steps followed by the Hartree-Fock method.

In the pursuit of achieving the optimized structure and minimum energy of a
molecule, two processes must converge:
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1. The first process involves optimizing the energy for a fixed geometry using
the variational method. This optimization focuses on finding the optimal
coefficients that result in the minimum energy for the given molecular
geometry.

2. The second process involves scanning the atomic coordinates of the
molecule to find the geometry that corresponds to the minimum eigenvalue

(energy).

e  The HF method: limitations

Despite its usefulness, the Hartree-Fock (HF) method has certain limitations. It
treats electron interactions as an averaged potential and describes wavefunctions
as products of monoelectronic functions. Consequently, the HF method tends to
produce infinitely long bond distances. Additionally, the use of an averaged
potential leads to potential holes, causing electrons with different spins to be
placed at the same position and resulting in artificially short bond distances.

To address these limitations and obtain more accurate results, it is necessary to
incorporate correlation effects. Various methods have been developed to include
correlation effects, such as post-Hartree-Fock methods (e.g., MPn, which stands
for Meller-Plesset perturbation theory) and density functional theory (DFT).

Post-Hartree-Fock methods introduce corrections to the HF wavefunction through
perturbation theory, allowing for a more accurate description of electron
correlation. DFT, on the other hand, employs the electron density as the
fundamental quantity and uses exchange-correlation functionals to capture
electron correlation effects.

These alternative methods, beyond HF, provide more reliable results by
accounting for electron correlation and addressing the limitations of the HF
method.

4.4.7. Density Functional Theory

As the majority of calculations in this thesis utilized Density Functional Theory
(DFT), a brief description of this theory is provided.?!

DFT provides an efficient and practical framework for investigating the electronic
structure and properties of molecules and materials by utilizing the electronic
density and functionals to compute the system's energy. Due to the high
computational cost and limitations of ab initio calculations, alternative methods
were explored for studying medium to small-sized systems. DFT emerged as a
more cost-effective approach, describing the electronic density p(r) instead of
individual electrons. By focusing on the electronic distribution in three-
dimensional space, DFT reduces the problem of n electrons to a three-dimensional
representation, rather than the 3n dimensions required for the wavefunction .
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The fundamental concept of DFT involves calculating the system's energy,
denoted as E,,,.:[p], as a functional that depends on the electronic density p(7).
This functional also incorporates other functionals, which account for the
exchange-correlation effects among electrons:

Eexact[p] = T[p] + V;le [p] + V;ee [P] (25)

where T[p] represents the electronic kinetic energy functional, V. [p] is the nuclei-
electron potential functional, and V,.[p] = J[p] + K[p] denotes the electron-
electron potential functional. Here, J[p] corresponds to the Coulomb interaction
functional, while K [p] represents the exchange functional.

Similarly to how the wavefunction in the Hartree-Fock method was described
based on atomic orbitals, J. Sham introduced the concept of the electronic density
as a function of molecular orbitals:??

p(r) = XL 0" (Mei(r) (26)
where 7 is the number of orbitals.

By applying the variational principle to the functions ¢;(7), the Kohn-Sham (KS)
equations are derived.:

EXS[p] = T®[p] + E,“[p]l + E;*[p] + Exc[p] (27)

TXS represents the kinetic energy term associated with the movement of electrons,
E,® accounts for the potential energy arising from the interactions between the
nucleus-electron and nucleus-nucleus, E ,KS [p] represents the electron-electron
Coulombic energy, and Ex.** denotes the exchange-correlation energy. Similar to
the Hartree-Fock (HF) equations, the KS equations involve the determination of
the electronic density [p] through the optimization of coefficients. This is achieved
by constructing a Slater determinant using the orbitals ¢;(7).

DFT calculations have been extensively employed in various systems, yielding
reliable results. However, a limitation of DFT calculations lies in the inclusion of
empirical values, which can impact the obtained results. To address this limitation,
different methods such as B3LYP, M062X, and B97D3 have been developed. In
this thesis, a comparison was conducted among the B3LYP, M062X, and B97D3
methods for bipyridinium systems but, all three methods yielded similar results in
this particular study.

Describing the appropriate functional, particularly the Exchange-correlation
functional Ex.[p], which captures the electronic correlation interactions, is one of
the most challenging tasks in DFT calculations. Various approximations exist for
calculating the exchange-correlation energy:

e Local Density Approximation (LDA): This approximation assumes a
homogeneous electronic density p(r). However, it is far from reality as actual
molecules exhibit energy density fluctuations.
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e Non-Local Density Approximation (NLDA): This approach improves upon
the LDA by incorporating corrections based on the electronic density
gradient. It aims to provide a closer representation of real systems.

e Hybrid Functionals: This is a more recent approach that combines terms
from both DFT exchange and exact exchange. The exchange-correlation
energy is defined as a mixture of the Non-Local and Local Density
Approximations.

Selecting the most suitable approximation for the studied system, particularly the
Exchange-correlation functional, is crucial for obtaining accurate results in DFT
calculations.

4.5. Chemicals and instruments

Unless otherwise noted, reagents and materials were purchased from commercial
suppliers and used without further purification. Air sensitive reactions were
conducted under inert atmosphere making use of previously dried argon gas.
Rotary evaporator was used for the removal of solvents under reduced pressure.
Purity of final compounds was assessed by 'H NMR. Final materials were dried
under vacuum prior to be used.

Monodimensional and/or bidimensional Nuclear Magnetic Resonance (NMR)
proton and carbon spectra were recorded at 300 MHz for 'H NMR and 75.5 MHz
for *C NMR at 25 °C on a 300 MHz spectrometer using dimethylsulfoxide-d6
(DMSO-d6) and D20 as solvents and Me,Si as internal standard. Chemical shifts
(6) are reported in ppm relative to residual solvent signals (dimethylsulfoxide-d6
2.50 ppm for 'H NMR, 39.5 ppm for *C NMR; D20 4.79 ppm for 'H NMR) and
coupling constants (J) in hertz (Hz). The data are represented as follows: chemical
shift (ppm), multiplicity (s = singlet, d = doublet, t = triplet, ¢ = quartet, m =
multiplet or unresolved, bs = broad signal) coupling constant(s) (J), integration. *C
NMR spectra were recorded with 'H decoupling.

A 4 cm? active area single-cell from Pinflow was used to achieve all the most of the
battery results using in the following set up: two copper current collector plates,
two composite bipolar plates (carbon-polyolefin), graphite felts electrodes (SGL
GFD 4.6 EA) four sheets of gasket (flat, polyolefin) and the corresponding
membrane previously soaked for 24 h in the supporting electrolyte. A Watson
Marlow 323 peristaltic pump was used to circulate electrolyte through the system
at a flow rate of 40 mL/min. The reservoirs were purged with Argon (99.999%) for
30 minutes to avoid the presence of O, before cycling it. The whole system was
placed inside a homemade glovebox which was purged with Argon (same quality)
for another 30 minutes. The battery measurements were recorded using a Biologic
multichannel potentiostatic/galvanostatic coupled to an impedance module BSC-
815. In the case of the triazine anolyte, it was used a 5 cm? active area home-made
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flow cell with flat flow fields using two composite bipolar plates (carbon-
polyolefin), graphite felts electrodes (SGL GFD 4.6 EA) compressed to 3 mm, two
sheets of gasket (expanded Teflon) and Nafion 212® from Dupont. A Chonry
BT600M peristaltic pump was calibrated with Masterflex,C-Flex tubbing (Cole-
Parmer). The whole system was placed in a glovebox MBRAUN ([O,] <1 ppm) to
avoid the presence of oxygen during cycling. For battery measurements, a LANHE
Battery tester 400 W was used.

4.6. Synthesis and cycling details of 2,2’-bipyridines 1-8

2,2’-bipyridine derivatives were synthesized by introduction of alkyl substituents
at I,V atoms through a straightforward procedure, either by regular heating in a
solvent-free process (Method A) or in a microwave-assisted process (Method B).
The corresponding derivatives were next subjected to anion exchange procedure
using IRA-900 chloride form resin. NMR spectra can be found in Annex A

RDE were conducted using a Metrohm Autolab Motor Controller. Both CV and
RDE tests were performed using an Autolab electrochemical system II PGSTAT30
potentiostat. RDE analysis can be found in Annex A. The solubilities were measured
using an UV—Vis spectrophotometer (PerkinElmer, Lambda365). And the spectra
as well the analysis can be found in Annex A.

The cell was galvanostatically charged/discharged at room temperature using a
Biologic multichannel potenciostatic-galvanostaic coupled to an impedance
module BSC-815 in the voltage range of 0-1.57 V for the compound 2 and 0-1.67
V for the compound 4 at current density of 100 mA/cm? When the cutoff
potentials were reached the cell was further charged/discharged applying a
constant voltage as defined by the cut off limits until the current density decreased
below 12.5 mA/cm? This method was applied to ensure that both experiments
have reached the desired state of charge making the results comparable. Note that
a potentiostatic electrochemical impedance spectroscopy (EIS) of both systems
were measured before and after cycling, showing in all the cases similar resistance
(=2.5 Q cm?). The impedance before and after cycling as well as the evolution of
the coulombic, voltage and energy efficiencies and discharge capacity over cycling
for compound 2 and 4 can be found in the Annex A.

Geometries were optimized using IEF-PCM methodology at B3LYP/6-
311++G(d,p) level of theory and can be found in Annex A

METHOD A: 2,2'-bipyridine derivatives were synthesized following already
reported literature procedures. A solution of 2,2-bipyridine (1 Eq) in the
corresponding dibromoalkane (2-23 Eq) was refluxed for 16 h, during which a
precipitate accumulated. The reaction was cooled down to room temperature and
the solid was filtered and washed with acetone and hexanes. The solid was then
subjected to anion exchange procedure using IRA-900 chloride form resin and
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water was evaporated under reduced pressure on a rotary evaporator. The final
compound was dried under vacuum to afford the desired 2,2-bipyridine.

X Bl N ¢
. N R Br R Cl
_N Br reflux N ) IRA-900 2 )
S ——a N DL
A o 2 @
|— I . - N -
~ N Br X Cl
n=1-3 n=1-3 n=13

Figure 17: Synthetic route towards 2,2’-bipyridine under conventional heating conditions

METHOD B: To a microwave vial equipped with a magnetic bar (for microwave
reactor), 2,2’-bipyridine (1 Eq), the corresponding dibromoalkane (1.3—4 Eq) and
acetonitrile were added. The vial was sealed and placed in the microwave reactor.
The appearance of a solid indicated the formation of the product. The solid was
filtered and washed with acetonitrile to ensure the elimination of the
dibromoalkane excess and was then subjected to anion exchange procedure using
IRA-900 chloride form resin. Water was evaporated under reduced pressure on a
rotary evaporator. Before characterization, the product was dried at 65 °C in the
oven.

Ri—/\ R/\ Br- Ri_\ cr
_N

MW reactor -
. j . IRA-900 ﬂ)n
Z N ACN or solvent-free / N R/ N
R— 120 °C, 2-6h N -
< 0°C, 26 R < ¢
n=1-3 n=1-3 n=1-3

Figure 18: Microwave reaction for the synthesis of 2,2’-bipyridine derivatives.

6, 7-dihydrodipyrido[1,2-a:2’1’-cpyrazine-5,8-diium bromide (1)

Method A: The title product was obtained from 2,2’-bipyridine (1 g,

| \N Br 6.40 mmol, 1 eq) and 1,2-dibromoethane (1.11 mL, 12.80 mmol, 2 eq).

+j 92% yield (2.0 g, 5.89 mmol), pale brown solid. Method B: The title
% F\fj _ product was obtained from 2,2’-bipyridine (4 g, 25.54 mmo], 1 eq) and
. || Br 1,2-dibromoethane (24 g, 25.6 mmol, 4 eq) in ACN (0.55 M) for 6h.

50% yield (0.816 g, 3.2 mmol), pale orange solid. Spectroscopic data
were in good agreement with those reported in the literature.?* H NMR (300 MHz,
D;0) 6 9.31 - 9.23 (m, 2H), 9.07 — 8.99 (m, 2H), 8.99 — 8.93 (m, 2H), 8.44 (ddd, J =
7.7, 6.0, 1.6 Hz, 2H), 5.40 (s, 4H). *C NMR (75 MHz, D,0O) & 148.37 (s), 147.12 (s),
139.68 (s), 130.75 (s), 128.35 (s), 52.40 (s).

7,8-dihydro-6H-dipyrido[1,2-A.2’-1’-c][1,4]diazepine-5,9-diium bromide (2)
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/ \ Br Method A: The title product was obtained from 2,2’bipyridine (1 g,

eq). 80% yield (1.83 g, 5.12 mmol), pale brown solid. Method B:

The title product was obtained from 2,2’-bipyridine (4 g, 25.5 mmol,

1 eq) and 1,3-dibromopropane (6.56 g, 32.5 mmol, 1.3 eq) for 2h.

99% yield (6.81 g, 25.2 mmol), pale yellow solid. Spectroscopic data
were in good agreement with those reported in the literature.?* 'H NMR (300 MHz,
D,0) 6 9.35 — 9.26 (m, 2H), 8.97 (td, J = 8.0, 1.4 Hz, 2H), 8.62 — 8.52 (m, 2H), 8.47
(ddd, J=17.8, 6.1, 1.5 Hz, 2H), 5.11 (dt, J= 14.4, 3.9 Hz, 2H), 4.61 (dt, /= 14.3,9.4
Hz, 2H), 3.03 (ddd, J = 9.4, 7.5, 4.1 Hz, 2H). *C NMR (75 MHz, D,0) & 148.20 (s),
147.60 (s), 143.83 (s), 131.69 (s), 131.26 (s), 56.12 (s), 30.32 (s).

~ rj} 6.40 mmol, 1 eq) and 1,3-dibromopropane (7.5 mL, 73.6 mmol, 11.5
.

~ N~

\ / Br

6,7,8,9-tetrahydrodipyrido[1,2-a:2,1’-cj[1,4]diazocine-5,10-diium bromide (3)

7/ Br The title product was obtained following Method B from 2,2’-

g, 24.5 mmol, 4 eq) in 6 mL of ACN for 6h. 50% yield (0.5 g, 1.175

_ mmol), colourless solid. Spectroscopic data were in good agreement

I Br with those reported in the literature.”® 'H NMR (300 MHz, D,0 ) &

9.66 (dd, J = 6.2, 1.4 Hz, 1H), 9.15 (td, J = 7.9, 1.4 Hz, 1H), 8.82 — 8.67 (m, 2H),

5.22 (dd, J = 14.6, 6.4 Hz, 1H), 4.60 — 4.46 (m, 1H), 2.74 (td, /= 11.1, 6.7 Hz, 1H),

2.62 — 2.44 (m, 1H).®C NMR (75 MHz, D,O) § 148.13, 147.95, 143.81, 132.20,
132.01, 59.83, 27.02.

+N) bipyridine (0.523 g, 3.35 mmol, 1 eq) and 1,4-dibromobutane (5.29
+N

N

3,11-dimethyl-7,8-dihydro-6H-dipyridof1,2-a:2,1’-c][1,4]diazepine-5,9-diium  bromide
(4)

Method A: The title product was obtained from 5,5’-dimethyl-2,2’-
4 \ Br bipyridyl (1 g, 5.42 mmol, 1 eq) and 1,3-dibromopropane (12.7 mL,

" Method B: The title product was obtained from 5,5’-dimethyl-2,2’-

_ bipyridine (1 g, 6.4 mmol, 1 eq) and 1,3-dibromopropane (5.17 g,

N ' Br 245 mmol, 4 eq) for 6h. 84% yield (1.754 g, 5.376 mmol), pale brown

solid. Spectroscopic data were in good agreement with those

reported in the literature.?* '"H NMR (300 MHz, D,0) § 9.13 (d, J =

1.9 Hz, 2H), 8.74 (ddd, J = 8.2, 1.9, 0.9 Hz, 2H), 8.37 (d, J = 8.2 Hz, 2H), 5.00 (d, J

= 14.5 Hz, 2H), 4.62 — 4.46 (m, 2H), 3.05 — 2.89 (m, 2H), 2.73 (d, J = 0.7 Hz, 6H).

BC NMR (75 MHz, D,0) & 147.98 (s), 147.27 (s), 143.52 (s), 141.11 (s), 130.61 (s),
55.91 (s), 30.25 (s), 17.99 (s).

~ N> 124.8 mmol, 23 eq). 87% yield (1.82 g, 4.71 mmol), pale brown solid.

/+

91



4. Experimental and theoretical procedures

2,12-dimethyl-7,8-dihydro-6H-dipyrido[1,2-a:2, 1’-c]diazepine-5,9-diium bromide (5)

y _ Method A: The title product was obtained from 4,4’-dimethyl-

g \N Br 2,2’-bipyridyl (1 g, 5.42 mmol, 1 eq) and 1,3-dibromopropane (12.7

* mL, 124.8 mmol, 23 eq). 91% yield (1.63 g, 4.93 mmol), pale brown

= ﬁ}_ solid. Method B: The title product was obtained from 4,4’-

N /| Br  dimethyl-2,2’-bipyridine (1 g, 6.4 mmol, 1 eq), 1,3-dibromopropane

(5.17 g, 24.5 mmol, 4 eq) for 3h. 78% yield (1.61 g, 4.93 mmol), pale

orange solid. Spectroscopic data were in good agreement with those reported in

the literature.?* 'H NMR (300 MHz, D,0) 6 9.03 (d, J = 6.3 Hz, 2H), 8.34 (d, J= 2.0

Hz, 2H), 8.22 (ddd, J = 6.3, 2.0, 0.8 Hz, 2H), 4.99 (dt, J = 14.6, 3.9 Hz, 2H), 4.48

(dt, J=14.4,9.3 Hz, 2H), 2.93 (ddd, J= 9.6, 7.5, 4.2 Hz, 2H), 2.83 (s, 6H). *C NMR

(75 MHz, D,0) 6 163.24 (s), 146.16 (s), 143.01 (s), 131.98 (s), 131.10 (s), 55.17 (s),
29.96 (s), 21.75 (s).

2,12-dimethoxy-7,8-dihydro-6H-dipyridof1,2-a:2,1’-c][1,4]diazepine-5,9-diium bromide
(6)

The title product was obtained following Method A from
4,4’-dimethoxy-2,2’-bipyridyl (1 g, 4.62 mmol, 1 eq) and 1,3-
dibromopropane (10.83 mL, 106.26 mmol, 23 eq). 93% yield
(1.80 g, 4.30 mmol), pale brown solid. 'H NMR (300 MHz,
D;0) & 8.52 (d, J= 7.2 Hz, 2H), 7.44 (d, J = 2.8 Hz, 2H), 7.27
MeO™ N\ (dd, J = 7.2, 2.8 Hz, 2H), 4.79 (s, 6H), 4.64 (dt, J = 14.9, 3.8
Hz, 2H), 4.23 (ddd, J = 14.7, 10.0, 8.3 Hz, 2H), 2.66 (ddt, /= 7.1, 5.0, 2.8 Hz, 2H).
BC NMR (75 MHz, D,0) § 174.76, 146.52, 145.44, 118.90, 116.65, 52.86, 29.17.

2,12-dicarboxy-7,8-dihydro-6H-dipyrido[1,2-a:2,1’-c][1,4]diazepine-5,9-diium bromide
(7)

HOOC X, g The title product was obtained following Method A from

! /'}r‘ 2,2’-bipyridil-4,4-dicarboxylic acid (0.2 g, 0.82 mmol, 1 eq)

> and 1,3-dibromopropane (1.92 mL, 18.83 mmol, 23 eq). TEA

= IJ\rl (0.23 mL, 1.64 mmol, 2 eq) was subsequently added to the

HOOC X\ ) Br  reaction mixture. 24% yield (0.09 g, 0.196 mmol), orange

solid. "H NMR (300 MHz, DMSO-ds) § 9.68 (d, J= 6.1 Hz, 2H), 8.90 — 8.79 (m, 4H),

5.24 (dt, J = 13.6, 3.9 Hz, 2H), 4.62 (dt, J = 13.6, 9.2 Hz, 2H), 2.85 (d, J = 11.8 Hz,

2H).*C NMR (75 MHz, DMSO-ds) § 163.15, 149.21, 146.51, 144.45, 131.53, 129.99,
55.59, 30.54.
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2,3-dihydro-1H-[1,4]diazepino[1,2-a:4,3-a’|diquinoline-4,17-diium bromide (8)

The title product was obtained following Method A from 2,2’-biquinoline (0.5 g,
1.95 mmol, 1 eq) and 1,3-dibromopropane (4.6 mL, 44.9 mmol, 23
eq). 10% yield (0.085 g, 0.185 mmol), yellow solid. 'H NMR (300
MHz, D,0) 6 9.60 (dd, J = 8.7, 2.6 Hz, 2H), 8.78 (d, J = 9.2 Hz, 2H),
8.71 — 8.57 (m, 4H), 8.51 (ddd, J=9.0, 7.1, 1.8 Hz, 2H), 8.24 (t, J =
7.6 Hz, 2H), 5.96 (d, J = 15.4 Hz, 2H), 4.65 — 4.46 (m, 2H), 3.23 (s,
2H). ®C NMR (75 MHz, D,O) § 149.92, 147.43, 139.67, 138.92,
131.91, 131.72, 131.33, 124.55, 118.06, 50.33, 30.34.

4.7. Cycling of Nas[Fe(CN)s] and AQDS systems.

Na,Fe(CN)s] and AQDS compounds were used as redox-active materials for
battery performance without any purification and were purchased from Sigma-
Aldrich. Nafion® 212 was used as the exchange membrane and purchased from
the Fuel Cell store. Membrane pretreatment was used considering the well-
established reported methodology for Nafion®. For battery evaluation, the cell
was galvanostatically charged/discharged at room temperature in the voltage
range of 0-1.1 V at various current densities (20, 40, 60, 80 and 100 mA/cm?, 5
cycles) and cycled for 100 cycles at 80 mA/cm? The battery was also evaluated
considering the effects of pH ranging from 4, 7 and 10. The cell was first charged
to 50% SOC, and load curves were carried out to obtain the area-specific
resistance at the given conditions. In this process, a current density scan of 1
mA/cm? was applied until the desired current cut-off £125 mA/cm?* was reached.
Extra information about the battery cycling results can be found in Annex A.

4.8. Synthesis and cycling details of (SPr;)4TpyTz.

4-cyanopyridine, sodium hydroxide, propane sultone, and dimethyl-formamide
(DMF) chlorohydric acid were purchased from Sigma-Aldrich and used without
further purification. NMR spectra as well as RDE analysis, solubilities calibration
plots and optimized geometries coordinates can be found in Annex A.

The home-made flow cell with flat flow fields was setup using two composite
bipolar plates (carbon-polyolefin), graphite felts electrodes (SGLGFD4.6 EA, used
as received and compressed to 3 mm), two sheets of gasket (expanded, Teflon),
and Nafion 212 ® membrane from Dupont. The active area of the cell was 5 cm?.
A Chonry BT600M peristaltic pump was calibrated with Masterflex C-Flex tubbing
(Cole-Parmer) and used to circulate the electrolyte through the system at a flow
rate of 60 mL/min. The reservoirs and the cell were placed inside a glovebox
purged with nitrogen (MBRAUN). After circulating the electrolyte for 30 min, the
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initial resistance of the system was determined using impedance spectroscopy
with a BioLogic SP-300 potentiostat. For battery measurements, a LANHE Battery
Tester 400W was used. The cell was galvanostatically charged/discharged at room
temperature in different voltage ranges (each cut off can be found in the footnote
of each figure) at different current densities (20, 40, 60, 80, and 100 mA/cm?, 5
cycles) and cycled for several cycles at 60 mA/cm? The polarization curves were
measured point-by-point by applying a current of +1 mA/cm2duringl0, 10 s
resting, and 10 s at—1 mA/cm?2, so the SOC is expected to do not change during
the experiment.

TPT was synthesized basic catalyzed triazine formation from nitrile according to
literature.?

N \\ 0 N
N \ @
I NaOH, 7 LO o~
172 °C, 18h 7Eq
X
/ solvent free DMF (dry), Ar
18h
O
// N z N\/\/S

Figure 19: Synthetic route towards 2,2’-bipyridine under conventional heating conditions
2,4,6-tri(pyridin-4-yl)-1,3,5-triazine

N 30 g of 4-cyanopyridine (288.2 mmol, 3Eq) were placed in a

| _ 100 mL round bottom flask and heated to 172 °C. Once the

whole solid gets liquid, 0.912 g of powdered NaOH (22.8

NI _ mmol, ~0.1 Eq) were added in small portions. The resulting

[ N)\G mixture was stirred 18 h until all the liquid become pale

N~ 2N solid. The solid was dissolved using concentrated HCI

aqueous solution 50 mL and sonicated for 30 minutes at room temperature. After

that, the solution was neutralized using 6 M aqueous solution of NaOH until pH 7.

The white product was purified by redissolving it in 10 mL of concentrated HCl

aqueous solution and neutralized using 6 M aqueous solution of NaOH to achieve

the desired product. The white powder was cleaned using 3 x 50 mL of acetone

and finally with 50 mL of water, achieving 19 g of the pale white solid (60.8 mmol,

63.3%). Spectroscopic data were in good agreement with those reported in the
literature.”® '"H NMR (300 MHz, CDCls) & 8.95 (s, 6H), 8.57 (s, 6H).
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3,3'3"((1,3,5-triazine-2,4,6-triyl)tris(pyridine-1-ium-4, 1-diyl) tris(propane-1-sulfonate)

) 2 g of TPT (6.4 mmol, 1 Eq) and 9 g of
058 1,3-propanesultone (73.7 mmol 4 Eq)
W\ were dissolved in 50 mL of DMF and

| NS heated to reflux for 18 h in a 250 mL

= round bottom flask. After this time, a

NN brown pale solid appears in the bottom

L of the flask. The solution was cooled
© B NJ\@ ©  until reach room temperature to ensure
038 _~_N._~ N _~_-S0;

® ® the precipitation of all the product. The
solid was filtered using a Buchner funnel and washed with cool DMF and acetone.
The solid was purified by dissolving it in water and precipitating using MeOH. So,
3.6 g of the pure product (5.3 mmol, 82.8%) was achieved as a brown pale solid.
'H NMR (300 MHz, D;0) 6 9.40 (d, J = 6.2 Hz, 6H), 9.32 (d, J= 7.1 Hz 2H), 5.01
(t, J= 7.4 Hz, 6H), 3.11 (t, J = 7.2 Hz, 6H), 2,63 (p, J = 7.2 Hz, 6H) *C NMR (75
MHz, D,0) & 169.5 (s), 149.7 (s), 146.0 (s), 127.5 (s), 60.4 (s), 47.0 (s). 26.2 (s).

NOTE: Additional information can be found in Annex A about NMR
spectra, RDE analysis, solubilities spectra and analysis, optimized
geometries coordinates, cell testing.
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5. Results and Discussion
5.1. HIGREEW project

After the introduction of Redox Flow Batteries and the need to develop them in
order to ease the implementation of renewable energies into the electrical grid
among other applications, European Commission has funded different research
projects with the goal to develop a new efficient Redox Flow Battery that could
substitute/complement the state-of-the-art (Vanadium RFB). This is the context in
which the HIGREEW Project and this PhD are framed. The main reason is that
almost all the available Vanadium in the earth is controlled by China government.
Furthermore, the scarce availability of vanadium and the high demand of the steel
industry make the cost of vanadium too volatile and unpredictable. So, the
European research projects are focused on substituting the vanadium as the main
redox active material for other organic molecules, copper, hydrogen-bromine,
lignin-based redox active materials. The design of a Redox Flow Battey is not an
easy task cause the wide variety of components and parameters influencing the
high efficiency of the device's performance. For this reason, these projects have
been developed by a consortium of universities and private companies which each
partner will be in charge of development and optimization of one component. This
is a way to merge different experts on each component trying to optimize the
performance of the final battery. Here a brief outline of HIGREEW's partners and
tasks can be found:

Research team

CIC

energi ) ) -
GUNE = Organic electrolyte design 75 GamesaFlecri;: ™ System especifications

[ - = Project coordination = Techno-economic assessment

= Selection, characterization

[
and modification of IEM UAM

Help in the synthesis of
organic electrolytes

= Stack design and engineering e C-Tech

TNNOWATION

= Test and validate battery

Universidad Auténoma SIEMENS Gamesa
TR prototype in the pilot plant

de Madrid

= Selection and study of
electrodes [ ]
= Communication, dissemintaion

UNIRESEARCH
= Testing, scale up and engineering and explotation

of the battery components.

L i = Optimization active components 'nﬂow
% Fra un hOfer = Battery design and at laboratory scale gy Sorge
IcT

engineering = Stack design

Figure 1: Partners and their main tasks of the HIGREEW project.

UAM team was in charge of the selection, characterization and modification of
commercial Ion Exchange Membranes. Furthermore, the team helped in the
synthesis, characterization, and test organic electrolytes. Finally, once the organic
redox active materials, the membrane and the electrodes were selected, the final
battery was tested by all the research teams to corroborate the performance of the
battery at different conditions.
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This thesis will be divided in three part: i) Synthesis and characterization of
different organic redox active materials for neutral aqueous flow Dbatteries
(Chapter 1), ii) The characterization, selection and modification of different
commercial [EM (Chapter 2) and iii) Test the studied materials in single-cell
corroborating their performance in a battery (Chapter 3).
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Chapter 1: Organic electrolyte
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5.2. Organic electrolytes

It has been introduced the huge variety of organic redox active materials families
that have been studied in the literature. As the project aim to develop a neutral
aqueous system, viologens seem to be the more effective RAM in neutral pH based
on the low redox potential, high-solubility, and fast electrokinetics.!??
Furthermore, the redox reaction is not proton coupled so, the pH should be
constant during the battery operation making the system more stable. The
synthesis is quite simple or straightforward which is mandatory since if the RAM
works properly, it will be used in large scale (> kg scale). Another advantage of the
neutral pH is related to the containers and other components like the membrane,
electrodes, bipolar plates and tubbing stability since could be compromised on
very aggressive electrolytes. So, 4,4’-bipyridinium salts have been widely studied
in the literature decreasing the opportunity for new derivatives.**%"® On the other
hand, 2,2-bipyridinium salts have been poorly studied. To the best of our
knowledge only a few examples of 2,2-bipyridinium or bipyridines salts have been
considered >0

5.2.1. 2,2-bipyridinium salts as anolyte for RFB.

Diquat herbicides act by inhibition of the electron transfer chain in photosystem I
(protein complex that uses light energy to catalyze the transfer of electrons) of the
plants by accepting the transferred electrons suggesting a clear redox activity of
2,2-bipridinium derivatives.!? Despite this, few examples have been studied as
anolyte for aqueous redox flow batteries. Zhang et al '° demonstrate the redox
activity of 5 different 2,2’-bipyridine electrolytes trying to understand the
structural parameters effect. Furthermore, they studied the degradation
mechanism of the reduced species trying to stabilize it and afford a stable anolyte
for RFB. Here for the first time, they suggest that both nitrogen atoms must be
linked to achieve reversible redox process, otherwise the process become
completely irreversible.

EIIE \>_< _/R + e Iﬁ_.> <_/R + e I¥_> <_/‘R
—N + +?\l—// -—; \ N +kl—// ‘7; \ N N—//
-e \_Hn - \_Mn

e
insoluble

Figure 2: Redox reaction of 2,2’-bipyridinium salts.

As it can be observed, 2,2’-bipyridinium salts behave as viologens derivatives, the
first reduction leads to a stable radical cation that can be delocalized through both
aromatic rings stabilizing the product (Figure 2). A second reduction afford a
completely neutral molecule which is insoluble in water making the redox process
irreversible.
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Bures et al ° also studied different 2,2’-, 3,3’- and 4,4’-bipyridinium salts with
sulfonate alkyl chains. From this study, a poor reversibility of the 3,3’-bipyridinium
salts have been observed after the reduction due to the poor delocalization of the
radical cation afforded. Again, linked 2.2’-bipyridinium salts (1e in their work) is
presenting the best redox behavior. In this sense, we would like to study the effect
of the dihedral angles between the two pyridinium rings by changing the length of
the alkyl chain which link both nitrogen atoms.

2,2’-bipyridine derivatives were synthesized by introduction of alkyl substituents
at N,V atoms followed by an anion exchange step through a straightforward
procedure either by regular (Method A) or microwave-assisted (Method B) heating
in a solvent-free process. So, the six, seven and eight-membered rings of the 2,2’-
bipyridinium salts have been prepared and studied (1, 2 and 3, see Figure 3 and
4).

Ri(\ R;_/\ Br R;_/\ ci
ZN Br A) reflux, 24h ZN
+ ~) . B
_ B hn B) MW reactor N
N r N
| ACN or solvent-free |
NI 120 °C, 2-6h B
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Figure 3: Synthesis methods to prepare the different bipyridinium salts.
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Figure 4: Eight redox active materials prepared and studied.
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Figure 5: (a) Cyclic voltammetry at 50 mV/s scan rate of compounds 1-3. (b) Cyclic
voltammetry at 50 mV/s of compound 2 reaching two electrons. All the compounds were
tested at 1 mM in 1 M NaCl solution at room temperature.

From the CV analysis, we can see clearly that the dihedral angle between two
pyridinium rings play a vital role (Figure 5a). Furthermore, Zhang et al '°
demonstrated that the unlinked methyl diquat shows an irreversible redox process
due to the complete alternation between both aromatic rings. Note that all the
compounds present two redox processes (Figure 5b) like it has been reported
previously for viologen (and 2,2’-bipyridine derivatives) but just the first represent
a fast reversible process.'®!*!® Interestingly, reversible reduction process of 7-
membered ring derivative 2 is observed at a significantly low redox potential when
compared to diquat 1 (AV = 0.18 V). On the contrary, the redox process of 8-
membered ring derivative 3 is completely irreversible and therefore, it was
discarded as a candidate. We can expect that higher atoms of carbon in the ring
will lead to higher dihedral angle, so, the eight-membered ring show an irreversible
redox behavior. If the dihedral angle is too high, the delocalization of the afforded
radical cation is inhibited and side reactions (probably protonation) of the reduced
species makes the process chemically irreversible. One way to demonstrate this
hypothesis is to calculate the structural parameters. Using one of the most reliable
tools of chemist, DFT calculations, two key parameters (dihedral angle and Cipso-
C’ipso distance between both aromatic rings) were calculated. Cipso-C'ipse’ bond
could let us understand how much sp? character present between both aromatics
rings. So, as shorter is the Cipso-C'ipso bond distance more sp? character present and
higher delocalization between the aromatics rings is expected. In the same way, as
shorter is the dihedral angle, more planar disposition between the two aromatic
rings which lead to higher delocalization of the generated radical and as
consequence higher stability (Figure 6).
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(b)
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Figure 6: (a) Dihedral angle (orange) and Cipso-Cipso’” distance (blue) (b) Variation of dihedral
angle (c) and Cipso-Cipso” distance for compounds 1-3.

As we suspected increasing the number of atoms in the ring increase the dihedral
angle and the distance between both aromatic rings what explain the poorer
delocalization. So, the irreversible behavior of compound 3 can be explained by
the lack of stabilization and delocalization along both aromatic rings. It is
noteworthy that the dihedral angles decrease considerably in the reduced form
due to the need of this stabilization of the radical via delocalization.

As the six-membered ring derivatives have been studied by Zhang et al 1° showing
high-capacity decay we focus our efforts on developing a family of seven-
membered ring bipyridinium salts bearing different substituents (Compounds 2
and 4-8, see Figure 4). These seven membered rings present higher dihedral angle
that could avoid the intermolecular interaction as well as should present bigger
volumes (loss of planarity) which could lead to lower crossover through the
membrane. Substituents has been grafted in the bipyridinium core to understand
their electronic effect in the redox behavior as well as in the structural parameters.
One advantage of these bipyridinium salts is the simple and efficient synthesis that
could enhance their implementation in RFB.
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Figure 7: Cyclic voltammograms at 50 mV/s of Compound 2 and 4-8. All the compounds
were tested at 1 mM in 1 M NaCl solution at room temperature.

We can see clearly that Electron Donating Groups in the para position turn the
redox process completely irreversible as well as shift the redox potential to lower
values (compound 7). It makes sense, since as higher is the electronic density in
the bipyridinium core more challenging is going to be introduce an electron. On
the other hand, Electron Withdrawing Groups shift the redox potential to higher
values due to the opposite argument (compound 6). Soft EDG as the methyl group
(compounds 4 and 5) enhance the redox potential without affecting the
reversibility of the redox process. Regarding the methyl substituent, meta and para
position effect can be depicted (Figure 7). The substitution placed in the para
position presents a more significant influence on the redox potential as it can be
expected due to the radical delocalization. Here we have found a special case,
compound 8 present a very particular redox behavior. A sharp peak was observed
in the cyclic voltammogram suggesting the deposition/adsorption of material on
the electrode surface. One way to demonstrate this theory is by plotting the current
vs the square root of the scan rate. If linearity is followed, it suggests that redox
species are diffusion controlled. On the other hand, if there is no linearity, the redox
process does not freely diffuse (Figure 8).
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Figure 8: Comparison of CV of compound 8 (adsorption phenomena, (a) and 2 (free-
diffusion process, (c). Plot of current peak vs square root of the scan rate. Non-linear
behavior for compound 8 (b) and linear behavior for compound 2 (d). All the compounds
were tested at 1 mM in 1 M NaCl solution at room temperature.

Compound 2 present a clear diffusion-controlled redox behavior showing no
change in the redox potential, while increase the scan rate of the CV
measurements, Furthermore, when plotting the current peak vs square root of the
scan rate we can see a clear linearity in the plot. On the other hand, compound 8
present some deviation in the redox potential when increase the scan rate of the
CV measurements. Besides, the non-linearity of the current peak vs square root of
the scan rate indicates an adsorption or deposition phenomena.’® This
phenomenon could be explained by the stronger interactions of the extended =-
system within the glassy carbon electrode used in these measurements.

It has been reported that the redox potential can be estimated using the energies
of the oxidated and reduced state of RAM calculated from the DFT
calculation.'”'8!® Here, we thought that could be easy to calculate the redox
potential. Furthermore, the main goal of this work was developing an efficient
method that would allow chemists to predict the battery performance of RAM
before synthesizing them. So, the redox potentials were calculated following the
following Hess diagram and equation (Scheme 1 and equations 1 and 2):
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Scheme 1: Born-Haber cycle for the redox potential calculation.

(1) AG(aQ)redox = AG(g)redox + AGsol, red — AGsol, ox (1)
(2) AG(aq)redox = - FETedoxo (2)

BEing AG(g)redax = AG(g)red - AG(g)OX! AGsol, ox = AG(aq)ox - AG(g)ox and
AGsol, rea = AG(aq)req — AG(G)rea (KJ/mol).

The redox potential must be corrected to the standard hydrogen electrode
potential ASHE (-4,43 V). Other relativistic and geometry correction could be
considered although it is out of the scope of this work.
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Figure 9: Correlation between the predicted and experimental redox potential for
compounds 1 to 8.

So, the redox potential of the different bipyridinium salts have been precisely
calculated showing just one exception, compound 8. That could be explained due
to the higher redox potential of biquinoline which is attributed to the extended
aromatic structure and could not be accurately predicted by Hess’s Law. Knowing
that the Hess’s Law uses the energies of the optimized geometries in aqueous and
gas phases, the low solubility of compound 8 could lead to some deviations in the
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calculated redox potential (red dot in Figure 9). Furthermore, the adsorption of
compound 8 could significantly vary the redox potential of the RAM.

Table 1: Main parameters for the bipyridinium salts.

RAM | Form elil;/:* e | 5O cr’i.ilps(l:\) (cmB/s) k (cm/s) (eﬁ/) SOI?n?li)lity
1 F({)e X 039 | 005 [T 724100 | 15410 | 0.064 2.4
2 F({)e X 057 | 027 ot 41310° | 614107 | 0143 28
3 Roe T 067 | 040 Zg:f 1:2?2 nr nr | 0.287
4 I?e T 067 | -0 22:‘11 1:1;2 44610 | 4.4210° | 0.132 22
5 Se); 070 | -0.38 gg:‘ll 1:222 55910° | 15810° | nd 26
6 [Red] 0% | 100 [Hryan | M| om0 || -
7 I?e’; -0.37 0.27 23:; 1:122 3.0210° | 288102 | nd
o o on | on M ny | ons | as | <o

*V vs SHE, n. r: not reversible, n. d.: not determined, n. s.: not soluble

The water solubility is an important property considering the potential application
of these materials as anolytes in RFB. The molar water solubility of 2,2’-
bipyridynium compounds was measured by UV/Vis spectroscopy (see Table 1).
The higher solubility of the 7-membered ring 2 (2.8 M) when compared to diquat,
1 (2.4 M), may be attributed to the lower planarity and higher polarity conferred
by the longer alkyl linker bridging nitrogen atoms. By contrast, the solubility of
substituted bipyridinium salts 4, 5 and 8 confirmed the relevance of both the
nature of the substituents and the disposition of them in the core structure. Thus,
methyl substituents in meta- and para- positions have opposite effect on solubility.
Worth noting, para-substituted bipyridinium compound showed higher solubility,
up to 2.6 M. Nevertheless, the substitution of pyridine rings by more hydrophobic
quinoline rings led to a dramatic drop on water solubility (< 0.1 M). The latter is
in good agreement with the hypothesis of material deposition on electrode surface
during cyclic voltammetry experiment for compound 8. The more hydrophobic
character of compound 8 and the potentially stronger m-m interactions shall
explain the lower water solubility.

After corroborating the redox activity and the solubility of the bipyridinium salts
and be able to reproduce a key parameter such as the redox potential, the next
step is determined the kinetic constants and diffusion coefficients of the redox
reaction. A promising redox active material should present efficient electrokinetics
otherwise high mass-transport and activation resistances will be expected in the
redox flow battery. The electron transfer rate (k) and diffusion coefficients (D) were
determined experimentally from linear sweep voltammograms (LSV) using a
rotating disk electrode (RDE) and calculated through the Koutecky-Levich and
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Levich equations, respectively (Experimental and theoretical procedures). As it can
be commented before only the first redox process is reversible and do not present
any adsorption or precipitation of the redox active material, for this reason, just
the kinetic constants and diffusion coefficients of the first electron (n = 1) for
compounds that are reversible has been studied. Thus, the electron-transfer rate
constants obtained were 1.54-102 and 6.14:10° cm/s for compounds 1 and 2,
respectively. On the other hand, the substituents on the aromatic ring did not lead
to significant changes on the reaction kinetics. (Compound 4 and 5 showed similar
kinetics and diffusion values as compound 2).

With the target to use DFT calculations to predict the electrochemical behavior of
redox active materials and trying to predict this tendency in the kinetics of the
redox process, the Marcus theory appears as an interesting approach. Marcus
theory describes the kinetic of reactions where significant structural changes do
not take place.!® Scanning the reaction coordinate (the parameter which change
along the reaction) the energy of the starting material (in our case the oxidated
form) and the final product (reduced state) is calculated at each point. So, the
Marcus parameter can be calculated and as higher is this value slower are the
kinetics cause the product and the reagent are far in energy. This theory is based
on higher Marcus parameter (or energy distance between both states) implying
bigger reorganization and as consequence slower kinetic of the process. As it has
been depicted in Table 1 there is a significant change in the dihedral angle between
the oxidized and reduced state. For this reason, the dihedral angle was selected as
the reaction coordinate for the redox process (Cipso-Cipso distance could be used
too). Here, in Figure 10 an example of the energies at different values of the
dihedral angle for both states as well as how the Marcus parameter was calculated
is shown:
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Figure 10: (a) Schematic representation of the Marcus parameter calculation (b) example
of the curves obtained for the compound 4 when the dihedral angle was scanning.

From this study, the Marcus parameters for the bipyridines with different number
of atoms in the ring 1, 2 and 3 have been calculated (Table 1). We can see clearly
that the theory fix with the experimental results, 1 present the fastest kinetic and
also the lowest Marcus parameter. Then 2, present medium kinetics and Marcus
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parameters and the slowest bipyridinium 3 show the highest Marcus value. Seven-
membered ring bipyridinium salts present similar structural parameters and as
consequence almost equal kinetic constants. Trying to corroborate this trend, the
Marcus parameter of compound 4 was calculated and compared to 2. We can see
that both redox active materials present almost the same kinetic constant and
Marcus parameters. The prediction of the redox potential and the kinetic constant
cheer us up to create a method that can predict the stability of the RAM. Usually,
the stability of the redox active materials is tested using a symmetric or a single-
cell (coupled with another component). This kind of experiments are expensive
due to the use of expensive ion exchange membranes, bipolar plates, electrodes
(typically carbon felts), sealing materials, peristaltic pumps, hermetic cells, and
glovebox (or a system that prevents the oxygen penetration into the system).
Taking this on mind, the idea to be able to know the stability of the RAM before
assembly the cell and test it appears like an interesting approach that could save
money and time.

Since the stability of viologen and mostly all of the organic anolytes are related
with the reactivity of reduced species, the delocalization of the cation radical is
going to be a key parameter in this issue. The main degradation pathway reported
to the 2,2’-bipyridinium salts is the proton catalyzed disproportionation so, as
higher is the delocalization more difficult will be the degradation.!® The structural
parameters have showed that for all the seven-membered ring derivatives are
almost equal so any information can be extracted from this part. The electronic
effect of the substituents must play a role in the delocalization of the generated
radical. The study of the Natural Bond Orbitals and charge distribution
delocalization along both aromatic rings could shed light on this issue.

e  Natural Bond Orbitals delocalization:

Analyzing the interactions between different NBO? of the reduced species allows
to understand how the charge is allocated along the structure. More than 10000
interactions between orbitals have been studied in some derivatives. Therefore,
the different interactions between orbitals which involve the two aromatic rings let
us estimate the delocalization of the reduced species.

Table 2: Sum of the delocalization interactions between the NBO between both
aromatic rings.

Molecules Interactions (Kcal/mol) Nodr;l::;zlie:agglgliii of
1 157 1.02
2 154 1
3 130 0.84
4 11317 73.49
5 1777 11.54
6 99 0.64
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7 2942 19.10

8 119312 774.75
***The degree of delocalization is the normalized interaction to compound 2 at the B3LYP
level of theory.

Figure 11: Example of one NBO delocalization between aromatic rings for the compound
2.

Based on the analysis of the Natural Bond Orbitals of the reduced species, a
comparison of the electronic delocalization for the different bipyridinium
derivatives was performed (Figure 11, Table 2). As it can be seen in Figure 13,
derivatives 1, 2 and 3 show similar electronic delocalization, being higher as
shorter the bridge is (1 = 2 > 3). Thus, the higher delocalization forecasted by NBO
analysis fits with the previously calculated structural parameters, as the dihedral
angle and the interring bond distance as well as the experimental results. When
focusing on the role of substituents, it could be observed that substituents which
do not allow delocalization present lower interactions, for example strong EDG in
6 inhibits the delocalization between the two aromatic rings. The expansion of
aromaticity (compound 8) significantly enhances the delocalization because of the
increased number of interactions. In principle, this higher level of interactions
should correspond to a more stable reduced form. However, the mismatch
between theoretical and experimental outcome may be explained by the low water
solubility of compound 8. The addition of a methyl group also enhances the
delocalization between the two aromatics moieties (4 and 5). The methyl group
acts as a weak donor substituent enhancing the NBO interactions between the two
aromatic rings. When the focus is put on the para position, it could be observed
that higher electron withdrawing character of the substituent enhances the
delocalization between the aromatic rings (compound 7).

e  Charge distribution analysis:

The analysis of the charge distribution along the different atoms in both redox
states serves for a better understanding of the delocalization in the rings. As
expected, the reduced species have more negative charges that the oxidized ones
because of the charge provided by the new introduced electron. Here, the
interesting point is to know how different these aromatic rings are (an example of
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the equation used is shown in Equation 3). Higher differences between
homologous carbons of each ring mean lower delocalization between both rings.!

AAcharge = |ACharge (Red — 0x) ¢, — ACharge (Red — 0x) ¢, (3)

| <
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~—ortho

meta meta
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Figure 12: Representative example of the carbons on which the charges distribution has
been studied.

The influence of the interring delocalization on the stability of the reduced radical
has been reinforced by the study of the charge distribution which show how the
electron in the reduced form has been allocated.!! The difference between the
change in each carbon of the aromatic ring (ortho-, meta- and para- relative
positions to the nitrogen of the pyridine, Figure 12) when comparing oxidized and
reduced forms define the symmetric or nonsymmetric distribution between both
aromatic rings. By comparing this distribution between two aromatic rings, it can
be determined if the charge has been allocated in both aromatic rings or
preferentially in one of them, making both rings different (Table 3). In this study
different population analysis has been compared considering their strengths and
weaknesses: Mulliken,?? Hirshfeld,?? and Atom Dipole Correction Hirshfeld
(ADCH).** While Mulliken analysis is a well extended method it is not ideal for
practical applications due to the poor reproducibility of observable properties such
as molecular dipole moment, a very high basis dependence and occasionally
meaningless results. On the contrary, Hirshfeld analysis leads to qualitatively
consistent results with the general chemical concepts, and it is insensitive to the
size of the wavefunction, and the applicability of the Hirshfeld population is not
constrained by the type of wavefunction. The con of this method is that the charges
are always too small and the poor reproducibility of observable quantities because
the Hirshfeld population completely ignores atomic dipole moments. In this sense,
the Atomic Dipole Corrected Hirshfeld (ADCH) analysis takes into account the
atomic dipole moment and the charges achieved are significantly higher.
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Table 3: Mulliken, Hirshfeld and Atomic Dipole Corrected Hirshfeld (ADCH)
charge variations in the redox process between the homologous C and C’ (without
hydrogens summed into heavy atoms).

| AA charge| C(Red—0Ox) —-C’(Red—0Ox)
Molecules | Position Mulliken Hirshfeld ACDH
Ortho 0 0 0
1 Meta 0 0 0
Para 0 0 0
Ortho 1E-6 0 1.61E-4
2 Meta 1E-6 0 4.90E-5
Para 2.4E-6 0 2.15E-4
Ortho 1E-6 5E-6 1.14E-3
3 Meta 3E-6 1E-6 6.72E-3
Para 1.3E-5 6E-6 8.87E-3
Ortho 2.70E-3 6.2E-5 2.15E-3
4 Meta 6.76E-3 1.8E-5 4.50E-3
Para 1.16E-4 1.1E-6 5.84E-3
Ortho 6.53E-4 5E-6 0.99E-4
5 Meta 3.63E-4 5E-6 1.73E-4
Para 1.1E-4 6E-6 3.83E-4
Ortho 7.53E-2 5.89E-3 2.47E-2
6 Meta 7.88E-2 8.52E-4 0.28
Para 9.14E-2 3.7E-3 2.73E-2
Ortho 0.239 4.07E-4 6.24E-2
7 Meta 0.0567 4.03E-3 0.14
Para 0.273 6.89E-4 0.25
Ortho 5.33E-4 1.5E-5 8.97E-4
8 Meta 6.04E-4 1E-5 1.11E-2
Para 9.1E-5 3E-6 1.63E-2

The three analysed methods lead to similar trends when comparing bipyridinium
derivatives, see Table 3 for more details. The ADCH method was selected. If the
bipyridinium derivative presents high delocalization, the difference in the charge
distribution should be low. For example, compounds 1 and 2 show almost
negligible difference between the charge distribution for both aromatic rings. The
compound 3 shows higher differences, which is aligned with previous predictions
based on the higher dihedral angle and resultant lower delocalization. When
turning into the study of the effect of the substituents, similarly to what has been
observed in the NBO analysis, the introduction of strong EDG or EWG has a
detrimental effect on the interactions or interring delocalization as evidenced by

117



5. Results and discussion

the significant differences between aromatic rings in terms of charge allocation
determined for compounds 6 and 7. Compounds 8, which according to NBO
analysis show an increase number of interring interactions present a lower
interring delocalization that the non-substituted pyridinium homologue. A
preferential delocalization within the quinoline ring is therefore expected for
compound 8, which according to delocalization predicted in the NBO and charge
analysis could be a highly stable active material. However, it is discarded based on
its poor solubility. Finally, the methyl group 4 and 5 show quite similar charge
distribution between the two pyridine rings. Again, mild EDG seem to somehow
promote further interactions between rings and charge delocalization. Thus, high
stability for the cation radical reduced species is foreseen for those bipyridinium
derivatives.
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Figure 13: [llustrative figure evaluating the contribution of the NBO delocalization and the
ADCH charge distribution.

Charge analysis have been proposed as a powerful tool that combined with NBO
and structural analysis, provide deeper understanding on the stability of these
compounds. Note that Figure 13 shows, in a representative way, the contribution
of NBO delocalization and the ADCH (most chemically meaningful of the three
studied methods) charge distribution to the stability of the bipyridinium
derivatives and serves as a plausible guidance in the selection of a good candidate
for a potential RFB. Thereby, by considering both contributions, bipyridine
derivatives with high delocalization are expected to render more stable
electrolytes due to the high stabilization of the cation radical.

Encourage by the computational studies, compound 4 was selected for the
preparation and testing of electrolytes for AORFB. Therefore, based on the given
theoretical predictions, single-cell tests were addressed to corroborate the stability
of its reduced form. These experiments will be discussed in Chapter 3: Single-cell
experiments.
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5.2.2. Triazine derivatives for multiple electron storage.

The relatively low standard cell potential (1.26 V for all-Vanadium RFB) compared
to other batteries like the Li-ion battery (showing a cell voltage up to 3.85 V) and
solubility representing low amount of redox active materials in a huge matrix of
solvent (up to 2 M in the case of anolytes and 4~5 M in the case of catholytes)
compared with the electrodes materials (used in other batteries) are the main
responsible for the low energy density of RFB. For these reasons, there is a clear
trend to develop systems which allow to increase the energy density. By
developing new RAM with higher redox potential, higher solubility and more
electrons involved in the redox reactions the energy of RFB could be enhanced.
That last strategy has been employed with quinones based electrolytes, but these
materials consume and release protons during the operation of the battery Proton
Coupled Electron Transfer, PCET). Regarding viologens, the use of two electrons
have been pursued but lead to higher capacity decay.>?%?! Lately, an interesting
approach has been developed by Liang et a/, where a new aqueous soluble triazine
derivative has been reported. This new triazine anolyte has been able to store up
to three electrons in neutral pH in single-cell. Furthermore, the use of bigger RAM
could help to solvent one of the major concerns of RFB, the crossover. This new
triazine-pyridinium derivative benefits the delocalization between the pyridinium
rings as well as the triazine core stabilizing the radical species during the reduction.
The problem of this last derivative is the tedious synthetic route followed with
various ion exchange steps to increase the solubility of intermediates.?” For this
reason we thought a zwitterionic alternative that could store multiple-electron and
be afforded by a simple synthesis (Figure 14). This is something that must keep on
mind, the development of efficient RAM must follow simple synthetic routes or
procedures since the preparation complex molecules cannot compete with
vanadium electrolyte price (V2Os typically between 5 to 10 $/kg).
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(b)
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Figure 14: (a) Reported synthesis for the synthesis of the first triazine anolyte. (b) Synthesis
of (SPr);:4TpyTz.

The prepared compound exhibits three reversible redox processes at -0.47 V, -0.62
V and -0.82 V vs Ag| AgCl (3 M KCl) (Figure 15a). In the cyclic voltammetry (CV)
measurement the peak separation of the first process is scan rate independent, but
peak separation for the second and third process increases with increasing scan
rate. Therefore, the first process can be considered reversible, while the other two
are quasi-reversible. That suggest that the kinetic of the second and third redox
process could be compromised. The Differential Pulse Voltammogram (DPV)
(Figure 15) shows three reduction peaks where the two redox processes at less
negative potentials correspond to single-electron reduction. By contrast, at more
negative potential the peak of the DPV has double the current, indicating two-
electron reduction, as shown in Figure 15b.
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Figure 15: (a) CV at different scan rates and (b) DPV using 1 mM of (SPr);4TpyTz in 1 M
KCl.
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Table 4: Redox potential, kinetic constants, and diffusion coefficient for each

redox process.

E ("()3”&‘%(:';‘)"‘5‘:1 k(cm/s) - 103 | D (cm?/s) 10
1t process -0.47 19.60 1.95
2" process -0.62 2.32 1.53
3 process -0.82 0.16 0.56

Again, the diffusion coefficients and the kinetic rate constants of each reversible
process were studied using Linear Sweep Voltammetry (LSV) on a glassy carbon
rotating disk electrode (RDE) (Table 4). As expected, based on CVs, the first
process has faster kinetics than the two others which have showed a
quasireversible behavior on CV. The solubility was determined by UV/Vis
spectroscopy showing a high solubility of 0.94 M in 1 M KCl. Interestingly, the
solubility of the triazine anolyte depends significantly on the presence of enough
amount of supporting electrolyte. The anolyte is almost completely insoluble in
water at become more soluble when potassium chloride is added (Figure 16). This
behavior has been observed for other zwitterionic species like for examples the
proteins, salt in effect.®® One way to understand why the molecule is almost
completely insoluble without the presence of salt could be the interaction between
the sulfonate group with the pyridinium core losing the solubilizing power.
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Figure 16: Pictures of the solution 100 mM of (SPr):4TpyTz with different concentrations
of KCL

This interaction was also observed in the NOESY NMR spectra where a correlation
between the alkylic chain and the pyridinium protons can be observed (Figure 17
highlighted in the red). This interaction has been also observed for the sulfonated
viologen reported by Leo Liu.?® They developed a rod-shaped viologen which
decrease the permeability through the IEM, increase the redox potential and
higher stability by grafting methyl into the pyridinium core to avoid this interaction.
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Figure 17: NOESY spectra of (SPr);:4TpyTz in 1 M KCl D2O.

The same NMR experiment was repeated using different supporting electrolyte
like NH,Cl, urea (H-bond between the ammonium and sulfonate could avoid the
intermolecular interaction), LiCl (smaller cation) NaCl (more oxophilic cation) but
in all the cases the cross-peaks signals appear.

Another possibility could be the intermolecular interaction between the sulfonate
group and the pyridinium core of different molecules. Other molecules like the
naphthalene diimide derivative suffered aggregation and it was corroborated by
NMR.*® The self-association for the NDI derivative lead to a concentration
dependent of the chemical shift from 'H NMR. In order to check if there is some
kind of aggregation the NMR at different concentrations were recorded. Any peak
shift was observed so it suggests that there is any aggregate (Figure 18).

8 6 4 2 [ppm] O
Figure 18: '"H NMR of (SPr):4TpyTz at different concentrations 1 mM and 50 mM in D-O.
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As the fast kinetics and high diffusion coefficients are matched with the high
solubility initial evaluation of the molecule is promising and the performance
should be tested in single-cell and will be discussed in Chapter 3.

In Chapter 1, we conducted the development and characterization of new
bipyridinium salts as potential anolytes for redox flow batteries. These highly
water-soluble (>2 M) and non-planar bipyridinium salts were chosen as a case
study to establish and validate a computational predictive model. This model
successfully predicts their stability and potential application as active materials in
AORFB. An initial theoretical-experimental characterization of selected bipyridines
allowed us to examine the effect of ring size, geometry, and electron density on
the physico-chemical properties of the materials. Notably, the NBO and ADCH
charge analyses proved to be essential tools in understanding the stability of the
reduced species, particularly in terms of electronic delocalization and the
significance of molecular design in determining the stability of the electrolyte for
AORFB.

Herein, we have achieved one of the most challenging approaches — multiple-
electron storage for viologen derivatives in neutral pH, which can significantly
enhance their capacity and energy density. The primary obstacle for multiple-
electron storage lies in the stability of radical intermediates. The synthesis of
(SPr)s4TpyTz was achieved through a highly atom-economic, short, and cost-
effective route. The triazine anolyte is a promising anolyte not just based on the
fast kinetics, high diffusion and high solubility, but its ability to store multiple
electrons. Furthermore, it has undergone in-depth study using DFT calculations to
gain insights into the intermolecular interactions responsible for the formation of
insoluble aggregates.

All in all, these anolytes will be tested in single-cell to show their promising
characteristics and could open the door to new derivatives.
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Chapter 2: Ion Exchange
Membranes
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The characterization, selection and modification of different IEM has been
addressed in this chapter. This is a quite complex task since all the commercial
IEM are protected, which means that information on their chemical composition
is scarce. A first step is a strong characterization of these where all the key
characteristics of IEM must be studied before modification and always keeping in
mind that these materials must be operational for a 5 kW stack as set in the
HIGREEW Project.

5.3. Ion Exchange Membrane characterization

Different cationic and anionic IEM as well as separators were selected as candidate
materials. Each kind of material could provide different characteristics which can
provide advantages or disadvantages. It is expected that Cationic Exchange
Membranes provide higher conductivity due to the high ionic mobility of the
cations, but at the same time the size of the cations must be taken into account
because higher crossover of positively charged species may appear as for example
occurs with vanadium ions.3! On the other hand, AEM should provide lower
crossover but higher resistance (due to the lower mobility of the anions compared
to cations). Ceramic porous separators instead of any IEM could be taken into
consideration. These materials allow the pass of small ions/molecules through
their pores but can inhibiting the pass of bigger molecules. This last option should
present high conductivity, low costs but any selectivity due to the lack of functional
groups that can distinguish among cations or anions.
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Figure 19: Schematic representation of the role of the IEM and the main tasks of the UAM
team in the HIGREEW project.

Selection, characterization and
modification of IEM and separators

The first step carried out in this PhD was to characterize all these materials by
determining the main parameters that affect their performance in the RFB: IEC,
SR, WU, o... Furthermore, the permeabiliy and interaction between the redox
active material and the membrane should be evaluated by analyzing the cross-
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mixing of these species (inherently linked with the durability of the system).
Further characterization regarding membrane morphology and other physics
chemical analysis were performed. Note that at the beginning of the project, where
this PhD has been developed, requirements were set for all components, being
“MUST requirements” which must be fulfilled, and the expected values initially
proposed to accomplish are the “HIGREEW requirements”.

Membrane

Figure 20: Schematic representation of the permeability test using H-cell and Compound
2 as active material (both tanks have solution with the same supporting electrolyte).

Table 5: UAM measurements of physicochemical properties of some commercial

materials.
Membrane FAA-3- FAA-3- FAPQ- E-620(K)- | E-630(K) FS-930 FS-950
50 PE-30 330 PE
Provider Fumatech | Fumatech | Fumatech | Fumatech | Fumatech | Fumatech | Fumatech
BWT BWT BWT BWT BWT BWT BWT
Price (€/m?) 481 481 760 401 401 1122 1122
Type AEM AEM AEM CEM CEM CEM CEM
(Counter- (C) (CI) (CI) (Na*) (Na*) (Na*) (Na*)
ion)
Thickness 45.0 23.0 26.0 19.0 34.0 34.0 52.0
(um)
WU (%) 15.6 17.1 21.0 47.5 19.6 0 15.8
SR (%) <30 <30 <30 <30 ~30 <30 <30
IEC 1.9 1.1 1.0 2.8* 1.5 2.1 1.5
(mmol/g)*
Conductivity 1.1 0.3 1.7 0.8 2.6 1.9 2.2
(mS/cm) (>70)
Permeabiity | 1.26E-10 5.41E-10 1.42E-8 2.39E-8 3.43E-8 1.31E-8 2.49E-10
(cm?/s)
Compound 2

*Too high values could compromise the mechanical stability.
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Table 6: (Continuation) UAM measurements of physicochemical properties of
some commercial materials.

Membrane E98- E87- | FAAM-40 AP-40 AM-40 Sample Sample Sample
158 05S A B C
Provider Solvay | Solvay | Fumatech | Fumatech | Fumatech | Amer-Sil | Amer-Sil | Amer-Sil
BWT BWT BWT
Price (€/m?) | 2700 2650 1022 1000 1033
Type CEM CEM PBI- PBI- PBI- Separator | Separator | Separator
(Counter- (Na*) | (Na*) | membrane | membrane | membrane (none) (none) (none)
ion) (none) (none) (none)
Thickness 168.0 62.0 42.0 40.0 46.0 365.0 398.0 385.0
(um)
WU (%) 4.4 3.7 6.5 9.6 6.7 76.1 74.3 79.6
SR (%) <30 <30 <30 <30 <30 <30 <30 <30
IEC 831* 2.4 - - - -
(mmol/g)*
Conductivity 5.0 6.6 >10? >10? >10? 28.8 18.5 16.7
(mS/cm)
Permeability | 6.15E- | 1.21E- 8.02E-9 2.83E-13 3.20E-13 4.79E-7 ~10E-7 ~10E-7
(cm?/s) 8 8
Compound 2
Median pore -— -— - -— - 0.07 0.04 0.05
size (pm)

*Too high values could compromise the mechanical stability.

Note: Red color: out of MUST and HIGREEW requirements. Orange color: properties with
the minimum requirements but not the desirable (fulfill MUST requirements). Green color:
fulfill with the MUST and HIGREEW requirements.

Based on their conductivity and permeability vs Compound 2 active material, the
membranes and separators were classified into four groups. Compound 2 was
selected as based material to evaluate the crossover due to the simple synthesis
and the positively charged core.

- Group 1. Those with good conductivity and low crossover (< 2% in 7 days
for the Compound 2): FAA-3-50, FAA-3-30-PE (AEM) and FS-950 (CEM)
fulfill the HIGREEW and/or MUST requirements.

- Group 2. Those with good conductivity and high crossover (> 25% in 7
days for the Compound 2): FAPQ-330 (AEM), FS-930, E-620(K)PE, E-
630K, E98-15S and E87-05S (CEM) are susceptible to be employed as
starting materials where different modifications could avoid their high
crossover without affecting their electrochemical properties.

- Group 3. consisted of FAAM-40, AM-40 and AP-40 membranes, which
were not considered at this moment because of their low conductivity
shown (they do not accomplish with the MUST and HIGREEW
requirements). Regarding this last group, increase the conductivity of an
[EM is a quite complicated task. Incorporating new functional groups into
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the polymeric matrix requires complex techniques, so these membranes
were discarded.

- Group 4. Amer-Sil separators (Sample A, B and C) were also evaluated.
Using the DFT optimized geometries of Compound 2, the volume was
calculated. By comparing the size of hydrated electroactive material and
the pore size in Amer-Sil separators (medium pore size 300000 times
higher than organic molecule), the high crossover observed in the H-cells
could be explained by. Therefore, the separators are not able to avoid the
crossover of the electrolytes between the two tanks. In addition, the
fragility of these can jeopardize the stability of the battery, although the
low price is in their favor. Separators neither fulfill the HIGREEW and
MUST requirements in terms of permeability and they were discarded
too.

Based on the obtained results, membrane materials were selected bearing in mind
the permeability and conductivity bounded values defined in the HIGREEW
project and the provider budget. Finally, costs were also considered for the
preselection. In case of AEM, FAA-3-50 and FAA-3-PE-30 were the most promising
candidates in light of their low permeation to Compound 2 (1.26-10'° and 5.41-10
10 ¢m?/s) and medium conductivity (1.1 and 0.3 mS/cm). Regarding CEM, E98-
15S, E87-05S, FS-950 and E-630(K) showed higher conductivity values (5.0, 6.6,
2.2 and 2.6 mS/cm, respectively) despite having greater permeability values than
AEM due to the Donnan effect contribution established between the positive
charges of Compound 2 and the negative charges of the CEM. It is worth
mentioning that FS-950 showed lower permeability values vs Compound 2 in
comparison with the rest of the CEM. However, it showed the lowest ion
conductivity when compared to the rest of CEM. Concerning the high cost of
Aquivion membranes from Solvay (E98-15S and E87-055S), E-630(K) was selected
as an alternative candidate. Thereby, two AEM (FAA-3-50 and FAA-3-PE-30) and
two CEM (FS-950 and E-630(K)) were preselected as substrates for modifications
and for evaluation at flow cell level.

5.3.1. Modification strategies

Crossover is one of the main problems of Redox Flow Batteries. In cases such as
all Vanadium RFB where symmetric electrolyte is used, this issue can be mitigated,
but it still plays a vital role due to the imbalance in the state of charge between the
two electrolytes. This problem can lead to hydrogen/oxygen evolution among
other problems, but can be easily solved by rebalancing both tanks, which is why
several papers have focused their work on this type of process.3? Typically,
Aqueous Organic RFB used asymmetric electrolytes where the effect of the
crossover becomes irreversible. By the cross mixing of redox active materials, the
rebalancing is not a solution anymore and the separation of both materials
represent a challenging task. So, the capacity of the device may potentially be
compromised due to possible self-discharge processes and side reactions.
Therefore, membrane modifications can help to achieve the HIGREEW targets
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reducing the permeation of the active species persevering the battery
performance. In view of obtained results, permeability has been identified as one
of the most critical point to be addressed in explored membranes to make them
suitable for application of RFB. In this case, two different strategies have been
explored:

5.3.1.1 In situ polymerization.

This method consists of an in situ polymerization on the surface of the membranes
to block their channels and pores (Figure 21 and 22). We need to think that all [EM
present pores, channels and imperfections that enhance the undesired crossover.
It is important to note that the modification process needs to be simple because if
successful it should be used to modify all the IEM for the 5kW-stack (around 10
m? of IEM). These polymerizations are interesting in terms of scalability and
economic viability. Two polymers (polyaniline and polypyrrole) and two different
times of polymerization were the focus of the study based on previous experience
of the research group in IEM for fuel cells.®
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Figure 21: Membrane in situ modification reactions and main structures present in the PPy

and PANI.
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Figure 22: Schematic representation of the modification procedure. () Example of pre- and
post-treatment modification of a piece of E-630(K) membrane.
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Two monomeric (aniline and pyrrole) were tested at different conditions of
polymerization on membranes to reach the best one according to HIGREEW
requirements. Short and long polymerization times were tested. The selected
membrane for screening was the E98-15S (Solvay) because the high crossover of
the pristine material could help to discern between the two materials and the two
polymerization times.
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Figure 23: Permeability test using different monomers (aniline and pyrrole) at different
polymerization times using compound 2 as active material.

From this study, it was observed that deeper polymerizations decreased the
permeability of Compound 2 more than short polymerizations time (see Figure
23). Furthermore, it seems that the polypyrrole is able to block more efficiently the
pores, channels and imperfections than the polyaniline in these conditions.

Table 7: Permeability results of the membrane E98-15S with the different
treatments.

Membrane P (cm?/s) | Crossover (%)
E98-158 1,21E-08 9,6 (4 days)
E98-15S aniline short | 5,58E-09 7,9 (7days)
polymerization
E98-15S pyrrole 3,49E-09 5,5 (7 days)
short
polymerization
E98-15S aniline long 2,99E-09 4,4 (7 days)
polymerization
E98-15S pyrrole long | 7,98E-11 <1% (7days)
polymerization

Although the aniline monomer is cheaper than pyrrole, better results and more
homogenous membranes were achieved with the polypyrrole modification. As can
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be seen in Table 7, deep polymerization of the pyrrole on the membranes provided
the best results.

The effect of this optimized polymerization on the permeability of Compound 2
and TEMPOL (used as plausible catholyte for the HHGREEW project) as electrolyte
was evaluated in the selected membranes. As detailed in Table 8, it was observed
that the modification successfully reduced the permeation of Compound 2 and
TEMPOL through the selected membranes.

Table 8: Physicochemical properties of the modified selected membranes.

Membrane FAA-3-50- | FAA-3-PE- | FS-950- E-
PPy 30-PPy PPy 630(K)-
PPy
Type AEM AEM CEM CEM
(Counter-ion) (Ch) (Ch) (Na*) (Na*)
Thickness (um) 45.0 23.0 52.0 34.0
WU (%) 6.6 0.8 3.2 6.1
SR (%) <30 <30 <30 <30
IEC (mmol/g) 2.3 2.0 0.4 0.9
Conductivity (mS/cm) 3.8 1.5 5.3 3.5
Permeability Pristine 1.26E-10 5.41E-10 2.49E-10 3.43E-8
(cm?/s)
Compound 2 | Modified | 3.46E-10 1.39E-10 | 7.11E-11 | 1.45E-10
Permeability Pristine 1.92E-8 6.88E-9 9.60E-9 1.21E-10
(cm?/s)
TEMPOL  “yiodified | 6.20E-11 | 6.18E-11 | 3.06E9 | 9.66E-11

Note: Red color: out of MUST and HIGREEW requirements. Orange color: properties with
the minimum requirements but not the desirable. Green color: fulfill with the MUST and
HIGREEW requirements.

Before study any change in membrane properties, the first step is to characterize
the modified membranes by trying to understand the nature of the new materials.
Thus, a quick initial characterization using the FTIR spectroscopy was recorded
trying to observe any difference before and after the modification as shown in
Figure 24. Note that commercially available membranes are protected materials
so, just few information about their composition is depicted in the specifications.
The peak intensities around 1460 (-CH, &), 1303 (- CH; §) and 2900 cm™ (C—H st)
are found in both AEM suggesting a similar monomer composition (Figure 24b
and 24d). The presence of these bands implies hydrocarbon polymeric chains. The
absorption band around 3400 cm™ can be assigned to the presence of -NH group
and/or the membrane humidity. This peak could correlate with the absorption
band around 1188 cm™ (C-N) suggesting that ion fixed groups attached on the
polymeric chains could be ammonium-type groups.

133



5. Results and discussion

Absorption peak that arises at a frequency below 3000 cm™ in FAA-3-50 and more
intense, in FAA-3-PE-30 is due to the stretching vibration of the —C-H bond. Such
slightly differences are probably caused by distinction of incorporating
polyethylene (PE) as a reinforcement in the membrane. Absorption peaks at
around 1601 cm™ can be related to —-C=C- and/or —C=0 groups.

In case of CEM, both membranes FS-950 and E-630(K) showed similar
composition to N117 membrane since characteristic peaks at frequencies around
1203-1147, 1078, 624 and 510 cm™ were attributed to CF,, -SO;H, C-H and C-F
groups.®* These groups merge perfectly with the Nafion polymers (PTFE and the
sulfonic groups). As well as the absorption peak around 3400 cm™! which is due to
the presence of —OH group. By contrast, the absorption peaks found in E-630(K)
below 3000 cm' and between 1595 and 1470 cm! revealed that E-630(K)
membrane is not fully fluorinated polymer membrane as is the case of FS-950
(Nafion-like). According to FTIR spectra all the characteristic peaks are present in
the membrane, revealing the presence of sulfonic-type functional groups in CEM.

The infrared absorption spectra of the modified membranes show
noticeable differences compared to pristine membranes at regions around 1700 —
1520 cm™ and 990 — 890 cm! (highlighted in squares). Besides, in case of FAA-3-
PE-30 overlapped bands around 2950 — 2840 cm and 740 — 640 cm! were
observed after the membrane modification. There is a strong relationship between
the oxidation degree and the observed vibrational modes with the properties of
the semiconductor polymer and therefore the membrane properties.
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Figure 24: FTIR spectra before and after the PPy modification of CEM (a) FS950 and (c)
E-630(K) and AEM (b) FAA-3-50 and (d) FAA-3-PE-30 .

After that, trying to understand how deep the modification was and where is
present the polypyrrole we thought that SEM/EDX could show us the distribution
of polypyrrole along the initial structure of IEM. The surface morphology of the
membranes is rather important since modifying their microstructure will
determine the transport of the ions as well as the membrane properties.®>* The
micro-phase morphology (both surface and cross-section) of representative
membranes was characterized by scanning electron microscopy (SEM). As it is
shown in the Figure 25 the modification changed from a smooth surface to a rough
surface without increasing the membrane thickness.

The elemental composition of the modified membranes was investigated
by energy-dispersive X-ray spectroscopy (EDX). Qualitative analysis results show:
i) nitrogen as indicator of the presence of polypyrrole molecules especially for
CEM (AEM usually present ammonium groups) and ii) occluded iron as initiator of
the pyrrole polymerization are present throughout all membranes including the
surface and inside the membranes as shown in Figure 25. This is confirmed by the
relative quantitative intensity profiles (see Table 9). The nature of the IEM affects
the composition found since a different chemical environment is found when
performing the modification. This fact may explain the differences found (i)
membrane color appearance, being the CEM the opaquest; and (ii) iron contents
between CEM and AEM, being the last one which shows the lowest content. The
higher attractive electrostatic force existing between the anionic groups in CEM
membranes and Fe3* supports the results. It is worth mentioning that all the
membranes were soaked in supporting electrolyte for 24 h to enhance the
desorption of iron atoms form the modified membrane. After that, no significant
desorption of iron was observed.
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CEM AEM

Pristine Pristine

Modified Modified

Nitrogen
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Figure 25: Membrane morphology of representative membranes. CEM: E-630(K) (left) vs
E-630(K)-PPy (right). AEM: FAA-3-50 (left) vs FAA-3-50-PPy (right). SEM/EDX mapping of
nitrogen and iron.
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Table 9: Surface EDX analysis of the modified membranes.

Samples Membrane Iron Nitrogen
type content (%) | content (%)
FS-950-PPy CEM 5.30% 10.34%
E-630(K)-PPy CEM 3.46% 2.24%
FAA-3-50-PPy AEM 0.16% 1.91%
FAA-3-PE-30-PPy AEM 1.27% 5.08%

The next step is study how the modification has altered the properties of IEM. The
differences found in physicochemical properties between pristine and modified
membranes are listed in Table 10. Usually, membranes absorb water depending on
the hydrophilicity of the ionic fixed groups attached in the polymeric chains and
the nature of backbone polymer. On one hand, larger amounts of water uptake
would compromise the mechanical properties of the membrane materials.’”*® On
the other hand, lower values of WU would increase the resistivity of the material
decreasing the energy density of the battery device.

Table 10: Physicochemical properties of pristine and modified membranes.

Samples Thickness | WU Contact Ion IEC
(pm) (%) angle (°) conductivity ¢ | (mmol g

(mS cm™) D)

FS-950 52.0 15.8 84.8+2.0 2.2 1.5

FS-950-PPy 3.2 934+%1.0 5.3 0.4

E-630(K) 34.0 19.6 70.2%2.0 2.6 1.1

E-630(K)-PPy 6.1 81.4+22 3.5 0.9

FAA-3-50 45.0 15.6 85.3%3.9 1.1 1.9

FAA-3-50-PPy 6.6 96.5 0.9 3.8 2.3

FAA-3-PE-30 23.0 171 | 70.0+28/ 0.3 1.1
81.0+2.2°

FAA-3-PE-30-PPy 0.8 80.1 £ 2.0/ 1.5 2.0
80.4+2.7

2Face area non-containing PE as a reinforcement.

b Face area containing PE as a reinforcement.

¢ Conductivity measurements were performed in a two-chambers cell set-up under flowing
wetted air at 30 °C.

All pristine commercial membranes presented suitable values of water uptake for
battery operation (15.6-19.6%). By contrast, after the modification however, it
decreases significantly, as expected. The introduction of a new hydrophobic
polymer, PPy, decrease the hydrophilicity of the new material. This fact can be
corroborated by analyzing the contact measurements, these are included in Table
10. The contact angle is modeled according to Young’s equation (Equation (1))
where 0 is the contact angle, ysv , ys. and ywv are the solid, solid-liquid and liquid
surface free energies, respectively. Higher values of contact angles represent more
hydrophobic surfaces. So, the presence of PPy in the membrane's surface
increased the contact angle by approximately 10° in all cases (Figure 26).
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Therefore, the surface of the pristine membranes became more hydrophobic after
modification, impeding water diffusion inside the membrane due to the presence
of hydrophobic PPy. It is worth mentioning that FAA-3-PE-30 possess two different
faces, one non-containing a PE reinforcement and the opposite containing the PE.
When analyzing both faces, the hydrophilicity of the membrane area without
reinforcement significantly reduced, whereas in the other side containing the PE,
it remained unaltered, perhaps due to high hydrophobicity of the PE or poor
interaction between the PE and PPy.

vV =yt + v cos(6) (4)

modification

Figure 26: Increase in the contact angle after the membrane modification.

Ion conductivity is one of the fundamental parameters of this kind of materials
since directly affects the energy density of RFB. Different cations or anions can be
exchanged depending on the nature of the membrane. The different mobility of
ions will affect the conductivity of the material. In this work, both CEM, FS-950
and E-630(K), exchange sodium ions and o,,+ has been calculated 2.2 mS/cm
and 2.6 mS/cm, respectively. However, when analyzing AEM a lower chloride
conductivity o;- was found in FAA-3-PE-30 (0.3 mS/cm) when compared with
FAA-3-50 (1.1 mS/cm). This result could be ascribed to the presence of the PE
reinforcement. Reinforcement plays an important role when considering ion
conductivity of the membrane materials since implies the increasing of non-
conducting regions in the polymeric matrix, although on the other hand it improves
the mechanical properties.

As described earlier, introducing a new polymeric material to the IEM results in a
decrease in its hydrophilicity. One might assume that this would also lead to a
decrease in ion conductivity. However, after the modification was made, all
membranes showed an increase in conductivity, from 0.3-2.6 to 1.5-5.3 mS cm.
This increase was attributed to the formation of different structural PPy molecules
within the ion exchange membrane, which was confirmed by infrared and diffuse
reflectance analyses. Polypyrrole has been shown to exhibit significant ion
conductivity in its oxidized state, with higher degrees of oxidation resulting in
higher conductivity levels.*® The defects in the T-electron system, such as polarons
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and bipolarons (Figure 27), act as positive charge centers that facilitate the
conduction of mobile counter-ions in the polymer. Therefore, using PPy as an
ionomer in our membranes offers a double benefit by reducing the permeation of
active species while increasing ion conductivity. Furthermore, during the
modification, some iron ions got occluded that can contribute to increase the ionic
conductivity in the modified membranes.

.
>

e

L Bipolaron
Figure 27: Oxidated states (polaron and bipolaron) of the PPy.

However, this measurement was performed in a static cell without continuous flow
of electrolyte. When comparing the conductivity obtained from the two-chamber
and flow battery devices, pristine membranes showed a significant increase, from
0.54 to 4.39 mS cm™, respectively. In contrast, the conductivity increase in
modified membranes was only 1.6 times, from 0.85 to 1.33 mS cm™!, respectively.
Both membranes increased their conductivity due to the greater supply of the
electrolyte solution through their microstructure. However, the modified
membranes had lower conductivity because their pores and cavities were partially
filled with PPy. Therefore, the incorporation of PPy as an ionomer in modified
membranes has a different contribution depending on the cell conditions.
However, the proposed modification allows us to reduce the cross-mixing of
organic redox-active species (see Table 8), which could lead to significant losses
of capacity and reduced performance in battery systems during prolonged periods
of operation.

PPy could act as a semiconductor, in this sense to corroborate the insulating
behavior of the modified membranes, a pristine and modified membranes (FS-950
vs FS-950-PPy e.g.) were dried at 60 °C during 24 h and the electronic conductivity
measured at these conditions was 1.6-107* and 1.7-107* mS cm™!, respectively. This
values can only belong to the electronic contribution ensuring that modification
does not enhance it.
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Figure 28: DR spectra of modified membranes CEM (a) and AEM (b), detail of GAP
calculation for FAA-3-PE-30-PPy membrane is provided in the insert).

The ion-exchange capacity (IEC) represents the amount of ion fixed groups that
possess the material, which determine the conductivity and therefore with the
transport properties of the material. The highest values of IEC were obtained with
the thickest membranes both anionic (FAA-3-50 with 1.9 mmol g') and cationic
(FS-950 with 1.5 mmol g!') whereas the thinnest ones both with 1.1 mmol g'! in
FAA-3-PE-30 and E-630(K). All these materials are chemically different and
transport properties as well as their microstructural phase may be different one
from each other. Nevertheless, it is worth mentioning that anion exchange
membranes with highly values of IEC usually become unstable depending on the
pH media. AEM typically present ammonium group as active group, these groups
on basic media con suffer different degradation (Hoffman elimination, o-
elimination...).*#! In this work, the values of IEC obtained were quite good for the
battery purposes working at neutral pH. However, when performing the
modification two different behaviors were obtain depending on the type of ion
exchange membrane. In CEM the IEC values decreased (FS-950-PPy and E-
630(K)-PPy down to 0.4 and 0.9 mmol g, respectively) whereas in AEM the IEC
values were increased (FAA-3-50-PPy and FAA-3-PE-30-PPy up to 2.3 and 2.0
mmol g, respectively). In this sense, negatively charged membranes (CEM) may
interact with oxidized PPy molecules decreasing the IEC by electrostatic
interaction generating a kind of bipolar membrane because PPy contains positive
charged structures. On the other hand, positively charged membranes (AEM) the
increasing of IEC could be related to the incorporation of more positive charges
along the polymeric matrix in form of polypyrrole (polaron and bipolarons). It is
worth mentioning that the iron retained in the membranes may influence since can
interact electrostatically as well. This fact could be explained by Diffuse
Reflectance (DR) since show the relationship between different oxidized PPy
species.

Using the FTIR spectroscopy, different oxidation degree can be detected, and they
can be explained by the polaron — bipolaron model structures, widely used to
explain the properties of conducting polymers.*> These PPy oxidized species
present excess holes and therefore, creates a p-type semiconductor. They are
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produced by oxidation with FeCl;. The assignment of the vibrational bands of
polarons and bipolarons*#* is well known and arises around 1620 cm™ (quinoid
fragment) whereas the reduced form of PPy arises around 1560 cm™ (benzoid
fragment). Both bands correspond to v._. assignment. Additionally, bands around
925 cm'! (quinoid fragment) and 990 cm! (benzoid fragment) correspond to v._g
assignment and are well observed in Figure 24. By integration of these band areas
and comparing their relationship, it is possible to determine the oxidation degree
of the corresponding modified membranes (see Table 11). These values were
calculated by the deconvolution of the bands (quinoid and benzoid fragments)
between the modified and pristine membrane spectra. FS-950-PPy and FAA-3-PE-
30-PPy showed high level of oxidation being the FAA-3-PE-30-PPy the most
oxidized (=72% of oxidation) whereas in case of FAA-3-50-PPy was the lowest
(=37%). In case of E-630(K)-PPy was not possible to estimate due to overlapping
of bands. However, higher oxidation degree does not necessarily imply larger
amount of positive charges of PPy, since they evolve towards the formation of
neutral double bonds and therefore, lose their electronic properties.*

Table 11: Estimated values obtained from FTIR (degree of oxidation) and DR
(absorption maximum and band gap energies) spectra of the modified membranes.

Samples Membrane Estimated Absorption Estimated
type oxidation max. energies band gap
degree (%) (eV) (eV)
FS-950-PPy CEM 60% 1.8 and 2.5 1.75 and 2.40
E-630(K)- CEM - 2.0 and 2.7 1.75 and 2.50
PPy
FAA-3-50- AEM 37% 2.1and 2.9 1.75 and 2.35
PPy
FAA-3-PE- AEM 72% 2.8 and 3.2 2.45 and 2.85
30-PPy

Diffuse reflectance (DR) allows to determine the neutral — polaron — bipolaron
transitions in the modified membranes as shown in Table 11 and Figure 28. The
different band gap energies from DR show the coexistence of the vibrational bands
associated to quinoid and benzoid fragments. According to literature,'* high band
gap transitions (above 3.2 eV) indicate lower oxidation degree whereas lower
values (below 1.5 eV) point to elevated oxidation degree. As a general conclusion,
no electronic conductor properties would be expected in any modified membrane
based on the high electronic transitions observed. In fact, electronic transitions
below 1 eV are typical in a good semiconductor material.

Further investigation about the transport phenomena of these new modified
materials using the two-phase model which consider IEM as an heterophase
system (gel and interstitial phases) was developed by our research group. So, the
effect of the modification from the microstructural point of view was studied.
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5.3.1.2 Interfacial polymerization (layer-by-layer LbL).

Trying to find an alternative modification and based on the ionic charge of IEM,
Layer-by-Layer (LbL) polymerization emerges as a plausible option. The LbL
deposition is a convenient and efficient surface modification routine for charged
polymeric matrix (like IEM). By dipping the charged matrix alternatingly with
positively charged polymer (polyethyleneimine (PEI)), and negatively charged
polymer (Nafion). Then, a bilayer structure is built up on the substrate (Figure 29),
which could avoid the cross mixing of the active species like the PPy attached to
the IEM. Wittstock et al*® describe a modified Nafion membrane with different
number of bilayers. The modified membranes present a greater values of proton

.. . . O+
conductivity vs vanadium permeation .

v2+
membrane E97-05S membrane was selected to evaluate this strategy for neutral

organic RFB incorporating 5, 10 and 20 bilayers of PEI and Nafion. Initially,
modified membranes presented higher values of conductivity (10-20% higher) and
the modification was characterized by the appearance of the characteristic IR
signals of the different deposited layer of polymers. E87-05S is a Nafion type
membrane, so is partially/fully fluorinated, so, it shows absorption peaks related
with the C-F bond (v, C-F ~1200 cm”, vy C-F ~1150 cm™), C-O-C (v,,s C-O-C
~985-970 cm™) and S-O bond ) v S-O ~1060 cm™ ). The modified membrane
present signals typical from C-H bond signals (v, C-H ~2930 cm™, v, C-H ~2815
cm’, § C-H ~1469 cm™) and N-H bond (§ C-H ~1585 cm') meaning that the PEI
polymer has been adhered to the membrane surface. The Nafion membrane is not
visible since the pristine membrane present Nafion monomers in their own
structure. Despite it could be an interesting approach, the low compatibility
showed between the membrane and the redox active material (evidence of
Compound 2 decomposition when the crossover was analysed) as well as the
detachment of the bilayers in aqueous solution led us to discard this methodology
after making different approaches. Wittstock et al*® also observed some kind of
detachment/interaction between the modified membranes and the vanadium
electrolyte. Layer-by-Layer modification represent an appealing strategy to
modify IEM since the conductivity is not decreased and the permeability of RAM
can be reduced. At this point it has not been implemented because the poor
stability of the bilayers attached to the membrane. Long terms experiments need
to be investigated to corroborate the feasibility of this strategy.

Seeing the promising results,
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Figure 29: (a) Schematic representation of the Layer-by-Layer deposition method. Main
polymers. (b) modification in the FTIR spectra of the studied membrane.

In this Chapter 2, a strong background of commercially available membranes has
been acquired dividing a set of membranes in four groups based on their
electrochemical response. Trying to improve their performance two modification
strategies have been studied in situ polymerization (aniline and pyrrole) and Layer-
by-Layer. The first strategy using pyrrole as the precursor lead to better results in
terms of permeability. So, the permeability of Compound 2 and TEMPOL has been
significantly reduced. PPy based modified membranes have been studied trying
to understand how the incorporation of a new material affect intp the ionic
conductivity, hydrophilicity of the new material, electrical conductivity and into
the membrane ion transport properties. Despite the efforts employed in this
method HIGREEW consortium decided to discard these modified membranes
because of the increase in the resistance of the system using the modified
membranes. The second strategy was not useful due to the poor compatibility of
the modified membranes with the organic electrolytes as well as the complex and
tedious modification process. All in all, since HIGREEW project is required to
develop a 5 kW stack the use of modified membranes was discarded as a
consequence of the immature research field of modified membranes for long term
experiments.
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Chapter 3: Single-cell results
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In the previous chapter of this PhD, different organic electrolytes have been
synthetized and electrochemically characterized and several lon Exchange
Membranes have been characterized and modified. Now we moved to check the
performance of these materials in single-cell showing their applicability in an
actual redox flow battery.

5.4. Main characterization techniques and components effects in
single-cell using AQDS and Nay[Fe(CN)s].

Along this thesis, different parameters of RFB have been depicted and explained
but the reality is that batteries are a multi-component and multivariant system
where each component or parameter can play a role. Few examples in the literature
have tried to explain the basic concepts. The first examples where the basic
concepts of RFB where described appeared in 2019:

1) Anders Bentien et al developed an educational paper where the basic concepts
of the battery were depicted. In this paper, a laboratory practice was developed
using the anthraquinone (AQDS) and bromine chemistry. This contribution is not
talking about “flow batteries” but could be as the first example where efforts were
put through explain the basic concepts of batteries. This example could serve as
an initial step where the charging and discharging cycles as well as the coulombic,
voltage and energy efficiencies are described.*’

2) Latter in 2021, Maria Skyllas Kazacos et a/ developed a paper where the tools
employed in the Vanadium RFB were introduced. This work is a more complex
explanation of the fundamentals (battery components, redox reactions, efficiencies
description) but describes the influence of the resistance, the use of different
current densities in the RFB performance. More important are the description of
polarization curves and the electrochemical impedance spectroscopy where the
influence of each resistance is described.*® Furthermore, other experimental issues
as the use of flow fields, reference electrodes, pressure drop, the state of charge
monitoring method and their influence in the battery performance were
successfully described. This marvelous work let understand RFB from the bottom
(basic concepts) to the top (the role of each component and the experimental
techniques used). So, other works where the experimental protocols for non-
aqueous systems*® and studies such the electrolyte degradation or the crossover
were highlighted.?

The first part of this chapter is focused on study the influence of different
experimental parameters such as: the electrolytes pH, the O, presence, the
membrane pretreatment and the capacity limiting side, showing the meaning of
relevant electrochemical techniques (load curve measurements, electrochemical
impedance spectroscopy and charge-discharge cycling tests). In this sense, using
a very well-known redox active materials (AQDS as anolyte and NasFe(CN)e] as
catholyte), membrane (Nafion 212®), carbon felts (SGL 4.6 EA) the single-cell tests
were set up being sure about the starting point.
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The redox activity and reversibility of the redox active materials must be
corroborated by Cyclic Voltammetry (CV) technique is very suitable for such a
study (Figure 30, see Experimental and theoretical procedures for more information
regarding the basic concepts or the experimental set up). It seems clear that both
electrolytes are active and reversible based on the criteria of reversibility.
Anthraquinone derivatives suffer a Proton Coupled Electron Transfer (PCET), so
the concentration of protons in the electrolyte will play a vital role. In this case the
redox reactions involved in the battery are as follows (Figure 31):

—— Nay[Fe(CN)g] |
— AQDS
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Figure 30: Cyclic voltagramms of 10 mM od AQDS in 1 M NaCl
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Figure 31: Electrochemical reaction of AQDS and ferrocyanide in the RFB.
The Nernst equation for the AQDS system is given by (Equation 5):

_ o _ BT [AQDSI[H*]

E=E nF [DHAQDS] (5)
The redox potential where AQDS will be reduced to AQDSH, will be affected by
the protons concentration in the electrolyte, so, the CV must be studied at different
pH (Figure S35 in Annex A) in order to plot the Pourbaix diagram which provide
information about the redox mechanism (Figure 32). This is the first problem that
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can be faced if the electrolyte is unbuffered. When the redox reaction takes place
consuming protons, the pH in the vicinity of the electrode will change deviating
the results. For this reason, the use of buffered electrolytes will be important.
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Figure 32: Pourbaix diagram of the AQDS. Reaction mechanism at different pH.

From the Pourbaix diagram (Figure 32), three zones can be identified clearly, i) pH
below 7 (red line) with slope around 58 mV/unit pH suggesting that the number
of electrons and protons consumed in the redox reaction are equal. That means
that the reduced hydroquinone is completely protonated, ii) from pH 7 to 11 (green
line) the slope is around 29 mV/unit pH meaning that the double of electrons than
protons are consumed in the redox reaction, which means that one of the OH from
the reduced hydroquinone is deprotonated, iii) finally, at pH above 11 (black line)
the hydroquinone afforded after the redox reaction is completely deprotonated, so
any protons are consumed in the redox reaction making the redox potential
independent of the pH of the electrolyte.

Once the redox reactions have been studied, we check the kinetic constants and
the diffusion coefficients of each derivative using the hydrodynamic
electrochemical techniques (Figure 33). We used a Rotatory Disk Electrode (RDE)
as a working electrode to diffuse constantly redox active material through the
electrode surface (information in the Experimental and theoretical procedures). The
diffusion coefficients were determined by Levich equation and they are 3.99-10¢
and 4.38-:10° cm?/s for AQDS and Nay[Fe(CN)g], respectively. Using the Koutecky-
Levich plot and the Tafel plot the kinetic constant for both redox active materials
have been determined by extrapolated to infinite rates; 9.96:10- and 7.99-10° cm/s
was obtained for AQDS and NasFe(CN)g], respectively.® (RDE analysis can be
found in Annex A). From these studies we can corroborate that both RAM present
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suitable kinetics otherwise, the redox flow battery will show an increase resistance
to mass transport and electrode activation.
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Figure 33: RDE experiments for (a) AQDS and (b) NasFe(CN)s].

Another important characteristic is the solubility of the RAM, even if a RAM shows
really good reversibility and kinetics without a good solubility their applicability in
redox flow batteries will be compromised. Solubility determines the theoretical
volumetric charge capacity of the electrolyte as given in Equation 6. It indicates
the amount of charge that can be stored in a certain volume of electrolyte. UV-Vis
calibration curves can be found in Annex A. It depends on the number of electrons,
n, that participate in the redox process, the active material molecular mass M and
mass m, Faraday's constant F and the tank volume V. The most used unit to
express the volumetric capacity is Ah/L. The volumetric energy density includes
the voltage displayed (U at open circuit potential) between the utilized couples and
the volumetric capacity (Q), thus is measured in Wh/L (Equation 7).

Q=12 (6)
E=Q-U (7)

The solubility of the sodium ferrocyanide and the sodium AQDS is around 0.5 M
in neutral pH, which could lead to maximum volumetric capacities of 26.8 Ah/L
for AQDS.*®

This first characterization of the redox materials has given enough information to
elucidate the conditions where the battery should work as initial step. After that,
using commercial and well described components (i.e., ion-exchange membranes
and carbon felts) the RFB can be set up (see the Supporting Information). Now, by
showing different RFB testing cases, we will research about the dependence of
RFB polarization on the pH of the electrolytes, anolyte chemical degradation due
to O; permeation, membrane pretreatment effects on the battery’s performance
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and capacity-limiting side effects. Additional information about the battery cycling
results can be found in Annex A.

5.4.1. Effect of pH

The pH of the electrolyte’s solutions is a determinant parameter. In these cases,
the pH changes caused by the reaction, can modify the mechanism of the redox
reactions, and therefore the cell potential (see Figure 32) and ultimate the whole
performance of the battery.®! The same battery was tested under different initial
pH: pH 4, 7 and 10. The capacity comparison over 100 cycles will be discussed
below. Here we demonstrate how the difference in the pH supporting electrolyte
can influence fundamental battery parameters such as the cell voltage, the stability
of the redox active materials and the resistance of the cell.

The ASR of the cell has been determined showing up changes because the
different ionic conductivity of the supporting electrolytes. The resistances were
determined from EIS and load curve (LC) measurements at different SOC and the
results are summarized in Table 12 and Figure 34. The linear current sweep was
selected because the measurement is shorter and the influence of O, can be
minimized (the measurements have been performed outside of the glovebox so
longer experiments leads to bigger effect of the oxygen in that case). So, from the
linear part of the LC, the resistance Rcharge, Raischarge including ohmic, charge transfer
and mass transport polarization of both electrodes can be determined (Figure 34).
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Figure 34: Load curves measured at 50% SOC at different pH. 0.08 M AQDS in 1 M buffer
solution vs 0.2 M NasFe(CN)e] in 1 M buffer solution, using pretreated Nafion 212®
membrane. Scan rate: 1 mA/cm?s

From LC, small deviation from linearity and differences between Rcharge and Raischarge
probably due to the changes in the SOC of the electrolyte can be seen. In
agreement with the achieved resistances, we can conclude that at 50% SOC (Table
12); the system undergoes an activation upon the charging decreasing the ohmic
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ASR when compared to 0% SOC. Also, in all cases the Rcharge is always higher than
the Ruischarge- The resistance of the cell is intrinsically linked to the ionic conductivity
of the electrolytes (Table 12). When carbonate buffer is used for electrolytes at pH
10, the ionic conductivity is the highest and the cell resistance is the lowest (Green
colour). But in the case of acetate buffer at pH 4 the ionic conductivities of both
electrolytes are very low, so the cell resistance increases. Comparing the
contribution of the ohmic resistance at 50% SOC with the resistance of the
discharging process on each pH studied we can conclude that higher ionic
conductivity of the electrolytes leads to lower contribution of the membrane to the
total cell resistance. Note that the charge transfer resistance and the mass transport
resistance could also change with the different composition of the electrolytes.

Table 12: Open cell voltage, resistance at different SOC, ion conductivity of the
different electrolytes, energy efficiencies and capacity decay at different pH.

Parameter Unit pH 4 pH7 pH 10
Ucen \Y 0.455 0.624
Ronm (0% Ohm-cm? 1.91 1.87
SOC)
Ronm (50% Ohm-cm? 1.93 1.85
SOC)
Raiscn (50% Ohm-cm? 3.83 3.21
SOC)
Rcharge (50% Ohmcrnz 3.51 2.87
SOC)
Ronm (50% - 50.4 57.6
Soc)/Raisch
Ionic mS/cm 21.2 41,9 21.2 54.7
conductivity (A) ©) (A) (©)
Energy % 12.2 34.1
efficiencies
Capacity %Qteo/ h -0.21 -0.10
decay

Note: (A) is for the ionic conductivity of the anolyte and (C) for the catholyte. The coulombic,
voltage, energy efficiencies and the capacity evolution in 100 cycles at 100 mA/cm? for
each battery can be found in Annex A (Figure S39-41 and Table S1).

Regarding the U, it corresponds to the values measured at the OCV at 50% SOC.
The redox potential of AQDS decreases at higher pH values (Figure 32) and
consequently, the battery OCV increases. Higher pH values of the electrolytes
establish a higher OCV which can be observed in LC at 0 mA/cm? (black line,
Figure 34). In terms of voltage and energy efficiencies, the battery showing the
highest cell ASR is the one using electrolyte at pH 4 (lowest ionic conductivity) and
therefore it provides the lowest efficiencies. On the other hand, the battery at pH
10 present the highest ionic conductivity and consequently the highest voltage and
energy efficiencies. The stability of the redox active materials is truly affected by
the environment of the electrolyte. An analysis of capacity fade during the long
cycling shows clear differences between the three studied pH. The battery at pH
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10 shows the highest capacity decay per hour and could be because of the low
stability of the ferrocyanide in basic media.*® The battery at pH 7 is the most long-
stable, the redox active materials are more stable in less aggressive solutions
showing a notably low-capacity decay.

The role of the supporting electrolyte and the comparison of the different
resistances contributing to the resistance of the whole system have been analyzed.
Furthermore, the stability of the RAM and the effect in the battery performance
have been showed being the neutral pH the most stable media, although the basic
media which present the highest conductivity also present the lowest resistance.

5.4.2. Effect of oxygen

Almost all published work on aqueous organic redox flow batteries have been
evaluated inside a glovebox due to the detrimental influence of oxygen on battery
efficiency and stability, as it imbalances the SOC of battery’s electrolytes and
lowers CE. The solubility of O, at room temperature in water is approximately 0.25
mM. Thus, the charge imbalance of the system exposed to O, depends on how
much O, dissolves in the system, the liquid-gas contact area, the concentration of
electroactive species their reactivity with oxygen and the duration of the
experiment.*®

Herein we present three identical redox flow batteries (0.1 M AQDS in 1 M NaCl
vs 0.1 M NayFe(CN)g] in 1 M NaCl, with pretreated Nafion 212® membrane, 40
mL/min electrolytes flow rate and operated at room temperature) exposed to
different amounts of oxygen in atmosphere to evaluate its influence on RFB: the
first RFB cell and electrolytes has not been purged by nitrogen, the second one has
been purged and introduced in an home-made nitrogen-filled box ([O2] <2%
fraction molar) and the third one which has been operated in a commercial
nitrogen filled glovebox ([O2]<1ppm).

Firstly, the three systems should present similar initial resistance, (0.99-1.02
Ohm-cm?), they have been charged-discharged at 20 mA/cm? up to the same cut-
offs (1.1-0 V) during 5 cycles, The single-cell exposed to atmospheric O,
concentration shows a clear disbalance between both electrolytes. This fact is
supported by looking at Figure 35, black columns. Once the battery is fully charged
(first filled black column, 63.0 mAh, 94% SOC), it reacts with the oxygen present
in the electrolyte solution discharging the anolyte (first dashed black column, 39.0
mAh, 58.2% SOC), while the catholyte is fully charged. When the next discharging
process starts, the capacity of the anolyte is lower than the catholyte, and then the
capacity of the battery is limited by the amount of the reduced anolyte. So, if the
single-cell is exposed to constant O, concentrations, O, permeates into the
solution and continuously discharge the battery. When the battery is exposed to
smaller amounts of O,, such as in the home-made glovebox system (blue columns),
the O, has big influence on the first cycle but when the O, present in the solution
is consumed the effect is almost negligible because permeation is practically
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suppressed. Finally, if we look at the results achieved when the battery is placed
in an atmosphere without O, (commercial glovebox), the disbalance is negligible
and no significant differences between charge and discharge process even in the
first cycle were observed (green columns).
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Figure 35: Comparison of the 5 first cycles at 20 mA/cm? for battery expose to different
concentration of O:. Black colour, single-cell exposes to atmospheric concentration of
oxygen, blue colour, single-cell inside a home-made glovebox concentration <2% of Oz and
green colour, single-cell cycle inside a glovebox (<1% O). Filled columns and dashed
column represent charge and dis-charge capacity, respectively. 0.1 M AQDS in 1 M NaCl vs
0.1 M Na4[Fe(CN)s] in 1 M NaCl, using pretreated Nafion 212® membrane. The coulombic,
voltage, energy efficiencies and the capacity evolution for each battery at different current
densities can be found in Annex A (Table S2).

The detrimental effect of O, content on RFB performance has been demonstrated.
The active species in anolyte is reduced during the charging, and this reduced
form, if sensitive to oxygen, reacts with oxygen producing the oxygen radical anion
and regenerating the oxidized form of the anolyte (see Figure 36) and consequently
discharging the system. Aziz et al. reported the reaction of the reduced viologen
generating uncharged viologen and hydroxide anions.’

0,
h . i
Red charge Red discharge Red
+ le
0,

Figure 36: Schematic representation of the reaction between the anolyte and the oxygen.

Electrochemical oxygen reduction reaction (ORR) could be included with the
consequent load consumption contributing to capacity losses due to faradaic
imbalance, but considering the electrode material, pH of 7 and operating
conditions it can be ruled out. Irreversible consumption of charge in the anolyte
during the charging process causes that the anolyte does not to reach full charge
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and consequently the discharge capacity will be limited, inhibiting the complete
discharge of the catholyte, which cause SOC imbalance between both electrolytes.
After highlighting the important effect of the O, in the battery performance, the
next role of the membrane pretreatment will be discussed.

5.4.3. Effect of the membrane activation

The ion exchange membrane is responsible to close the internal circuit by allowing
ions to pass between the electrode to preserve electroneutrality and prevents
cross-mixing of the electrolytes.®

Nafion membranes® have been widely used due to their good mechanical and
chemical properties, and good performance in different modes of operation in
hydrated acidic environments. Nafion membrane, are generally pretreated before
use to enhance the ionic conductivity, but this treatment also enhances the cross-
mixing of RAM as demonstrated in the permeability study. Henceforth, we would
like to show the advantages and disadvantages of this conditioning process,
pointing out the importance of careful selection of both the right material and the
pretreatment for a given system. By using the same configuration as in the previous
section, the influence on RFB parameters was studied by comparing the
membrane resistance determined by EIS at 0% SOC and the permeability results
in both systems (Figure 37).
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Figure 37: (a) Electrochemical impedance spectroscopy for both batteries in the high
frequency region of the Nyquist plot. (b) Permeability evaluated from a H-cell using 100 mM
of RAM in 1 M NaCl vs 1 M NaCl for one week.
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Figure 38: Comparison of the voltage and energy efficiencies for both batteries in 100
cycles at 100 mA/cm2. Coulombic efficiency (almost equal for both batteries), blue
diamond. Voltage efficiency, green and orange square (NasFe(CN)s and AQDS as CLS,
respectively). Energy efficiency, red and grey triangles (NasFe(CN)s and AQDS as CLS,
respectively). Discharge capacity, blue and purple cross. (NasFe(CN)s and AQDS as CLS,
respectively). 0.1 M AQDS in 1 M NaCl vs 0.1 M Na4[Fe(CN)s] in 1 M NaCl, using pretreated
and non-pretreated Nafion 212® membrane. The coulombic, voltage, energy efficiencies
and the capacity evolution at different current densities for each battery can be found in
Annex A (Table S3).

The comparison between cell resistance obtained by EIS before cycling, allow to
compare the conductivity of the non-pretreated and pretreated membrane (see
Figure 37a). The last one (blue crosses) shows a lower intercept with the Z’ axis in
the high frequency part of the EIS. During the boiling process, the membranes
extend their polymeric structure resulting into a different internal conformation
which makes the pores larger, and this may lead to more accessible ion-exchange
groups, improving conductivity values (up to 53% higher in case of pretreated one
comparing with the non-pretreated one). However, it also leads to increased cross-
mixing of active species due to enhanced permeability. RAM permeability is a key
parameter since limits the capacity of the battery and may alter also other
parameters such as viscosity, stability and others. So, the permeabilities of redox
active material have been carried out in a H-cell for each membrane being 1.7-10
® and 1.3:10°° cm?/s for the [Fe(CN)s]* and 8.5-10* and 9.9-107 for the AQDS with
the pretreated and non-treated membrane (Figure 37b, filled markers and non-filed
markers, respectively). Both results are corroborated in the RFB set-up (Figure 38),
despite both membranes show similar coulombic efficiencies, the higher resistance
of the non-treated membrane led to lower voltage and energy efficiencies. The
voltage and energy efficiencies using the pretreated membrane (Figure 38, green
squares and red triangles, respectively) are around 10% higher than the VE and EE
achieved with the non-pretreated membrane (Figure 38). Furthermore, comparing
the capacity evolution over cycles (purple and blue crosses for the non-/pretreated
membrane, respectively) lower capacity decay per hour (-0.33 vs -0.47 % Qeo/h)
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due to the lower permeability has been observed for the non-treated, when
compared to the battery set with the pretreated membrane.

5.4.4. Effect of capacity limiting side

Even using the same redox couple, the performance of the battery will change if
the catholyte or the anolyte is on the limiting capacity side. In this section, we
study the different behavior if the catholyte (ferrocyanide, Figure 39a) or the
anolyte (AQDS, Figure 39 b) are the limiting capacity side.
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Figure 39: Comparison of charge/discharge profiles at different current densities (20, 40,
60, 80 and 100 mA/cm?) for battery using different Capacity Limiting Side (CLS): (a) 0.1 M
AQDS in 1 M NaCl vs 0.1 M Na4[Fe(CN)e] in 1 M NaCl, (b) 0.08 M AQDS in 1 M NaCl vs 0.2
M Nay[Fe(CN)s] in 1 M NaCl, using pretreated Nafion 212® membrane. (c) Comparison of
the voltage and energy efficiencies for both batteries in 100 cycles at 100 mA/cm?.
Coulombic efficiency (almost equal for both batteries), blue diamond. Voltage efficiency,
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green and orange square (Nas[Fe(CN)s and AQDS as CLS, respectively). Energy efficiency,
red and grey triangles (NasFe(CN)s and AQDS as CLS, respectively). Discharge capacity,
blue and purple cross. (NasqFe(CN)s and AQDS as CLS, respectively). The coulombic,
voltage, energy efficiencies and the capacity evolution at different current densities for each
battery can be found in Annex A (Table S4).

Both batteries show similar results in term of capacity fade, coulombic, voltage and
energy efficiencies (Figure 39c) but is true that the capacity utilization is higher
when the AQDS is the CLS compared when ferrocyanide is the CLS (67.5 vs 44.9%,
respectively). The slightly higher capacity fade when AQDS (blue crosses) is the
limiting side is due to the higher capacity utilization of the RAM (-0.18 vs —0.14%
Qumeo/ cycle, respectively). In this case the comparison of the loss of capacity per
hour lead to opposite trend as a consequence of the different capacity on each
experiment. Also, higher amounts of ferrocyanide provide a higher ionic
conductivity, so higher efficiencies are expected.

As a brief summary, the experimental results of the same RFB set up but using
different conditions have been used to highlight the main pitfalls. Furthermore, the
effect of different parameters on the battery performance like the electrolyte pH,
the O, presence, the membrane pretreatment and the capacity limiting have been
discussed helping to understand the influence of the different variables on the
behavior of RFB.

5.5. Testing of synthetized organic anolytes in single-cell.
5.5.1. Bipyridinium electrolytes

In the first part of the chapter 1, different bipyridinium salts has been synthetized,
characterized, and studied. DFT calculation predicted the stability of each
candidate based on the NBO and ADCH charge distribution analysis (Figure 40%).
Following the study and based on the previous results reported by Bures et al,® the
compound 1 serve as a starting point. If we analyze their results Compound 1
show a capacity decay of 26% within 50 cycles. In our study, Compound 1 and
compound 2 should show similar results. The non-planarity, the lower redox
potential compared to the six-membered ring (AV = 0.18 V) and the possibility of
find a new promising anolyte that could avoid the degradation showed by
compound 1 lead us to select compound 2 as the base material. First, the
comparison between our results with compound 2 should show similar results than
the reported by Bures et al. Second, compound 2 represent the core of the
“optimized redox active material” compound 4. So, both single-cells (compound 2
vs compound 4) were studied in the same conditions (same membrane, catholyte,
supporting material and conditions).
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Figure 40: Illustrative figure evaluating the contribution of the NBO delocalization and the
ADCH charge distribution. * Note Figure 40 is the same as Figure 13.

The evaluation of redox active materials along the literature has been done by
different methods and the comparison of results is a hard task (Figure 41). Some
research groups test all their results inside a glovebox where the effect of the O,
can be neglected already mentioned and analyzed above. Galvanostatic
charge/discharge (Figure 41a) and potentiostatic charge/discharge (Figure 41c)
led to completely different results.’*®° The use of the potentiostatic holding in the
galvanostatic charging (Figure 41b) allow to access higher capacity utilization. The
redox potential achieved on the electrochemical cell is an indicator of the SOC, so
by using a voltage cut-off means that the SOC of the electrolyte is being limited.
But the SOC reached in the electrochemical cell is not exactly the same than in the
tanks. For this reason, when a potentiostatic holding is applied at the end of the
galvanostatic cycling a specific SOC is reached for the whole electrolyte (in the cell
and in the tanks). Finally, holding the battery at different state of charge show the
reactivity of charged species (Figure 41d). For this reason, among the different
possibilities, we select the galvanostatic cycling with the potentiostatic holding
trying to access the maximum capacity in both redox active materials and being
comparable the results despite this method usually lead to higher capacity decay.
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Figure 41: Different methods to charge/discharge a battery: (a) galvanostatic cycling at

constant current, (b) Galvanostatic cycling + Potentiostatic holding (c) potentiostatic cycling

(constant voltage) (d) Cycling pauses at different SOC (Source for both figures c and d in

the down row: “Electrolyte Lifetime in Aqueous Organic Redox Flow Batteries: A Critical

Review.” Michael J. Aziz et al. Chem. Rev. 2020, 120, 6467).

On the basis of the results shown in DFT model, if the compounds 1, 2, and 3 are
compared, compound 3 should exhibit the worst results. We can explain this result
since compound 3 present low ADCH charge distribution and NBO delocalization.
Based on our DFT predicting model these results can be linked with a poor
stability of the reduced specie. In this sense, this prediction match with the
experimental results, compound 3 presented an irreversible behavior in CV. In the
same way, compound 6 which is one of the worst redox active materials based on
the prediction, also exhibit an irreversible behavior. Compound 7 and 8 has not
been tested due to the poor reversibility and solubility showed in the previous
characterization. At this point we can see that our model predicted the bad
behavior of compound 3, 6 and 8 (compound 7 could be a good candidate if its
solubility was adequate). Analyzing Figure 40, it is expected that compound 2
should present similar results than compound 1 Since these compounds present
similar ADCH charge distribution and NBO delocalization, so, same stability is

160



5. Results and discussion

expected. At the same time, compounds 4 and 5 should present better behavior
that the core structure (compound 2). Besides, to corroborate the predicted
stability of 4 over 2 by DFT analysis, both materials were integrated in a single-cell
set-up subjected to repetitive charge-discharge cycles employing TEMPOL as
reference catholyte material. Both tests were performed under comparable
operating conditions, by using the same carbon felts as electrodes, membrane,
electrolyte concentration and charge-discharge conditions (see the SI for detail
information). The battery was charged and discharged at constant current and
constant voltage ensuring that the anolyte reaches the desired SoC minimizing
effect of overpotential. This methodology was proposed with the aim of comparing
the stability of electrolytes which present differences in the electrochemical
properties, such as redox potential, kinetic constant, and diffusion coefficient.
Equally, to avoid the influence of the catholyte, an excess of TEMPOL was used.

First of all, the initial resistances of both systems have been checked to corroborate
that both single-cells have been operated in the same conditions (Figure 42).

(a) (b)
28 T T T T T T 28 T T T T T T
2,44 g 24 4
2,04 - 20 i
< 1,64 i &
: i ]
E 12 1 E
o [ 1
- 0,8 1
N X N 0,84 4
\ % %] )
A \4 4 A After X A
0.0 After Vil | KAW
T T T T T T 0,0 T T T T T T
0,0 0,4 0,8 1,2 1,6 2,0 24 2,8 0,0 0,4 0,8 1,2 1,6 2,0 24 2,8
Z' (Ohm-cm?) Z' (Ohm-cm?)

Figure 42: Electrochemical impedance spectroscopy before and after cycling (a)
Compound 2 vs TEMPOL, (b) Compound 4 vs TEMPOL.

As the computational method predicted, compound 4 present significantly higher
stability that compound 2 (Table 13 and Figure 43). Considering just the
galvanostatic cycling, Compound 2 showed a capacity decay of 0.71%/cycle
comparable with the reported one by Bures et al (0.52%/ cycle) knowing that both
systems has been evaluated differently (symmetric cell using galvanostatic cycling
vs single-cell and galvanostatic cycling + potentiostatic holding). This first results
proved that the compounds 1 and 2 present similar stability and that our predicting
model was able to predict it. Furthermore, compound 4 showed better
performance as expected showing a capacity decay of 0.35%/day reducing the
capacity decay to the half and making us confident about the developed model. If
we include the potentiostatic holding the difference is more significant, showing a
capacity decay of 0.75%/day for the compound 2 compared to 0.16%/day of the
compound 4. Analyzing other parameters as the coulombic, voltage and energy
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efficiencies, (Table 13) we can see clearly that both single-cells started with the
same results in terms of efficiencies and capacity utilization. But after 100 cycles
significant differences can be observed for compound 2 suggesting an increase in
the cell polarization (decrease in the energy and voltage efficiencies).
Furthermore, after few cycles we can see a new plateau in the cycling of compound
2 around voltage 0.4 - 0.6 V. This new plateau could be ascribed with the formation
of new electroactive species that could be responsible of the high-capacity decay
observed.

Table 13: Results of the single-cells tests performed with 2 and 4 as respective
anolyte. Interval between the first and last efficiencies, capacity, capacity
utilization and capacity decay.

RAM | CE | VE EE | Quschage | CU | dQdis/dn | d%Qdis/
(%) | (%) | (%) | (mAh) | (%) (mAh) dn (%)

2 97.8- 57.7- 56.7- | 32.3-17.7 | 80.4- 0.285 0.71
100.2 23.7 23.4 44.0

4 93.6- 63.6- 63.6- 33.4-4.7 83.1- 0.141 0.35
100.4 42.0 41.5 11,6

Cycle

Ecell (V)
o
Ecell (V)

100 100

30 35 40 45 5(
Capacity (mAh) Capacity (mAh)

35 40 45 5

Figure 43: (a): Single-cell results using 0.1 M of 2 as anolyte vs 0.15 M of TEMPOL as
catholyte, 100 cycles at room temperature, (b) Single-cell results using 0.1 M of 4 as anolyte
vs 0.15 M of TEMPOL as catholyte, 100 cycles at room temperature.

5.5.2. Degradation of bipyridinium electrolytes

So, trying to shed light into this issue the charged and aged electrolyte were studied
by NMR and UV-Vis spectroscopy. Zhang et al °described that the stability of
diquat derivatives is closely associated with the proton -catalyzed
disproportionation of the charged species (Compound 2a) affording the starting
material (Compound 2) and the totally reduced specie (Compound 2b) which can
suffer the prototanion (Compound 2c) (Figure 44).
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Figure 44: Proton catalyzed disproportionation of the charged species Compound 2a.

The evaluation of charged electrolyte allowed to identify compounds 2b and 2c.
Compound 2b solution presents a band at 445 nm in UV-Vis (Figure 45) in
agreement with radical reduced form.5' Compound 2¢ could be isolated from
solution and fully characterized (Annex A Figures S35-S40). It was identified as a
possible dead end out of the charge-discharge cycle.®?
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Figure 45: UV-Vis spectrum of compound 2, 2b and 2c.

Once that species in pristine 2 and charged electrolyte 2a were identified and with
the aim of understanding the underlying mechanism behind the capacity fade, the
charged electrolyte was studied after cycling experiment, making again use of
NMR and UV-Vis spectroscopy analyses. As it can be seen in the following NMR
spectrum (Figure 46), additional signals could be identified, which differ from
compound 2, major product observed in the NMR spectrum, and from 2a and 2c.
Broad signals are observed in the aromatic region (8-9.5 ppm) and a complex
mixture of signals is as well identified at lower ppms. The broad signals in the NMR
spectrum can be attributed to different issues: presence of radicals, insoluble
species, agglomerates or polymers, etc. Insoluble species, agglomerates or
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polymers may correlate with the lower performance observed and the observed
semi-plateaus or plateaus in the charge-discharge profile.
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Figure 46: 'H NMR spectrum of the electrolyte after cycling in which new signals are
highlighted.

It should be noted that the UV-Vis spectrum of the cycled electrolyte displays a
broad band (see Figure 45), which suggests the existence of additional species
apart from already identified derivative 2. Said additional species might be a -
system, such as derivative 2b considering the wavelength of the absorption band.
Thus, this would correlate with broad signals in the 'H-NMR spectrum (> 8 ppm)
rather than with signals at low ppms (figure 46).

The active material in solution was isolated for further characterization. As it can
be seen in the gathered bidimensional 'H-"N HMBC spectrum (Figure 47a), three
different N-containing systems could be identified. Due to the lack of correlation
between the aromatic part of the 'H NMR spectrum and the °N, formation of non-
aromatic N-containing compounds can be envisaged. This would only be possible
by loss of aromaticity on compound 2 upon subsequent multistep reduction or
ring-opening. Those transformations would explain the loss of capacity
considering the irreversible character of those transformations.
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Figure 47: (a) Bidimensional 'H-'>N HMBC spectrum for electrolyte after cycling. (b) Cyclic
voltammogram of Compound 2b.

To evaluate the redox activity of the isolated compound 2b, a cyclic voltammetry
of said compound was performed (Figure 47b). As the figure reflects, this
compound is no longer a reversible redox active species.

Considering the performed experiments, it can be concluded that compound 2 is
prone to undergo a protonation step after initial reduction, a compound that cannot
longer be employed as reversible redox species. In addition, the presence of
complex mixture of products in the cycled electrode also suggests that the
capacity losses in the electrolyte can be ruled by the formation of side products.

The observed shoulder or plateaus in the charge-discharge profile might also
correlate with the presence of species which present a redox activity but at
different potential than pristine active material, compound 2.

From this study we can conclude: i) different RAM based in diquat derivatives has
been synthetized and electrochemically characterized. ii) A DFT method based on
the NBO delocalization and the ADCH Mulliken distribution has been developed.
iii) the experimental data has been used to corroborate the ability of the DFT
method to predict the stability of the RAM.

5.5.3. Triazine electrolyte

In Chapter 1 the new triazine-based anolyte has been synthetized and
characterized, may represent an interesting candidate to increase the energy
density due to four storable electrons, reasonable solubility, and redox potential.
Now, the RFB results using this new anolyte are shown. The following experiments
were developed during the PhD research stay in Turku University (Finland) under
the supervision of Prof. Pekka Peljo.
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The promising electrochemical properties studied and shown above encouraged
testing the performance of (SPr);4TpyTz in a single-cell. To demonstrate the
performance as new anolyte, a neutral-pH redox flow battery was assembled using
25 mM of (SPr);4TpyTz vs 125 mM K,[Fe(CN)e] in 1 M KCl as positive electrolyte
using Nafion 212® as ion exchange membrane. The battery was cycled
galvanostatic at 60 mA/cm? at room temperature for 1000 cycles (11.7 days) with
the cut-off potentials selected to access first and second reduction of the
(SPr);4TpyTz (Figure 48). The achieved capacity of ca. 15 mAh corresponds to
74.6% of the theoretical capacity (20.1 mAh for two electrons storage). Deviations
between the theoretical and the measured capacity are mainly attributed to the
system resistance. In Figure 48, this battery shows a coulombic efficiency of 100%
and voltage and energy efficiencies close to 75% in all cycles, which is comparable
to the VRFB systems.®® The capacity decay observed during cycling was -0.163
mAh/day which correspond to -1.08%/day respect the maximum capacity
reached. The fluctuations in the capacity evolution during cycling could be
ascribed to some drops on the vial walls. To the best of our knowledge, this
compound represents one of the most stable systems reported in the literature and
its synthesis is one of the cheapest and shortest.
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Figure 48: Galvanostatic cycling by using both electrons of (SPr):4TpyTz 25 mM in 1 M
KCl and 100 mM K4[Fe(CN)s] in 1 M KCl at 60 mA/cm? for 1000 cycles. Discharge capacity,
coulombic, voltage and energy efficiencies evolution.

After these promising results provided by the battery at low concentrations,
battery tests at higher concentrations were performed in the same conditions with
100 mM of (SPr);4TpyTz in 1 M KCl vs 300 mM of K4[Fe(CN)s] in 1 M KCI. Once
the battery started to be charged, after 15 cycles, the flow on the negative side was
blocked due to the electrolyte precipitation, preventing further cycling. (Figure 49).
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Figure 49: (a) Eca vs Capacity plot at 60 mA/cm? for the battery (which get stuck in the
15% cycle) using 100 mM of (SPr):4TpyTz in 1 M KCl vs 300 mM K4[Fe(CN)s] in 1 M KCI
as electrolytes and N212® membrane.

After that, the electrolytes were analysed by 'H NMR and CV. Both experiments
demonstrate no degradation of the redox active material (Figure 50 and 51). Based
on these results, it was speculated that the reduced state is not fully soluble while
the battery is charging. By increasing the concentration of the reduced state, at
some point the reduced state precipitates blocking the flow.
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Figure 50: 'H NMR spectra of anolyte 100 mM (SPr):4TpyTz in 1 M KCl after the battery
gets stuck, measured in DO before (blue trace) and after stucking (red trace). The peaks
with small intensity in the red spectra could be ascribed to the reduced form of the

(SPr):4TpyTz.
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Figure 51: CV of anolyte 100 mM (SPr);4TpyTz in 1 M KCI and
K4[Fe(CN)s] in 1 M of KCl after the battery gets stuck.

catholyte 100 mM

Some Density Functional Theory (DFT) calculations were employed to investigate
the structure of the oxidized and reduced form of the (SPr);4TpyTz to deeply
understand the effect of solubility (Figure 52). The geometric structures of both
redox states were optimized using CAM-B3LYP/6-31G** level of theory with
empirical dispersion correction (GD3BJ) and the implicit Solvent Model based on
Density (SMD). As it can be observed in Figure 52a, the sulfonate group of the
oxidized state is intramolecularly interacting with the pyridine of the triazine. This
kind of interactions has been observed previously for sulfonated-viologen® and it
has been corroborated by NOESY spectra (Figure 53). By contrast, in the reduced
form, the sulfonate group is open and “free” to interact intermolecularly with the
pyridine core of other molecules.
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Figure 52: Optimized structures of the oxidized (a) and reduced (b) states of (SPr):4TpyTz
at CAM-B3LYP/6-31G** level of theory.

This interaction of the oxidated state was also observed in the NOESY NMR
spectra where a correlation between the alkylic chain and the pyridinium protons
can be observed (Figure 53 highlighted in the red). This interaction has been also
observed for the sulfonated viologen reported by Leo Liu.?* They developed a rod-
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shaped viologen which decrease the permeability through the IEM, increase the
redox potential and higher stability by grafting methyl into the pyridinium core to

avoid this interaction.
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Figure 53: NOESY spectra of (SPr);4TpyTz in 1 M KCI D,O.

The same NMR experiment was repeated using different supporting electrolyte
like NH4Cl, urea (H-bond between the ammonium and sulfonate could avoid the
intermolecular interaction), LiCl (smaller cation) NaCl (more oxophilic cation) but
in all the cases the cross-peaks signals appear.

Another possibility could be the intramolecular interaction between the sulfonate
group and the pyridinium core of different molecules. Other molecules like the
naphthalene diimide derivative suffered aggregation and it was corroborated by
NMR spectroscopy. The self-association for the NDI derivative led to a
concentration dependent of the chemical shift from 'H NMR.* In order to check
if there is some kind of aggregation the NMR at different concentrations were
recorded. Any peak shift was observed so it suggests that there is any aggregate
(Figure 54).
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Figure 54: 'H NMR of (SPr):4TpyTz at different concentrations 1 mM (blue trace) and 50
mM (red trace) in D20.

The possibility of this intermolecular interaction and the central symmetry which
has been demonstrated that favours the formation of aggregates.® This fact may
explain why the solubility of the reduced form can be compromised during
charging. It has been reported that zwitterionic species solubility can be enhanced
by increasing the salt concentration of the environment (salting in effect).?® The
solubility of the oxidized molecules is apparently not a problem as it was measured
to be greater than 900 mM in 1 M KCl. Nevertheless, when the salt is removed,
even the oxidized molecules are poorly soluble in water (< 100 mM in DI water,
Figure 55).

100 mM
(SPr),4TpyTz

DI 0.1MKCl 0.25MKCl 0.5MKCl 1MKCI 3MKCl

Figure 55: Pictures of the solution 100 mM of (SPr):4TpyTz with different concentrations
of KCL

All in all, it is evident that the salt is playing a vital role in the solubility of the
triazine derivatives. The interaction between the zwitterionic species can lead to
the formation of aggregates that becomes insoluble in water. By adding enough
salt into the solution, these interactions can be avoided or at least lessened,
enhancing the solubility. Furthermore, better solvation of the triazine molecules
could lead in higher stability due to the hindered interaction between the
molecules. In this sense, a plausible battery may work considering more
concentrated supporting electrolyte solution. Thereby, a battery using 3 M KCl
solution in the anolyte was tested (Figure 56).
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Figure 56: (a) Galvanostatic cycling of 100 mM of (SPr):4TpyTz in 3 M KCl vs 100 mM
K4[Fe(CN)s]. Cycling a constant current reaching one (1-100 cyles) and two electrons (101-
180 cycles) at 60 mA/cm? using 0.9 and 1.25 V upper cutoffs respectively and 0.2 V as lower
cutoff. (b) Discharge capacity, coulombic, voltage and energy efficiencies evolution. (c)
Charge-discharge capacity vs Voltage profile at different current densities (d) Polarization
(line) and power density (scatter) curves for one and two electron battery at 50% SoC.

A flow cell with 12 mL of 0.1 M of (SPr);4TpyTz in 3 M KCl as anolyte and 50
mL of 0.1 M K4[Fe(CN)s] in 1 M KCl as catholyte (0.2 M of electrons in the capacity
limiting side (CLS)) was tested inside a glovebox. First, the cell was studied just
analysing the first electron and then subsequently reach the second and the third
electrons. Initially, the cell was galvanostatically charged at 60 mA/cm? with 0.9 V
and 0.2 V as cut-offs for 100 cycles (Figure 56a, from cycle 1-100). The total
discharge capacity was 26.11 mAh which correspond to 81.2% of the capacity
utilization for one electron. Moreover, different current densities were tested (20,
40, 60, 80 and 100 mA/cm?). In all currents, the coulombic efficiency was near
100%. The voltage and energy efficiencies range from 83.7 (lower current) to
36.9% (highest current). The capacity utilization reached 93.3 to 38.3% from the
lowest to the highest current densities, respectively (Figure 56b)). All these results
show that higher current densities lead to higher ohmic and mass transport
resistances, increasing the overpotential. As the cut-off voltage was kept constant,
the achieved SOC decreases with increasing current density.
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After analysing the performance of the battery at different current densities, the
system was charged to 50% SOC (with respect to the first electron of the anolyte)
and the EIS experiments (Annex A, Figure S53), and the polarization curves were
recorded (Annex A, Figure S54). From the polarization curve, the resistance of the
whole system was calculated as 2.81 ohm-cm? A power density peak of 37.6
mW/cm? was achieved between 100 and 120 mA/cm?. The cell was cycled 100
times suggesting a great stability showing no capacity decay over 18h. After that,
the second electron was studied. First, the cell was cycled galvanostatically at the
same current (60 mA/cm?) but using 1.25 V and 0.2 V as cutoffs (Figure 56a from
cycle 101 to 180). The total discharge capacity at this current was around 52 mAh
which represents 76.9% of the capacity utilization. When cycled at different
current densities, the coulombic efficiency was around 100%, the voltage and
energy efficiencies range from 86.8 to 40.7% and the capacity utilization reached
92.2 (lowest current) and 48.7% (highest current) (Figure 56b). Subsequently, the
system was theoretically charged to 50% SOC (with respect to the second electron
of the anolyte) and the EIS experiments (Annex A, Figure S53) and the polarization
curves were recorded (Annex A, Figure S55). A power density peak of 91.1
mW/cm? was achieved at 180 mA/cm? The modest power density would be
increased in an optimized cell with a lower ohmnic resistance. The cell was cycled
80 times showing no capacity decay over 29h. Large multiple-electron storage
materials typically have lower diffusion coefficients, but these bigger molecules
could avoid the permeability through the ion exchange membrane which is one of
the most limiting phenomena in RFB performance. The suppression of the
crossover and the stability of the proposed triazine derivative place this work as a
special redox active material which can work without showing any capacity decay
over 3 days.

Finally, the third redox process was studied by increasing the upper cut-off to 1.5
V. This resulted in a completely capacity decay (Figure 57), and a significant
increase in the pH of the electrolyte was observed (Table 14). In comparison, no
pH change was observed if cycling was limited to 1% or 2™ reduction. Once the
anolyte was analysed by 'H NMR spectroscopy (Figure 58) completely change in
the aromatic part can be observed. The main conclusion that can be extracted
from the NMR analysis is that the new product has lose completely the symmetry
of the triazine appearing different signals in the aromatic part (form 8 to 9 ppm).
Low intensity signals appear between 6 and 7 ppm that can be ascribed to the
protonated nitrogen atom. This fact is in good agreement with the proposed
protonation reaction responsible of the pH change in the third redox process and,
therefore, the observed capacity decay (Figure 59).
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Figure 57: Galvanostatic cycling of battery 100 mM (SPr):4TpyTz in 3 M KCl vs 100 mM
K4[Fe(CN)e] in 1 M of KCl reaching third and fourth electron.

Table 14: Comparison of the initial pH and the pH after reaching the third redox
process for the battery 100 mM (SPr);4TpyTz in 3 M KCl vs 100 mM K4[Fe(CN)g]
in 1 M of KCL

pH pH after 3™
initial process
Anolyte 3.8 13.25
Catholyte 8.0 10.22
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Figure 58: 'H NMR of (SPr)s4TpyTz before (blue trace) and after (red trace) cycling in
D-0.
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Figure 59: Proposed mechanism for each reduction step.

To understand the stable performance of the (SPr);4TpyTz we can focus on the
mechanism of the redox reaction (Figure 59). The first reduction process reduces
one of the pyridinium rings leading to a greatly stable radical delocalized
throughout the whole structure. Second reduction process forms a biradical
species which is in correlation with the mechanism proposed by Liang et al.?
Finally, the third reduction process generates a negative charge in the N-atom of
the triazine which gets protonated making the third process irreversible. This leads
to a fast capacity decay observed if the third plateau is reached during charging,
as well as a large decrease in the pH of the electrolyte (Figure 57 and Table 14).
Triazine reported by Liang et a/ * could be reduced three times without significant
adverse effects. This is most likely because all three pyridium groups are reduced
before the triazine core. In our case it looks like the reduction of the triazine occurs
with the potential range of the reduction of the last pyridinium, leading to high-
capacity decay and the dramatic change in the pH after just 4 cycles.
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Figure 60: Galvanostatic cycling at 60 mA/cm? of 200 mM of (SPr):4TpyTz in 3 M KCl vs
300 mM K4Fe(CN)s] in 1 M KCIL. Discharge capacity, coulombic, voltage and energy
efficiencies evolution.

Finally, battery testing was carried out at higher concentration using 200 mM of
(SPr);4TpyTz in 3 M KCI and 300 mM of K4[Fe(CN)¢] in 1 M of KCI (0.4 M of
electrons in the negative CLS) (Figure 60). The battery was galvanostatically cycled
for 500 cycles at 60 mA/cm? (14 days). The system shows a capacity decay of 4.47
mAh corresponding a capacity retention of 93.8% and a capacity decay of
0.012%/cycle or 0.44%/day (Figure 60). Both electrolytes were checked by CV
ensuring that after 14 days no crossover was observed (Figure 61). Furthermore,
impedance before and after cycling show a slightly increase in the resistance (20%
higher) probably due to the formation of aggregates and their interaction with the
[EM (Annex A, Figure S56). This capacity decay is ascribed to the precipitation of
the triazine probably due to the change in the electrolyte composition because of
the crossover of the potassium through the ion exchange membrane. This battery
also shows slightly lower energy efficiency probably due to the higher
concentration of the triazine leading to lower “free potassium” concentration,
decreasing electrolyte conductivity and increasing the formation of triazine
aggregates.
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Figure 61: CV of anolyte 200 mM (SPr):4TpyTz in 3 M KCl and catholyte 300 mM
K4[Fe(CN)e] in 1 M of KCl after 14 days of battery cycling

This work represents one example where no capacity decay has been showed in
the right composition of electrolyte, albeit at moderate concentrations of 100 mM.
The larger triazine based anolyte is stable enough to store two electrons without
any kind of degradation probably due to the high delocalization of the generated
radicals into the pyridinium and triazine rings. Furthermore, the large size of this
triazine derivative avoids crossover through the ion exchange membrane. The
optimization of the electrolyte could enable the use of more concentrated solutions
which could lead to a higher capacity for this system. To do this, the interaction
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between the reduced state of (SPr);4TpyTz could be studied by Molecular
Dynamics MD in order to understand how to avoid this interaction which
precipitate the electrolyte at some SOC. Furthermore, the synthesis of new triazine
derivatives where the central symmetry is avoided could avoid the formation of
aggregates. This work opens the door to the synthesis of new triazine derivatives
which are new candidates for multiple electron storage showing high stability
during cycling.

Chapter 3 using a well-studied anthraquinone (AQDS)-based anolyte and
Nay[Fe(CN)g] catholyte chemistry, various characterization techniques for RFB are
described. The chapter explores the influence of experimental parameters, such
as electrolyte pH, O, presence, membrane pretreatment, and capacity limiting
side, on battery performance. In addition, different electrochemical techniques,
including load curve measurements, electrochemical impedance spectroscopy,
and charge-discharge cycling tests, are introduced through this analysis.

Based on the predicting model results, we compared the cell performance of a
seven-membered unsubstituted 2,2'-bipyridinium salt with the best candidate, the
m-Me substituted analogue. The significantly superior performance of the selected
anolyte validated the DFT protocol as an effective means to elucidate the
performance of the prepared materials. This work demonstrates how DFT
calculations can effectively guide synthesis across the vast chemistry space to
identify candidates with optimum characteristics. As a result, chemists can save
valuable resources, both time and money, by focusing their efforts on these "lead"
compounds, which show promising potential as active materials for AORFB.

Finally, the new trispyridinium triazine anolyte efficiently stores two electrons
under neutral conditions, without showing any capacity decay in suitable
conditions. Additionally, further reduction of the triazine has been investigated,
revealing significant capacity decay and changes in electrolyte pH. This
observation has prompted us to suggest a mechanism for the reduction process.
The successful development of this trispyridinium triazine anolyte with efficient
multiple-electron storage capabilities represents a significant advancement in the
field. The insights gained from DFT calculations and the understanding of
reduction mechanisms are invaluable for optimizing and refining energy storage
technologies for enhanced performance and stability.
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6. Conclusions

This PhD research focuses on three main areas: i) Developing new anolytes for
redox flow batteries. ii) Selecting, characterizing, and modifying Ion Exchange
Membranes. iii) Testing single-cell redox flow batteries from the developed
anolytes.

Conclusions are presented based on these topics, providing valuable insights into
each aspect of the study:

6.1. Development of new anolytes:

1) Successfully synthesized 1,1'-1,3-propylene-2,2'-bipyridinium salts
with remarkable properties for RFB applications, including high water solubility
(up to 2.8 M) and low redox potentials (ca. -0.7 V vs SHE). Conducted DFT
calculations to study the role of structural parameters and substituents, providing
insights into electrochemical properties such as redox potential and kinetic
constants. Introduced a novel strategy using NBO and ADCH charge analysis to
investigate the stability of active materials, leading to the identification of
compound 4 as the most stable anolyte candidate for AORFB due to its
delocalization and charge distribution.

2) Accomplished an efficient and cost-effective synthesis of a triazine
derivative (SPr);4TpyTz, reducing the number of counterion exchanges
compared to reported methods. Electrochemical characterization revealed three
reversible redox processes at different potentials (-0.47 V, -0.62 V, and -0.82 V vs
Ag| AgCl (3 M KCl)), indicating its potential as a multiple-electron storage anolyte
for RFB. The compound exhibited fast kinetics, high solubility (>0.9 M), and
sensitivity to supporting electrolyte concentration.

6.2. Selection, characterization and modification of IEM:

1) Conducted electrochemical characterization of commercially available
membranes and separators. Investigated different modification methods, including
in situ polymerization and Layer-by-Layer techniques, to improve membrane
properties by reducing permeability of redox-active materials. Among these, in situ
polymerization of pyrrole significantly decreased the permeation of RAM without
increasing membrane resistance, yielding homogeneous materials. Studied
modified versions of selected membranes to understand the effects of modification
on transport phenomena.

6.3. Single-cell results:

1) Developed a strong correlation between fundamental theory and main
characterization techniques using a well-known system (AQDS as anolyte,
Nay[Fe(CN)e] as catholyte, Nafion 212® membrane). This initial work provided
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insights into the impact of experimental parameters, including pH variation in the
electrolyte, O, permeation, [EM activation, and capacity-limiting side.

2) Validated the predicting model developed in Chapter 1 through
experimental results, comparing the stability of Compound 2 and 4 in single-cell
(0.75%/day vs 0.16%/day capacity decay). As anticipated by the model,
Compound 4 demonstrated greater stability. Additionally, studied the proton-
catalyzed disproportionation of 2,2’-bipyridinium, characterizing side products
using NMR, UV-Vis, and CV.

3) Examined the capacity of (SPr);4TpyTz to store multiple electrons. A
battery at 100 mM of the triazine anolyte vs 100 mM K4[Fe(CN)s] showed no
capacity decay and achieved an energy efficiency of approximately 75% under
suitable conditions. Investigated the role of the supporting electrolyte in the
solubility of reduced states of the triazine derivatives. A more concentrated battery
(200 mM of (SPr);4TpyTz vs 100 mM K,[Fe(CN)s]) demonstrated a small capacity
decay of 0.44%/day and no crossover in 14 days. Furthermore, studied the system
using the third and fourth electron, revealing significant capacity decay and an
increase in electrolyte pH, suggesting a degradation mechanism through
protonation of the reduced triazine.
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6. Conclusiones

La investigacion de esta tesis doctoral se centra en tres areas: i) El desarrollo de
nuevos anolitos para baterias de flujo redox. ii) La seleccién, caracterizacién y
modificacién de membranas de intercambio idnico. iii) La evaluacién en bateria de
flujo redox, monocelda, de los anolitos desarrollados.

Las conclusiones se presentan en base a los anteriores puntos proporcionando
informacién valiosa sobre cada aspecto del estudio:

6.1. Desarrollo de nuevos anolitos:

1) Se han sintetizado sales de 1,1'-1,3-propilen-2,2'-bipridinio con
notables propiedades para su aplicacion en baterias de flujo redox, incluyendo alta
solubilidad en agua (hasta 2.8 M) y bajos potenciales redox (ca. -0.7 V vs SHE). Se
han realizado estudios DFT con el fin de estudiar el efecto tanto de los parametros
estructurales como de los sustituyentes en las propiedades electroquimicas tales
como el potencial redox y las constantes cinéticas. Se ha desarrollado una nueva
estrategia utilizando el anélisis de los orbitales NBO y las cargas ADCH para
investigar la estabilidad de los materiales activos, identificando asi el compuesto
4, como el candidato mas estable para uso en baterias de flujo redox acuosas
organicas debido a la deslocalizacion y distribucién de carga en dicho compuesto.

2) Se ha conseguido desarrollar una sintesis eficiente y econémicamente
viable de un nuevo derivado de triazina (SPr);4TpyTz, reduciendo el numero de
intercambio de contraiones comparado con otros métodos reportados. La
caracterizacién electroquimica ha revelado tres procesos redox reversibles a
diferentes potenciales (-0.47 V, -0.62 V, and -0.82 V vs Ag|AgCl (3 M KCl)),
demostrando su viabilidad como anolito para el almacenamiento de multiples
electrones para baterias de flujo redox. El compuesto exhibi6 rapidas cinéticas,
altas solubilidades (>0.9 M) y sensibilidad a la concentraciéon de electrolito
soporte.

6.2. Seleccion, caracterizacion y modificacion de membranas de
intercambio idnico:

1) Se ha realizado la caracterizacién electroquimica de membranas y
separadores comercialmente disponibles. Se han investigado diferentes métodos
de modificacién incluyendo las técnicas de polimerizacién in situ y Layer-by-Layer
para mejorar las propiedades de las membranas reduciendo su permeabilidad a
materiales activos redox. De estos métodos, la polimerizacion in situ de polipirrol
consiguié reducir de manera significativa la permeacién de materiales redox
activos sin aumentar su resistencia, obteniéndose ademéas materiales homogéneos.
Las versiones modificadas de las membranas seleccionadas se han estudiado para
entender el efecto que la modificacién tiene en el fendémeno de transporte.

187



6. Conclusions / Conclusiones

6.3. Resultados de monocelda:

1) Se ha desarrollado una fuerte correlacion entre la teoria fundamental y
las principales técnicas de caracterizaciéon usando un conocido sistema (AQDS
como anolito y NasFe(CN)s] como catolito, Nafion 212® como membrana). Este
trabajo inicial ha proporcionado conocimiento del impacto de parametros
experimentales incluyendo la variacion del pH en el electrolito, la permeacién de
O,, la activaciéon de la membrana de intercambio y el lado limitante de la
capacidad.

2) Se ha validado el modelo predictivo desarrollado en el Capitulo 1
mediante resultados experimentales comparando la estabilidad de los compuestos
2 y 4 en monocelda (0.75%/dia vs 0.16%/dia de pérdida de capacidad). Como se
anticipé con el modelo, el compuesto 4 ha demostrado mayor estabilidad que el
resto de los materiales activos. Adicionalmente, se ha estudiado la desproporcién
catalizada por protén de los compuestos 2,2’-bipiridinicos, caracterizando los
subproductos usando el RMN, UV-Visible y voltametria ciclica.

3) Se ha estudiado la capacidad de (SPr);4TpyTz para almacenar
multiples electrones. Una bateria con 100 mM de triazina como anolito vs 100 mM
de K4Fe(CN)s] no mostro pérdida de capacidad, alcanzando una eficiencia
energética en torno al 75% bajo las condiciones de operacién. Se ha investigado
el rol del electrolito soporte en la solubilidad de las especies reducidas de los
derivados de triazina. Una bateria mas concentrada (200 mM de (SPr):;4TpyTz
como anolito vs 100 mM de K4[Fe(CN)s] de catolito) mostro una ligera pérdida de
capacidad de 0.44%/dia y ningun crossover en 14 dias. Ademas, se ha estudiado el
sistema utilizando el tercer y cuarto electron, revelandose una significante pérdida
de capacidad y un aumento del pH en el electrolito, lo cual sugiere un mecanismo
de degradacion a través de la protonacion de la triazina reducida.
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7. List of abbreviations and acronyms

7. List of acronyms and abbreviations

(SPr;)4TpyTz

A

AC

ACA
ADCH
AEM
AORFB
AQDS
AQDSH,
ARFB
ASR
ATP
Bhmbpy
bpy

CD

CE

CEM
CLS
CNT

Cu

Cv

CvD

3,3',3"-((1,3,5-triazine-2,4,6-triyl)tris(pyridine-1-ium-4,1-
diyl))tris(propane-1-sulfonate)

Area

Alternating Current

Alloxazine Carboxylate

Atom Dipole Correction Hirshfeld
Anion Exchange Membrane

Aqueous Organic Redox Flow Batteries
Anthraquinone-2,6-disulfonate
Reduced Anthraquinone-2,6-disulfonate
Aqueous Redox Flow Batteries

Area Specific Resistance

Adenosine Triphosphate
4,4'-(Bis(hydroxymethyl)-2,2'-bipyridine
2,2'-bipyridine

Capacity Decay

Coulombic Efficiency

Cation Exchange Membrane

Capacity Limiting Side

Carbon Nanotubes

Capacity Utilization

Cyclic Voltammetry

Chemical Vapor Deposition

Diffusion coefficient
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7. List of abbreviations and acronyms

DC
Dcbpy
DFT
DPV
DR
DSA
E°
Ei/2
EDG
EDTA
EDX
EE

EIS

ESS

EWG

FRA

FTIR
HDPE

HF
HIGREEW

HMBC
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Direct Current
2,2"-bipyridine-4,4'-dicarboxylic acid
Density Functional Theory

Differential Pulse Voltammetry

Diffuse reflectance

Dimensionally Stable Anode

Standard Redox potential

Half Wave Potential

Electron Donating Group
Ethylenediaminetetraacetate

Energy Dispersive X-Ray Analysis
Energy Efficiency

Electrochemical Impedance Spectroscopy
Peak potential

Anodic peak potential

Cathodic peak potential

Energy Storage Systems

Electron Withdrawing Group

Frequency Response Analyzer

Fourier Transform Infrared Spectroscopy
High-Density Polyethylene

Hartree Fock

Affordable High-performance Green REdox floW batteries

Heteronucelar Multi Bond Correlation



7. List of abbreviations and acronyms

IEC
IEM

i

KS

LbL

LC

LIB
LSV
MD
MWCNT
NARFB
NASA
NBO
NDI
NMR
NOESY

oCcv

PANI

PCET

current

Ion Exchange Capacity

Ion Exchange Membrane

Limitting current

current density

Standard rate constant

Kohn-Shan

Marcus Parameter

Layer-by-Layer

Load Curves

Lithium-Ion Batteries

Linear Sweep Voltammetry
Molecular Dynamics

Multi-Walled Carbon Nanotubes
Non-Aqueous Redox Flow Batteries
National Aeronautics and Space Adminstration
Natural Bond Orbitals

Naphtalene Diimide

Nuclear Magnetic Resonance
Nuclear Overhauser Effect Spectroscopy
Open Circuit Voltage

Permeability

Polyaniline

Proton Coupled Electron Transfer
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7. List of abbreviations and acronyms

PE
PEI
PFSA
PhD
ppm
PPy
P
PTFE
PVA
PVC

PVDF

Rehar
RDE
Ruisch
RFB
Robm
SCF
SEM

SIB
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Polyethylene
Polyethyleneimide
Perfluorosulfonic Acid
Doctorate of Philosophy
parts per million
Polypyrrole
Permselectivity
Polytetrafluoroethylene
Polyvinyl Alcohol
Polyvinylchloride
Polyvinyldene Fluoride
Capacity

Bond distance
Resistance

Redox Active Material
Charge Resistance
Rotatory Disk Electrode
Discharge Resistance
Redox Flow Batteries
Ohmnic Resistance
Self-Consistent Field
Scanning Electron Microscopy
Sodium-Ion Batteries

Ionic conductivity



7. List of abbreviations and acronyms

SMD
SocC
SR
70
TEMPO
TEMPOL
0

TMA
TPT

Ucen
UV-Vis

v

VE

VRFB
wuU

z

Zn

Yiv

YsL

Ysv

Solvent Model based on Density

State of Charge

Swelling Ratio

Transition time

Dihedral angle
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
(4-hydroxy-2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
Contact angle

Trimethylammonium
2,4,6-tri(pyridin-4-yl)-1,3,5-triazine
Cell potential

Ultraviolet - Visible Spectroscopy
Voltage

Voltage Efficiency

All-Vamadium Redox Flow Battery
Water Uptake

Real part of Impedance

Imaginary part of Impedance

liquid surface energy

solid-liquid surface energy

Solid surface energy
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Annex A: NMR, RDE, solubilities, DFT calculations
and cell testing extra information.
'H and *C NMR spectra of 2,2’-bipyridines 1-8

6, 7-dihydrodipyrido[1,2-a:2’1’-cpyrazine-5,8-diium bromide (1)
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Figure S1: 'H NMR spectrum of 1.
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Figure S2: 1*C NMR spectrum of 1.
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6,7,8,9-tetrahydrodipyrido[1,2-a:2,1’-cj[1,4]diazocine-5,10-diium bromide (2)

9
B
B8 b B8% 8 oy 8
83 3 42 33 Heg g
NN 4 N/
7 \\ Br
~_N
+> 2
+
- N
N I] Br
|
’U_JUL
M A
O el Py
@ & @0o o S S
50 95 S0 85 80 75 7o €5 6o 85 3o 45 4o 35 30 25 Jo 15 1o o5
1 (ppm)
Figure S3: 'H NMR spectrum of 2.
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Figure S4: *C NMR spectrum of 2.
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6,7,8,9-tetrahydrodipyrido[1,2-a:2,1’-cj[1,4]diazocine-5,10-diium bromide (3)

o

I

3
IS n oo me omon w8
o) 2 R 8] 2R3 [
o G @ PR NN
NE N (|

T T 7 T

S & RN S S s s

g 5 R K 3 55

10.0 9.5 9‘.0 8‘.5 8‘.0 7.5 7.0 6.5 6.0 5.5 5‘.0 4.5 4‘.0 3.5 3.0 2‘5 2.0 15 l‘vO 0.5 0.0
1 (ppm)
Figure S5: 'H NMR spectrum of 3.
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Figure S6: *C NMR spectrum of 3.
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3,11-dimethyl-7,8-dihydro-6H-dipyrido[1,2-a:2,1’-c][1,4]diazepine-5,9-diium bromide
(4)
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Figure S7: 'H NMR spectrum of 4.
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Figure S8: *C NMR spectrum of 4.
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2,12-dimethyl-7,8-dihydro-6H-dipyrido[1,2-a:2,1’-c]diazepine-5,9-diium bromide (5)
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Figure S9: 'H NMR spectrum of 5.
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Figure S10: 1*C NMR spectrum of 5.
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2,12-dimethoxy-7,8-dihydro-6H-dipyrido[1,2-a:2,1’-c][1,4]diazepine-5,9-diium bromide
(6)
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Figure S11: '"H NMR spectrum of 6.
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Figure S12: 3C NMR spectrum of 6.
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2,12-dicarboxy-7,8-dihydro-6H-dipyridof1,2-a:2,1’-c][1,4]diazepine-5,9-diium bromide
(7)
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Figure S13: '"H NMR spectrum of 7.
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Figure S14: 3C NMR spectrum of 7.
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2,3-dihydro-1H-[1,4]diazepinof1,2-a:4,3-a’Jdiquinoline-4,17-diium bromide (8)
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Rotatory Disk Electrode (RDE) measurements for bipyridines.

Compound 1
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Figure S17: RDE analysis of 1: (a) Linear Sweet Voltammetry (LSV) scans with rotating
working electrode; (b) Levich analysis of the reduction; (c) Kouyecky-Levich plot (d) and

Tafel-plot for different overpotentials.
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Figure S18: RDE analysis of 2: (a) LSV scans with rotating working electrode; (b) Levich
analysis of the reduction; (c) Kouyecky-Levich plot (d) and Tafel-plot for different

overpotentials.
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Figure S19: RDE analysis of 4: (a) LSV scans with rotating working electrode; (b) Levich
analysis of the reduction; (c) Kouyecky-Levich plot (d) and Tafel-plot for different

overpotentials.
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—
Compound 5
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Figure S20: RDE analysis of 5: (a) LSV scans with rotating working electrode; (b) Levich
analysis of the reduction; (c) Kouyecky-Levich plot (d) and Tafel-plot for different

overpotentials.
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Figure S21: RDE analysis of 7: (a) LSV scans with rotating working electrode; (b) Levich
analysis of the reduction; (c) Kouyecky-Levich plot (d) and Tafel-plot for different
overpotentials.
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Figure S22: (a) Example of the different UV-Vis spectra of compound 1 at different
concentrations and the corresponding calibration curve (b).
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Figure S23: (a) Example of the different UV-Vis spectra of compound 2 at different
concentrations and the corresponding calibration curve. (b)
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Figure S24: (a) Example of the different UV-Vis spectra of compound 4 at different
concentrations and the corresponding calibration curve (b).

Compound 5

Absorbance (Au)

(a)

T
1.4+
——0,0025 mM
1.2 ——0,0100mM -
——0,0250 mM
1.0 ——0,03125 mM
——0,0625 mM
0.8
0.6 R
0.4 i
0.2 -
0.0 | T 7 7 T
200 220 240 260 280 300 320 340

Wavelength (nm)

Absorbance (Au)

0.8

o
&
L

o
S
L

o
o
L

0.0 4

y = 14.663x +0.002
R’ = 0.9992

0.05
Concentration (mM)

T T T
0.02 003 0.04

T
0.06 007

Figure S25: (a) Example of the different UV-Vis spectra of compound 5 at different
concentrations and the corresponding calibration curve (b).
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DFT Calculation of bipyridines

Geometries using IEF-PCM methodology at B3LYP/6-311++G(d,p) level of
theory.

Compound 1
Oxidized Reduced

0.214443000  2.741720000  0.804790000 C 0.152725000  2.758957000  0.832347000
-0.018787000  3.503333000 -0.324071000 0.081514000  3.527648000 -0.281814000
-0.274858000  2.859758000  -1.528676000 0.116150000  2.868191000  -1.568062000
-0.278804000  1.469476000 -1.578489000 0.119830000  1.513411000 -1.639901000
-0.018787000  0.736345000 -0.430311000 0.081514000  0.684632000  -0.457927000

0.207609000  1.396640000  0.740222000 0.221983000  1.390940000  0.778239000
-0.479397000  3.430745000  -2.424408000 0.137366000  3.459313000 -2.475787000

0.406515000  3.173269000  1.775876000 0.181094000  3.178282000  1.830440000
-0.009679000  4.580662000 -0.244221000 0.025639000  4.603366000 -0.195649000
-0.502459000  0.957856000  -2.502285000 0.134132000  1.028368000  -2.606454000

0.018787000 -0.736345000 -0.430311000 -0.081514000  -0.684632000  -0.457927000

0.278804000 -1.469476000 -1.578489000 -0.119830000 -1.513411000 -1.639901000
-0.214443000 -2.741720000  0.804790000 -0.152725000 -2.758957000  0.832347000
0.274858000 -2.859758000 -1.528676000 -0.116150000  -2.868191000 -1.568062000

0.502459000 -0.957856000  -2.502285000 -0.134132000  -1.028368000  -2.606454000
-0.406515000 -3.173269000  1.775876000 -0.181094000 -3.178282000  1.830440000

0.479397000  -3.430745000  -2.424408000 -0.137366000  -3.459313000  -2.475787000
0.018787000 -3.503333000  -0.324071000 -0.081514000  -3.527648000  -0.281814000

0.009679000  -4.580662000  -0.244221000 -0.025639000  -4.603366000  -0.195649000
-0.207609000  -1.396640000  0.740222000 -0.221983000  -1.390940000  0.778239000
-0.465425000 -0.594253000  1.961658000 -0.465520000 -0.607250000  1.973357000
-0.277563000  -1.220291000  2.828897000 -0.283875000 -1.228391000  2.850325000
-1.513141000 -0.289621000  1.955184000 -1.505479000  -0.261569000  2.001453000
0.465425000  0.594253000  1.961658000 0.465520000  0.607250000  1.973357000

0.277563000  1.220291000  2.828897000 0.283875000  1.228391000  2.850325000

1.513141000  0.289621000  1.955184000 1.505479000  0.261569000  2.001453000
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Compound 2
Oxidized Reduced

2.773523000  0.519833000  0.458705000 2.799896000  0.576018000  0.271400000
3.500898000 -0.525894000 -0.079831000 3.518593000 -0.513561000 -0.124858000
2.825167000  -1.622200000 -0.597224000 2.828139000 -1.716391000 -0.417660000
1.431704000 -1.641926000 -0.571151000 1.457463000 -1.742005000 -0.349390000
0.740438000 -0.573927000 -0.028369000 0.716906000  -0.594340000  0.008485000
1.428047000  0.486488000  0.486345000 1.439008000  0.540969000  0.380230000
3.368905000 -2.454328000 -1.023946000 3.373293000 -2.599015000 -0.724910000
3.237580000  1.397387000  0.883659000 3.262459000  1.514485000  0.541454000
4.579743000 -0.467788000 -0.083658000 4.594212000 -0.443776000 -0.199136000
0.878219000 -2.471983000  -0.986309000 0.915142000 -2.633155000 -0.632323000
-0.740443000 -0.573922000  0.028380000 -0.716912000 -0.594334000 -0.008450000
-1.431716000 -1.641920000  0.571161000 -1.457481000 -1.741987000  0.349433000
-2.773523000  0.519840000 -0.458712000 -2.799894000  0.576027000 -0.271435000
-2.825176000  -1.622192000  0.597219000 -2.828158000 -1.716370000  0.417670000
-0.878232000 -2.471978000  0.986321000 -0.915168000 -2.633134000  0.632393000
-3.237570000  1.397400000 -0.883664000 -3.262448000  1.514492000 -0.541508000
-3.368923000 -2.454315000  1.023939000 -3.373323000 -2.598985000  0.724927000
-3.500901000 -0.525884000  0.079817000 -3.518603000 -0.513544000  0.124822000
-4.579747000 -0.467784000  0.083628000 -4.594225000 -0.443758000  0.199064000
-1.428043000  0.486494000 -0.486337000 -1.439001000  0.540982000 -0.380215000
-0.671232000  1.622350000 -1.081341000 -0.738495000  1.671034000 -1.016550000
0.058654000  1.189743000 -1.764288000 -0.042017000  1.244902000 -1.740818000
-1.368962000  2.211656000 -1.668762000 -1.473466000  2.251445000 -1.569242000
0.000011000  2.469265000  -0.000002000 0.000018000  2.537472000  -0.000012000
-0.729669000  3.112541000  0.494002000 -0.699310000  3.181045000  0.537996000
0.729701000  3.112526000  -0.494010000 0.699353000  3.181025000  -0.538033000
0.671242000  1.622350000  1.081345000 0.738516000  1.671046000  1.016544000
1.368973000  2.211653000  1.668767000 1.473497000  2.251451000  1.569227000
-0.058651000  1.189750000  1.764288000 0.042033000  1.244932000  1.740816000
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Annex A: NMR, RDE, solubilities, DFT calculation, and cell
testing extra information

Compound 3
Oxidized Reduced

2.813150000  0.214089000  0.519706000 -2.804500000  0.338437000 -0.267608000
3.495776000  -0.767204000 -0.171913000 -3.508041000 -0.725267000  0.212007000
2.775437000 -1.768122000 -0.810228000 -2.810361000 -1.918112000  0.530667000
1.384785000  -1.751920000  -0.742412000 -1.442781000 -1.944242000  0.415576000
0.740027000  -0.741335000 -0.050064000 -0.717401000  -0.812004000 -0.013188000
1.464843000  0.221659000  0.580431000 -1.445278000  0.298188000 -0.431271000
3.282419000 -2.553114000 -1.355200000 -3.344108000  -2.785380000  0.895886000
3.316966000  1.010304000  1.047627000 -3.281341000  1.259131000 -0.573238000
4.575654000 -0.739219000  -0.194386000 -4.579765000 -0.647051000  0.325848000
0.791117000  -2.510381000 -1.232618000 -0.884879000 -2.817116000  0.725434000
-0.739882000  -0.741449000  0.049398000 0.717406000  -0.812006000  0.013177000
-1.384197000  -1.752243000  0.741847000 1.442793000  -1.944246000 -0.415556000
-2.813372000  0.213748000  -0.519308000 2.804499000  0.338462000  0.267571000
-2.774799000 -1.768675000  0.810318000 2.810375000 -1.918109000  -0.530644000
-0.790159000 -2.510610000  1.231727000 0.884902000 -2.817133000  -0.725397000
-3.317574000  1.009949000 -1.046865000 3.281333000  1.259168000  0.573176000
-3.281391000 -2.553761000  1.355530000 3.344128000 -2.785383000 -0.895838000
-3.495554000 -0.767814000  0.172385000 3.508046000 -0.725251000 -0.212015000
-4.575422000 -0.740064000  0.195243000 4.579769000  -0.647030000 -0.325862000
-1.465078000  0.221665000 -0.580516000 1.445277000  0.298209000  0.431232000
-0.813651000  1.336474000 -1.336118000 0.838008000  1.383794000  1.241826000
0.115287000  0.956556000 -1.756693000 -0.085916000  1.001832000  1.673360000
-1.480285000  1.560030000 -2.164801000 1.526066000  1.564462000  2.067048000
0.812878000  1.336016000  1.336085000 -0.838011000  1.383805000  -1.241823000
1.478832000  1.559246000  2.165380000 -1.526067000  1.564493000 -2.067041000
-0.116353000  0.955920000  1.755839000 0.085918000  1.001865000 -1.673365000
-0.614246000  2.573761000 -0.456683000 0.618093000  2.672936000  0.450632000
-0.534144000  3.428749000  -1.130966000 0.538218000  3.494645000  1.166352000
-1.522112000  2.730969000  0.132165000 1.515119000  2.868667000  -0.144396000
0.614071000  2.573574000  0.456831000 -0.618118000  2.672932000 -0.450593000
1522111000  2.730452000 -0.131857000 -1.515148000  2.868627000  0.144438000
0.534163000  3.428312000  1.131401000 -0.538262000  3.494656000 -1.166297000
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Compound 4
Oxidized Reduced

2.773261000  0.577392000  0.473777000 2.795936000  0.631315000  0.333198000
3.527382000 -0.463810000 -0.051096000 3.542502000  -0.450435000 -0.041081000
2.830604000 -1.560638000 -0.562062000 2.840442000 -1.652357000 -0.343022000
1.441541000 -1.583931000  -0.546024000 1.470261000 -1.682581000 -0.309396000
0.738947000 -0.514493000 -0.016732000 0.716528000  -0.538572000  0.028077000
1.426789000  0.543858000  0.493984000 1.429099000  0.593379000  0.413120000
3.373882000 -2.397987000  -0.981991000 3.392793000 -2.536945000 -0.635419000
3.227768000  1.460394000  0.898794000 3.245207000  1.575094000  0.609245000
0.895634000  -2.419494000 -0.960474000 0.939902000 -2.577789000  -0.602820000
-0.739785000  -0.513035000  0.025450000 -0.716665000  -0.538283000 -0.026852000
-1.445095000  -1.580449000  0.555195000 -1.470635000 -1.682111000  0.310655000
-2.771603000  0.578226000 -0.476811000 -2.795919000  0.631195000 -0.334575000
-2.834230000 -1.556993000  0.564425000 -2.840833000 -1.652010000  0.343140000
-0.901266000 -2.415137000  0.974101000 -0.940417000 -2.577200000  0.604694000
-3.223906000  1.460227000 -0.906209000 -3.245128000  1.574638000 -0.611881000
-3.379623000 -2.393264000  0.983765000 -3.393295000 -2.536656000  0.635153000
-3.528445000 -0.461956000  0.046157000 -3.542765000  -0.450468000  0.039489000
-1.425073000  0.544553000 -0.490424000 -1.428964000  0.593707000  -0.412515000
-0.666666000  1.681328000 -1.081171000 -0.715652000  1.724146000 -1.032274000
0.065999000  1.249115000 -1.761468000 -0.002348000  1.299877000 -1.741341000
-1.362183000  2.271115000 -1.670693000 -1.438343000  2.304987000  -1.600653000
0.001809000  2.528735000  0.001302000 0.000654000  2.590831000  0.000434000
-0.729299000  3.172078000  0.493311000 -0.710037000  3.235254000  0.522436000
0.732572000  3.172028000 -0.491280000 0.712240000  3.234046000 -0.521869000
0.670872000  1.682426000  1.084344000 0.716112000  1.723720000  1.033253000
1367967000  2.272245000  1.672009000 1.438769000  2.304019000  1.602244000
-0.061335000  1.252077000  1.766271000 0.002356000  1.299353000  1.741796000
-5.026667000  -0.399879000  0.039587000 -5.040550000 -0.382496000  0.122356000
-5.412805000 -0.505608000  1.055801000 -5.380346000 -0.576482000  1.144053000
-5.386865000  0.541096000  -0.374476000 -5.413492000  0.596149000 -0.181518000
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Annex A: NMR, RDE, solubilities, DFT calculation, and cell
testing extra information

H -5.433487000 -1.221018000
C 5.025591000  -0.400989000
H 5.405257000 -0.517199000
H 5.387917000  0.544575000
H 5.436657000 -1.215724000
Compound 5
Oxidized

C -2.700489000  0.901374000
C -3.477730000  -0.143773000
C -2.882014000 -1.259311000
C -1.486575000 -1.255288000
C -0.738873000  -0.186652000
N -1.357636000  0.876758000
H -3.119145000  1.776982000
H -0.976057000  -2.084269000
C 0.738868000 -0.186647000
C 1.486581000 -1.255264000
C 2.700480000  0.901386000
C 2.882017000 -1.259278000
H 0.976070000  -2.084225000
H 3.119132000  1.776995000
C 3.477727000 -0.143736000
N 1.357624000  0.876753000
C 0.542159000  2.014256000
H -0.261742000  1.587242000
H 1.171602000  2.602257000
C -0.000013000  2.863176000
H 0.782670000  3.506094000
H -0.782701000  3.506078000
C -0.542175000  2.014276000
H -1.171615000  2.602287000
H 0.261732000  1.587277000
C -3.705478000  -2.401214000
H -4.317163000  -2.069501000
H -4.389293000 -2.747189000
H -3.083058000  -3.232803000
C 3.705508000 -2.401213000
H 4.318741000 -2.069130000
H 4.387887000 -2.748340000
H 3.083065000 -3.232135000
H -4.550386000  -0.082401000
H 4.550387000 -0.082344000
Compound 6
Oxidized

C -1.493052000  -1.004659000
C -0.736255000  0.055868000
C -2.663947000  1.149635000
C -3.474449000  0.117465000
C -2.890486000  -0.996604000
H -1.027117000  -1.841750000
H -3.063774000  2.025394000
H -4.536398000  0.195135000
C 0.736256000  0.055870000
C 1.493054000 -1.004655000
C 2.663946000  1.149639000
C 2.890489000  -0.996599000
H 1.027121000 -1.841747000
C 3.474450000  0.117471000
H 3.063771000  2.025399000
H 4.536398000  0.195142000
N 1.327207000  1.126910000
N -1.327209000  1.126908000
C -0.489748000  2.262620000
H -1.087257000  2.850733000
H 0.341269000  1.837632000

214

-0.555527000

-0.054505000

-1.072121000
0.347477000
0.546765000

-0.771403000
-0.323311000
0.272313000
0.394006000
-0.060445000
-0.647437000
-1.245118000
0.863900000
0.060429000
-0.394061000
0.771386000
-0.272372000
-0.863995000
1.245105000
0.323257000
0.647442000
1.150358000
1.748553000
1.811560000
0.000026000
-0.405955000
0.406019000
-1.150325000
-1.811521000
-1.748524000
0.775065000
1619275000
-0.003233000
1.101133000
-0.775011000
-1.617938000
0.004053000
-1.102727000
-0.446347000
0.446258000

-0.333688000
0.091109000
0.885209000
0.476462000

-0.144245000
-0.832966000
1.375071000
0.649147000

-0.091108000
0.333690000

-0.885209000
0.144246000
0.832968000

-0.476463000

-1.375072000

-0.649147000

-0.708552000
0.708552000
1.172972000
1.863415000
1.734706000
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2.768018000
3.509421000
2.854925000
1.479603000
0.713644000
1.403382000
3.215459000
0.953702000
-0.713635000
-1.479511000
-2.768126000
-2.854834000
-0.953524000
-3.215649000
-3.509440000
-1.403466000
-0.660993000
0.087944000
-1.354757000
-0.000065000
-0.737408000
0.737324000
0.660811000
1.354498000
-0.088170000
3.661362000
4.317004000
4.305215000
3.021763000
-3.661129000
-4.318406000
-4.303293000
-3.021393000
4.588572000
-4.588599000

Reduced

C
C
C
C
C
H
H
H
C
C
C
C
H
C
H
H
N
N
C
H
H

-1.351158000
-0.717347000
-2.913319000
-3.532975000
-2.716371000
-0.757838000
-3.480251000
-4.606422000
0.722496000
1.386466000
2.871334000
2.723369000
0.823726000
3.491433000
3.429098000
4.536647000
1.553260000
-1.568624000
-1.037519000
-1.887111000
-0.427995000

-1.140039000
-0.382862000
-0.608908000

0.605701000
-1.118895000

0.979817000
-0.111972000
-1.329645000
-1.330945000
-0.181014000

0.956017000

1.915956000
-2.218609000
-0.181037000
-1.331013000

0.979726000
-1.329787000
-2.218634000

1.915891000
-0.112127000

0.956029000

2.087285000

1.663683000

2.666571000

2.954901000

3.598703000

3.598726000

2.087113000

2.666294000

1.663313000
-2.543542000
-2.336313000
-2.831127000
-3.389604000
-2.543718000

-2.335568000
-2.833133000
-3.388970000
-0.042784000
-0.042964000

-0.955620000
0.280343000
1.161453000

-0.030181000

-1.130761000
-1.783590000
2.042682000
-0.089327000
0.323247000

-0.901703000
1.145480000

-1.113552000

-1.702632000

-0.053654000
2.004426000

-0.144327000
1.388510000
1.339688000
2.668729000
3.308980000
2.599469000

-0.520956000

-0.123746000

-1.138108000
0.148972000
0.543800000

0.483406000
0.148707000
-0.200002000
-0.233368000
0.062501000
0.484256000
0.786167000
-0.557537000
-0.062796000
0.233094000
-0.483418000
0.199928000
0.557282000
-0.785994000
-0.148786000
-0.484319000
-1.067575000
-1.739212000
-1.672593000
0.000131000
0.484826000
-0.484472000
1.067707000
1.672919000
1.739176000
-0.552836000
-1.404083000
0.283907000
-0.804822000
0.553088000
1.402892000
-0.284368000
0.807577000
0.162163000
-0.162053000

-0.185096000
0.098504000
0.496557000
0.264093000

-0.105158000
-0.539653000
0.758643000
0.343881000
0.081779000
0.366701000

-0.592343000
0.127696000
0.821182000

-0.425162000

-0.937380000

-0.673785000

-0.335610000
0.424802000
0.735659000
0.956240000
1.642582000



Annex A: NMR, RDE, solubilities, DFT calculation, and cell
testing extra information

C -0.000002000  3.112881000  0.000001000 C  -0.226215000 3.216312000 -0.428565000
H -0.800960000  3.755866000 -0.368993000 H  -0.667410000 2.899012000 -1.376345000
H 0.800956000  3.755866000  0.368994000 H  -0.263304000  4.307382000 -0.405498000
C 0.489745000  2.262621000 -1.172972000 C 1.231824000  2.840996000 -0.328528000
H -0.341272000  1.837632000 -1.734705000 H 1.783778000  3.279948000 -1.158035000
H 1.087252000  2.850736000 -1.863414000 H 1.637551000  3.253864000  0.600669000
O 3.545295000 -2.054748000  0.583822000 O 3.230091000 -2.316134000  0.463312000
O -3.545293000 -2.054754000 -0.583818000 O -3.196002000 -2.346343000 -0.428518000
C -4.983592000 -2.113072000 -0.439848000 C  -4.616985000 -2.556382000 -0.422770000
H -5.448217000 -1.292894000 -0.988032000 H  -5.109380000 -1.894051000 -1.137838000
H -5.271995000  -3.065366000 -0.873436000 H  -4.757439000 -3.591084000 -0.724182000
H -5.256519000 -2.081306000  0.615432000 H  -5.027864000 -2.406039000  0.577647000
C 4.983592000 -2.113079000  0.439842000 C 4.631710000 -2.556409000  0.263548000
H 5.271990000 -3.065369000  0.873440000 H 4.805213000 -3.569556000  0.616796000
H 5.256510000 -2.081330000 -0.615441000 H 4.890597000 -2.487490000 -0.795124000
H 5.448229000 -1.292898000  0.988013000 H 5.232778000 -1.855023000  0.846028000
Compound 7

Oxidized Reduced

-2.605338000  1.459849000  -1.034424000
-3.430799000  0.417018000 -0.659576000
-2.887111000 -0.667635000  0.018962000
-1.518099000  -0.685234000  0.291411000
-0.726093000  0.373925000 -0.115049000
-1.285370000  1.427437000 -0.772945000
-2.970320000  2.330789000 -1.558172000
-1.051319000  -1.510303000  0.811522000
0.735910000  0.360878000  0.128260000
1503773000  -0.723755000  -0.252106000
2.643300000  1.442876000  0.995163000
2.876985000 -0.715594000  -0.002769000
1.037507000  -1.557576000  -0.755233000
3.027490000  2.320255000  1.493785000
3.450048000  0.382969000  0.622945000
1319913000  1.421913000  0.755172000
0.472441000  2.573391000  1.175862000
-0.377989000  2.156157000  1.713568000
1.050667000  3.167160000  1.877023000
0.032764000  3.408616000 -0.027163000
0.849916000  4.042726000 -0.374296000
-0.777222000  4.058746000  0.306848000
-0.414915000  2.554698000  -1.213478000
-0.978746000  3.142358000 -1.931255000
0.430988000  2.110127000 -1.736474000
-4.483607000  0.459848000 -0.898748000
4.510883000  0.417321000  0.825051000
3.764333000 -1.863999000 -0.399113000
4.954067000 -1.865886000  -0.205785000
3.074076000  -2.849473000  -0.974956000
3.678991000 -3.570417000 -1.215170000
-3.793808000 -1.819995000  0.377571000
-3.621990000 -2.397911000  1.570888000
-3.007791000 -1.917606000  2.144636000
-4.631353000 -2.209614000 -0.392354000

-2.704710000  1.548666000 -0.747825000
-3.480029000  0.470573000  -0.443285000
-2.862348000 -0.718160000  0.027162000
-1.487798000  -0.732884000  0.179140000
-0.709875000  0.393961000 -0.110936000
-1.345550000  1.515836000 -0.622089000
-3.117188000  2.474589000 -1.120895000
-0.967586000 -1.603312000  0.554097000
0.717068000  0.387801000  0.124029000
1.486836000 -0.743214000 -0.164784000
2.720019000  1.540855000  0.743903000
2.862314000 -0.726230000 -0.019764000
0.996479000  -1.619650000 -0.561610000
3.135813000  2.466766000  1.113221000
3.491913000  0.462787000  0.426280000
1.359674000  1.506613000  0.635007000
0.559085000  2.637374000  1.143672000
-0.250197000  2.209902000  1.737636000
1.189490000  3.215523000  1.814268000
0.011566000  3.503586000  0.011199000
0.795413000  4.145821000 -0.394889000
-0.770070000  4.146809000  0.419909000
-0.538599000  2.644558000 -1.125309000
-1.165378000  3.228372000 -1.794350000
0.269387000  2.215428000 -1.719933000
-4.551758000  0.523979000  -0.560499000
4.565901000  0.516725000  0.522382000
3.701216000 -1.901655000 -0.350467000
4.909571000 -1.918612000  -0.243709000
2.983019000 -2.956306000 -0.778957000
3.593860000 -3.684312000 -0.972455000
-3.731795000  -1.893810000  0.308725000
-3.248690000 -2.879561000  1.093102000
-2.416985000 -2.639745000  1.522500000
-4.845802000 -1.995431000 -0.152966000

OIONIOONIIITIONIIONOIINZOITINONONNIIZONONNODN
OIO0ONIOO0ONIIZEINIITIOITIONOZODZTONONI I ZONOONON

Compound 8

Oxidized Reduced

C 2.831083000 -0.260704000 -0.258415000 C 2.808562000 -0.283100000 -0.211490000
C 3.498442000  0.856940000  0.334927000 C 3.528677000  0.882851000  0.165142000
C 2.738066000  1.951025000  0.777850000 C 2.803874000  2.088257000  0.401515000
C 1.366730000  1.939974000  0.654443000 C 1.442416000  2.099247000  0.330311000
C 0.740786000  0.841391000  0.067817000 C 0.719506000  0.933933000 -0.019898000
N 1.454912000 -0.206095000 -0.399888000 N 1.428279000 -0.194634000 -0.386962000
H 3.237291000  2.798138000  1.231182000 H 3.344830000  2.981105000  0.689054000
H 0.761839000  2.755948000  1.020889000 H 0.889529000  2.986572000  0.601247000
C -0.740389000  0.841627000 -0.064331000 C  -0.719437000  0.934032000  0.021237000
C -1.365472000  1.940293000 -0.651715000 C -1.442118000  2.099445000 -0.329121000
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Annex A: NMR, RDE, solubilities, DFT calculation, and cell
testing extra information

ITITZTONIONONOITIINNINNIINIIONOIINZOITIIONN

-2.831337000
-2.736499000
-0.759973000
-3.234935000
-3.497545000
-1.455153000
-0.697477000
0.023363000
-1.367756000
-0.001410000
-0.714517000
0.710057000
0.696689000
1.366993000
-0.023006000
-3.588114000
-4.954472000
-3.121787000
-4.907860000
-5.624821000
-5.524860000
-5.396812000
-6.700941000
3.586627000
4.953346000
3.119310000
4.909136000
5.625096000
5.522971000
5.399243000
6.701572000

-0.259735000
1.950820000
2.756238000
2.797240000
0.857041000

-0.205875000

-1.313891000

-0.846674000

-1.890395000

-2.178556000

-2.820055000

-2.823729000

-1.311950000

-1.887441000

-0.842217000

-1.374556000

-1.364848000

-2.248113000
0.829223000

-0.260817000

-2.229522000
1.684275000

-0.285472000

-1.376888000

-1.366864000

-2.250902000

0.829668000

-0.261156000

-2.232403000
1.685769000

-0.285108000

0.260394000
-0.778291000
-1.017320000
-1.233743000
-0.335936000

0.402482000

1.048279000

1.716877000

1.671316000
-0.001693000
-0.521687000

0.515962000
-1.048689000
-1.672681000
-1.716759000

0.674596000

0.510303000

1.101040000
-0.479072000
-0.061347000

0.825036000
-0.928091000
-0.172162000
-0.670965000
-0.509883000
-1.095129000
0.474258000
0.056905000
-0.823706000
0.919978000

0.164222000

-2.808680000
-2.803514000
-0.889057000
-3.344264000
-3.528480000
-1.428415000
-0.688598000
0.049844000
-1.369065000
-0.000223000
-0.717603000
0.717104000
0.688224000
1.368504000
-0.050252000
-3.504223000
-4.880277000
-2.982122000
-4.926897000
-5.600921000
-5.399597000
-5.462652000
-6.676269000
3.503828000
4.880084000
2.981569000
4.927273000
5.601119000
5.399324000
5.463323000
6.676652000

IZITZTOONOINONITIIONINANIINOIINIINZOIINN

-0.282792000
2.088423000
2.986796000
2.981235000
0.883000000
-0.194563000

-1.297132000

-0.834993000

-1.851998000

-2.186378000

-2.829487000

-2.829711000

-1.296907000

-1.851591000

-0.834385000

-1.488860000

-1.526941000

-2.400576000
0.810479000

-0.376910000

-2.465977000
1.708043000

-0.423896000

-1.489359000

-1.527230000

-2.401032000

0.810508000

-0.376906000

-2.466290000
1.708275000

-0.423657000

0.212096000
-0.401421000
-0.599617000
-0.689455000
-0.165512000

0.387879000

1.033022000

1.688103000

1.670332000

0.000205000
-0.513642000

0.513854000
-1.032335000
-1.670037000
-1.687162000

0.403333000

0.247080000

0.651842000
-0.313813000
-0.105144000

0.393773000
-0.599059000
-0.221240000
-0.402455000
-0.247766000
-0.650352000
0.311780000
0.102797000
-0.394541000
0.595828000

0.217286000

Geometries in gas phase at B3LYP/6-311++G(d,p) level of theory.

Compound 1

Oxidized

ITONOIINZIOTIITINNNNIITIITIITZOONNNN
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0.203190000
-0.022738000
-0.275142000
-0.278849000
-0.022738000

0.195390000
-0.476076000

0.391246000
-0.012255000
-0.501469000

0.022738000

0.278849000
-0.203190000

0.275142000

0.501469000
-0.391246000

0.476076000

0.022738000

0.012255000
-0.195390000
-0.455961000
-0.254140000
-1.510494000
0.455961000

0.254140000

1.510494000

2.752968000
3.515950000
2.869643000
1.475849000
0.738492000
1.403537000
3.440566000
3.189405000
4.595525000
0.967680000
-0.738492000
-1.475849000
-2.752968000
-2.869643000
-0.967680000
-3.189405000
-3.440566000
-3.515950000
-4.595525000
-1.403537000
-0.604447000
-1.228138000
-0.317793000
0.604447000
1.228138000
0.317793000

0.803744000
-0.327467000
-1.533613000
-1.579866000
-0.431443000

0.743081000
-2.432358000

1.775985000
-0.249889000
-2.507507000
-0.431443000
-1.579866000

0.803744000
-1.533613000
-2.507507000

1.775985000

-2.432358000
-0.327467000
-0.249889000

0.743081000
1.968642000
2.837367000
1.974851000

1.968642000

2.837367000

1.974851000

Reduced

0.077761000
-0.077761000
-0.193823000
-0.161338000
-0.007851000

0.118892000
-0.323737000

0.180919000
-0.114008000
-0.285124000

0.007851000

0.161338000
-0.077761000

0.193823000

0.285124000
-0.180919000

0.323737000

0.077761000

0.114008000
-0.118892000
-0.412169000
-0.163297000
-1.481049000
0.412169000

0.163297000

1.481049000

IZINITZNZINIIINONONOIIITZIZONNNON

2.773099000
3.525953000
2.864348000
1.495211000
0.713222000
1.405515000
3.438316000
3.206317000
4.603467000
0.994450000
-0.713222000
-1.495211000
-2.773099000
-2.864348000
-0.994450000
-3.206317000
-3.438316000
-3.525953000
-4.603467000
-1.405515000
-0.638496000
-1.247601000
-0.404328000
0.638496000
1.247601000
0.404328000

0.815094000
-0.309484000
-1.559966000
-1.612506000
-0.440156000
0.765137000
-2.468515000
1.800971000
-0.232027000
-2.561691000
-0.440156000
-1.612506000
0.815094000
-1.559966000
-2.561691000
1.800971000
-2.468515000
-0.309484000
-0.232027000
0.765137000
1.980789000
2.849202000
2.013472000
1.980789000
2.849202000
2.013472000



Annex A: NMR, RDE, solubilities, DFT calculation, and cell
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Compound 2
Oxidized Reduced

-2.790491000  0.513604000 -0.449510000 C 2.805054000  0.573554000  0.274008000
-3.513582000  -0.540600000  0.082709000 3.521927000 -0.515659000  -0.122330000
-2.829214000 -1.636199000  0.595187000 2.830021000 -1.716094000  -0.420837000
-1.432597000  -1.644052000  0.567912000 1.459141000 -1.739619000 -0.355111000
-0.742783000  -0.568969000  0.031693000 0.717344000  -0.593848000  0.006587000
-1.440794000  0.493269000  -0.475835000 1.440800000  0.541895000  0.379522000
-3.368446000  -2.476059000  1.017040000 3.375158000 -2.597949000 -0.730603000
-3.265098000  1.387920000 -0.874810000 3.270427000  1.510664000  0.546703000
-4.594882000  -0.492129000  0.084849000 4.598175000  -0.449195000 -0.194100000
-0.877547000  -2.477060000  0.979206000 0.916730000 -2.628699000 -0.645641000
0.742812000 -0.568944000 -0.031665000 -0.717381000  -0.593846000 -0.006483000
1.432619000  -1.644029000 -0.567973000 -1.459215000 -1.739589000  0.355113000
2.790541000  0.513650000  0.449508000 -2.805065000  0.573639000  -0.273995000
2.829212000 -1.636192000 -0.595133000 -2.830094000 -1.716059000  0.420764000
0.877553000  -2.476974000 -0.979363000 -0.916782000 -2.628664000  0.645634000
3.265046000  1.388178000  0.874469000 -3.270374000  1.510831000 -0.546575000
3.368498000 -2.475820000 -1.017380000 -3.375314000  -2.597872000  0.730488000
3.513593000  -0.540609000  -0.082569000 -3.521950000  -0.515579000  0.122267000
4.594905000 -0.492327000 -0.084484000 -4.598203000 -0.449136000  0.193981000
1440793000  0.493304000  0.475762000 -1.440785000  0.542003000 -0.379397000
0.693029000  1.638415000  1.072811000 -0.740564000  1.670286000 -1.016103000
-0.022254000  1.213392000  1.778000000 -0.044290000  1.245176000  -1.742239000
1.399913000  2.233769000  1.646034000 -1.473946000  2.251378000 -1.572066000
-0.000076000  2.483365000  0.000034000 0.000143000  2.538794000  -0.000100000
0.717000000  3.133386000  -0.506700000 -0.696756000  3.186022000  0.538190000
-0.717194000  3.133347000  0.506722000 0.697265000  3.185626000 -0.538561000
-0.693043000  1.638419000 -1.072840000 0.740590000  1.670342000  1.016150000
-1.399956000  2.233719000  -1.646082000 1.473971000  2.251310000  1.572221000
0.022348000  1.213481000 -1.777967000 0.044135000  1.245289000  1.742113000

IZTONIIOITIONOZINITIIONONONOOANOIII T ZONNNN
IZTNIINITZINZINIIZIINANONOANAIIITZIZONNN

Compound 3
Oxidized Reduced

2.829710000  0.201281000  0.515761000 2.811599000  0.333076000  0.268753000
3.506682000 -0.787104000 -0.175013000 3.511863000 -0.731913000 -0.210193000
2.776451000 -1.780905000 -0.816791000 2.810179000 -1.920546000 -0.534654000
1.383127000 -1.749141000 -0.748240000 1.442331000 -1.941258000  -0.422060000
0.742282000 -0.734120000  -0.054344000 0.717900000  -0.809355000  0.010450000
1.478472000  0.225283000  0.576320000 1449303000  0.300039000  0.428647000
3.277384000 -2.571867000 -1.362180000 3.341941000 -2.788417000 -0.901605000
3.344017000  0.991821000  1.045820000 3.292247000  1.251248000  0.577530000
4.588793000 -0.772215000  -0.194289000 4.584612000  -0.659438000  -0.320493000
0.787021000  -2.506501000  -1.240687000 0.882488000 -2.810807000  -0.738829000
-0.741922000 -0.734419000  0.053926000 -0.717906000  -0.809400000  -0.010505000
-1.382350000  -1.749733000  0.747814000 -1.442323000 -1.941368000  0.421737000
-2.829718000  0.200740000  -0.515260000 -2.811618000  0.333199000 -0.268311000
-2.775649000  -1.781726000  0.816824000 -2.810164000 -1.920634000  0.534520000
-0.785953000  -2.507082000  1.239919000 -0.882520000 -2.811061000  0.738197000
-3.344275000  0.991339000  -1.044999000 -3.292270000  1.251469000 -0.576788000
-3.276297000 -2.572907000  1.362158000 -3.341880000  -2.788600000  0.901307000
-3.506285000 -0.787832000  0.175621000 -3.511844000 -0.731874000  0.210518000
-4.588388000 -0.773067000  0.195436000 -4.584566000 -0.659356000  0.321052000
-1.478522000  0.224854000 -0.576383000 -1.449350000  0.300126000  -0.428469000
-0.839682000  1.353733000 -1.330985000 -0.846197000  1.386742000  -1.239644000
0.083396000  0.979087000  -1.772549000 0.075389000  1.004549000 -1.677728000
-1.518785000  1.583415000 -2.149830000 -1.536759000  1.569604000 -2.063356000
0.839093000  1.354097000  1.330773000 0.846079000  1.386780000  1.239592000
1518150000  1.584143000  2.149558000 1.536580000  1.569752000  2.063307000
-0.083719000  0.978978000  1.772550000 -0.075608000  1.004727000  1.677561000
-0.624736000  2.585821000 -0.444610000 -0.620422000  2.676211000  -0.448385000
-0.562342000  3.449140000 -1.111399000 -0.545095000  3.501831000 -1.160517000
-1.521988000  2.741794000  0.162366000 -1.514545000  2.873359000  0.151508000
0.623357000  2.586126000  0.444479000 0.620554000  2.676177000  0.448080000
1.520604000  2.742612000 -0.162417000 1.514724000  2.873034000 -0.151842000
0.560568000  3.449438000  1.111251000 0.545388000  3.501922000  1.160067000

IIZINIITZTONITIOIIONZINIIIOONOOONOITITIITZONNNN
IIZINITIINIIONOITIONZINIIIONANANOANTIIIZIIZZONONNNN
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Compound 4
Oxidized

C 2.789168000  0.575834000
C 3.545144000 -0.472858000
C 2.837035000 -1.568876000
C 1.445755000 -1.581669000
C 0.741306000  -0.505886000
N 1.438313000  0.554024000
H 3.375412000  -2.414560000
H 3.251514000  1.456743000
H 0.899775000  -2.420276000
C  -0.741308000 -0.505884000
C  -1.445760000 -1.581667000
C  -2.789169000  0.575839000
C  -2.837037000 -1.568870000
H  -0.899780000 -2.420272000
H  -3.251509000  1.456753000
H -3.375421000  -2.414550000
C  -3.545145000 -0.472849000
N  -1.438310000 0.554024000
C  -0.690263000  1.699695000
H 0.028949000  1.275764000
H  -1.395067000  2.294989000
C 0.000002000  2.545372000
H  -0.718617000  3.195073000
H 0.718620000  3.195075000
C 0.690268000  1.699694000
H 1.395072000  2.294990000
H  -0.028945000  1.275766000
C  -5.043039000 -0.420225000
H  -5.429214000 -0.530630000
H  -5.418472000 0.516188000
H -5.449389000 -1.243781000
C 5.043038000 -0.420220000
H 5.429216000 -0.530556000
H 5.418459000  0.516171000
H 5.449400000  -1.243806000
Compound 5
Oxidized

C 2.717059000  0.901497000
C 3.490436000 -0.146700000
C 2.889889000  -1.265008000
C 1.488057000 -1.248214000
C 0.741715000 -0.179079000
N 1.370132000  0.886364000
H 3.145285000  1.775257000
H 0.975069000  -2.075092000
C -0.741718000  -0.179080000
C  -1.488059000 -1.248214000
C  -2.717062000  0.901498000
C -2.889893000 -1.265007000
H -0.975071000 -2.075091000
H  -3.145289000  1.775259000
C  -3.490440000 -0.146700000
N -1.370136000  0.886365000
C -0.562763000  2.030833000
H 0.231893000  1.609858000
H  -1.200048000  2.623913000
C -0.000001000  2.878519000
H  -0.772071000  3.528206000
H 0.772070000  3.528205000
C 0.562760000  2.030832000
H 1.200044000  2.623911000
H  -0.231897000  1.609857000
C 3.697715000  -2.428065000
H 4.651784000 -2.103484000
H 3.926080000  -3.079410000
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0.464739000
-0.050880000
-0.557616000
-0.544342000
-0.023630000
0.481030000
-0.970816000
0.889989000
-0.956274000
0.023631000
0.544345000
-0.464740000
0.557616000
0.956279000
-0.889988000
0.970817000
0.050876000
-0.481029000
-1.073733000
-1.775448000
-1.649347000
0.000000000
0.504832000
-0.504830000
1.073733000
1.649346000
1.775449000
0.048393000
1.065051000
-0.362900000
-0.545155000
-0.048396000
-1.065059000
0.362959000
0.545104000

0.755918000
0.305053000
-0.287527000
-0.403659000
0.054429000
0.637979000
1.228751000
-0.877832000
-0.054429000
0.403659000
-0.755916000
0.287528000
0.877832000
-1.228747000
-0.305048000
-0.637979000
-1.144707000
-1.761756000
-1.796597000
0.000000000
0.418614000
-0.418614000

1.144707000
1.796598000
1.761755000
-0.759475000
-1.177997000
0.093126000

Reduced

2.802322000
3.547924000
2.841423000
1.471327000
0.717047000
1.431974000
3.392367000
3.255208000
0.939998000
-0.717042000
-1.471312000
-2.802326000
-2.841408000
-0.939980000
-3.255218000
-3.392345000
-3.547917000
-1.431982000
-0.720732000
-0.009004000
-1.443218000
-0.000017000
-0.707657000
0.707613000
0.720713000
1.443196000
0.008994000
-5.045813000
-5.389164000
-5.425060000
-5.497568000
5.045823000
5.389223000
5.425054000
5.497548000

IZTIZIOIIIZINIIZIOIINIINZOIIIONNONI I IZONNNON

Reduced

2.773709000
3.512139000
2.857011000
1.481068000
0.714301000
1.406044000
3.224625000
0.954329000
-0.714301000
-1.481068000
-2.773709000
-2.857012000
-0.954329000
-3.224625000
-3.512139000
-1.406044000
-0.664997000
0.082976000
-1.358051000
0.000000000
-0.734241000
0.734242000
0.664997000
1.358051000
-0.082976000
3.663598000
4.322788000
4.303495000

IZINITZTNITZONIINZOIINONONIIZOOONN

0.629646000
-0.452420000
-1.651088000
-1.678343000
-0.535503000

0.596561000
-2.536045000

1.571547000
-2.571113000
-0.535513000
-1.678360000

0.629642000
-1.651104000
-2.571138000

1.571548000

-2.536070000
-0.452429000

0.596549000

1.725245000

1.302170000

2.306558000

2.594078000

3.241050000

3.241065000

1.725252000

2.306579000

1.302173000
-0.391006000
-0.607625000

0.591281000
-1.134988000
-0.391002000
-0.607693000

0.591307000
-1.134936000

0.976201000
-0.115983000
-1.331910000
-1.327854000
-0.179241000

0.958429000

1.910070000
-2.212150000
-0.179241000
-1.327854000

0.976201000
-1.331910000
-2.212150000

1.910070000
-0.115983000

0.958429000

2.088186000

1.666094000

2.668491000

2.957712000

3.604784000

3.604783000
2.088187000

2.668491000

1.666096000
-2.543918000
-2.333978000
-2.837048000

0.332844000
-0.040745000
-0.347686000
-0.316284000
0.024498000
0.408982000
-0.641997000
0.611605000
-0.616475000
-0.024539000
0.316232000
-0.332820000
0.347666000
0.616393000
-0.611558000
0.641963000
0.040778000
-0.409011000
-1.030438000
-1.742769000
-1.600315000
-0.000015000
0.524547000
-0.524570000
1.030408000
1.600274000
1.742746000
0.119468000
1.134977000
-0.164280000
-0.542382000
-0.119366000
-1.134843000
0.164326000
0.542558000

0.487874000
0.154321000
-0.202363000
-0.239052000
0.059939000
0.482009000
0.794639000
-0.571758000
-0.059939000
0.239052000
-0.487873000
0.202363000
0.571757000
-0.794637000
-0.154320000
-0.482009000
-1.066008000
-1.740707000
-1.672427000
-0.000001000
0.486538000
-0.486540000

1.066008000
1.672426000
1.740706000
-0.557918000
-1.405677000
0.279840000
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H 3.162932000 -3.023371000  -1.499234000 H 3.028436000  -3.390788000  -0.817565000
C  -3.697704000 -2.428076000  0.759471000 C  -3.663598000 -2.543918000  0.557918000
H  -4.651964000 -2.103561000  1.177601000 H  -4.322798000 -2.333975000  1.405668000
H  -3.925662000 -3.079659000 -0.093060000 H  -4.303485000 -2.837054000 -0.279846000
H  -3.163067000 -3.023133000  1.499537000 H  -3.028437000 -3.390785000  0.817575000
H 4.565371000  -0.087497000  0.421521000 H 4.591673000  -0.050505000  0.172773000
H H

-4.565374000  -0.087494000 -0.421512000 -4.591673000  -0.050504000 -0.172770000

Compound 6
Oxidized Reduced

1.492192000  -0.991041000  0.338443000 -1.344746000 -0.954861000 -0.162786000
0.739185000  0.072398000  -0.085586000 -0.718430000  0.286003000  0.103878000
2.682427000  1.155270000 -0.876396000 -2.926182000  1.170410000  0.444315000
3.487416000  0.118395000 -0.472386000 -3.537322000 -0.025307000  0.223810000
2.897496000  -1.000072000  0.148959000 -2.712466000  -1.135738000  -0.104764000
1.028116000 -1.831142000  0.837159000 -0.746183000  -1.789893000  -0.490934000
3.089824000  2.029097000 -1.367204000 -3.500744000  2.054852000  0.680352000
4.551306000  0.185781000  -0.647049000 -4.612390000  -0.087556000  0.282646000
-0.739185000  0.072398000  0.085586000 0.722443000  0.331490000  0.102976000
-1.492192000  -0.991041000 -0.338443000 1.387817000 -0.885459000  0.405649000
-2.682427000  1.155270000  0.876396000 2.859461000  1.130695000  -0.643395000
-2.897496000  -1.000072000  -0.148959000 2.718624000 -1.112798000  0.134501000
-1.028116000  -1.831142000 -0.837159000 0.836093000 -1.675612000  0.891927000
-3.487416000  0.118395000  0.472386000 3.472437000 -0.069801000  -0.473765000
-3.089824000  2.029097000  1.367204000 3.413694000  1.979140000 -1.020637000
-4.551306000  0.185781000  0.647048000 4.506881000 -0.178817000  -0.759058000
-1.340376000  1.145885000  0.699501000 1549789000  1.391575000  -0.346989000
1.340376000  1.145885000 -0.699501000 -1.577282000  1.353003000  0.393714000
0.511122000  2.287412000 -1.167704000 -1.055208000  2.678638000  0.725584000
1.116707000  2.880905000  -1.848993000 -1.911252000  3.320273000  0.921404000
-0.311663000  1.868715000  -1.748557000 -0.477549000  2.607208000  1.654614000
0.000000000  3.136534000  0.000000000 -0.199215000  3.242513000 -0.399872000
0.790828000  3.786101000  0.382452000 -0.612370000  2.952840000 -1.369570000
-0.790828000  3.786101000  -0.382452000 -0.225011000  4.334040000 -0.352746000
-0.511122000  2.287412000  1.167704000 1.251337000  2.841108000 -0.263252000
0.311663000  1.868715000  1.748557000 1.840080000  3.322052000  -1.043778000
-1.116707000  2.880905000  1.848993000 1625615000  3.200981000  0.702704000
-3.529044000 -2.058516000  -0.580542000 3.222689000  -2.302100000  0.485558000
3.529044000 -2.058516000  0.580542000 -3.176211000  -2.352787000  -0.408479000
4.973978000 -2.176697000  0.442662000 -4.592102000 -2.589373000  -0.415078000
5.464024000 -1.374852000  0.996166000 -5.088004000 -1.953002000 -1.151899000
5.216184000 -3.139624000  0.880649000 -4.707791000  -3.632543000 -0.696127000
5.245871000 -2.161644000 -0.613406000 -5.016886000  -2.428091000  0.578490000
-4.973978000 -2.176697000  -0.442662000 4.612785000 -2.574927000  0.255898000
-5.216184000 -3.139624000 -0.880648000 4.775443000 -3.579887000  0.635810000
-5.245871000 -2.161643000  0.613406000 4.843225000 -2.545596000 -0.811756000
-5.464025000 -1.374852000 -0.996166000 5.242380000 -1.868894000  0.802663000

IIZTINIIINOOO0OTITINIINIIONZZITININNANANIITIIONNONN
IIZIINIIINOOITINIINIINZZITZININNNANTIIZIIONNNN

Compound 7
Oxidized Reduced

C  -2.630476000  1.490563000 -0.981970000 C  -2.718078000  1.564835000 -0.702063000
C  -3.455039000  0.452375000 -0.595925000 C  -3.489840000  0.483311000 -0.408908000
C  -2.908678000 -0.631438000  0.091642000 C  -2.866031000 -0.706196000  0.052992000
C  -1.535508000 -0.633300000  0.367714000 C  -1.495053000 -0.721340000  0.202364000
C  -0.736194000  0.412901000 -0.064073000 C  -0.708180000  0.409286000 -0.082188000
N -1.300826000  1.462209000 -0.733737000 N -1.353679000  1.537418000 -0.577676000
H  -2.999680000  2.353226000 -1.520575000 H  -3.133394000 2.491888000 -1.071959000
H  -1.079069000 -1.458185000  0.900945000 H  -0.984040000 -1.603614000  0.565226000
C 0.735980000  0.381064000  0.144050000 C 0.718925000  0.395144000  0.127522000

C 1.476425000 -0.731424000 -0.219664000 C 1.478846000 -0.751911000 -0.147237000
C 2.697256000  1.444942000  0.930611000 C 2.757268000  1.537282000  0.685305000

C 2.858314000 -0.751071000 -0.002808000 C 2.853534000  -0.747245000 -0.026209000
H 0.990476000 -1.576577000 -0.688912000 H 0.980944000  -1.634630000 -0.522290000
H 3.115137000  2.327722000  1.396141000 H 3.191807000  2.466450000  1.026614000
C 3.472075000  0.355750000  0.574909000 C 3.508741000  0.444281000  0.379230000

N 1362518000  1.451421000  0.722390000 N 1.388950000  1.520080000  0.603306000
C 0.553256000  2.635925000  1.132389000 C 0.615467000  2.660275000  1.125051000
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H -0.285788000  2.255953000
H 1.164645000  3.241787000
C 0.080641000  3.446853000
H 0.891285000  4.063429000
H -0.698958000  4.129244000
C -0.430531000  2.570678000
H -1.008707000  3.154818000
H 0.388713000  2.105666000
H -4.506805000  0.478894000
H 4.541797000  0.359649000
C 3.727279000 -1.933137000
O 4.909881000  -1.923453000
O 2.996625000 -2.917428000
H 3.571246000 -3.666618000
C -3.771706000  -1.853932000
O  -3.811282000 -2.357362000
H -3.475308000 -1.759077000
O -4.325148000 -2.344987000
Compound 8
Oxidized

C 2.841466000 -0.267311000
C 3.511443000  0.861859000
C 2.749123000  1.956563000
C 1.372792000  1.943302000
C 0.741640000  0.843150000
N 1.461157000 -0.211285000
H 3.247560000  2.810192000
H 0.772155000  2.764370000
C -0.741686000  0.843151000
C -1.372866000  1.943289000
C -2.841478000 -0.267353000
C -2.749196000  1.956515000
H -0.772257000  2.764383000
H -3.247658000  2.810137000
C -3.511483000  0.861788000
N -1.461174000 -0.211297000
C -0.706706000  -1.318723000
H 0.010004000 -0.851985000
H -1.381154000 -1.895173000
C 0.000005000  -2.186726000
H -0.708744000 -2.833645000
H 0.708748000 -2.833668000
C 0.706742000 -1.318731000
H 1.381224000 -1.895200000
H -0.009944000 -0.852014000
C -3.599152000 -1.384298000
C -4.969149000 -1.367464000
H -3.138433000 -2.266979000
C -4.923597000  0.839657000
C -5.641477000 -0.253500000
H -5.541973000  -2.234004000
H -5.416711000  1.700753000
H -6.719061000 -0.273313000
C 3.599223000 -1.384284000
C 4.969227000 -1.367470000
H 3.138573000 -2.266991000
C 4.923600000  0.839720000
C 5.641516000 -0.253498000
H 5.542075000  -2.234030000
H 5.416684000 1.700761000
H 6.719090000 -0.273336000
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1.716518000
1.797169000
-0.077923000
-0.473106000
0.268552000
-1.224901000
-1.937063000
-1.774915000
-0.852878000
0.747695000
-0.379803000
-0.200679000
-0.908045000
-1.143747000
0.350100000
1.584010000
2.265379000
-0.586269000

-0.251527000
0.329697000
0.762697000
0.643434000
0.066444000
-0.393243000
1.207677000
1.008887000
-0.066463000
-0.643444000
0.251503000
-0.762723000
-1.008884000
-1.207693000
-0.329743000
0.393227000
1.043224000
1718518000
1.664065000
-0.000027000
-0.522066000
0.521990000
-1.043261000
-1.664052000
-1.718593000
0.651823000
0.495980000
1.067528000
-0.464120000
-0.054891000
0.803362000
-0.898393000
-0.155930000
-0.651864000
-0.495881000
-1.067612000
0.464099000
0.055012000
-0.803168000
0.898520000
0.156154000

-0.179728000
1.268510000
0.034667000
0.806263000
-0.728640000
-0.555234000
-1.194450000
0.235189000
-4.562113000
4.586870000
3.687933000
4.889334000
2.943996000
3.544279000
-3.742220000
-3.300156000
-2.570816000
-4.782180000

OZIO0ONITOO0ONIIITNITITNIIE

Reduced

2.814133000
3.533553000
2.807286000
1.445050000
0.719625000
1.430688000
3.348499000
0.892926000
-0.719643000
-1.445081000
-2.814090000
-2.807321000
-0.892953000
-3.348545000
-3.533584000
-1.430717000
-0.694130000
0.043175000
-1.377767000
-0.000087000
-0.716720000
0.716429000
0.693884000
1.377358000
-0.043458000
-3.509675000
-4.886447000
-2.989165000
-4.932332000
-5.606534000
-5.407899000
-5.469544000
-6.682234000
3.509895000
4.886673000
2.989417000
4.932311000
5.606620000
5.408246000
5.469501000
6.682309000

ITZIZTONIZTONIIINNIONONIINIZIINOIINZOIINNNNITZZONNNON

2.248107000
3.240868000
3.524784000
4.164808000
4.178937000
2.658740000
3.243659000
2.224676000
0.517988000
0.474322000
-1.939472000
-1.942248000
-3.001718000
-3.738740000
-1.905224000
-2.850681000
-2.535750000
-2.027946000

-0.285211000
0.883059000
2.086682000
2.098274000
0.934535000
-0.196282000
2.980125000
2.984767000
0.934523000
2.098281000
-0.285200000
2.086725000
2.984758000
2.980223000
0.883087000
-0.196256000
-1.296439000
-0.835570000
-1.851156000
-2.187538000
-2.831818000
-2.831958000
-1.296509000
-1.851303000
-0.835631000
-1.490141000
-1.525672000
-2.404303000
0.812790000
-0.373650000
-2.463697000
1.711325000
-0.418783000
-1.490223000
-1.525669000
-2.404345000
0.812840000
-0.373540000
-2.463662000
1.711429000
-0.418655000

1.750014000
1.773643000
0.005865000
-0.428752000
0.434015000
-1.106711000
-1.764907000
-1.722782000
-0.538871000
0.449606000
-0.346350000
-0.274441000
-0.716230000
-0.909222000
0.284671000
1.141872000
1.688953000
-0.297288000

-0.207523000
0.163506000
0.399774000
0.331983000
-0.018182000
-0.382231000
0.686022000
0.608427000
0.018004000
-0.332111000
0.207353000
-0.399652000
-0.608598000
-0.685695000
-0.163337000
0.382110000
1.029721000
1.688219000
1.665181000
0.000120000
-0.514973000
0.515191000
-1.029613000
-1.665135000
-1.688049000
0.394643000
0.243205000
0.639233000
-0.306777000
-0.100602000
0.388353000
-0.586302000
-0.211383000
-0.394761000
-0.243207000
-0.639495000
0.306888000
0.100598000
-0.388118000
0.586240000
0.211562000
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Cell testing of bipyridines
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Figure S26: Electrochemical impedance spectroscopy before and after cycling (a)
Compound 2 vs TEMPOL, (b) Compound 4 vs TEMPOL.
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Figure S27: Long term cycling profile of capacity, coulombic, voltage and energy
efficiencies vs cycle number of the battery at 100 mA/cm? (a) Compound 2 vs TEMPOL,
(b) Compound 4 vs TEMPOL.
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Degradation of bipyridinium electrolytes

o
R
3
29 o Nondmmm oo ol e a@w
% # SEoReQe G DY = Qin i
GBS B BBBNNNN e <|¢ < NI
N e N N / S
|
|
1 1
| i
I M i
43 3 2 T Y Y g
8 N 5 8 N 5 by 8
s 5 4 4 4 I - N
T T T
00 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 O

f1 (ppm)

Figure $28: 'H NMR spectrum of compound 2b.
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Figure S29: 1*C NMR spectrum of compound 2b.
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Figure S30: 1*C DEPT 135 spectrum of compound 2b.

2
B @ Gt
3
§
L4
® i
@ i
B s
E
g
6
g o
-7
E}‘ 7
0 @ @ 8
o
! il °

5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
2 (ppm)

Figure S31: Bidimensional H-'H COSY spectrum of compound 2b.
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Figure S32: Bidimensional !H-*C HSQC spectrum of compound 2b.
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Figure S33: Bidimensional 'H-*C HMBC spectrum of compound 2b.
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Figure S34: Bidimensional 'H-"*N HMBC spectrum of compound 2b.
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6,7,8,13a-tetrahydrodipyrido[1,2-a’:2,1’-c] diazepin-5-ium bromide (2b). The title product was
10 obtained after 1 electron charging process of compound 2 and
17 \?Br_ subsequent isolation. 'H NMR (300 MHz, D,O) 6 8.93 — 8.88 (m, 2H,

il N—g  CHCH), 859 (tt, J= 7.9, 1.4 Hz, 1H, C"'H), 8.14 - 8.05 (m, 2H, C*H,
H (13 >7 CI°H), 7.72 — 7.59 (m, 2H, C?H ,C*H or C*H), 6.67 — 6.60 (m, 1H, C'H),

2 \—)g 062654 (m, 1H, C’H C'Hor C'H), 478 - 471 (m, 2H, C°H), 419 (¢
[ J = 6.9 Hz, 2H, C®H), 2.58 (p, J = 7.1 Hz, 2H, C'H). *C NMR (75 MHz,
3N=5 D;0) § 164.00 (C'%), 145.97 (C'1), 144.26 (x 2C, C?, C?), 142.45 (C? ,C° or
42b C*), 138.60 (C2 ,C? or C%), 128.34 (x 2C, C'2, C), 119.23 (C? ,C? or C¥),

210.2 (N+), 174.9 (N).

109.69 (C'), 59.05 (C?), 46.84 (Cf), 29.76 (C7). SN NMR (50 MHz, D0) 6
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Electrochemical characterization of Nas[Fe(CN)¢] and AQDS
systems
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Figure S35: CV of 10 mM AQDS solution measured on glassy carbon working electrode
(WE) at different pH values.
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Figure S36: RDE analysis of AQDS electrolyte on glassy carbon working electrode: (a) LSV
scans with rotating disc working electrode; (b) Levich analysis of the reduction limiting
currents; (c) Koutecky-Levich plot (d) and Tafel-plot for different overpotentials.
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Figure S37: RDE analysis of Nas[Fe(CN)s] electrolyte on glassy carbon working electrode:
(a) LSV scans with rotating disc working electrode; (b) Levich analysis of the oxidation
limiting currents; (c) Koutecky-Levich plot (d) and Tafel-plot for different overpotentials.
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Figure S38: UV-Vis calibration curves at different wavelengths for the (a) AQDS and (b)
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Single-cell details of Nas[Fe(CN)s] and AQDS systems
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Figure S39: (a) Ecan vs Capacity plot at different current densities (20, 40, 60, 80 and 100
mA/cm?) for the battery using 0.08 M AQDS in 1 M acetate buffer 1 M (pH 4.5) vs 0.2 M
Nas[Fe(CN)s] in acetate buffer 1 M (pH 4.5) as electrolytes and N212® activated
membrane inside homemade glovebox. (b) Coulombic, Voltage, Energy Efficiencies and
Quiscanrge for the battery cycle 100 cycles at 100 mA/cm? using 0.08 M AQDS in acetate buffer
1 M (pH 4.5) vs 0.2 M Na4Fe(CN)s] in acetate buffer 1 M (pH 4.5) as electrolytes and
N212® activated membrane inside homemade glovebox.
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Figure S40: (a) Ecan vs Capacity plot at different current densities (20, 40, 60, 80 and 100
mA/cm?) for the battery using 0.08 M AQDS in 1 M phosphate buffer 1 M (pH 7.5) vs
0.2 M Na4[Fe(CN)s] in phosphate buffer 1 M (pH 7.5) as electrolytes and N212® activated
membrane inside homemade glovebox. (b) Coulombic, Voltage, Energy Efficiencies and
Quiscanrge for the battery cycle 100 cycles at 100 mA/cm? using 0.08 M AQDS in phosphate
buffer 1 M (pH 7.5) vs 0.2 M NasFe(CN)s] in phosphate buffer 1 M (pH 7.5) as
electrolytes and N212® activated membrane inside homemade glovebox.
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Figure S41: (a) Eca vs Capacity plot at different current densities (20, 40, 60, 80 and 100

mA/cm?) for the battery using 0.08 M AQDS in 1 M carbonate buffer 1 M (pH 10.5) vs

0.2 M Na4[Fe(CN)e] in carbonate buffer 1 M (pH 10.5) as electrolytes and N212® activated
membrane inside homemade glovebox. (b) Coulombic, Voltage, Energy Efficiencies and
Quiscanrge for the battery cycle 100 cycles at 100 mA/cm? using 0.08 M AQDS in carbonate
buffer 1 M (pH 10.5) vs 0.2 M Na4Fe(CN)s] in carbonate buffer 1 M (pH 10.5) as
electrolytes and N212® activated membrane inside homemade glovebox.
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Table S1: Coulombic, voltage, energy efficiencies and capacity decay at different
current densities for the battery at different pH.

oH I CE VE EE CU ngsg;ty Capacity decay
(mA/cm?) | (%) (%) (%) (%) (mAh/cycle) (%Qtheo./ cycle)
20 96.8 | 70.0 | 67.8 | 89.4 -0.962 -1.12
40 99.8 | 47.1 | 47.0 | 81.2 -0.06 -0.07
pH 4 60 100 | 32.1 | 32.1 | 75.2 0.036 0.04
80 100 | 21.2 | 21.2 | 65.6 0.022 0.03
100 (100c) | 100 | 12.2 | 12.2 | 53.3 -0.049 -0.06
20 99.4 | 81.8 | 81.3 | 87.3 -0.192 -0.22
40 99.8 | 66.3 | 66.2 | 83.7 -0.045 -0.05
pH7 60 100 | 54.1 | 54.1 | 81.2 0.01 0.01
80 100 | 44.0 | 440 | 779 0.045 0.05
100 (100c) | 100 | 34.1 | 34.1 | 745 -0.028 -0.03
20 98.9 | 88.0 | 87.0 | 89.5 0.142 0.17
40 99.7 | 79.0 | 78.7 | 83.5 -0.153 -0.18
pH 10 60 99.8 | 699 | 69.8 | 785 -0.157 -0.18
80 999 | 614 | 614 | 725 -0.071 -0.08
100 (100c) | 999 | 534 | 534 | 66.7 -0.092 -0.11

Table S2: Coulombic, voltage, energy efficiencies and capacity decay at different
current densities for the battery exposed to different concentrations of O..

02 I CE VE EE CU Capacity Capacity decay
(mA/ | (%) (%) (%) | (%) decay (%Qtneo./ cycle)
cm?) (mAh/cycle)
Exposed to 20 79.3 84.0 | 66.6 41.1 -4.01 -6.00
atmospheric O2 40 90.2 65.8 | 59.3 10.5 -0.51 -0.76
concetrations 60 92.0 48.3 | 444 4.5 -0.234 -0.35
80 62.3 1.14 | 0.77 2.3 -1.3 1.87
100 -—- -—- -—- - -—- -
(100c)
Home-made 20 97.8 90.0 | 88.1 59.1 -0.81 -1.2
glovebox 40 99.7 83.1 | 82.8 53.1 -0.17 -0.26
60 99.7 75.2 | 75.0 50.4 -0.13 -0.29
80 99.7 67.6 | 67.5 48.1 -0.12 -0.18
100 99.8 60.3 | 60.1 44.9 -0.09 -0.14
(100c)
Commercial 20 99.5 69.5 | 69,1 93.2 -0.° -0.44
glovebox 40 99.0 82.8 | 82.0 85.7 -0.392 -0.58
60 99.3 76.7 | 76.1 80.2 -0.29 -0.43
80 99.5 69.5 | 69.1 74.2 -0.071 -0.08
100 99.6 63.1 | 63.9 67.4 -0.062 -0.09
(100c)
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Table S3: Coulombic, voltage, energy efficiencies and capacity decay at different
current densities for the battery using the activated or non-activated membrane.

Membrane I CE VE EE CuU ng:;;y Capacity decay
2 0, 0, 0, 0, 0,
(mA/cm?) | (%) | (%) | (%) | (%) (mAh/cycle) (%Qtheo./ cycle)
20 97.8 | 90.0 | 88.1 | 59.1 -0.81 -1.2
40 99.7 | 83.1 | 82.8 | 53.1 -0.17 -0.26
Y- 60 99.7 | 75.2 | 75.0 | 50.4 -0.13 -0.29
80 99.7 | 67.6 | 67.5 | 48.1 -0.12 -0.18
100
(100¢) 99.8 | 60.3 | 60.1 | 44.9 -0.09 -0.14
20 97.8 | 89.0 | 87.0 | 48.4 -1.09 -1.63
40 99.8 | 79.0 | 78.9 | 40.6 -0.1 -0.15
NON- 60 99.9 | 69.6 | 69.5 | 38.6 -0.05 -0.07
activated 80 99.8 | 61.3 | 61.2 | 36.4 -0.05 -0.07
100
(100c) 99.8 | 52.9 | 52.8 | 32.7 -0.05 -0.07

Table S4: Coulombic, voltage, energy efficiencies and capacity decay at different
current densities for the battery being the catholyte and the anolyte the capacity

limiting side.

cLs I CE | VE | EE | cU ngzgy Capacity decay
2 0 0, 0 0 0,
(mA/cm?) | (%) | (%) | (%) | (%) (mAh/cycle) (%Qtmeo./cycle)
20 97.8 | 90.0 | 88.1 | 59.1 2081 1.2
40 99.7 | 83.1 | 82.8 | 53.1 20.17 20.26
e 60 99.7 | 75.2 | 75.0 | 50.4 20.13 2029
80 99.7 | 67.6 | 67.5 | 48.1 0.12 -0.18
100
(100g) | 998 | 603 | 601 | 449 -0.09 -0.14
20 98.0 | 91.5 | 89.7 | 89.0 0.283 0.33
40 99.0 | 85.1 | 84.3 | 83.4 2021 -0.24
Catholvie 60 99.3 | 789 | 784 | 78.7 2028 2032
y 80 99.6 | 72.7 | 72.4 | 73.3 | -0.164 20.19
100
(100 | 997 | 666 | 664 | 675 |  -0.151 -0.18
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'H and *C NMR spectra of (SPr);4TpyTz

2,4,6-tris-(4-pyridyl)-1,3,5-triazine (TPT)
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Figure S42: 'H NMR spectrum of TPT.

3,3'3"((1,3,5-triazine-2,4,6-triyl)tris(pyridine-1-ium-4, 1-diyl) tris(propane-1-sulfonate)
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Figure S43: 'H NMR in D;0 of compound (SPr):4TpyTz.
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Electrochemical characterization of (SPr);4TpyTz
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Figure S44: Peak current (anodic and cathodic) vs square root of the scan rate for the first
(red) second (blue) and third (green) redox processes of 1 mM (SPr):4TpyTz in 1 M KCL
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Figure S45: Differential Pulse Voltammetry of 1 mM (SPr):4TpyTz in 1 M KCL
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Figure S46: Rotating Disk Electrode study of the reduction of 1 mM of (SPr);4TpyTz in
1 M KCl on a GC electrode at rotation rates from 100 to 2800 rpm.
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Figure S47: Levich plot for the first (red), second (blue), and third (green) redox processes
(limiting current vs square root of rotation rate in rad/s) of 1 mM of (SPr);4TpyTz in 1 M
KCl. Note that all the slopes are almost equal but the fact that the third process involves 2
electrons make the diffusion coefficient lower.
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Figure S48: Koutecky-Levich plot at different overpotentials for the first reduction process
of 1 mM of (SPr);4TpyTz in 1 M KCL
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Figure S49: Koutecky-Levich plot at different overpotentials for the second reduction
process of 1 mM of (SPr)s4TpyTz in 1 M KCL
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Figure S50: Koutecky-Levich plot at different overpotentials for the third reduction process
of 1 mM of (SPr)s4TpyTz in 1 M KCl. The third process present contribution of the other
two processes moving away from the Koutecky-Levich approach.
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Figure S51: Tafel plot, the logarithm of kinetically limited current vs overpotential for the
first (red) second (blue) and third (green) redox processes of 1 mM of (SPr);4TpyTz in 1
M KCL
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Solubility of (SPr):4TpyTz
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Figure S52: (a) UV-Vis spectra at different concentrations of compound (SPr):4TpyTz in
1 M KClI (b) Calibration curves at different wavelengths and saturated solution (red crosses).

Concentration (uM)

DFT Calculation (SPr):4TpyTz

Optimized geometries of compound (SPr);4TpyTz

(SPr);4TpyTz

Oxidized Reduced
6  1.288148000 -0.223624000 -1.057641000 6  1.044190000 0.781271000 -1.374753000
6  -0.450522000 1.205076000 -1.061185000 6 -1.192470000  0.530528000 -1.367395000
6 -0.818679000 -1.014898000 -1.043739000 6 0.146036000 -1.306974000  -1.396272000
6 -0.972714000  2.594199000 -1.055451000 6  -2.554086000 1.126529000  -1.360936000
6  -2.345765000 2.831935000 -1.025335000 6 -3.686749000  0.313667000  -1.366220000
6  -0.100737000  3.676862000  -1.073004000 6 -2.726046000  2.509681000  -1.353906000
6  -2.801624000  4.128099000  -1.008932000 6 -4.934365000  0.888582000 -1.368319000
1 -3.056284000  2.017325000 -1.013745000 1 -3.595049000 -0.763241000 -1.371047000
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Cell testing of (SPr);4TpyTz
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Figure S53: Electrochemical impedance spectroscopy for the battery 100 mM
(SPr)z:4TpyTz in 3 M KCl vs 100 mM K4[Fe(CN)s] in 1 M of KClI before cycling (red crosses)
50% SOC for the first process (blue crosses) and 50% SOC for the second process (green
crosses).
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Figure S54: Current and voltage profile at consecutive charging, OCV and discharging at

different currents for polarization curve of the first electron of the battery 100 mM
(SPr);4TpyTz in 3 M KClI vs 100 mM Kq4[Fe(CN)e] in 1 M of KCI.
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Figure S55: Current and voltage profile at consecutive charging, OCV and discharging at
different currents for polarization curve of the second electron of the battery 100 mM
(SPr):4TpyTz in 3 M KCl vs 100 mM Ka[Fe(CN)s] in 1 M of KCI.
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Figure S56: Electrochemical impedance spectroscopy for the battery 200 mM
(SPr)s:4TpyTz in 3 M KCl vs 300 mM K4[Fe(CN)s] in 1 M of KCl before and after 14 days of

cycling the battery.
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Annex B: Perspectives of RFB
Vanadium vs Organic Redox Flow Batteries:

Vanadium Redox Flow Batteries (VRFB) have reached the market based on the
scalability, high storage capacity, long life, recyclability of the electrolytes, and high
efficiency of the batteries. These excellent characteristics have been reached after
more than 20 years of research on all the separate components.! Nowadays,
Aqueous Organic RFB (AORFB) attract the interest of our community because of
their promise as alternatives to VRFB, such as availability or high tunability of their
electronic properties.?

The current potential showed by VRFB is 1.26 V under strong acidic conditions,
while promising candidates for AORFB systems already display potentials in the
0.8-1.2 V range.**58 In principle, the high tunability of organic molecules make it
possible to design a large number of candidates which could fill the potential
window, although some studies show that molecules that present high values of
potential tend to decompose faster.” From my point of view, the stability of the
molecule is a key parameter, and maybe it is better to sacrifice some potential in
order to operate with a more stable candidate. Regarding energy density, the
solubility of these compounds could be optimized to reach values higher than 4 M,
although electrolytes with high concentration of redox active materials might show
high viscosities which could translate into pumping energy losses.® Consequently,
the typical capacity of promising organic redox active materials is around 40Ah/L,
or even higher. Matching the potential and the capacity of the organic molecules,
AORFB could reach energy densities around 32-48Wh/L, which are slightly higher
than the energy density displayed by VRFB.

It is true that all these values are reported in the literature from an academic point
of view, and a lot of work must be done to implement these organic redox active
materials in the battery market. From my experience, organic electrolytes are a
very promising candidates, but we must understand the differences between lab-
scale prototypes and industrial scale. Hence, my recommendation is to use VRFB
as starting point, while developing smaller AORFB stacks until same performance
can be achieved.

Future in RFB

From my point of view, Vanadium RFB are well placed in the market and replacing
them will be quite difficult in the short term, and there are many providers and
customers that do not exist for AORFB at this moment. Over the next years, I will
research and develop aqueous systems to be implemented in large scale in the
future.

AORFB must be taken into account because of their advantages compared with
Vanadium Redox Flow Batteries: neutral pH of the electrolytes, do not need to be
used in combination with Nafion membranes, potentially cheaper redox active
materials, environmentally sustainable, lower CAPEX and OPEX... I think that the
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next battery will be a AORFB using symmetric cell design (in order to avoid the
crossover of redox active materials, it is one of the major problems of organic
molecules). There are reported organic molecules that show really low-capacity
decay, display multielectron redox processes, and more importantly, are cost-
effective.
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