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Aqueous Metal-ion Batteries
Safe and Sustainable by Design

Martin Karlsmo
Department of Physics
Chalmers University of Technology

Abstract

Aqueous metal-ion batteries (AMIBs) are promising candidates for technically low-to-medium-demanding
electrical applications and could in principle be used in tandem with high-performant lithium-ion batteries
(LIBs) to save resources and invested capital. By using organic materials and avoiding the scarce, costly,
and toxic transition metals found in LIBs (e.g. Ni/Co/Cu), the technology may become lower cost, more
environmentally benign, and safer than today's alternatives, which altogether rhymes well with EU’s critical
raw materials directive highlighting risks of shortages and price spikes for traditional LIB materials.

In this thesis we explore the possibility of assembling unconventional AMIBs and hybrid supercapacitors
by considering both the active and passive materials of the electrochemical cell. Sodium based technologies
are the starting point, the materials used are primarily organic, and there is a pervading theme of finding
remedies for the active material dissolution issue of aqueous electrolytes. The latter is addressed without
resorting to common routes e.g. saturating the electrolyte with expensive fluorinated/perchlorate salts or
incorporating organic co-solvents. Instead, other types of electrolyte concepts are suggested — with the
intention to maintain the low-cost and sustainable aspects of aqueous batteries, new kinds of electrodes are
made, and novel electrochemical full cells are created and studied with a wide range of analytical techniques
to assess the behaviour, interplay, and performance of the cells and their constituents.

Keywords: aqueous electrolyte, aqueous battery, organic materials, all-organic, sodium-ion battery, hybrid
supercapacitor, sodium-ion capacitor, PTCDA, PTCDI, Prussian blue
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1| Introduction

Due to Europe’s and United States’ high energy consumption, in combination with the rapid economic
growth in China in the past decades — emerging as the world’s largest developing nation and energy
consumer [1] — the electric consumption and carbon dioxide emissions are making all-time highs (Figure
la) [2]. Meanwhile, to comply with the greenhouse gas emission goals set by the UN by 2030 [3], western
governments are phasing out fossil fuels and are pushing for an increased amount of electrification, creating
an ever-increasing demand for reliable and sustainable energy storage technologies.

Among various energy storage systems, rechargeable batteries offer one of the best combinations of energy
efficiency, energy density, flexibility, and simple maintenance [4,5]. The current dominant technology, the
lithium-ion battery (LIB), has since 1991 supplied energy for performance-requiring electrical applications
and its versatility has undeniably been a success factor. Excellence does, however, often come with high
costs, and LIBs are no exception. Costly materials & manufacturing (while rapidly declining [6]), ethically
problematic resource origins [7], and safety concerns [8,9], all make LIBs non-ideal, yet it is arguably a
most necessary technology with overall gains in combating pollution and fossil fuel consumption, not the
least for electromobility [10,11].
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Figure 1. a) Electric consumption and total CO; emission by region from the International Energy
Agency and b) annual metals demand from LIBs under Net Zero Scenario from BloombergNEF.

These electric vehicles and moreover portable devices have propelled battery R&D over the past decades,
and today next generation batteries (post-LIBs) are gaining an increasing amount of attention with an even
more diverse application market. Sodium-ion batteries (SIBs) and hybrid supercapacitors (Na-HSCs) are
such aspiring candidates without most of the above resource issues and they offer both decreased cost,
improved power performance, and the former at least have prospects of similar gravimetric energy densities
[12]. By also implementing organic materials and aqueous electrolytes, a very cost-effective and sustainable
energy storage device can be constructed as the cobalt & nickel-containing electrodes, copper & aluminium
current collectors (CCs), and electrolytes with toxic salts & flammable organic solvents all are avoided
[9,13]. This would render a device with low voltage (<2 V), but not every application requires cell
chemistries optimized for high voltage and high energy density. Some applications would in fact benefit
from lower voltages, e.g., Internet-of-Things (IoT) could do without built-in voltage converters if the
electric source was at ca. 1.2-1.5 V [14,15], while larger scale (MWh-TWh) stationary installations, on- or
off-grid, with completely different usage patterns might rather benefit from key performance indicators such



as safety, cost, and environmental impact — not only with respect to the materials but also to the battery
production and total energy throughput [16,17]. The creation of such batteries/HSCs furthermore aligns
with the EU’s critical raw materials directive [18], raising awareness of potential future shortages and price
spikes of e.g. cobalt, natural graphite, lithium, nickel, manganese, and copper, all of which comprise
traditional LIBs, highlighting the need for new cell chemistries as the metals demand continues to grow
(Figure 1b) [19].

R&D efforts to accomplish functional aqueous metal-ion batteries (AMIBs)/HSCs have, until now, never
really incorporated a holistic view. Since 2015, extreme concentrations of primarily fluorine/perchlorate-
based salts have been applied, creating a so-called “water-in-salt” electrolyte (WISE), to minimize the water
concentration to overcome the issues of active material dissolution and low cell voltage [20] —
simultaneously defeating the very purpose of aqueous batteries. We argue to fairly be promoted as
sustainable, not only should the active materials be of such character, but the binder, separator, CCs, and
electrolyte salt(s) should as well. By choosing the materials carefully, this approach would also alter the
recycling and circular process. Ideally, not only are the cost and environmental impact greatly reduced as
assembled, but more importantly, end-of-life (EOL) can be handled as e.g. organic waste and the battery
could be thrown among food leftovers or in the compost to biodegrade.

1.1 Scope

This thesis focuses on and explores the possibility of combining organic materials and more benign
transition metals (Fe/Mn) to construct unconventional AMIBs and HSCs with low-to-medium salt
concentrated aqueous electrolytes, aimed primarily for [oT or stationary energy storage, with a focus on
sodium based technologies and electrolytes. Although recent trends have been to incorporate co-solvents
and polymerizing additives to the electrolyte, we refrain from such measures and instead aim to find
alternative remedies for the chronic electrode active material dissolution issue with liquid aqueous media.
We set out to study the behavior and interplay of different electrolytes, electrodes, and electrochemical full
cells, with a wide range of analytical techniques; physico-chemical characterization, spectroscopy,
diffraction, and most prominently electrochemical methods to assess the assembled cells and its
constituents. Finally, we want to emphasize that even though this thesis has a sustainability focus, no such
investigations were carried out (e.g. life cycle assessments), but it is rather argued for in terms of material
choices and by the very design.



2| Batteries & hybrid supercapacitors

"A container consisting of one or more cells, in which chemical energy is converted into electric energy and
used as a source of power" is the Oxford Dictionary battery definition [21]. This definition can also be
interpreted to include HSCs as they have one redox active Faradaic electrode, storing chemical energy,
paired with one non-Faradaic electrode attracting charges electrostatically at the electrode surface.

2.1 Working principles and charge storage mechanisms

To avoid confusion, the anode/cathode terminology will not be used herein. Instead, the higher redox
potential electrode in the redox couple will be referred to as the positive electrode and the lower will be
referred to as the negative electrode, denoted as “negative electrode||positive electrode”. The fundamental
concept of rechargeable batteries and HSCs is to physically separate these electrodes, and by connecting
them through an electrical circuit electrons are allowed to flow externally while ions are shuttled in the
electrolyte between the electrodes inside the device. To charge the cell, an electric source is applied, and
electrons will flow through the external circuit. For charge neutrality to remain, ions will migrate in the
electrolyte through the separator, from the positive to the negative electrode. At 100% state-of-charge
(SOC), i.e. fully charged, a SIB’s hard carbon electrode has been filled, intercalated, and the metal oxide
has been emptied, deintercalated, by cations. During discharge the ions and electrons flow back in a reversed
manner performing useful work in the external circuit (Figure 2). One cycle has now passed, and the ion
shuttling process is ready to be repeated back and forth in a rocking-chair motion.
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Figure 2. A SIB during discharge. Image originally by Dr. Matthew Sadd, edited and used with permission.



The typical SIBs are assembled using electrodes of hard carbon and layered transition-metal oxides
(NaxMeO2, Me = Mn, Ti, Cu, Fe, Ni, Co etc.), both in contact with thin polymeric separators, wet with
electrolytes made of the salt NaPF¢ dissolved in mixtures of ethylene carbonate and linear carbonates. The
electrodes, composites of an active material, a conductive additive, and a binder, are coated on Al CCs
which connects and closes the external circuit. With a NaMnO; positive electrode, the redox reaction would
ideally occur as follows:

NaC, + Mn0O, - C, + NaMnO,, (Eq.1)

which can be divided into an oxidation reaction

NaC, - C, + Na* +e”, (Eq.2)

and a reduction reaction

Na* + e~ + Mn0O, » NaMnO,. (Eq.3)

The amount of charge a battery cell can provide thereof relies on how many Na' the electrodes can

accommodate and it is referred to as the capacity (Q) (C=As = % mAh). In an ideal world, all the current

in the external circuit originates from the redox reaction(s), and then Q = I'¢, where I (A) is the current and
t (s) is the discharge time. The specific gravimetric capacity (mAh g), capacity per electrode mass, from

now on capacity, usually has more practical relevance and NaMnO is able to theoretically accommodate
244 mAh g,

If the redox reactions described above are to happen in an uninterrupted fashion, there needs to be a
continuous flux of ions from the bulk electrolyte to the proximity of the electrode surface. This mass
transport is primarily driven by diffusion, but also migration and convection, and the former can be
described by Fick’s first law [22]. In the one-dimensional case, for a certain species j,

aci(x)
Jji = —Djaj—x, (Eq.4)
where D is the diffusion coefficient, C; is the concentration, and J; (mol s' ¢cm™) is the flux caused by
diffusion, or in other words, the rate of mass transfer per unit of area normal to the direction of transfer. As
this happens, an electrode potential will appear at the electrolyte-electrode interface, commonly referred to
in the context of a redox couple M"/M, where M is the dissolved metal-ion and M is the solid metal/metal
oxide. The movement of these charged species originate from the spontaneous redox reactions,
accommodated by the electrodes, and the redox potential (used interchangeably with electrode potential
[23,24]) could be described as the tendency of a chemical species to be reduced/oxidized; the affinity of
gaining/losing electrons. A higher redox potential therefore means a higher affinity of gaining electrons.

In an electrochemical cell, the difference in electrode potential of the two electrodes, Eposisive (V) and Enegarive
(V), is defined as the cell potential/voltage 4 V. (V). One often also encounters ‘nominal voltage’ which
in refers to the average 4V, of a cell throughout a discharge. Furthermore, the change in Gibbs free energy
(4G) of the reaction is a function of the cell potential, according to:

AG = —nFAVeey = _nF(Epositive - Enegative)» (Eq.5)

where 7 is the number of moles of electrons transferred and F is the Faraday constant = 96485 C mol™!. The
energy (J) of the cell is then a function of the cell potential and capacity,

energy = [ AVyeu(Q)dQ. (Eq.6)
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The convention is also for energy to be given in the energy per mass or volume, i.e. specific gravimetric
energy or volumetric energy density. The specific gravimetric energy density (from now on energy density)
E (Wh kg!) of a battery can be calculated according to

_ JIAV e (£)dt

e — (Eq.7)

from a discharge potential plot, where / (mA) is the discharge current, ¢ (s) is the corresponding discharge
time, and m (g) is the weight. The considered m often varies, but to be able to compare it is important to
specify whether it is on active material-, cell-, or pack-level. Here, commercial SIBs by Faradion hold 160
Wh kg! and 290 Wh I'! at the cell level [25].

HSCs on the other hand make use of the fast double layer charge storage mechanism at one of the electrodes
[26]. During operation, by withdrawing/pushing electrons from/in the electrode, the electrode becomes
charged, and oppositely charged electrolyte ions will form a surface layer to compensate. According to the
Stern model [27], developed from prior models by Helmholtz and Guoy-Chapman, an inner compact Stern
layer and an outer diffuse layer will form and screen charges off the surface (Figure 3). So far, this is
considered the most accurate model and capacitances for flat surfaces can be gathered with high accuracy.
It does, however, fall short of describing the real charge distribution of nanoporous supercapacitor
electrodes, and there is still a lack of complete understanding how the ions behave in such small and
confined spaces.
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Figure 3. Stern model.

The performance measures for HSCs are calculated slightly different as compared to batteries. Here, specific
gravimetric capacitance (Cyp) can be, and are sometimes used, instead of capacity,

Cop = m (Eq.8)

dat



E and the specific gravimetric power density (from now on power density) (P) (W kg™!) are thereafter
calculated as follows,

_ CypV?
E= 76 ' (£9.9)
and
pP= Ait 3600, (Eq.10)

where V' (V) is the discharge voltage range and Az (s) is the discharge time.

The double layer mechanism is limited to the electrode surface area, compared with bulk electrode volume
for Faradaic materials, which limits the number of charges stored and thus the energy density, but it opens
the possibility for high power densities if paired with a redox-active electrode with fast charge-storage
properties. This configuration can therefore achieve both relatively high energy densities and power
densities as both Faradaic and non-Faradaic processes are employed simultaneously [28].

2.2 Sodium-ion batteries

The research field of next generation batteries is ever increasing and a substantial amount of work has been
put into the 6™ most abundant element in the crust of Earth, sodium [29,30]. SIBs were originally studied
alongside LIBs in the 1970s and 1980s but were more or less abandoned the coming three decades due to
the rapid advances of LIBs. During the past decade, however, the spotlight has been brought back to SIBs
because of an increased sustainability awareness and in pursuit of more cost-effective energy storage
solutions [12]. Several companies, including Northvolt with Altris, Faradion, CATL, Tiamat, Novasis
Energies, and Natron Energy are developing SIBs [12,31], and recent years have demonstrated their
practical viability for E-bikes, Sydney Water’s Bondi Sewage Pumping Station, and a 30 kW/100 kWh
energy storage power station in China [32,33].

SIBs offer better power densities (1000 vs. 400 W kg™), the prospect of similar gravimetric energy densities
(currently 160 vs. 250 Wh kg™!), but lower volumetric energy densities (290 vs. 700 Wh 1! ) as compared to
LIBs [12]. The larger Na™ (rna+ = 1.02 A, rris = 0.76 A) can also make insertion/extraction more difficult,
and the host electrode sometimes undergoes significant volume changes which can lead to structural
degradation that reduces the cycle life and performance of the battery [34]. However, the advantages of
SIBs are manifold; mineral resources containing sodium are practically unlimited, geographically well
distributed and therefore attainable at low cost [13]; neither natural graphite nor cobalt are needed for the
electrodes; SIBs can be made with Al CCs on both sides, enabling 0 V cell discharge without CC dissolution,
decreasing the material and shipping cost substantially [35]; and valuable knowledge and infrastructure
already gathered and available for LIBs can easily be carried over to SIB manufacturing [36]. As a
consequence, a considerable amount of intercalation materials have been explored, and at the positive side
layered transition-metal oxides, polyanionic materials, Prussian blue analogues (PBAs), and organic
materials have proven to perform well [12]. At the negative side, hard carbon is the most common, but Ti-
based oxides, alloys, and 2D transition-metal dichalcogenides have also been applied. Finally, a standard
SIB electrolyte is yet to be established, but apart from the LP30 sodium analogue (1 M NaPFs in EC:DMC),
some promising routes include NaTFSI with reduced toxicity and high thermal stability and the non-
fluorinated NaBOB, not the least combined with the non-flammable trimethyl phosphate [37].



2.3 Aqueous electrolytes

Even though the rapid success and commercialization of LIBs and SIBs, their organic electrolytes are costly,
highly flammable, and hazardous with their ability to form toxic gases [9,38]. The salt synthesis
using/producing fluorine itself is also non-environmentally friendly, costly, and potentially dangerous
[8,39]. Owing to this, the aqueous electrolyte concept with water as solvent is thoroughly being explored
for metal-ion batteries and HSCs, holding promise of greatly benefitting the cost, safety, and sustainability
— not only in terms of raw materials but also due to the minimal requirements for manufacturing
environments and limited management and protection system needed. The unique dielectric and fluid
properties of water furthermore generates high ionic conductivities and low viscosities, important for higher
power applications and indeed very suitable for HSCs.

Pioneering work in 1994 sets the date for the first aqueous battery using intercalation materials
(VO2(B)||[LiMn20s with 5 M LiNO3) [40], and since then a plethora of cell chemistries have been
investigated. For a long time, SO4>" and NOs™ were the most commonly used anions in the electrolyte for
both aqueous lithium-ion batteries (ALIBs) and aqueous sodium-ion batteries (ASIBs), and for the latter 1
M NaxSOu(q) Were typically employed with an electrochemical stability window (ESW) of ca. 2 V, a high
ionic conductivity (100 mS cm™), a low viscosity (1.2 mPa‘s), and compatibility with many electrode
materials [41]. Resorting to aqueous electrolytes, however, does come with inherent challenges [42]. Many
electrode active materials suffer from dissolution in aqueous electrolytes, leading to poor cycling stability,
and moreover, the electrolytes’ ESWs are most often set by the water splitting reactions, the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER), which limits the pool of available
materials and the nominal cell voltage. A low cell voltage also implies a low energy density (Eq. 7), which
can be interpreted as problematic as energy density typically is seen as one of the key performance indicators
for energy storage technologies.

This rather niche subfield was reborn in 2015 when the community shifted from the typical 1 M electrolyte
concentration to WISEs, introduced by Suo et al. [20]. By their definition the dissolved salt should
outnumber water by volume and mass, and it has been highly effective in suppressing material dissolution
and widening the ESW [43]. These WISEs/water-in-bisalt electrolytes (WIBE) are typically based on large
sulfonamide or perchlorate anions, and the effect of suppressed electrode solubility can be explained by: 7)
the lower water concentration, i7) transport limitations by the higher viscosity (10-100x), iii) certain anions
forming a hydrophobic protecting layer and iv) sometimes also decompose, forming a solid electrolyte
interphase (SEI) that passivates the electrode [44], analogous to metal oxide layers in ambient air. The ESW
is broadened by i-iv, but also due to: v) more tightly bound water molecules, now almost exclusively
coordinated in the first solvation shells of the dissolved salt ions. Albeit their effectiveness, these
electrolytes, which often have >20 m of fluorinated/perchlorate salts, come with drawbacks, including high
costs, relatively low ionic conductivities which deteriorates the rate performance, high corrosivity, poor
wettability, and they often require purging to remove oxygen and afterwards require a controlled
environment; defeating many of the unique selling points of aqueous electrolytes [45]. There are a few low-
cost Ac- and Cl-based WISEs/WIBEs, yet, the alkaline environment of Ac™ is not compatible with some
PBAs and CI" tend to be highly corrosive [46—49].

Anions play an important role in how aqueous solutions behave. This was observed very early on in
macromolecular science where e.g. Franz Hofmeister characterized salts in terms of their minimum
concentration to precipitate proteins from the electrolyte [50]. Some ions turn out to increase the solubility
of solutes/proteins (salt in) while others decrease it (salt out). By arranging the ions in the order of most
salting-out to the left and most salting-in to the right, the so called Hofmeister series is created (Figure 4).



CO4% > SO,* > HPO,* > [CH;COO] > F- > CI' > Br > NOy > [ > ClO, > [SCN] > [FSI] > [TFSI]
Kosmotropes ¢ ] Chaotropes

NH,* > K" > Na* > Li* > Mg?" > Ca?" > [Gdm]*
Figure 4. Typical Hofmeister series.

Later on, ions were grouped into kosmotropic structure makers, and chaotropic structure breakers, where
the former are said to have the ability to order the hydrogen bonding network of the water molecules beyond
their first solvation shell, whereas the latter do not possess this ability [51,52]. The high charge density of
kosmotropes makes them more hydrated than chaotropes, salting-out proteins, but also more prone to ion
pairing in solution which strengthens the hydrogen bonding network. Some recent studies goes against the
notion that ions have an influence beyond the first solvation shell(s), but it is still an open question [53].
There seem to have been plenty of debate on the topic and a remaining ‘elephant in the room’ is the nature
of the solute itself, which obviously has crucial role [54]. The series is empirical in nature, it depends on
the experimental parameters and criteria used to define it and therefore the order is not entirely defined, but
nevertheless it can be a useful tool when studying the effect of anions in aqueous electrolytes.

Adding organic compounds to the electrolyte, either as so ‘co-solvents’ or as non-solvent additives, are
other types of electrolyte formulations lately proposed to reduce the salt concentration while maintaining
the WISE effects. Here, polymers, small molecules, and organic solvents have been added, which effectively
seem to minimize the free (non-ion-coordinating) water [55-61], and even enabling 2.5 V ALIBs [62,63].
Introducing additional components does, however, often compromise the favourable ionic conductivities
and viscosities that is characteristic of aqueous electrolytes and can in some cases come with high cost.
Moreover, with water weight percentages as low as 5% and with solidified polymer electrolytes, the aqueous
and liquid nature of the electrolyte comes into question [56,64]. Therefore, we believe new electrolyte
concepts are needed to address the issues of material dissolution, narrow ESWs, and costly salts/additives
for AMIBs/HSC:s.

2.4 Faradaic electrode materials

At the positive electrode side, some promising candidates which can reversibly accommodate Na* using
aqueous electrolytes are polyanionic compound-containing units (XO4)" (X =P, S, Mo, etc.) with open 3D
frameworks that allow fast conduction, Mn-based oxides with tunnel networks, organic materials, and PBAs
with unique open framework-structures and often high redox potentials (Figure 5). Below, the capacity
retention, X% capacity left of the initial capacity at cycle Y with a C-rate of Z, is written as X% @Y with
ZC, and the capacity, energy density, and power density are based on the active material mass.

One of the earliest Faradaic positive electrodes, Nao.44MnO2, was investigated by Whitacre et al. in 2010
[65] with a relatively low capacity (45 mAh g!) using 1 M Na>SO4(aq), and the AC|[Nag 44MnO, HSC showed
an excellent cycling stability (ca. 97%@1000 with 4C). Another similar HSC, ACJ||A-MnO; rendered 78
mAh g! and outstanding capacity retention (>100%@5000 with 6C) with the same electrolyte [66]. From
now on 1 M NaSOusnq) is used unless stated otherwise. Furthermore, Zhang et al. investigated the
polyanionic Na3V2(POs);s (NVP) with roughly 70 mAh g' in the first cycle [67]. Many vanadium
compounds, however, suffer from dissolution of V, resulting in large irreversible capacity losses and poor
cycling stability [68], and here Zhang’s electrode only retained <20%@50 with 10C. To try overcome this



issue, one of the V was substituted and NaxVTi(PO4)3 managed to provide a higher initial capacity (93 mAh
g’!) and better capacity retention (77%@500 with 1C), although the latter is still not up to par [69].
Na3MnTi(PO4)s on the other hand showed promising stability with 58 mAh g™!' and 98%@100 with 1C
(symmetric full cell) [70].
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Figure 5. A selection of electrode materials used in aqueous Na-ion energy storage devices.

PBAs often display high capacity, high redox potential, and good cycling stability [71]. The larger sodium
ions also fit better and more readily intercalates/deintercalates in the PBA structure, compared to Li",
enabling good power performance and making them suitable for HSCs [72]. To name a few, Ni-, Co-, Cu-,
and Cr-PBAs have been investigated with capacities up to 130 mAh g!' using SO4*-, NOs™-, and ClOq -
based aqueous electrolytes [26,73—77]. However, as aqueous devices are meant to be low-cost and
environmentally friendly alternatives, scarce and costly transition-metal electrodes are not ideal,
remembering the critical raw materials [18]. PBAs with more benign transition metals such as Fe and Mn
have also been explored [78,79]. They accommodate ca. 110 mAh g and 120-130 mAh g'! split over two
redox plateaus, respectively [76,80]. Reaching the high potential plateaus is, however, problematic, as they
are situated slightly outside the ESW of most low-medium concentrated aqueous electrolytes. To be able to
make use of both requires modifying the electrolyte to expand the ESW, meaning extreme amounts of salts
or electrolyte additives, or applying HSC scan rates (>1 A g"' or >10C) to avoid severely impacted
Coulombic efficiencies due to unwanted OER. These PBAs are also prone to metal dissolution during
cycling, which we herein aim to find more cost-effective solutions for to achieve stable cycling [IV].

The negative electrodes for ASIBs have most often been based on NaTi2(PO4); (NTP) as active material
[81]. The redox potential of NTP (around -0.8 V vs. Ag/AgCl (3 M)) is almost perfectly situated to
maximally use the ESW, and due to its high capacity (120-130 mAh g) it is the state-of-the-art ASIB
negative electrode, where further advances have been relatively scarce [41]. Pristine NTP has poor electrical
conductivity and cycling stability, but adding a carbon coating significantly improves both [82]. A lot of
work has been done to further improve the cycling stability, e.g. He et al. synthesized hollow-structured
NTP encapsulated in cross-linked porous N-doped carbon nanofiber with an great capacity retention



(97%@3000 with 5.5 A g!' = 41C) with a 1 M NaClOuq) “quasi-solid-state” gel electrolyte [83], while
Zhang et al. cycled their NTP/C composite||AC Na-HSC at more reasonable rates, retaining 88%@2000
with 200 mA g! using a deaerated 1 M Na>SOuq) [84]. More in depth investigations revealed that NTP and
the lithium analogue LiTi2(POs); undergo chemical oxidation in its charged state in an oxygen-rich
environment, rather than the wanted electrochemical process, and it seems to be the cause of the severe
capacity fading [85,86]. Therefore, the question remains if NTP can perform well in liquid non-purged
electrolytes.

Apart from NTP, metal oxide composites like MoO3@PPy (33 mAh g!) [87], Mn-based PBAs (33 mAh g°
1) [74], and different organic materials have been applied. The latter have been given a fair bit of attention
due to their promising qualities and the possibility to be produced by renewable sources such as biomass,
as only using organic materials would alleviate most of the environmental and ethical concerns of the
commercialized LIBs [88]. Such materials offer flexibility in design where the molecules can be tailored to
achieve specific electrochemical properties depending on their structure and functional groups [89]. Unlike
inorganics which often irreversibly transform, converted into several phases, and experience slow crystal
lattice diffusivity with high charge density multivalent cations, organic materials tend to have simple and
fast redox processes without any severe structural changes, with reversible electrochemical processes for
ions of different sizes and charges [90]. Moreover, since both n-type, p-type, and bipolar (can be both n-
and p-type) redox active organic materials exist, electrodes at both the negative and positive side can be
constructed, and it is not uncommon for these batteries to come in the dual-ion class where anions also
participate in the redox chemistry. A final attractive feature of most organic materials is their ability to
biodegrade, which significantly simplifies the EOL as compared to the intricate recycling process of today’s
batteries [91].

Several small molecules are compatible with aqueous electrolytes and have been used as active materials,
and in the cases when they tend to dissolve polymerization is an effective tool, as long as the inactive
backbone weight fraction remains low. For example, the biomolecule alizarin, SNDI, 3CN-DPZ and several
polyimides have been investigated as organic negative electrodes [92-97]. Yet, none of them offer any
appreciable capacity in combination with long-term stability at battery C-rates. >10C were almost always
applied, and slower (0.2-1C) discharge times is not only required by many practical applications, but cycling
fast means less time spent at the electrolyte ESW edges, which could hide impaired Coulombic efficiencies
and cycling stability issues. Still, it should be emphasized that these materials are very suitable choices for
HSCs, and a perfect match with highly conducting aqueous electrolytes.

Perylene-type molecules are a family of organic compounds with excellent charge transport properties and
cycling stability, e.g. perylene-3,4,9,10-tetracarboxylic acid diimide (PTCDI) [98] and perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA) [99-101] were originally applied as positive electrodes for non-
aqueous LIBs/SIBs, and later on as negative electrodes with aqueous electrolytes [102—108]. They are
essentially small units of graphene, and for aqueous electrolytes common remedies, again, have been to
apply WISEs and/or high C-rates to overcome the issue of active material dissolution. Despite PTCDI’s
previous successful implementation in ASIBs, aqueous potassium-ion batteries (APIBs), and aqueous
magnesium-ion batteries (AMgIBs) [102—-105], its use in ALIBs remains unexplored. Similarly, PTCDA
was used with APIBs, AMgIBs, and hydronium-ion batteries, but never with sodium-ion conducting
electrolytes [106—-108]. Herein, we therefore explore the electrochemistry and the possibility to use PTCDI
for ALIBs and PTCDA for ASIBs/Na-HSCs, while avoiding extreme amounts of fluorinated/perchlorate
salts in the electrolyte, with the aim to find negative electrodes with high cycling stability [I-IV].
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2.5 Electrochemical full cells

The final step on the sustainability ladder is arguably to limit all parts of the energy storage device to
sustainable materials, preferably mainly/entirely from renewable resources [109]. So far, it seems the battery
community has stuck with the passive materials known to work well, and where most of the research,
understandably, have been focused on the active materials. Yet to be promoted as e.g. all-organic, not only
should the active materials be of such character (the current convention), but we also argue the passive
binders, separators, CCs should as well, especially if one is to consider biodegradability at EOL. Indeed,
there are great possibilities to create all-organic batteries/HSCs due to the versatility of organic materials;
instead of the costly and most commonly used binder PVdF, that is fluorinated and requires the costly, toxic,
and carcinogenic solvent N-methyl-2-pyrrolidone [110], it is possible to use carboxymethyl cellulose
(CMC) with water in the electrode slurry. The slurry can subsequently be coated onto carbon-based
substrates instead of expensive metal foils demanding mining [111]. Finally, the glass fibre or polyolefin
based (oil-derived) separators laden with large environmental footprints can be replaced with cellulose filter
papers [112]. To the best of our knowledge, this has not been done before and while it would render a rather
unconventional device, it still has the same working principles and would come with severely less
environmental impact & resource requirements.

These devices are, as mentioned earlier, assembled either with one or two Faradaic electrodes. The former
is advantageously chosen if a higher power density is sought after, paired with a non-Faradaic electrode to
create a HSC. In a patent from 1954 H.I. Becker describes what will become the most commonly used non-
Faradaic electrode material for electric double-layer capacitors (EDLCs) and HSCs; AC [113]. The success
of AC is a result of its extremely high specific surface area (ca. 500-3000 m? g!), high conductivity, low
cost, and compatibility with most electrolytes [114]. The EDLC charge storage mechanism does, however,
limit the capacity of AC to ca. 30-45 mAh g™ [84,115], and therefore they are not suitable for energy density
requiring applications. Other carbon based non-Faradaic electrodes have been applied to create
EDLCs/HSCs, but due to intricate synthesis routes they are rarely commercially available. For example,
carbon microspheres were used together with the polyimide PNTCDA to create a very high performant “all
organic’ Na-HSC, assembled with PTFE binder, glass fibre separators, stainless steel CCs, and 17 m
NaClO4q) having 65 Wh kg!, 20 kW kg™! and 86%@1000 with 1 A g [95]. The authors do, however,
attribute the excellent performance to the high electrolyte concentration, which increases the Na® activity
and thereby enhances the reaction kinetics, as PNTCDA in 5 m and 10 m NaClOs@q) did not perform as
well. With the more holistic mindset in mind, we in paper II explore the concept of creating an a/l-organic
aqueous Na-HSC with PTCDA and AC, and furthermore evaluate its biodegradable abilities.

Moving on to the actual batteries there are few that are all-organic and aqueous, but one that performs well
is a PNTCDA||PTPAn chemistry with a PTFE binder, Ti/Ni CCs, and 21 m LiTFSl(q) having 53 Wh kg!
and 85%@700 with 0.5 A g' [116]. Considering regular AMIBs, there are frankly more that have been
studied than possible to mention, so to limit ourselves we will also here focus on ASIBs. Some of the earlier
examples include NTP|[NVP with 36 Wh kg! and an awful capacity retention due to V dissolution [117],
whereas NazMnTi(PO4)s; had 40 Wh kg™! in a symmetric configuration and 98%@100 with 1C [70]. NVP
was later used with a 17 m NaClO4 + 2 m sodium trifluoromethanesulfonate (NaOTF) hybrid electrolyte,
also in a symmetric cell, significantly improving the performance (70 Wh kg™, 87.5%@100 with 1C) [118].
Furthermore, the popular PBAs have been used to create many ASIBs, e.g. NTP||Ni-PBA had 43 Wh kg’!
and 88% @250 with 5C using a N> purged 1.0 M NaSOuq) [119], and when applied with WISEs/WIBEs
these batteries tend to be the state-of-the-art, with energy densities reaching 80 Wh kg™ and relatively stable
long-term cycling [76,120] (Figure 6). To slightly expand the scope from only organic materials, we in
paper III and IV allow ourselves to incorporate the more benign metals Fe/Mn in the positive electrodes,
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while keeping the holistic mindset for the rest of the battery constituents with the aim to create more
sustainable and lower cost AMIBs.
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3| Experimental

Empiricism and the scientific method date to ancient Greece but were more widely advocated in the 16-17%
Centuries by philosophers such as Francis Bacon, Thomas Hobbes, and David Hume. This intellectual
movement which culminated in the Enlightenment arguably set the Western world on a trajectory towards
scientific advances, societal prosperity, and a standard of living earlier kings would have dreamt of. It is
therefore a privilege for a battery PhD student — standing on the shoulders of giants — to continue the
scientific tradition and to perform experimental work. This chapter sets out to describe said work; the
materials and cells used and created, and moreover the physico-chemical, material, and electrochemical
analyses applied to characterize the properties of the electrolytes, the electrode materials, and the assembled
cells.

3.1 Materials synthesis

To synthesize guanidine bis(trifluoromethanesulfonyl)imide (GdmTFSI), 0.0104 mol lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) (99.9% extra dry, Solvionic) and 0.0052 mol guanidine sulfate
(Gdm2S04) (99%, Sigma-Aldrich) were dissolved in the minimum volume of water in separate vials, after
which the LiTFSI solution is added dropwise under stirring into the Gdm»SO4 forming a cloudy solution.
This solution is dried, forming a white precipitate containing a mixture of GAmTFSI and Li>»SO4. Acetone
(10 ml, extra dry, Alfa Aesar) is added to the mixture and stirred for 1 h, after which this mixture is filtered.
The filtrate, containing GdAmTFSI, is rotary evaporated under vacuum to form a cloudy ionic liquid which,
once cooled, crystallizes to form the final product, and this is finally dried under vacuum overnight with a
yield of 97%.

LiMn204 (LMO) active material powder was prepared according to [121] by heating at 800°C a
stoichiometric mixture of Li2CO3 (5% excess) and MnO; in air for 24 h, followed by two successive
grinding and identical annealing sequences. The samples were cooled at a rate of 2°C min™' until 300°C to
ensure the proper oxygen stoichiometry.

Mn-PBA was synthesized by a chelate-assisted precipitation method according to a previous study [122].
In short, 4 mmol NasFe(CN)s10H20 and 4 mmol MnCl>-4H>O were dissolved separately in 100 ml 0.2 M
sodium citrate solutions. The two solutions were mixed by dropping the MnCl; solution at 0.5 ml min™' into
the NasFe(CN)g solution with magnetic stirring under N> atmosphere at room temperature. After stirring for
15 h, the precipitate was centrifuged, filtered, and washed thoroughly with 400 ml of deionized water. The
final product was obtained after vacuum drying at 100 °C for 24 h.

3.2 Electrolyte preparation, electrode fabrication & cells

Sodium sulfate (NaxSOs) (anhydrous, >99%), magnesium sulfate (MgSO4) (anhydrous, >99.5%),
manganese(ll) sulfate monohydrate (MnSO4-H20) (=99%), lithium sulfate (Li2SO4) (anhydrous, 99.5%),
magnesium acetate tetrahydrate (MgAc2-4H20) (298%), Gdm2SO4, sodium acetate (NaAc) (anhydrous,
>99.5%), and sodium nitrate (NaNO3) (=99%), all purchased from Sigma-Aldrich, as well as sodium
bis(fluorosulfonyl)imide (NaFSI) (99.9%, Solvionic), sodium bis(trifluoromethanesulfonyl)imide
(NaTFSI) (99.5%, Solvionic), LiTFSI, and GdmTFSI, were used to create the electrolytes. The hybrid
electrolytes and the triple electrolyte (1.9 m Na;SO4 + 2.4 m MgSO4 + 0.3 m MnSQO4) were prepared by
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first dissolving NaxSO4 or LiTFSI in ultra-pure water (Millipore® Direct-Q® Purification, 18.2 MQ-cm at
25°C), before adding the 2" salt, and for the latter finally also MnSOs, all in magnetically stirred vials at
ca. 50°C.

An electrode preparation usually starts with a slurry in which the materials are mixed, before being coated
onto a CC. In this thesis, the graphite foil (SGL Carbon) CC-supported electrodes were made by mixing
AMs (PTCDA (97%, Sigma-Aldrich), PTCDI (>94%, Thermo Fisher Scientific), Mn-PBA, Fe-PBA
(Fennac, Altris), NTP (CIC energiGUNE) and washed AC (see below) (Darco G-60, 600 m? g”!, J.T. Baker)
with carbon black (CB) (Ketjenblack EC-300J or Super-P, Alfa Aesar), a conductive additive, using a pestle
and mortar, before being added into aqueous solutions of 3 wt% carboxymethyl cellulose (CMC) (Sigma-
Aldrich) binder, and stirred for 12 h. The slurries were then cast onto graphite foil using a Doctor blade
(200-400 pm wet thickness) followed by vacuum drying at 60°C for 12 h. 10-14 mm © electrodes were
punched out with an electrode weight ratio AM:CB:CMC of 75:15:10 and with 0.8-4 mg cm™ active material
loading. Working electrodes (half-cells), positive electrodes (full cell), and negative electrodes (full cell)
typically have 0.8-2 mg cm™ loading, while counter electrodes for half-cells were made heavier.

In most cases, free-standing AC counter electrodes (CEs) were used for the half-cells, and they were made
by first stirring AC for 12 h in 1 M HNO3(aq), before washing with excessive amounts of ultra-pure water in
a vacuumed Biichner funnel, followed by vacuum drying at 100°C for 12 h. The dried AC was mixed with
CB and 3-4 ml ethanol and put on a stirring hot plate, following the procedure described by Brousse ef al.
[123]. While stirring, PTFE (60 wt% aqueous dispersion, Sigma-Aldrich) was slowly added, and the
solution was thereafter left until the solvent had evaporated. The resulting paste was kneaded and spread
with a few ml of ethanol until it became a firm homogeneous film. The free-standing electrodes were dried
in an oven at 80°C for 12 h with a resulting thickness of ca. 400 um, an active material loading of 10-12 mg
cm?, and a 75:15:10 AC:CB:PTFE weight ratio.

The freestanding PTCDI, LiFePO4 (LFP, Umicore), and LMO electrodes were prepared using the Bellcore
method. Active material, carbon super P (Csp, Timcal), and poly(vinylidene fluoride)-co-
hexafluoropropylene (PVdF-HFP) (Solvay) in a ratio of 73:9:18 were hand ground and mixed in acetone to
form a slurry. Dibutyl phthalate (DBP, 99% Sigma-Aldrich) was added as a plasticizer and the slurry was
heated at 50°C under stirring. Then, the as-prepared slurry was poured into a 7 cm? petri dish and left to dry
to form a film. The film was washed three times in diethyl ether (99% min, Alfa Aesar) and dried at 60°C
under vacuum. Resulting loadings were generally: PTCDI = 4-6 mg cm™, LFP = 20 mg cm™ and LMO = 4-
6 mg cm™.

14



3-electrode Swagelok cells (Figure 7) were assembled and used in both the half-cell and the full cell
configurations, to enable monitoring of all electrode potentials, with Whatman cellulose filter separators
(Grade 44, Sigma-Aldrich), and glassy carbon rods (HTW Hochtemperatur-Werkstoffe GmbH) to avoid
corrosion. Coin-cells (CR2032) were also used for 2-electrode full cell and half-cell characterizations to
ensure a more controlled environment and a constant applied pressure. They were mostly used for the long-
term cycling stability tests.

Ag disc with N\
AgCl paste ‘1

Glassy carbon L AC CE ,’l
=~ s
Active material Cellulose
Carbon black "~ separators
CMC

Figure 7. A typical half-cell setup using a 3-electrode Swagelok cell.

The potential is difficult to measure on an absolute scale, and it is therefore often given relative to a known
redox couple. Herein, we use a Ag/AgCl pseudo reference electrode (Ag/AgCl from here on) (RE) (5 mm
@, 0.127 mm silver foil, Alfa Aesar/AgCl ink, ALS Japan) ca. 0.34 V vs. Ag/AgCl (3.4 M KCl, Leakless
Ag/AgCl Reference Electrode, eDAQ) since Ag/AgCl is a well-known and commonly used redox couple
for aqueous electrolytes. Moreover, the electrochemical techniques described in the coming chapters; cyclic
voltammetry (CV), linear sweep voltammetry (LSV), galvanostatic cycling (GC), and electrochemical
impedance spectroscopy (EIS), were all done at room temperature (ca 22°C) on a Biologic VMP3
multichannel potentiostat/galvanostat, or for the GC also on a Scribner Associates Incorporated 580 Battery
Test System.

LSV was carried out using a beaker cell (Figure 8) with a flat, polished, glassy carbon WE (1.2 mm ©), a
platinum wire CE, and an Ag/AgCl (3 M NaCl) or Ag/AgCl (3.4 M KClI, Leakless) submerged in 2 ml
electrolyte. Voltammograms were gathered at a scan rate of 1 mV s™!' and the current density limit for the
ESW was set to 1 mA cm™. The ESW gathered from this cell naturally differs from a practical cell, but it is
used to standardize the ESW and enable a better comparison between different electrolytes — especially
comparing different cations, as few (if any) active materials are redox active and compatible with all of the
commonly used metal-ion electrolytes (Li, Na, K, Mg, Ca, etc.).
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Figure 8. LSV cell set-up.

For the in situ electrochemical quartz crystal microbalance (EQCM-R) measurements, a NMP based slurry
(73:18:9 PTCDI:Csp:PVdF wt%) was prepared and sonicated to ensure homogenous particle dispersion.
The solution was sprayed onto golden 9 MHz QCM resonators (BioLogic) and during the spraying process
heated to 150°C to evaporate the solvent, followed by heating to 200°C for 30 min to melt the binder for
good film cohesion. The resonators, acting as the WE was mounted in an airtight EQCM cell developed
previously [124], with a Pt-rod coated Bellcore LFP CE, a Ag/AgCl (saturated K>SO4) RE, and 2 ml
electrolyte. The electrochemistry was carried out using a S2 Biologic SP200 workstation coupled with a
SEIKO QCM922A microbalance permitting resonance frequency (f) monitoring during cycling, at scan
rates of 5 mV s between —1.0 V and 0.15 V vs. Ag/AgCl. The Sauberey equation was used when Af/AR,, >
25 Hz/Q [124,125]:

Am = —A—V;)f”gAf = —CAf, (Eq.11)
0

where 4 is the piezoelectrically active area (0.196 cm?), p, is the quartz density (2.648 g cm™), y is the
quartz crystal shear modulus (2.947 x 1011 g cm™ s2), and Cyis the sensitivity coefficient/calibration
constant (1.23 + 0.03 ng Hz'") determined previously [125]. The estimation of the mass per electron (MPE)

A . :
i Am and F is the Faraday constant and # is the

is taken from the slope in a Am vs. AQ plot, where MPE =

number of electrons.

3.3 Physico-chemical characterization
3.3.1 Densitometry and viscometry

With an Anton Paar DMA 4500 M densitometer the densities (p) of the electrolytes were measured using
the oscillating U-tube method. In short, a U-shaped tube is set in motion by a piezoelectric actuator and
depending on the mass of the electrolyte the tube is filled with, the tube resonates at different
eigenfrequencies. By having a fixed volume, the p can easily be derived. Adjacent to the densitometer, a
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Rolling-ball Lovis 2000 ME viscometer is coupled, working in conjunction. By filling a glass capillary with
electrolyte and a metal ball, the speed of the ball is then measured as it rolls through the tilted capillary at
varying angles. By having a small, spherical ball with smooth surfaces, the Reynolds number will be low,
resulting in laminar flow, and the drag force on the ball can be approximated by Stokes’ law,

F; = 6mrnu, (Eq.12)

derived by solving the Navier-Stokes equations at the Stokes flow limit, where 7 is the ball radius, # is the
electrolyte viscosity, and v the ball velocity. To solve for #, the gravitational force acting on the ball Fy is
set to the drag force F4, and by avoiding bubbles in the capillary, the p and # can be measured simultaneously
at varying temperatures. Finally, they are usually depicted using Arrhenius plots (Figure 9) in which their
temperature dependencies are visualized.
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Figure 9. Density and viscosity Arrhenius plots of Na>SO,based aqueous electrolytes [I].

3.3.2 lonic conductivity

The ionic conductivities (¢) were measured using a Mettler-Toledo SevenCompact S230 conductivity meter
with a 12 mm InLab® 710 Cond probe with 4 Pt poles conductivity cell (£0.5%), temperature controlled by
a home-built thermoelectric set-up. The ¢ of an electrolyte originates from the ionic species physically
migrating in the solvent, where the main transport mechanism, diffusion, arises from the concentration
gradient caused by the electrodes acting as cation sources/sinks during charge and discharge. Moreover,
cations such as Na* and Mg?" have a strong affinity to water molecules which result in solvation/hydration
shells around the ion in aqueous solutions. This intermolecular structure is relatively stable and will diffuse
as one large unit during transport, a so-called vehicular transport mechanism [126]. The system can be
approximated by the Stokes-Einstein relation for the diffusion coefficient [22],

_ kT
7 é6nrn

(Eq.13)

where r is the radius of the solvation shell (hydrodynamic/Stokes radius) and ks the Boltzmann constant =~
1.380694 x 102 J K'!. Similar to the p and 7, o is also often visualized using an Arrhenius plot (Figure
10a).

Another commonly used metric, the molar conductivity (4) of the electrolyte, can be calculated by dividing
the measured o by the molar concentration (M). Since dilute concentrations are accompanied by fewer ion
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associations, the conductivity offered by one mol salt is usually higher for lower concentrations, as the
relative amount of active charge carriers is higher, or in other words, the ionicity («) is higher. By combining
the # and the 4 of the electrolyte, an empirical rule by P. Walden concerning ions in solutions suggests that
the product of the above is approximately constant for the same ions in different solvents [127],

nA = k. (Eq.14)

The Walden product £ is a temperature-dependent constant and quantifies the ion motion relative to the
media fluidity and the ionicity, where the latter is defined as

a=-2 (Eq.15)

ANE.

Here, An.£ is the molar conductivity calculated by the Nernst-Einstein relation without ionic correlations,

FZ
Ayg = E(U’fz’sz’f +v_z2D_), (Eq.16)

and F is the Faraday constant, R is the gas constant (= k»*N4), T is the temperature, v+ and v. are the number
of cations and anions per electrolyte formula unit, z+ and z. are the valences of the cations and anions, and
D+ and D. are the diffusion coefficients of the cations and anions, respectively [128]. By inserting the
Stokes-Einstein diffusion coefficient (Eq. 13) in the Nernst-Eisenstein relation (Eq. 16) the Walden product
is now expressed as a function of the ionicity, the hydrated ion size, and the ion valency:

F?2 (v,z2 wv_zZ2
o ()
6m \ 1} r—

k=nA (Eq.17)

By plotting /4 vs. 7 in a log-log scale, a Walden plot is made and the relationship between the electrolytes’
molar conductivities and viscosities can be deciphered, by qualitatively visualizing their ionicities and
classifying their ion conducting behaviour (Figure 10b). Far below the ideal KCl line are non-ionic, under
the ideal line are poor-ionic, on the ideal line are good-ionic, and upper left, above the KCI line, are
superionic liquids [129].
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Figure 10. a) lonic conductivity Arrhenius plot, b) a Walden plot of Na>SO, based aqueous electrolytes, and
hydrodynamic radii in aqueous solution [I].
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Comparing electrolytes with mono- and divalent salts, however, is not trivial. It is possibly not even the
intended use of the Walden rule. Nevertheless, Yang et al. applied a methodology for a more fair comparison
when ions of different charge are present, where the ideal line of each electrolyte is shifted by a prefactor
Ci = klkkci, using k from Eq. 17 where kkci = [vi=1, z:°=1, v.=1, z?=1,] = aF?(2/r;)/6m and assuming
similar hydrodynamic radii (7;) [128]. The hydrodynamic radii can vary a lot, however, and therefore we
also use them in the calculations (Figure 10b) [130—-132].

3.4 Spectroscopy & diffraction
3.4.1 Raman spectroscopy

Raman spectroscopy provides information about the microscopic structure and the intermolecular
interactions, and it uses electromagnetic radiation to study vibrational (and rotational) transitions in
molecules. These transitions appear in the 10* — 10> cm™ (infrared) region and emerge from vibrations of
the nuclei in the molecules [133]. During operation, a monochromatic laser illuminates the sample and the
external electric field of the incident beam interacts with the electron cloud of a sample. A vibrational state
is temporarily raised to a "virtual state", energetically situated between the highest vibrational and next
highest electronic state (Figure 11). This transition is not quantized and the inelastic scattered photons, the
Raman scattering, are shifted up or down in energy (anti-Stokes or Stokes). Or in other words, as depicted
in Figure 9, Raman spectroscopy measures relative frequencies scattered by the sample, whereas e.g.
infrared spectroscopy (IR) measures the absolute frequencies. The shift holds information about the
vibrational modes, "structural fingerprints", corresponding to the molecular vibrations happening in the
particular sample. The molecule must undergo a change in polarizability during the vibration for it to be
Raman active, where polarizability refers to how easily the electrons are distorted from their original
position.
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Figure 11. Energy level diagram of the states involved in Raman spectroscopy.

Raman spectroscopy is a useful technique to study the local water structure of aqueous electrolytes, and by
investigating the OH-stretching vibrations (2800-4000 cm™) the relative amount of free water in the
electrolyte can be determined. By spectral fitting and peak deconvolution, the spectra can be broken down
and analyzed, as the contributions of different OH vibrations are distinguished. Authors differ in how many
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peaks they assign, typically varying from two to five Gaussians, and Sun assigned five bands: 3005 cm™,
3226 cm™!, 3434 cm™!, 3573 cm™! and 3640 cm™! to O-H vibrations engaged in DAA, DDAA, DA, and DDA
hydrogen-bonding, and free O-H vibrations, where D stand for a proton donor and A refer to a proton
acceptor [134]. The analysis is typically done by comparing the intensities and areas of the DA and DDAA
peaks, and increased ratios indicate a decreased amount of free bulk water in the electrolyte. We used a
Dilor XY 800 to record the spectra with either an Ar-Kr laser (BeamLok 2060, Spectra-Physics) ora 50 mW
solid-state laser (Hiibner Photonics), both 514.5 nm and vertically polarized in a 90° scattering
configuration.
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Figure 12. Raman spectra in the O-H stretching vibration region and the corresponding peak
deconvolution of pure water [134] [193]. [1].

3.4.2 Fourier-transform infrared spectroscopy

IR uses radiation in the infrared portion of the electromagnetic spectrum to measure the interaction with
matter by absorption, emission, or reflection, and it is used to study and identify compounds or functional
groups in solids, liquids, or gases. As molecules above 0 K are non-stationary, they vibrate and absorb
frequencies characteristic of their structure. For the sample to be IR active, the vibrational modes need to
be associated with a dipole moment change. A common sampling technique used with IR is attenuated total
reflection (ATR), where an evanescent wave arises from an infrared beam having total internal reflection in
the ATR crystal. The sample is situated next to the crystal, in this case a germanium crystal due to its high
refractive index, and the sample absorbs light which is later registered in the detector.

Herein, Bruker Alpha ATR Fourier-transform IR (FTIR) and NicoletTM iSTM 5 FTIR (Thermo Fisher
Scientific) spectrometers were used, where all the infrared frequencies are measured simultaneously,
enabling fast measurements. By introducing an interferometer with a beam splitter, the infrared beam is
split into two, and in short, they are reflected by mirrors, interact with each other, and when returning to the
beam splitter they have travelled different distances. The resulting interferogram is then Fourier transformed
into an IR spectrum, where the peaks can be associated with functional groups in the sample.
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3.4.3 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy measures the absorbance or reflectance of light in the UV-Vis
region and is a technique used to identify and quantify compounds in a sample. The UV-Vis
spectrophotometer passes a beam of light through the sample and measures the amount of light that is
absorbed at each wavelength, where the amount is proportional to the concentration of the absorbing
compound. The UV-Vis spectra were recorded on a Mettler Toledo UV 5bio spectrometer with an absorption
quartz cell from 200-800 nm (Hellma analytics, Quartz Glass High Performance 200-2500 nm, 1 mm optical
path length).

3.4.4 Inductively coupled plasma atomic emission spectroscopy

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is an elemental analysis technique
that uses inductively coupled plasma to excite atoms and ions which then emit radiation of particular
wavelengths, characteristic of the elements present in the sample [135]. The equipment is made of two parts,
the inductively coupled plasma source (often argon) and the atomic emission spectrometry detector. In short,
the aqueous sample is nebulized to a mist and introduced to the plasma. The sample is then ionized and
release radiation specific to the element and the intensity is proportional to the concentration of elements in
the sample. Herein an ICP-OES iCAP™ PRO XP (Thermo Fisher Scientific) was used.

3.4.5 Powder X-ray diffraction

X-rays are electromagnetic radiation with a characteristic wavelength (1) in the Angstrém range (1 A = 10-
19 'm). Photons of such high frequency are commonly used to characterize the crystal structure(s) of
compounds by the diffraction phenomena, hence X-ray diffraction (XRD). A Bruker D8 Discover set-up
with Cu radiation was used in a Bragg-Brentano geometry with a Ni filter to cut Cu K- contributions. By
directing the beam towards the sample in different angles (0), constructive interference is produced when
Bragg’s law is satisfied, according to

nl = 2dsiné, (Eq.18)

where 7 is a positive and d relates to the lattice spacing in the crystal structure. The resulting diffractogram
generates peaks on the 26 x-axis with corresponding intensities, and the peak’s positions can be seen as
“fingerprints”. By identifying each peak, the crystal phases present in the sample can be determined. This
technique, as well as FTIR spectroscopy, were used on active material powders and ex situ to characterize
electrodes in different state-of-charge, to study if, and how, the local environment of functional groups and
the crystal structure were changed during cycling, respectively, as cations had been (de)intercalated.
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3.5 Electrochemical characterization
3.5.1 Linear sweep voltammetry

The electrochemical stability of an electrolyte is important to be aware of, to know the voltage range the
battery can operate in, and when unwanted side reactions such as water splitting start occurring. LSV was
used to measure the ESW of the electrolytes; by applying a constant voltage rate in one direction at the time,
the responding current is measured, and the voltage is swept until a set current density limit, defining the
ESW (Figure 13). At this point the current from the chemical reactions is no longer negligible, and for
absolute potentials higher than this the electrolyte is no longer considered electrochemically stable.
However, defining the stability of an electrolyte and comparing ESWs is not straightforward. To begin with,
the current density limit is not set in stone, it is often arbitrarily chosen and varies vastly among authors
(0.01-5 mA cm) [136], and is sometimes not communicated. Similarly, the scan rate often varies (0.1-100
mV s!), which influences the current response and induces overpotentials. Moreover, the cell dimensions
and electrolyte volume — rarely discussed — also should be similar for a fair comparison to be made. Yet,
one of the most influential factors regarding the onset of OER/HER is the WE. This is due to materials
having inherent overpotentials, effectively moving the water-splitting reaction according to the catalytic
nature of the surface [137]. A standardized cell is therefore desirable as discussed previously in section 3.2
(Figure 8). Finally, since the water-splitting reactions involve H'/OH™ they are also heavily influenced by
the pH in aqueous electrolytes, and the potential shift of the reactions can be approximated by the Nernst
equation.
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Figure 13. Voltammogram with the green region and dashed lines outlining the ESW.

3.5.2 Cyclic voltammetry

Similar to LSV, CV sweeps the set potential range of the WE and records the current response, but now in
a cyclic manner. The resulting voltammogram visualizes the electrochemical behavior of the electrode and
holds information about the charge storage mechanisms. By analyzing the voltammogram, it is possible to
determine what kind of reactions occur, at what potentials the reactions occur, and of what magnitude the
reactions occur. This was a crucial tool in the initial stages when characterizing the active materials, as
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quick scans can be made to figure out the material’s redox activity, before more elaborate electrochemical
investigations.

AC

PTCDA e
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Figure 14. Cyclic voltammogram.

The characteristic Faradaic and non-Faradaic behaviours are illustrated for PTCDA and AC (Figure 14),
where the former displays distinct redox peaks at specific potentials, while the latter has rectangularly
shaped profiles throughout the entire voltammogram. This is a result of the different charge storage
mechanisms, where electron flow from oxidation and reduction reactions generate peaks [138], while the
rectangular shapes originate from the continuously forming electric double layer at the electrode surface.

In CV, the scan speed is chosen depending on what material and what mechanism is studied. Slower speeds
(<0.5 mV s!) are often applied when characterizing redox active materials, and especially new materials,
as the peaks will be sharper and more easily interpreted. Faster speeds (>10 mV s™!) are typically applied
for supercapacitor materials, or when the behavior and performance of the system is to be analyzed and put
to a test. Only higher scan rates may reveal if the charge storage mechanism is fast, if the peaks for Faradaic
materials will remain sharp and with small separation, which is important for high power applications. In
this work a variety of scan speeds have been utilized, ranging from 0.2 mV s up to 50 mV s, depending
on what material and what mechanism were of interest.

Moreover, by sequentially applying a range of scan rates, the Faradaic and non-Faradaic current
contributions can be determined. By plotting the logarithm of the peak current (i) vs. the sweep rate (v), the

b parameter from

logi =blogv + loga (Eq.19)

can be extracted, and Faradaic reactions result in » = 0.5, while non-Faradaic give » = 1.0 [139]. The
relationship between v and i can also be written as

i =k + kyv'/? (Eq.20)
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where k; and k: are potential-dependent constants, and k;v and k2v”? correspond to the non-Faradaic and the
Faradaic current contributions of the total amount of charge, respectively.

3.5.3 Galvanostatic cycling

The most common electrochemical technique used to assess batteries and hybrid supercapacitors is potential
limited GC. GC is essentially used to monitor how electrochemical charge storage devices operate; a
constant current is applied, and the resulting voltage is recorded, creating charge/discharge curves (Figure
15), whereby the capacity of the electrode or cell can be obtained (/:f). Faradaic materials typically show
flat plateaus corresponding to the redox potentials of the redox reactions happening, whereas non-Faradaic
materials instead have sloping profiles with linearly increasing capacity, a result of the continuous surface
charge accumulation. Pseudo-capacitance, on the other hand, is a Faradaic process with fast surface/near-
surface redox reactions, which ideally generates an electrical response (and b parameter) similar to
capacitive materials [27].
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Figure 15. GC charge/discharge curves.

GC can also be used to calculate the energy/power densities by integrating the area (Figure 16a). They are
popular performance metrics even outside the battery field and enable comparisons between different energy
storage technologies.

3-celectrode cell configurations are common when studying electrodes in half-cells, but it can also be useful
when cycling full cells. By monitoring all electrode potentials simultaneously, the electrochemical behavior
and the individual contributions of the electrodes can be distinguished (Figure 16a). This can e.g. reveal
where unwanted side reactions occur, and it is particularly useful when capacity balancing cells for optimal
full cell performance. As an example, by running the Na-HSCs in 3-electrode Swagelok cells, the
charge/discharge profiles were monitored, and e.g., if the absolute capacity (and thereby weight) of the AC
electrode was not sufficiently high, this would instantaneously be illuminated as the voltage plateau of the
PTCDA electrode would not be fully utilized. Well-balanced cells make use of the entirety of the plateau
and deliver full cell capacities similar to the limiting stand-alone electrode.
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Figure 16. a) GC charge/discharge curves and b) cycling stability test of a PTCDA||AC full cell. [11].

GC is also used to study the cycling stability and efficiency (Figure 16b). The former is done by doing many
galvanostatic cycles and recording the capacity at each cycle. The capacity retention can thus be calculated
by dividing the remaining capacity by the initial capacity (Qfina/Qiniiat). The corresponding Coulombic
efficiency for each cycle, i.e., Quischarge/ Qcharge 1S another measure used to provide information on how much
useful capacity that can be withdrawn. Last but not least, the energy efficiency of an electrode, or a full cell,
can be calculated as the ratio of the specific energy during discharge vs. charge (Edischarge/ Echaree), €xtracted
from the areas in the charge/discharge plot (Figure 16a).

3.5.4 Electrochemical impedance spectroscopy

Finally, EIS was used as a tool to measure the resistances in the assembled cells. Typically, a sinusoidal
voltage perturbation of ~5 mV is applied, and the phase and the magnitude of the current is recorded. The
applied voltage must be small not to induce charging or discharging, and so the current responds linearly to
the voltage. By doing this in a frequency sweep (e.g. 100 kHz — 100 mHz) a Nyquist plot can be created
with the complex cell impedance Z(f) as a function of frequency (Figure 17).

Choosing an equivalent circuit model for the experimental data is not straight forward and can require a lot
of trial and error. By implementing the simple and commonly used Randles circuit cell model, physical
properties such as the charge-transfer resistance (R.) and the electrolyte resistance (Rs) can be extracted
from the Nyquist plot, where Ca and Z,, represent the double layer capacitance and the Warburg diffusion
element, respectively. EIS was done in Swagelok cells for the stand-alone electrodes, but to ensure more
reproducible and comparable results, the full cells were studied in 2-electrode coin-cells where the applied
pressure between the two electrodes is kept more constant.
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4| Results & Discussion
4.1 Developing hybrid electrolytes

Starting from the standard and most used aqueous sodium-ion electrolyte 1 M NaSOa4aq), the idea was to
find suitable additives that would enhance the ESW and suppress active material dissolution during cycling.
This was an unexplored path which had (and have) a lot of potential as the stock solution of saturated (ca.
1.9-2.0 m) Na,SOs has a very low viscosity (ca. 1.9 mPa-s) and high ionic conductivity (ca. 140 mS cm™")
at 30°C. Thus, introducing additional components which in most cases increases the viscosity and decreases
the ionic conductivity will most likely not be detrimental for the battery performance as 20 times the
viscosity or one-hundredth of the ionic conductivity would be sufficient for practical use. The restrictions
were not to incorporate compounds that would drastically affect cost, safety, or sustainability.

4.1.1 Gdm2S04

The guanidinium cation (C(NH2)3" or [Gdm]") is known to denature proteins by interacting with the water
molecules and altering the hydrogen bonding network [140], and the hypothesis was that the ESW could be
broadened by binding the free water in the electrolyte with a guanidine salt. Gdm,SO4 was chosen to not
introduce more than one component at once, and at first it seemed promising due to its high solubility. Even
in saturated Na>SOuq) the salt dissolves up to 9.0-10.0 m, creating a WIBE. When recording LSV curves
with the commonly used rate 1 mV s’ and setting the current limit to 1 mA cm the oxidation limit expands
after adding the second salt with about 140 mV, whereas the opposite is true during reduction (Figure 18).
Considering there is no formal convention regarding what current density limit to use we are here careful
to draw any hard conclusions, because if the limit was chosen to be e.g. 0.25 mA c¢cm™ then the reduction
stability would be unaffected (Figure 18a). During oxidation the profiles are similar but offset (Figure 18b),
why changes in the kinetics (viscosity) might be the route cause, affecting the water diffusion and therefore
the onset of gas evolution.
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Figure 18. ESW of the aqueous electrolytes measured by LSV. A zoom-in of a) the reduction and b)
the oxidation. Dashed lines mark the two stability limits.

27



Raman spectroscopy was thereafter applied to analyze the OH-stretching modes of the water molecules,
situated at 2800-4000 cm', to provide insight on the local structure. The overall intensity of the OH-
stretching vibrations does decrease when adding 10.0 m Gdm,SOq4 to the saturated NazSOasq) (Figure 19a),
but after deconvolution, the peak intensity and area ratios (/rasio and 4yario, respectively) of the 3434 cm™ and
3226 cm™! are not increasing (Table 1), thus not indicating a decrease in the free water. Gdm"™ —NH stretching
peaks are also present in this region which should make the /a0 and A,uio comparison invalid [141]. To
further study the effect of Gdm2SO4, 9.0 m and 15.0 m were added to 1.0 m Na>SO4 and here the trends are
even less pronounced (Figure 19b). The OH-stretching bands are remarkably unaffected by the increased
Gdm>SO4 concentration and we attribute this to Gdm2SO4 ion-pairing, as observed before [142,143]. The
Gdm>SO4-WIBEs were therefore disregarded and not analyzed further.

a) b) 1.0 m Na,SO, + 15.0 m Gdm,SO,
10.0 m Gdm,SO, 1.0 m Na,SO, + 9.0 m Gdm,SO,
2.0 m Na,SO,

Intensity (a.u.)

| —

2600 3000 3200 3400 3600 3800 4000 2800 3000 3200 3400 3600 3800 4000

Raman shift (cm™)

Figure 19. Raman spectra of Na:SO4 and Gdm:SOy based aqueous electrolytes using a) Ar-Kr and b) solid
state lasers.

4.1.2 Magnesium and calcium salts

The search for electrolyte additives continued, and the abundant elements Mg and Ca were considered.
Several salts meeting the requirements were found and mixed with saturated Na>SOs. The Ca salts (CaAc»
and CaSOys) unfortunately have extremely low solubilities, while MgAc, and MgSOs dissolves much easier.
When applying LSV, however, for the electrolytes with the former salt the acetate is oxidized before the
OER, narrowing the ESW (Figure 20). The highest concentration (2.0 m Na2SO4 + 1.0 m MgAc») also has
problems, as it did not completely dissolve and was therefore also disregarded.
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Figure 20. LSV of aqueous electrolytes based on Na>SO4 and MgAc:.
MgSO4 on the other hand not only dissolves to more than twice the concentration as compared to MgAc:,

but the newly made “Hybrid electrolyte” which consists of 1.9 m Na;SO4 + 2.4 m MgSO4 also shows
promising results with LSV (Figure 21).
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Figure 21. ESW of the aqueous electrolytes measured by LSV. A zoom-in of a) the reduction and b) the
oxidation and c) a depiction of the full window. Dashed lines to mark the stability limit. [1].
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The ESW expands from 3.5 V to 3.7 V by increasing the salt concentration from 0.1 m to 1.9 m, using the
same scan rate and current density limit as before (Figure 21c). ESWs for 1 M Na;SO4 have been reported
from 1.5-2 V on stainless steel at 0.1 mV/sto 2.2 V using Ti at 5 mV/s [144,145]. Compared to the literature
our 1.9 m electrolyte ESW is large, and it is due to the reduced electrocatalytic properties of glassy carbon
for HER/OER, resulting in overpotentials compared to a more practical set-up. Finding comparable data,
however, is difficult as discussed in Section 3.5.1, and we here nevertheless solely intend to use these data
for comparative purposes within this study to study the effect of salt concentration. The hybrid electrolyte
results in an even wider ESW of 3.9 V, and the wave like current density increase at ca. 1.25 V during the
oxidation is completely suppressed with the hybrid electrolyte, thus showing a considerable stability
increase (Figure 21b).

From the LSV it is clear that there is some kind of substantial difference in the ESWs. Again, Raman
spectroscopy was therefore applied to analyze the OH-stretching modes of water. A shift and a sharpening
of the overall broad band envelope is seen as function of salt concentration, including the hybrid electrolyte
(Figure 22a).
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Figure 22. a) Raman spectra in the O-H stretching vibration region and b) the corresponding peak
deconvolution of the pure water, the 1.9 m NaxSOqy electrolyte, and the Hybrid electrolyte. [1].

The Raman spectra of pure H>O, 1.9 m NaxSOuq), and the Hybrid electrolyte were further deconvoluted
into Gaussians (Figure 22b). A comparison of the Iratio and Aratio of the 3434 cm™ and 3226 cm! bands
clearly reveal the ratios to increase with increasing salt concentration (Table 1), indicating the hydrogen
bonded “free” water contribution relatively decreases [134,146]. By their very compositions, the 1.9 m
Na>SO4 and the Hybrid electrolytes have H>O/cation ratios of 14.6 and 9.0, respectively, and as the Walden
plot indicates similar ionicities (the degree of ion dissociation), the latter electrolyte should have less “free”
water available (Figure 24). We therefore attribute the wider ESW to a combination of higher viscosity, a
decreased amount of free water, and incorporating a more chaotropic cation. This was achieved by applying
the mixed cation concept, as it increases the salt solubility by the increased entropy, making the liquid phase
more stable and unlocking the possibility of more water-binding ions [147]. Yet, we are far from seeing the
narrow ~3550 cm™! peak that emerges for WISEs/WIBEs at very high salt concentrations (>20 m) and
correspond to H>O/Na" ratios of 2-3 [148].
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Table 1. Intensity and peak area ratio of the deconvoluted peaks at 3434 cm™ and 3226 cm™ as well as the total OH-
band area between 2800-4000 cm™, and the corresponding water concentration.

Liatio Asatio Aot Cater (M)
H,O 1.38 1.47 1.8446E7 55.51
1.9m 2.09 2.55 1.8304E7 52.27
19+24m* 235 2.81 1.7814E7 49.73
20+ 10m**  2.02 2.36 5.8579E6 -

* MgSO4. ** Gdm2SOq.

To further characterize the promising Hybrid electrolyte, the effect of salt concentration on the physico-
chemical properties; ionic conductivity, viscosity, and density were studied for temperatures up to 80°C.
The densities of the electrolytes increase more or less linearly as a function of salt concentration, while the
viscosities increase exponentially, and as expected both decrease as a function of temperature (Figure 23).
The Hybrid electrolyte displays a viscosity of ca. 9 mPa-s at 30°C, which is half an order of magnitude
higher than for the most concentrated Na;SO4 based electrolyte (ca. 1.9 mPa-s at 30°C) but compared to
WISEs, the Hybrid electrolyte is still very fluid; e.g. a 35 m NaFSI WISE renders 97 mPa-s [149].
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Figure 23. Arrhenius plots of the: a) density, b) viscosity, and c) ionic conductivity for the Na>SO4-
based aqueous electrolytes. Dashed lines to guide the eye only. [I].
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The intrinsic high ionic conductivities of aqueous electrolytes are also witnessed here (Figure 23c), and in
the same order of magnitude as NaTFSI, NaFSI and NaClO4 based aqueous electrolytes [150]. Moreover,
the ionic conductivity for the Hybrid electrolyte decreases less than what would be expected based on the
increased viscosity, relative to the same Na>SO4 concentration, to 64 mS-cm™ at 30°C, pointing to some
synergy. There is clearly an increase in the charge carrier concentration, but perhaps also somewhat different
structure and dynamics as the temperature dependence differs (Figure 23c).
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Figure 24. Walden plot of the aqueous electrolytes at 30°C. [1].

Finally, a Walden plot is made to study the relationship between the electrolytes’ equivalent molar
conductivities and viscosities [127], and qualitatively visualize their ionicities. The Na>SOs4 based
electrolytes, including the Hybrid electrolyte, are all relatively close to the ideal KClI line and thus the salts
should dissociate to a large extent when immersed in water (Figure 24). Furthermore, as the slopes are close
to unity, the activation energies for ionic conductivity and viscosity are similar, and hence the ion transport
mechanism is very likely to be mainly vehicular [151].

Multivalent ions make comparisons with simple 1:1 salts more intricate, and it is not trivial how to properly
represent the data in a Walden plot. Dave et al. compared aqueous Na;SO4 and NaNOs electrolytes and
argued the higher ionicity of the former to originate from the stoichiometry difference [152]. Moreover, the
highly charged and kosmotropic SO4*" could also make less solvent available for the cation, rendering
smaller Na" first solvation shells. For a fairer comparison we apply a methodology previously used by Yang
et al. where the ideal line of each electrolyte is shifted by a prefactor (C,), derived in detail in section 3.3.2.
Now, with C4(Na;SO4) = 2.84 and C(Hybrid electrolyte) = 3.26, the ionicities of our electrolytes become
akin to NaTFSl(q) and NaFSl.q) electrolytes [153]. On the other hand, considering a non-shifted ideal line,
all the electrolytes can be classified as slightly superionic, i.e. the ionic conductivity and the viscosity are
somewhat decoupled, thus the ions move faster than expected solely based on the viscosity [154].
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4.1.3 GAmTFSI

The TFSI anion is indeed fluorinated to a large extent and expensive to make high purity salts with, but with
the intention to use less lithium and to study the effect of a more chaotropic ion on the electrolyte stability,
GdmTFSI was synthesized and characterized, and then electrolytes were created. Even though the water-
breaking chaotropic effect is larger for anions [53], we do find similar trends to the recent findings of Reber
et al. [120]. Their study found a strong correlation that more chaotropic anions result in electrolytes with
larger electrochemical stabilities, and this correlation also seem to apply for the Gdm cation, as the ESW
here expands by 0.25 V at 1.0 m and 0.1 V at 8.0 m (Figure 25), comparing pure aqueous solutions of
LiTFSI vs. GAmTFSI.
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Figure 25. ESW of LiTFSI and GdmTFSI based aqueous electrolytes measured by LSV. 5 mV s scan rate and a 0.25
mA cm™ current density limit was used to define the ESW.

By again using the mixed cation concept, the TFSI-based hybrid electrolyte displays a 0.33 V broadened
ESW compared to 1.0 m LiTFSIq) (Figure 25). We decided to not surpass 4.0 m of GAmTFSI as the IR and
ionic conductivity investigations point to more prevalent ion-pairing at higher concentrations. More
specifically, the lower frequency band at ca. 1125 cm™! becomes pronounced for concentrations >4.0 m,
and as it matches the one observed for solid GdAmTFSI we assign this band to the vibration of [TFSI]™ linked
directly to [Gdm]", i.e. ion pairs (Figure 26a). Fewer available charge carrying ions should also yield a
lower ionic conductivity, which is observed above 4.0 m up to saturation (Figure 26b). The increased
viscosity is of course a contributing factor here as well. Moreover, the water stretching bands at 2800-4000
cm’! show areduced intensity as the concentration of the GAmTFSI is increased, giving way to more
pronounced —NH stretching peaks from the Gdm". Again, these -NH bands make it difficult to conduct the
Lratio and Aratio comparison of the 3434 cm™ and 3226 cm™! bands, yet the substantial decrease in the latter
indicate a weakening of the hydrogen bonded network of water [155], which previously has been attributed
to the water-breaking effect of chaotropic ions and at least partially could be the reason for the increased
ESW [120].
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Figure 26. (a) 950-1300 cm™" IR region, (b) ionic conductivity, (c) 2800-4000 cm™" IR region, and (d) the ESW for
GdmTFSI-based aqueous electrolytes.

4.2 Improving electrochemical performance

A considerable drawback of aqueous electrolytes is the high solubility of many electrode AMs. Here, we
explore if modifying the conventional 1 M concentrated electrolytes can improve the cycling stability and
rate performance. The investigated electrodes, using common ASIB/Na-HSC active materials (NTP, Fe-
PBA, Mn-PBA, and AC), as well as PTCDA and PTCDI, were made more sustainable by using organic
binders (CMC), separators (cellulose filter paper), and CCs (graphite foil).

4.2.1 Fe-PBA (Fennac)

First out, the commercial Fe-PBA Fennac (NaxFe[Fe(CN)¢]-yH20O) was investigated by CV and GC. The
rate capability tests with glassy carbon and Pt (not included here) CEs resulted in bad rate retentions, as the
low surface area turned out to be a bottle neck for higher currents (Figure 27a). Instead, AC CEs with several

times higher active material loading compared to the WE were used thereafter, significantly improving the
rate capability (Figure 27b).
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Figure 27. Fe-PBA electrode rate capability tests with a a) glassy carbon and a b) AC CE with the hybrid
electrolyte between 0.4 and -0.3 V vs. Ag/AgCl. c) Fe-PBA voltammograms at 0.2 mV s~

Voltammograms were recorded at 0.2 mV s™! and during oxidation with 1.0 m Na»SOusq) the Fe-PBA
electrode has a predominant redox peak at ca. 0.1 V vs. Ag/AgCl and a minor peak ca. 0.1 V higher, denoted
together as the 1% redox reaction (Figure 27¢). During reduction the peak is broader, starting at ca. 0.025 V,
without a clear “end”. Fe-PBA behaves similarly with 1.0 m as with saturated Na>SOu4q), only differing
with a slight Nernstian shift as is expected by the electrolyte concentration difference (Figure 27¢). In
contrast, with the Hybrid electrolyte it displays two adjacent redox peaks at ca. -0.03 V and 0.1 V vs.
Ag/AgCl during oxidation and slightly down shifted during reduction (Figure 27c). The current density is
more than five times higher, and the voltage profiles are significantly more symmetric with the Hybrid
electrolyte suggesting an improved electrochemical behavior. This difference is most likely due to the higher
electrolyte salt concentration and co-intercalation of Na™ and Mg" as PBAs have shown to reversibility
intercalate Mg" [156].

The GC charge/discharge curves and rate tests with 1.0 m Na>SOuag), 1.9 m Na2SOu4q), and the Hybrid
electrolytes differ to a large extent. The former fails to deliver a stable and reversible capacity (Figure 28ad),
whereas with 1.9 m NaxSOsq) Fe-PBA displays higher stability and reversibility, with capacities similar to
other Fe-PBAs (Figure 28b) [157,158]. At 0.2C however, it fails to cycle with both electrolytes (inset Figure
28ab). In stark contrast, Fe-PBA with the Hybrid electrolyte exhibit excellent cycling stability, Coulombic
efficiency (different 2" y-axis), and capacity retention throughout all scan rates (Figure 28cf). In addition
to Mg?" co-intercalation, a peptization process resulting in colloidal active material particles could be the
cause of the observed difference [157]. The reaction is thought to occur due to O bubbling from the OER,
and the higher viscosity and higher electrolyte stability of the Hybrid electrolyte could, in theory, suppress
this reaction, but unfortunately the separators were not recovered post cycling which would have confirmed
the presence or absence of blue colloidal particles.
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Figure 28. Fennac electrode rate capability tests with a,d) 1.0 m NaxSOug), b,e) 1.9 m NaxSOuq), and
¢,f) the Hybrid electrolytes.

A 2™ reaction can be found at higher potentials, ca. 1.1 V during oxidation and ca. 0.75 V vs. Ag/AgCl
during reduction when recording the voltammogram at 5 mV s! (Figure 29). Utilizing this peak is, however,
problematic as current from the OER becomes significant at >1.15-1.2 V. To use it would require further
developing the electrolyte to expand the oxidation limit or to use a completely different electrolyte with a
larger ESW.
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Figure 29. Voltammogram of a Fe-PBA electrode with the Hybrid electrolyte.
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4.2.2 NTP

The negative electrode material NTP was studied with the Hybrid electrolyte vs. 1.0 m NazSOu4(aq), and it
displays sharp and closely situated redox peaks with both electrolytes at ca. -0.95 V and -1.03 V vs. Ag/AgCl
for the oxidation and reduction, respectively (Figure 30ab), almost perfectly placed right at the edge of the
ESWs. The current density with 1.0 m Na>SOaq) is, however, only about half compared to the Hybrid
electrolyte, and the latter is clearly more reversible, but still, the redox peaks diminish significantly already
after 10 cycles. We here take a sidestep and bring in something completely different: the acetate WIBE 7.0
m NaAc + 20.0 m KAc studied by Khalid ef al. produces much more stable peaks, also with a clear Nernstian
peak shift from ca. -1.03 to -0.95 V vs. Ag/AgCl which can be attributed to the charge carrier concentration
difference [159] (Figure 30c). The charge/discharge curves are in agreement with the voltammograms and
NTP delivers ca. 130-140 mAh g! in the initial cycle with hybrid electrolyte and the WIBE, similar to the
original work [81]. Although, the electrodes subsequently display severe capacity fading with low
Coulombic efficiencies, as have been reported before due to Ti and P dissolution [86]. NTP with the WIBE
performs best, with more capacity, higher Coulombic efficiency, and less capacity decay, similar to with
LiTi2(POa4)3 [159], but the cycling stability is still quite bad (inset Figure 30f).
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Figure 30. NTP a-c) voltammograms recorded at 0.2 mV s™ and d-f) GC charge/discharge curves at 1C. f) Inset shows
the long-term cycling of NTP with the WIBE.

Attempts were made to enhance the stability, i) binders such as Na-alginate and PVdF were used instead of
CMC, ii) the graphite foil CC was swapped for Al, iii) sodium dodecyl sulfate (SDS) was added to the
Hybrid electrolyte, and finally iv) 0.1-0.2 m NaOH was added to increase the pH to >12 to counteract the
proposed degradation reaction of reduced NTP with dissolved Oz, where OH™ is a product [86].
Unfortunately, none of the above successfully improved the cycling stability and NTP remains unstable in
the presence of O2, which is the only real drawback hindering NTP from being an ideal negative electrode.
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4.2.3 PTCDA

PTCDA was chosen as an alternative negative electrode active material, and the cyclic voltammogram
reveals the PTCDA electrode to have a decreased current density already after 10 cycles with 1.0 m
NaxSOsaq) (Figure 31a). It seems to work decently, but applying the Hybrid electrolyte produces much more
stable and reversible reactions with higher current density (Figure 31b). The difference is most easily
ascribed to the increased amount of charge carriers facilitating the redox reaction, and the reduced solubility
of cation intercalated PTCDA by the lower water concentration, witnessed for WISEs [106] and discussed
further on in more detail.
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Figure 31. CV of PTCDA electrodes using the a) 1.0 m Na>SOuywq) and b) Hybrid electrolytes, and the
molecular structure of PTCDA. [1].

In the first cycle, one redox peak during reduction is seen at ca. -0.7 V, and likewise one during oxidation,
at ca. -0.4 V vs. Ag/AgCl for both electrolytes (Figure 31). This is very similar to what has been observed
for PTCDA using non-aqueous electrolytes, where also, after an electrochemical conditioning process
during the initial cycle(s) [99,106] i.e. an activation phase, the peaks are split into several consecutive,
stable, redox peaks (Figure 31). In contrast, for PTCDA using aqueous electrolytes with other cations, the
CVs differ either in the number of peaks and/or in the redox potentials [106—108]. Therefore, we believe(d)
this strongly indicates(ed) that Na* is the primarily active cation with our electrolytes.

In accordance with the CVs, the GC charge/discharge profiles display extended voltage plateaus with the
Hybrid electrolyte, reaching initial charge and discharge capacities of 97 and 68 mAh g!, respectively
(Figure 32b). After activation, which seems to involve ca. 30 mAh g! of irreversible cation intercalation, a
stable capacity of ca. 70 mAh g™! is achieved with excellent cycling stability (98.7%@100 with 0.2C from
2™ cycle) (Figure 32b & Figure 33f). In stark contrast, most cells fail completely to cycle with 1.0 m
NazSO4(aq) using GC, and for the ones who do not fail, there are still severe problems already in the initial
cycles (Figure 32a). This, again, is attributed to PTCDA continuously being dissolved in the electrolyte due
to the low salt concentration (Figure 34).
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Figure 32. GC charge and discharge curves of PTCDA at 0.2C using a) the 1 m Na>SOyq and b)
the Hybrid electrolytes. [I].

The rate capability tests reveal drastically impaired Coulombic efficiencies for the low C-rates with the 1
m NaxSO4 based electrolyte cells (Figure 33a). On the other hand, PTCDA with the Hybrid electrolyte
displays cells with remarkable rate capabilities and Coulombic efficiencies throughout the entire C-rate
sweep, despite its much higher viscosity (Figure 33d, different y-axes). The 100 cycle tests also confirm the
Hybrid electrolyte to outperform 1.0 m Na;SO4 (Figure 33bcef), where the former displays acceptable
Coulombic efficiencies and capacity retention at 0.2C, which further improves at 1C (98.9% @100 with 1C
from 2™ cycle) (Figure 33e). To put it in context, B-PTCDA with a 30 m KFSI WISE provided ca. 88—
90% @100 using significantly higher current density (x14) which may hide/reduce parasitic reactions and

contribute to the stability [106].
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Figure 33. PTCDA electrode a,d) rate capability test and b,c,e,f) GC with a-c) 1 m Na>SOyq and d-
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To validate whether suppressed dissolution of reduced PTCDA is the cause of the clear outperformance or
not, the separators were recovered from the cells after the 100 cycle GC test. Indeed, no sign of any red
colour indicating dissolved PTCDA [107,108] is seen on the separators with the Hybrid electrolyte (Figure
34ab), quite unlike the situation with 1 m NaxSOuqq) (Figure 34cd). A discharged PTCDA electrode was
also immersed in water, dying the water dark red, verifying the polarity increase of PTCDA in its reduced
state (Figure 34e). The separators were further immersed in 1 ml 2 m NaOH,q), where dissolved PTCDA
turns green when the structure is destroyed by OH [106,107]. Again, the separators from the hybrid
electrolyte cells remain colourless (Figure 34f), supporting the notion of suppressed PTCDA dissolution.

e |
gk,

Figure 34. PTCDA dissolution investigation. a-d) Separators after 100 galvanostatic cycles. The smaller, cut
separators were barriers to the RE and the black ‘dirt’ originates from the AC CE. e) A PTCDA electrode
discharged to -0.8 V vs. Ag/AgClI then put in water. f) Separators after a couple of days in 1 ml 2 m NaOH. [I].

The lower water concentration is probably a largely contributing factor in the Hybrid electrolyte, but Yue
et al. also showed that the dissolution kinetics are highly dependent on the viscosity [160], which is very
reasonable since for the process to continue, the dissolved active material needs to be transported away as
the electrode/electrolyte interface becomes saturated.

Nimkar et al. recently published a response to Paper I where they investigate the anion effect on the cycling
stability of PTCDA [161]. Their thesis is that the chaotropicity of the anion is one of the most important
factors, and that the more chaotropic the anion used is, the better the electrochemical performance. Other
than SO4>, to our confusion, they applied (to the best of our knowledge) the never-used COs>, the highly
corrosive CI', and the costly and unsafe ClOy4’, at cycling rates of 10 A g (ca. 73C). To extend their
investigation we therefore also want to include anions that are typically used for ASIBs, namely Ac’, NO3"
, FST, and TFST, that they must have forgotten to investigate from the Hofmeister series. Using these anions
and at a more reasonable cycling speed, we unfortunately fail to find any such correlation for PTCDA
(Figure 35). On the contrary, in the first few hundred cycles the more kosmotropic anions perform better,
yet they all experience severe capacity decay past cycle 500. Nevertheless, it might be so that the 1.0 m
electrolyte concentrations are too low for the chaotropic/kosmotropic effects to be distinguishable,
considering PTCDA’s high solubility in water and the local water stretching signature differences between
1.0 m (Figure 19b) and 8.0-10.0 m [120] (similar trends for aqueous lithium-ion electrolytes in Figure 37b).
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Figure 35. PTCDA cycling stability test with various aqueous electrolytes.

The electrochemical performance of PTCDA was furthermore studied for HSC applications with much
higher scan rates [II]. The CV analysis using speeds from 1-50 mV s reveal a mix of Faradaic (b = 0.5)
and non-faradaic (b = 1.0) charge transfer reactions to occur, and/or partly also pseudocapacitive (ideally
b =1.0) [27], as the b-value from Equation 19 equal between 0.5-0.75 (Figure 36a). The fast charge storage
is furthermore visualized in the rate capability test with almost all capacity retained up to 10 A g”! (ca. 119C
calculated based on the practical capacity). The capacity delivered by the electrode is ca. 30% more than
before and it is attributed to the lower (1/3) electrode mass loading, also making the rather large graphite
CC areal weight variance influence the calculated mAh g'!, whereas the power performance of PTCDA is
facilitated and made possible by the simple redox reaction involving enolization of the carboxyl group by
cation coordination (C=0 - C—O-cation) (Figure 36b) [99]. The slower rates do lack a bit of Coulombic
efficiency, but we speculate it will improve with longer cycling and by not pairing PTCDA with an oversized
AC CE that catalyses the water splitting reactions [162].
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4.2.4 PTCDI

The very similar molecule PTCDI, with imide instead of anhydride end groups, was for the first time
investigated with aqueous lithium-ion electrolytes [III]. Unlike for PTCDA, for which the cycling stability
seems solely/mostly to be affected by the electrolyte concentration, the electrochemical performance of
PTCDI is also very influenced by the choice of anion (Figure 37a).
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Figure 37. a) GC long-term stability test of PTCDI electrodes with aqueous electrolytes. Inset shows a UV-Vis
solubility test of (dis)charged PTCDI with 1.0 m LiTFSIpusoy and 1.0 m LiTFSI g, and the molecular structure of
PTCDI * The 10 m LiTFSI ) cell’s capacity retention was calculated from the 50" cycle. b) Raman spectra in
the O-H stretching vibration region of aqueous electrolytes. [I11].
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While 1.0 m Li2SOsq) barely is cyclable, PTCDI performs quite well up to a few hundred cycles by
increasing the concentration to 3.0 m, and when switching anions to TFSI there is almost no capacity loss
when approaching WISE concentrations (10.0 m: >100%@1000 from 1% cycle, 97%@1000 from 50" cycle
with 1C) (Figure 37a). The electrodes deliver ca. 115-120 mAh g!, and even with 1.0 m the capacity
retention is very good (90%@ 1000 with 1C) with an excellent Coulombic efficiency (>99.75%), and this is
mostly attributed to the insolubility of PTCDI with LiTFSIq) (inset Figure 37a). The LiTFSI vs. Li2SO4
outperformance can also be an effect of the changes in the local water structure by the more ‘water-breaking’
chaotropic [TFSI], seen in the Raman spectra as decreased intensity and up shift in wavenumbers of the
OH-bands (Figure 37b), disrupting the hydrogen bonded network, and possibly also due to the more
hydrophobic [TFSI] that does not directly interact as much with the cations and water molecules as the
SO4* does, but instead can migrate and form a protective hydrophobic layer at the electrode/electrolyte
interface preventing electrode detachment [44,161]. Compared with PTCDI using other aqueous
electrolytes, LiTFSlq) offers one of the best capacity retentions reported so far [102,103,105,163—-166],
and this is achieved without resorting to the extreme WISE concentrations and at a moderately low cycling
rate.
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Figure 38. PTCDI electrode a) CV and b-values, and b) rate capability test with 1.0 m LiTFSI ).

Again, using the linear relations (Eq. 19), b-values were extracted and they demonstrate a mixture of current
contributions from 1-20 mV s! (Figure 38a). The first reduction and oxidation peaks are more Faradaic,
while the second peaks are more non-faradaic/pseudocapacitive. This is in agreement with previous PTCDI
studies using aqueous Na"and Zn?" electrolytes [167,168], and the influence of more
capacitive/pseudocapacitive reaction mechanisms should enable the PTCDI electrode to have a strong rate
performance. The rate capability of PTCDI turns out to be quite good, retaining large amounts of capacity
up to 5 and 10C (Figure 38b). While it is worse than for PTCDA, it is very comparable with previous studies
using PTCDI with aqueous electrolytes, yet few other studies use C-rates <1C [102,105,164]. It is also
possible that the rate performance is affected by the CE, since LFP was used here instead of AC.
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Figure 39. PTCDI cycling stability test with various Na-based aqueous electrolytes.

PTCDI has previously been reported with saturated NaTFSl.q), a salty & sweet NaTFSI + erythritol
electrolyte, and very recently with 1 M Na;SOsq) in full cells [104,167,169], but to the best of our
knowledge there are no available data just looking at PTCDI. With this in mind, we also here set out to
investigate the anion’s effect on the cycling stability for ASIBs. In contrary to with lithium-ions is the
significant outperformance of [TFSI] vs. SO4> not present here at all, and instead all the electrolytes cycle
very well (Figure 39). For all the electrolytes more and more of the available PTCDI in the electrode seem
to be unlocked, or reached by the electrolyte by each successive cycle, and in a rather unusual fashion that
process is still ongoing at cycle 5000 for two of the four Na;SOuq) cells, while for the others a maximum
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is reached around cycle 20. More cells are certainly needed to confirm if these two are extreme outliers or
not. Nevertheless, with sodium cations we can with certainty say that PTCDI has a similar cycling stability
irrespective of the anion chaotropicity.

4.2.5 Mn-PBA

Mn-PBA has been subject to extensive investigation and used to create more than a handful of different
ASIBs [48,76,80,120,170—172]. It still, however, suffers from transition metal dissolution during cycling,
where Jahn—Teller distortion is thought to deform the structure and the disproportionation reaction of
Mn** results in Mn?" dissolution in the electrolyte [173,174]. This results in bad capacity retentions and
previously it has only partly been mitigated with WISEs. We, therefore, in paper IV set out to find a more
sustainable and less costly electrolyte formulation to overcome the dissolution issue and to enable stable
cycling of the very promising positive electrode material.

By developing our Hybrid electrolyte into a ‘triple electrolyte’, by adding a third sulfate salt (MnSOs), the
idea was to drive the dissolution reaction backwards in accordance with Le Chatelier's principle [175]. By
preparing an electrolyte with pre-dissolved Mn species, the chemical equilibrium of the dissolution reaction
should shift in the direction of inhibiting electrode material dissolution [173], and it indeed works like a
charm. The triple electrolyte, consisting of the Hybrid electrolyte + 0.3 m MnSO4 showcases excellent
cycling stabilities and Columbic efficiencies at both 0.2C and 1C, whereas the Hybrid electrolyte cells
display severe capacity decay right from the start and continuing throughout (Figure 40d), more similar to
previous studies of Mn-PBA using 17.0 m NaClO4uq) WISEs [76,170-172].
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By recovering the cells’ separators post mortem the instability with the Hybrid electrolyte becomes evident,
whereas for the triple electrolyte there are no signs of parasitic side-reactions (Figure 41). ICP-AES was
furthermore used to quantify the amount of dissolved material and after 1000 cycles a Hybrid electrolyte
cell’s separator contained 112 mg Mn. Fe was present in a comparable amount, which also Jiang et al.
observed, and therefore developing the electrolyte into a quadruple electrolyte could potentially improve
the cycling stability even further.

Hybrid electrolyte
1C i T

Figure 41. Separators from Mn-PBA half-cells after 200 galvanostatic cycles at 1C. The smaller, cut separators
were barriers to the RE and the black ‘spots’ originates from the AC CE.

Mn-PBA also incorporates a mix of current contributions, with increasingly more capacitive behavior at
higher C-rates, and displays a good rate capability up to 20C using the first reaction (Figure 40a-c). Similar
to Fe-PBA, Mn-PBA has two redox plateaus and here we only used the first as the second is situated right
on the edge of the electrolyte’s ESW (Figure 42a). We did, however, witness a peculiar behavior when
increasing the cut-off voltage. Over twenty cycles, the first Fe"™ redox reaction gradually diminishes and
thereafter the material exchanges electrons mainly via the Mn'"" redox pair (Figure 42b). The emerging
peaks are positioned very favourably, ca. 0.5 V higher compared to the Fe'""" redox reaction and almost
entirely within the ESW. Being so close to the ESW edge will, however, inevitably mean some OER to
occur and as a result yield lower Coulombic efficiency.
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To sum it up, all the investigated electrodes except NTP perform well with the aqueous electrolytes at hand.
More specifically, the Hybrid electrolyte greatly improves electrochemical performance of Fe-PBA,
PTCDA, and by adding a third salt Mn-PBA can also be used as a high-performing electrode. PTCDI works
well with low-to-medium-concentrated lithium- and sodium-ion electrolytes and it is therefore a very
promising negative electrode material for low-cost and sustainable aqueous batteries.

4.3 Reversibility, mechanism, and active charge carrier(s)

To get a deeper understanding about what is happening in the battery cells during cycling, the Mn-PBA,
PTCDA, and PTCDI electrodes were investigated further with a series of ex sifu and in situ techniques.

4.3.1 Mn-PBA & PTCDA

First, FTIR is applied to study the oxidation state of the transition metals in the Mn-PBA. The ex situ
investigation suggest Fe to participate in the redox reaction as the Fe'-CN-Mn" vibration (2070 cm™)
decreases while the Fe™-CN-Mn'! band (2145 cm™) appears after oxidizing (charging) the material (Figure
43a & Figure 44a) [176]. Moreover, a reversible cycling behavior is witnessed with the bands returning to
their original states when discharged. Unlike for K:;Ni[Fe(CN)s] using aqueous K-ion and Mg-ion
electrolytes [177], our Mn-PBA does not seem to co-intercalate water during charge as the OH-stretching
bands at 2800-3600 cm™' remain unaffected (Figure 43a).
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Figure 43. Ex situ (a) FTIR and (b) XRD of Mn-PBA electrodes cycled by GC with the Hybrid electrolyte. The
noisy peaks in (a) originate from the ambient air gases. [IV]

A change from the monoclinic to a cubic phase is revealed during charging in the ex sifu X-ray diffractograms,
where, also, a new peak appears during the first cycle at around 22° (Figure 43b). Its intensity
decreases/increases in the following cycles which at first very much confused us, especially since it was not
observed for e.g. Mn-PBA with (9 m NaOTf + 22 m TEAOT()@q) [80]. Graphite has previously been used as
a positive electrode material storing anions [167], and the new peak could therefore be due to SO4*
intercalation into the graphite foil CC. Indeed, and as previously observed [178], sulfate intercalation seems
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to occur here as an “empty” piece of CC displays the 22° peak when oxidized, yet the process should be of no
concern since the capacity is very insignificant (Figure 44bc). Reassuringly, the ex situ XRD data also point
to a reversible cation (de)intercalation process with the highlighted peaks changing accordingly (Figure 43b).
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AC||Mn-PBA pseudo half-cell. b) X-ray diffractograms of pristine and oxidized graphite current collectors and
¢) the corresponding voltage profile (vight). [IV]

Although its organic nature, PTCDA orders itself in a crystalline structure and can therefore also be studied
with XRD. The ex situ investigation suggests both reversible and irreversible structural changes to occur.
More specifically, during charge the 9.5° peak almost completely disappears and a new broad peak emerges
at lower angles, similar to with non-aqueous electrolytes (Figure 45) [179]. When charging the electrode, the
9.5° peak reappears, whereas parts of the new broad peak remain during discharge. The latter indicates an
irreversible change that previously has been associated with the PTCDA activation in the initial cycle(s) [99],
which is in accordance with the irreversible capacity of the first charge (Figure 32b).
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Figure 45. XRD diffractograms (shifted and not in scale w.r.t. intensity) of the PTCDA powder (black), the
pristine electrode (red), and electrodes in discharged (blue) and charged (green) states after 20 CV cycles. [11]

The ex situ FTIR spectra of PTCDA point to the oxygen of the carbonyl groups to be interacted with in the
charged states, seeing that the C=0O vibration intensity at ca. 1770 cm” decreases/increases during
charge/discharge (Figure 46), and previously attributed to an enolization reaction (C=0O — C—O-cation)
[99]. The signal to noise ratio of the cycled electrodes is not amazing, however, a lot of the diminished peak
intensities seen in the charged states are recovered during discharge which allude to a reversible charge
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storage. Moreover, the spectrum at the 1% discharge is a bit different compared to the pristine electrode and
suggests structural changes to have occurred, possibly due to the material activation where cations partially
remain.
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Figure 46. FTIR spectra of PTCDA powder and electrodes cycled with the Hybrid electrolyte, cycled with GC
Ex situ. The noisy peaks in originate from the ambient air gases.

Continuing, the Nernst equation can be used to predict the potential shift of a redox reaction as a function
G

: . . RT :
of charge carrier concentration, according to AVyernst = ;ln At room temperature, active

2
mono/divalent charge species are expected to shift the reaction +59/29 mV per logarithmic decade of

increasing salt concentration. By using CV and looking at the peak position(s) of the redox reaction(s), the
increasing amounts of charge carriers in the electrolytes point to neither Mn-PBA nor PTCDA to involve
protons in the charge transfer as the redox potentials remain constant when changing the [H'] by more than
x10000 (Figure 47ad). This is unlike some other PBAs [177] and PTCDA with 1 M H2SO4q) (pH<1) [107],
but we do not find it implausible as our conditions are certainly milder, and by having additional charge
carriers present, here Na* and Mg?", the selectivity/competitiveness of proton intercalation has previously
been witnessed to drastically decrease [169].
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Figure 47. a-¢c) Mn-PBA and d-f) PTCDA electrode voltammograms (cycle 1, 0.2 mV s*) at different ad) pH,
be) [Na'], and cf) [Mg’"]. Inset in a) shows cycle 20.

The CV studies instead suggest that Mn-PBA and PTCDA (de)intercalate Na* and Mg?*, as the redox
potentials shift roughly in line with the Nernst equation (Figure 47bcef). A bit of discrepancy from the
approximation is to be expected since the 1.0 m concentrations exceed the dilute regime (activity
coefficients # 1) and we also pass a net current through the electrodes which affects the activity and
introduce overpotential and resistive loss terms. Interestingly both electrodes have low current densities
when the electrolyte only contains Na;SOa4. They seem to require the more chaotropic Mg?* and/or a higher
amount of charge carriers to accommodate more extensive redox reactions.

4.3.2 PTCDI

Last but not least, we continue the study of PTCDI and begin with applying FTIR to gain insights on the
vibrations of the functional groups — to understand the material changes (if any) at different SOC and to
elucidate what redox mechanism occur. By reducing (charging) PTCDI, there are shifts and intensity
changes throughout most of the spectra. The large reduction of the C=0 and aromatic C—H bands as well as
the red shift of the perylene band point to an enolization reaction of the carbonyl group (C=0 — C-O-
cation) and a decreased m-electron delocalization of the conjugated rings by cation coordination, as
previously observed (Figure 48a) [180]. During discharge most bands recover their peak intensities and
positions, indicating de-enolization and a reversible redox reaction. However, by overlaying the spectra a
slight difference is seen; the 1685 cm™' C=0 band merging to a single peak is similar to with organic
electrolytes [181], and the new peak positioned at 1065 cm! that remains during discharge has previously
been ascribed to a C—O bond (Figure 48b) [182]. At the same time, the intensity decrease of the C=C
vibration (875 cm™) suggests a potential change to the delocalization of the structure (Figure 48b). These
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spectral changes between the pristine and the following discharged states, also taking into account the
irreversible capacity of the first cycle (inset Figure 48b), indicate that some Li* remain during discharge,

and similar to PTCDA this is probably connected to the PTCDI electrode activation.
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Figure 48. Ex situ FTIR spectra in the a) 600-3500 cm™ and b) 850-1800 cm™" region, and c) ex situ X-ray

diffractograms of free-standing PTCDI electrodes cycled with 1.0 m LiTFSI ). Inset in b) shows the I*' and
2" GC cycle of a PTCDI||LFP cell.

The ex situ diffractograms display the already quite broad peaks to shift and become even broader, indicating
a loss of crystallinity during charge when ions are intercalated/coordinated. They all, however, return to
their original positions after discharge, displaying good reversibility. A slight change between the pristine
and the following discharged patterns is observed, and this we attribute to a slight alteration in the crystal
structure but whether it originates from the activation process or pre-measurement cleaning remains an open
question.

Which charge carrier(s) that participate in the charge storage mechanism was further investigated by in situ
EQCM-R and by monitoring the Nernstian peak shifts with CV. The former measures the motional
resistance and frequency fluctuations of the WE and can be correlated to a mass increase/decrease of the
electrode during cycling. In the first cycle, a large irreversible frequency decrease/mass increase is seen
with 1.0 m LiTFSI(aq) and 1.0 m Li2SO4aq) which we attribute to electrode swelling by the electrolyte [183]
and/or the structural activation of PTCDI involving irreversibly intercalated ions (Figure 49ad).
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By cycle 5 the TFSI-based electrolyte displays an unexpected response for R1/O1: mass loss during reduction
and mass gain during oxidation, indicating a process not involving typical cation
(de)intercalation/coordination (Figure 49b). Or put in other words, the electrode loses mass when cation
intercalation is expected and thereafter gains mass when cation deintercalation is expected. Instead, we
theorize it is due to the more hydrophobic/chaotropic nature of [TFSI]", which makes it interact less with
the cations and the water molecules, and rather migrates to and from the electrode surface to charge
compensate. A recently study with PTCDA in dilute sodium-ion electrolytes showed that chaotropic anions
had a much larger presence at the electrode surface compared to the more kosmotropic anions [161], and in
our case the electrostatic interactions between PTCDI and [TFSI]"! could be the origin of the unexpected
mass changes in cycle 5. Especially as it does not occur for the kosmotropic SO4> (Figure 49e).
Nevertheless, by cycle 50 the EQCM responses represent typical two-step cation
(de)intercalation/coordination processes with both electrolytes (Figure 49cf). In the 5 cycle with Li>SO4(aq)
the Sauberey equation (Eq. 11) is applicable since Af/AR, > 25 Hz/Q), whereas for lower ratios the mass-
frequency linearity can be disrupted and make the approximation invalid [124,125]. The calculated
“molecular weights” equal to 71 g mol™' and 75 g mol™! for Ry and Ry, respectively, which likely correspond
to the weights of solvated Li" with 3.6 and 3.8 water molecules on average, remembering that the Li"
coordination number in aqueous solutions is 4 [184].

Continuing, and as we saw for PTCDA, PTCDI does not seem to involve protons as active charge species
either when another cation is present in the electrolyte, considering no clear up-shift is observed when
changing the [H'] by two orders of magnitude (Figure 50). In contrast, the [LiTFSIq)] increase from 1.0 to
3.0 m results in +16 mV (+12 mV expected), +30 mV (+23 mV expected) and +30 mV (+23 mV expected)
for Ri, O1, and Oz, respectively. Similarly, for Li2SO4(q) the shifts are +5 mV (+13 mV expected), +30 mV
(+26 mV expected) and +30 mV (+26 mV expected) for R1, O1, and O, respectively. Altogether, these CV
studies monitoring the mass and redox potential changes strongly point to Li* being the active charge carrier,
and as no other species are present, we must conclude solvated Li* to single-handedly participate in the
redox reactions with PTCDI using aqueous electrolytes.
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4.4 Electrochemical full cells

Here in the final part of the thesis we pair the studied electrodes to create novel cell chemistries and evaluate
their electrochemical performance. Considering the promising rate capability of PTCDA seen in Chapter
4.2.3 , PTCDAJ|AC cells are assembled to assess how well the material can perform in a HSC. A 1:3-3.5
electrode weight ratio is used to balance the capacity, and the cells deliver a capacity of ca. 22 mAh g
Ipreparac at 0.5 A g! after the activation process (Figure 51a). The large weight of the AC electrode does
limit the capacity, yet the cycling stability is on par or exceeds that of the best comparable all-organic
aqueous energy storage devices in the literature, having 86%@1000 with 1 A g!' from the 10" cycle with a
Coulombic efficiency >98.5% [95,116,185-187] (Figure 51c).

From the Nyquist plot, and by implementing the simple and commonly used Randles circuit cell model,
slightly modified with constant phase elements to appropriately fit the data, the charge-transfer resistance
(Rer, 18.3 Q cm™) and the electrolyte resistance (Rs, 2.1 Q cm™) were extracted before cycling (Figure 51b).
The former drastically decreases after cycling, indicating that the activation process improves the charge
transport kinetics and conductivity. The energy and power densities are for the HSC 17 Wh kg™ prcpasac
(at 0.5 A g'") and 4.5 kW kg 'prepacac (at 50 A g!), respectively, performing in between the typical aqueous
batteries/supercapacitors (Figure 54c). It is by no means as well performing as the PNTCDA||carbon
microspheres Na-HSC mentioned in Chapter 2.5, yet it was never the intention since we here aim to
prioritize the cost and sustainability by exclusively using organic materials. We acknowledge that neither
water nor the salts used are organic, but the point pushed is the implication that these are safer, lower cost,
and more sustainable/ecological.
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Figure 51. a) Rate capability test, b) Nyquist plot of the HSC with a modified Randles circuit, and c) GC stability test
at 1 A g with the Hybrid electrolyte. Inset in c) shows the corresponding charge/discharge curves of the 100" cycle.

/.

With the hopes of simplifying the EOL, the biodegradability of the all-organic device was evaluated and after
4 weeks in a kitchen pre-compost Bokashi 2.0 the original structure was intact. After § more weeks dug down
in soil the separator and parts of the electrode were degraded, whereas the graphite CCs remained unaffected
(Figure 52). Considering that cellulose filter paper and CMC are known to biodegrade, whereas PTCDA is
classified as “not rapidly biodegradable” (OECD 301F test), these observations are in line with previous
knowledge [188,189]. Moreover, graphite is one of carbon’s most stable allotrope and AC is a known
biodegradation catalyst, why 8 weeks is probably far too short of a time frame to expect any substantial
degradation [190]. As a conservative estimation we approximate the degree of biodegradation with the
separator’s weight, equal to -13%, and an energy storage device completely biodegradable within a reasonable
time frame therefore probably cannot consist of neither graphite CCs nor AC electrodes.

Figure 52. a 5 x 5 cm HSC (left) before and (vight) after the biodegradability test. [II]

With the intention to increase the capacity and energy density, the organic active materials polyaniline,
polypyrrole, poly(3-vinyl-N-methylphenothiazine), and a few oxalates and triflimides were made electrodes
with and considered at the positive side. Unfortunately, no all-organic batteries were made since all of them
failed in at least one of the following aspects: i) to be compatible with the electrode fabrication process, ii)
have stable cycling, iii) have more capacity than AC, or iv) have a redox potential 0.2-0.8 V vs. Ag/AgCl. To
not give up on the overarching aim of making functional battery cells we therefore decided to broaden the
scope and also allow the less costly and more benign transition metals Fe and Mn in the positive electrode.
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Consequently, AC was swapped out for Fe-PBA, and the first cycle of the Fe-PBA half-cell reveals the
structure to only partially be filled with Na* which should affect the balancing and performance of the full cell
(Figure 53c), yet, with an 1:1 electrode weight balancing (PTCDA:Fe-PBA) it performs surprisingly well
(Figure 53ab). After a few initial cycles at 5C the capacity stabilizes, most likely incorporating excess cations
from the electrolyte, and the cell delivers a capacity almost double that of the PTCDA|AC HSC (>40 mAh g
!prcpa+Mn-pBA). However, even when a part of the 2™ redox plateau is used the voltage remains rather low,
limiting the energy density to 20 Wh kg'prcpa+mn-pa (Figure 53a). Slower cycling was accompanied by
severe OER resulting in (even) lower Coulombic efficiencies than for 5C, and a decreased cycling stability.
We therefore decided to look for alternative candidates to pair PTCDA with.
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Figure 53. GC a) charge/discharge curves of the 10" cycle and b) the cycling stability of PTCDA||Fe-PBA with the
Hybrid electrolyte. c) AC||Fe-PBA half-cell at 0.2C with the hybrid electrolyte. All in Swagelok cells.

Considering the promising characteristics of Mn-PBA, i.e. the “very low” critical raw material risk
classification of Mn [18], the high capacity, good rate performance, well positioned redox plateaus, and the
improved cycling stability with the triple electrolyte, it seemed like an appropriate choice as positive electrode
to pair with PTCDA. When cutting the voltage at 1.3-1.5 V to exclude the 2" redox reaction, the PTCDA|[Mn-
PBA cells deliver ca. 35 mA h g''prcparvn-pea at 0.2C, and they display an excellent cycling stability with the
triple electrolyte at both 1C (86%@ 1000, n = 3) and 0.2C (89% @800, n = 2) with Coulombic efficiencies
>99.5% (Figure 54a). The large standard deviation is due to the graphite CC areal weight variance. Moreover,
they retain a large amount of capacity even up to 20-50C, slightly better than previous Mn-PBA batteries
[48,80,171,172], and this we attribute to either the good rate capability of PTCDA, not acting as a bottle neck,
and/or the lower electrolyte concentration applied here compared to WISEs, which should enable faster
charge/discharge rates due to the lower viscosity and higher ionic conductivity (Figure 54b). The energy
density and power density are 35 Wh kg 'prcpa+mnpsa at 0.2C and 1700 W kg 'prepasmnpsa at 50C,
respectively. In terms of energy dense cells this PTCDA-combination performs the best so far, and are in the
same range as previously reported PBA-based ASIBs (Figure 54¢) [73-76,80,120,170,171], while the latter
also highlights the suitable electrochemical traits of Mn-PBA and PTCDA, capable of both energy and power.
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10'
C-rate

The cell voltage without the 2" reaction is similar to the NaTi2(PO4); | 32 m KAc + 8 m NaAc | Mn-PBA
and the Na3Fe2(PO4)3 | 17 m NaClO4 | Mn-PBA chemistries [48,170], but in general in the lower range of
previous Mn-PBA batteries as they tend to use both reactions (inset Figure 54a). If desired, however, the
voltage can be tuned. As we saw in the cyclic voltammogram, by increasing the cut-off voltage the 1% redox
reaction involving Fe'"" gradually decreases, and by cycle 20 Mn-PBA exchanges electrons mainly via the
Mn'"" redox pair (Figure 42b). This greatly increases the cell voltage, but at the same time decreases the
Coulombic efficiency due to some OER (Figure 55). Similar to with Fe-PBA, to cycle these cells with a
high cut-off voltage in a Coulombic efficient manner requires further electrolyte modification to expand the
oxidation stability a couple of hundred millivolts.
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Last out, PTCDI is paired with LMO and cycled with 1.0, 3.0, and 5.0 m LiTFSIq) to explore the possibility
of implementing PTCDI for ALIBs. To not too much of a surprise does the latter cell have the best cycling
stability of the three, and the not-so-good capacity retention is attributed to the instability of LMO —
experiencing Mn dissolution during cycling [191,192] (Figure 56). The PTCDI||LMO chemistry performs
very similarly to the best performing WISE SIBs having an average discharge voltage of 1.47 V, 71 Wh kg~
L (PTCDIFLMO, 10th cycle), and a capacity retention of 74%@500 at 1C with ‘only’ a 5.0 m concentration (Figure
56 & Figure 54c). Yet, it is not very competitive in comparison to recent ‘aqueous’ co-solvent LIBs using
LisTisO12 at the anode side, as they have ca. 2.5 V and double the energy density [62,63]. Nevertheless,
such batteries require heavily engineered electrolytes to cycle in a stable manner and high purity Ti-
precursors, both coming with large price tags, and to some extent their design more resemble traditional
LIBs as compared to the lower cost and more sustainable energy storage device that the aqueous battery
was thought to be.
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Figure 56. 1C long-term cycling of balanced PTCDI||LMO full cells and the corresponding potential curves for
5.0 m LiTFSI .
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5| Conclusions & Outlook

In all we here, by direct design of new materials and components, show AMIBs to be well-functioning and
a promising avenue to develop more sustainable energy storage.

In further detail, the herein developed aqueous hybrid electrolytes display promising physico-chemical
properties and more importantly can be used together with several active materials to improve their
electrochemical performance. Not only to increase their rate retention, but also to enable slow rate and long-
term cycling. The latter is also achieved for Mn-PBA by taking advantage of le Chatelier's principle, and
altogether this is done without resorting to the extreme concentrations of WISEs or co-solvent strategies.

The ion intercalation/coordination selectivity of Li*/ Na*/ Mg** for PTCDA, PTCDI, and Mn-PBA seems
to be favoured over protons, even under acidic conditions, and the corresponding redox mechanisms are fast
and reversible — making the electrodes suitable for both batteries and HSCs. The cycling stability of the
organic molecules, in stark contrast to previous studies, is not unanimously affected by the anion
chaotropicity, but instead it is very active material and cation dependent. Finally, the herein assembled
PTCDA & PTCDI based AMIBs/HSCs work well and exhibit excellent long-term stabilities — while
admittedly they have slightly limited energy densities compared to the state-of-the-art. Still, by assembling
them with constituents of solely benign character the aim of the thesis has been achieved, i.e. to create
unconventional energy storage devices using more sustainable materials.

Going forward, more work can be done on the electrolyte and positive electrode side. For example, finding
an organic positive electrode active material to create an al//-organic AMIB is yet to be done, and if not
found, an attempt can be made to expand the electrolyte oxidation stability to improve the cell energy
densities by enabling the use of the PBAs’ 2™ redox reaction in a Coulombic efficient manner. Lastly, the
next development-oriented step would be to go from the Swagelok and coin-cells used herein to larger
prototype pouch cells, with the intention to increase the absolute capacity so that currents needed for
practical applications can be drawn from the cells.
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