THESIS FOR THE DEGREE OF LICENTIATE OF ENGINEERING

All-organic agueous Na-ion energy storage devices

MARTIN KARLSMO

Department of Physics
CHALMERSUNIVERSITY OF TECHNOLOGY

Gothenburg, Sweden 2022



All-organic agueous Na-ion energy storage devices
MARTIN KARLSMO

© MARTIN KARLSMO, 2022

Department of Physics

Chamers University of Technology
SE-412 96 Gothenburg

Sweden

Telephone + 46 (0)31-772 1000

Cover: The molecular structure of Perylene-3,4,9,10-tetracarboxylic dianhydride (FTCDA).

Printed by Chalmers Reproservice
Gothenburg, Sweden 2022



All-organic aqueous Na-ion energy storage devices

Martin Karlsmo
Department of Physics
Chamers University of Technology

Abstract

Development of all-organic agueous energy storage devices (ESDs) is a promising pathway
towards meeting the needs of technically medium/low-demanding electrical applications.
These ESDs should favour low cost, low environmental impact, and safety, and thus
complement high voltage and energy/power dense storage such as lithium-ion batteries. Y et,
many electrode active materials dissolve in agueous electrolytes, and most all-organic
aqueous ESDs fail to deliver the claimed low cost and low environmenta impact, as parts of
the ESD often are overlooked.

Herein, we explore the possibilities of further devel oping the agueous Na-ion battery (ASIB)
electrolyte 1 m NapSOa(ag), With the aim to increase the electrochemical stability window and
suppress active material dissolution. Moreover, electrodes with commonly used ASIB
cathode/anode active materials are made more sustainable with organic binders, separators,
and current collectors. Finally, we set out to assemble al-organic aqueous ESDs of
exclusively commercial materials, with the aim to provide a truly sustainable and low-cost
concept with adeguate electrochemical performance.

Keywords: All-organic, battery, Naion capacitor, hybrid supercapacitor, Dbattery
supercapacitor hybrid, agueous electrolyte, energy storage.
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1. Introduction

Dueto Europe’s and United States’ high energy consumption, and the rapid economic growth
in China the past decades, emerging as the world’s largest developing nation and energy
consumer [1], the electric consumption and carbon dioxide emissions are record high (Figure
1). Meanwhile, to comply with the greenhouse gas (GHG) emission goals set by the UN by
2030 [2], 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.
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Figure 1. Electric consumption and total CO; emission by region from the International Energy
Agency [118].

Among various energy storage systems, rechargeable batteries arguably offer the best
combination of energy efficiency, energy density, flexibility and simple maintenance [3,4].
The current dominant technology, the lithium-ion battery (LI1B), have since 1991 supplied
energy for performance-requiring electrical applications, and its versatility has undeniably
been a success-factor. However, it is also connected with high cost (while rapidly declining
[5]), ethically problematic resource origins [6], and safety concerns [7,8].

Inthisregard, sodium-ion batteries (SIBs) and sodium-ion hybrid supercapacitors (Na-HSCs)
are aspiring candidates without most of these resource issues and offer both decreased cost,
improved power performance, and the former have at |east the prospect of similar gravimetric
energy densities[9]. By also implementing organic materials and aqueous el ectrolytes, avery
cost effective and sustainable energy storage device can be constructed as the transition metal
containing electrodes, metal current collectors, and electrolytes with toxic salts and
flammable organic solvents are avoided [8,10]. This renders a device with low voltage (<2
V), but not every application requires cell chemistries optimized for high voltage and low
weight, yielding energy dense devices. Some applications would in fact benefit from lower
voltages, e.g., Internet-of-Things (1oT) could do without built-in voltage converters if the
electric sourcewas at ca. 1.2-1.5V [11]. Deviating from the state-of-the-art LIB would also
be beneficial for large-scale (MWh-TWh) electrochemical energy storage installations, on-
or off-grid, as a more affordable price tag and low overall environmental impact might be
preferred, also with respect to the battery production and total energy throughput.



Until now, R&D efforts to accomplish functional “all-organic” aqueous batteries and HSCs,
from now on referred to jointly as energy storage devices (ESDs), have almost without
exception, not really been all-organic. Most often the ESDs have organic electrode active
materials, but to fairly be promoted as al-organic, also the binder, separator, current
collectors, and of course, the electrolyte should be organic. 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 any
organic waste, e.g., throw the ESD among food-leftovers or in the compost to biodegrade.

Thisthesisfocuses on and exploresthe possibility of combining exclusively organic materials
to construct an aqueous Na-ion ESD suited for |0oT or stationary energy storage. Of course,
water is not organic, neither are the salts used, but the main point pushed is the implication
that these are safer, more sustainable, and less costly.

The research questions of the first paper were: Can the dissolution of the active electrode
material (PTCDA) be suppressed by decreasing the amount of “free water” in the electrolyte?
Can this a'so extend the electrochemical stability window (ESW)?

The electrode from thefirst paper displayed promising rate capabilitiesin the new electrolyte,
why the second paper explored: Can we make use of this power performance and build an
all-organic aqueous Na-HSC, made out of low-cost and commercially available materias?



2. Batteries & hybrid
supercapacitors

The Oxford dictionary defines a battery as "A container consisting of one or more cells, in
which chemical energy is converted into electric energy and used as a source of power” [12].
The principle of an ESD is to store chemical energy and be able to convert this chemical
energy directly to electricity by a redox reaction. The definition above could technically
include other ESDs as well, such as hybrid supercapacitors (HSCs), as they have one redox
active, Faradaic electrode, instead of two, and one non-Faradaic electrode attracting charges
electrostaticaly at the surface.

2.1 Working principles and charge storage
mechanisms

The fundamenta concept of rechargeable batteries and HSCs is to physically separate the
anode and cathode and connect them through an external electrical circuit, enabling an
electron flow, while ions are shuttled between the el ectrodes inside the device. To charge, an
electric source is applied, and electrons will flow through the externa circuit. For charge
neutrality to remain, ions will migrate through the separator (in the electrolyte) from the
cathode to the anode. At 100% state-of-charge (SOC) of e.g. a SIB, the anode has been filled,
intercal ated, and the cathode have been emptied, deintercalated, by cations. During discharge
(Figure 2) the ions and electrons flow back in a reversed manner, performing work in the
external circuit.

e
—>
| Na,MeO, J_

§ = =

(@]
o - =
3 2 a
O ol =
et © —
5 3 3
= A =
S (q]
= AAA' |
< =

Na*
.

Figure 2. SIB during discharge.



The typical SIBs are assembled using hard carbon anodes, layered transition-metal oxide
cathodes (NaxMeO2, Me = Mn, Ti, Cu, Fe, Ni, Co etc.), both in contact with thin polymeric
separators, wet with electrolytes made of the salt NaPFs dissolved in mixtures of ethylene
carbonate and linear carbonates. The electrodes are coated on Al current collectors which
connects and closes the external circuit. Characteristic of SIB electrodes are their ability to
reversibly and without (large) structural changes insert and store Na" into the structure where
the redox reactions happen; intercalation. This reaction would ideally occur using a NaMnO;
cathode:

NaC, + MnO, - C, + NaMnO, (Eq.1)
which can be divided into an oxidation reaction:
NaC, - C, + Na* +e7, (Eq.2)
and a reduction reaction:
Na* + e~ + Mn0O, » NaMnO,. (Eq.3)

The amount of energy abattery cell can providethereof relies on how many Na' the el ectrodes
can accommodate and is referred to as the capacity, Q = I't, where [ isthe current and ¢ isthe
discharge time. Usually the specific (gravimetric) capacity, from now on capacity, has more
practical relevance, capacity per electrode mass, where NaMnO: is able to theoretically
accommodate 244 mAh g'. Furthermore, the redox reactions experience changes in Gibbs
free energy (4G) and have corresponding electrochemical potentials, Ecamode and Eanode,
according to:

AG = —nFE; = _nF(Ecathode - Eanode): (Eq 4)

where E°..; is the theoretical cell voltage and often measured vs Na'/Na. The energy (E) of
the cell is then a function of voltage and capacity,

E = [ Eceu(q)dq. (Eq.5)

The convention is also for energy to be given as the energy per mass or volume, i.e. specific
energy or volumetric energy density, where e.g. commercial Na-ion batteries by Faradion
hold 160 Wh kgt and 290 Wh I at the cell level [13].

HSCs on the other hand make use of the fast double layer charge storage mechanism [14] at
one of the electrodes. During operation, either by extraction or insertion of electrons, the
electrode surface becomes charged, and oppositely charged electrolyte ions will form alayer
to compensate for this. According to the well-established Stern model [15] (Figure 3),
developed from prior model s by Helmholtz and Guoy-Chapman, aninner compact Stern layer
and an outer diffuse layer will form and screen the charges of the surface. So far, thisis
considered the most accurate model and capacitances for flat surfaces can be gathered with
high accuracy.
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Figure 3. Stern model.

The performance measuresfor HSCs are cal culated slightly different as compared to batteries.
Here, specific capacitance (Csp) can be, and are sometimes used, instead of capacity,

=, Eq.6
P @) (Eq.6)

dt

Cs

where [ is the discharge current, m is the mass (often of the anode and cathode active
materials), Visthevoltage, and z isthe time. The specific energy densities and power densities
are thereafter calculated as follows,

_ Csp'AV2
E = e (Eq. 7)
and
E
P = v 3600, (Eq. 8)

where AV is the discharge voltage range and At is the discharge time in seconds. The double
layer mechanism is of course limited to the electrode surface, which limits the amount of
charges stored and thus the energy density, but it opens up the possibility for high power
densities if paired with a redox active electrode with fast charge-storage kinetics. This
configuration can therefore achieve both relatively high energy densities and power densities,
as both Faradaic and non-Faradaic processes are employed simultaneously [16].

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 [17,18].
SIBs were originally studied aongside 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, SIBs have been picked up again due to an increased climate awareness and
in pursuit of more cost-effective energy storage solutions. Several companies, including
Altris, Faradion, Tiamat, Novasis Energies, and Natron Energy are developing SIBs [9,19],
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and recent years have even demonstrated their practical viability with E-bikes, Sydney
Water’s Bondi Sewage Pumping Station, and a 30 kW/100 kWh energy storage power station
in China[20,21].

SIBsoffer better power densities (1000 vs. ca. 400 W kgt), the prospect of similar gravimetric
energy densities (160 vs. ca. 250 Wh kg?), but lower volumetric energy densities (290 vs. ca.
700 Wh 1) ascompared to LIBs[9]. Thelarger Na" (rna+ = 1.02 A, i+ = 0.76 A) also makes
insertion/extraction more difficult, and the host electrode can undergo significant volume
changes which can lead to structural degradation that reduces the cycle life and performance
of the battery [22]. However, the advantages of SIBs are manifold; mineral resources
containing sodium are practically unlimited, geographically well distributed and therefore
attainable at low cost [10]; neither natural graphite nor cobalt are needed for the electrodes,
SIBs can be made with Al CCs on both sides; valuable knowledge and infrastructure gathered
for LIBs can easily be carried over to SIBs[23]. As a conseguence, a considerable amount of
intercalation materials have been explored, and at the cathode side layered transition-metal
oxides, polyanionic materials, Prussian Blue Analogues (PBAS), and organic materials have
proven to perform well [9]. At the anode side, hard carbon is the most common, but Ti-based
oxides, different alloys, organic materials, and 2D transition-metal dichalcogenides have also
been applied. Finaly, a standard SIB electrolyte has not yet been established, but apart from
the LP30 sodium analogue (1 M NaPFe in EC/DMC), some promising salts include NaTFSI
with reduced toxicity and high thermal stability, as well as NaBOB when combined with the
non-flammabl e trimethyl phosphate (TMP) [24].

2.3 Aqueous electrolytes

The commercial non-aqueous electrolytes are, however, costly, highly flammable, and
hazardous with their ability to form toxic gases[8,25]. The synthesis using/producing fluorine
itself is aso non-environmentally friendly, costly, and potentially dangerous [7,26]. Thus,
diverging from these solvents and salts would greatly benefit the ESD in terms of cost and
sustainability. Ideally, aliquid electrolyte al so features |ow viscosity, high ionic conductivity,
wide ESW, the ability to wet the separator, and an inertness while in contact with all cell
components. Aqueous electrolytes at least exhibit the former two, due to the unique dielectric
and fluid properties of water, and some 15 years ago aqueous SIBs (ASIBs) emerged.

As of today, 1 M N&SOa(a) is the most commonly used el ectrolyte for ASIBs with an ESW
of ca. 2V, ahigh ionic conductivity (ca. 100 mS-cm™), alow viscosity (ca. 1.2 mPa:s), low
inherent materials cost, high safety, and compatibility towards many electrode materials [27].
For an optimal utilization of the ESW, the redox potential of the electrode materials should
lay within or near the electrolysis potential of water to avoid the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER). Historically, this has rarely exceeded that
of pure water (1.23 V), limiting both the cell energy density and the applicable electrode
materials. Not all applications, however, require high cell voltages and energy/power density.
For large-scale energy storage and 10T, agueous ESDs would actually be preferred as they
offer alow cost, eco-friendliness, and high safety [27].



Nevertheless, the battery community has recently shifted from the typical 1 M concentration
with a new concept introduced 2015 by Suo et al. known as "water-in-salt" electrolytes
(WISEs) [28]. Their definition constitutes that the dissolved salt outnumbers water by both
volume and mass, and this new strategy has been highly effective with agueous batteries
operating >3 V [29]. By adding more salt, most of the water molecules coordinate in the first
ion solvation shell, shifting the electrochemical stability and the salt anion reduces before the
water molecules [30].

As the water concentration decreases, naturally the solubility of different species aso
decreases; WISEs have therefore aso proven to be an effective way of suppressing active
material dissolution, by decreasing the “free water” in the electrolyte[31,32]. Active material
solubility has been a considerable drawback as a large number of intercalation compounds
suffer from dissolution in agueous electrolytes. Furthermore, many organic active materials
only facilitate redox reactionsin organic electrolytes [33,34]. Looking back, the 1 M tradition
originated from non-agueous el ectrolytes almost always having the highest ionic conductivity
at that concentration, a balance between number of charge carriers and the viscosity of the
electrolyte [35], which does not necessarily apply to agueous electrolytes.

Yet, WISEsareintrinsically based on high salt concentrations, and expensive salts might limit
this new pathway. Many popular salts also contain fluorine or perchlorate, defeating the
origina purpose of aqueous batteries being low cost, safe, and environmentally benign [36].
There are only a few examples of batteries based on fluorine-free, cheap and green
WISEs/water-in-bisalts (WIBES), such as Han et al.’s and Lukatskaya et al.’s 40 m WIBEs
(32mKAc+8mLiAcand 32 mKAc+ 8 mNaAc) [37,38]. The alkaline environment caused
by the AC anion is however not compatible with PBAS, causing instability and capacity
fading [38]. Therefore, a new electrolyte concept is needed that addresses al the issues of
material dissolution, narrow ESWSs, and costly salts.

2.4 Faradaic electrode materials

At the cathode side, some promising options which can reversibly accommodate Na" are;
polyanionic compounds containing (XO4)™ (X = P, S, Mo, etc.) units, they have open 3D
frameworks that alow fast conduction; Mn-based oxides with tunnel networks; and PBAs
with their unique open framework-structures and often high redox potentials (Figure 4).

One of the earliest ASIB/Na-HSC cathodes, Nao.4sMnO2, was investigated by Whitacre et al.
in 2010 [39] with arelatively low capacity (45 mAh g?), but the AC//Nap.4sMnO2 HSC had
an excellent cycling stability. Another similar HSC, AC//A-MnO; rendered 80 mAh g* and
outstanding capacity retention (no capacity loss over 5000 cycles) [40]. Furthermore, Zhang
et al. investigated the polyanionic NazV2(POa)s, achieving 73 mAh g, and 36 Wh kg™ with
a NaTi2(PO4)s (NTP) anode [41]. Many vanadium compounds, however, suffer from
dissolution of V, resulting in large irreversible capacity losses, leading to poor cycling
stability [42]. Thisis also the case for NaV Ti(POa)3, able to act as both cathode and anode

L Water molecules only interacting with other water molecules.



due to the V#/V3 and Ti*/Ti®> redox couples [43]. NasMnTi(PO4)s on the other hand
achieved 58 mAh g* and 40 Wh kg in a symmetric configuration, and had 98% capacity
retention after 100 cycles [44].

PBAs often display high capacity, high redox potential, and good cycling stability [45]. The
larger Na"ions fit better in the PBAS’ voids (compared to Li*), which facilitates good power
performance [46], making them suitable for HSCs. To name a few, PBASs based on Ni, Co,
Cu, and NaCo have been investigated, reaching capacities <120 mAh g [47]. However, as
aqueous ESDs are ment to be low-cost and environmentally friendly alternatives, transition-
metal cathodes are not ideal. Instead, iron-based PBAs render ca. 110 mAh g* split over two
redow plateaus [48,49]. Reaching the high potential plateau is, however, problematic, asit is
situated outside the ESW of most aqueous electrolytes, requiring HSC scan rates (>500 mA
glor >10C) to be utilized.
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Cu-HCF -
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4.0 Nap.4sMnO, Na3V(POy)s i CoHEE L 1.0
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Figure 4. A selection of electrode materials for aqueous Na-ion ESD:s.

The anodes for ASIBs have almost without exception been based on NTP as active material
[50]. The redox potential of NTP (-0.9 V vs. Ag/AgCl) is aimost perfect, and due to its high
capacity (120-130 mAh g?) it isthe state-of-the-art ASIB anode, where further advances have
been relatively scarce[51]. Pristine NTP has poor electrical conductivity and cycling stability,
but adding a carbon coating improves both [52]. A NTP/C composite//AC HSC e.g. delivered
32 Wh kg and 88% capacity retention after 2000 cycles [53]. However, the potential of NTP
is slightly below the reduction limit of most ASIB electrolytes, and it requires an oxygen-free
environment to avoid oxidation and severe capacity fading [54,55].

Apart from NTP, metal oxide composites like MoOs@PPy (33 mAh g?) [56], Mn-based
PBAs (33 mAh g?) [57], and different organic materials have been applied. The latter
includes the biomol ecule aizarin and several polyimides[34,42]. Y et, none of them offer any
appreciable capacity in combination with long-term stability at battery C-rates. There is one
exception, PNTCDA, which was applied with a 17 m NaClO4(aq) WISE and delivers 133 mAh
g [58]. When coupled with porous carbon microspheres, the all-organic agueous Na-HSC
displayed record high energy/powder densities (65 Wh kg™, 20kW kg1) and 86% capacity
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retention after 1000 cycles. The authors do, however, attribute the excellent performance of
to the high electrolyte concentration, which increases the Na“ activity and thereby enhances
the reaction kinetics, as PNTCDA in 5 m and 10 m NaClOaq) did not perform as well. A
similar organic molecular structure, B-perylene-3,4,9,10-tetracarboxylic dianhydride (B-
PTCDA), was originally studied as a LIB cathode [59], and later on also in SIBs where it
reversibly intercalatestwo Na* [60]. a-PTCDA (from now on PTCDA), with slightly different
crystal structure [61], has also been used as anodes in agueous K-ion, Mg-ion, and HzO-ion
batteries [31,62,63]. For the former, 3-PTCDA was witnessed to extensively dissolve in its
reduced state, and as a remedy, a 30 m KFSI WISE was applied, resulting in significantly
improved capacity retention [31]. Herein, we try to tackle the dissolution issue of PTCDA in
a similar manner by developing the 1 m NaxSOas(a) €lectrolyte, to enable it in ASIBs/Na-
HSCs (I).

2.5 All-organic aqueous energy storage devices

The final step on the sustainability ladder, after the use of sodium and aqueous electrolytes,
is to limit all other parts of the ESD to organic materials, preferably entirely/mainly from
renewable resources [64]. Organic materials have inherent advantages as they offer high
stability, low cost, structural designability, and biodegradability [65,66]. All-organic batteries
would alleviate most of the environmental and ethical concerns of the commercialized LIBs,
and this has led to organic electrode active materials being explored using both non-aqueous
[10] and aqueous [67] €electrolytes. So far, many organic SIB electrodes fail to deliver their
redox capacities with, or they detrimentally dissolve into, aqueous electrolytes [31,33], but
some exceptions include the aready mentioned biomolecule alizarin and polyimides.

The unique selling point of HSCs are their ability to provide both a high power density and
relatively high energy density, where the former originates from the non-Faradaic surface
interactions of the capacitive electrode. In apatent from 1954 H.1. Becker describes what will
become the most commonly used non-Faradaic electrode material for electric double layer
capacitors (EDLCs); AC [68]. The success of AC is aresult of its extremely high specific
surface area (<4000 m? g!), high conductivity, low cost, and compatibility with most
electrolytes [69]. EDLC charge storage mechanism does, however, limit the capacity to ca.
30-45 mAh g [53,70], why HSCs are not suitable for energy density requiring applications
such as electric vehicles.

Other carbon based non-Faradaic electrodes have been applied to create EDL Cs/HSCs, but
they are rarely commercially available due to intricate synthesis routes. This is also true for
the active materials in almost all the al-organic aqueous ESDs that have been reported so far
(Table 1). The better performing also have binders, separators, and current collectors (except
carbon paper) that are not so “green” either. Frankly, there are no all-organic aqueous Na-ion
ESD comprised of commercial materials, HSC or battery, no less a device acknowledging all
cell components. If realized however, an all-organic agueous Na-ion ESD would provide safe,
sustainable, low-cost, and possibly biodegradable energy storage. We explore this promising
concept by assembling all-organic aqueous Na-HSCs based on PTCDA and AC (II).



Table 1. ESDs — batteries and HSCs.

Capacity
ESD Current g;l::igy :e(;lv:ier ‘Sﬁil_ retention
[ref] Cathode Anode Binder  Separator collector Electrolyte (Whty (kwty age (%); cycles
(s) 1 1 (#); rate (A
k K \4
Hybrid ;
Car bﬁ“ PNTCDA  PTFE  Glassfiber St:e'ln"?'ﬁ 17|m 65 200 20 86 1000; 1
[58] microspheres steel gri NaClO4
Hybrid PDI-Ph Carbon 30m
- ATA polymer - PVDF - o NHoAG 165 072 19  63;5000; 0.4
Hybrid Anion- 1M H2S0a4
'\tﬁ:(gg'zf Polyimide PTFE  exchange Timesh  and1M 49 190 19  83;10000;5
[66] membrane (NH4)2S04
Battery
TCHQ AQ PTFE ; Aumesh ~ O°M 22 - 10 -
H2SO04
[72]
Battery ; ;
Polytriphenyl o\ repa pTRE - Ti and 2lm 53 320 21 85 700,05
[73] amine Ni LiTFSI
Battery
c-L C-PI cMC Celgard ss PAAK 16 68 17 ~65 2500: 05
[74] 5550
Batt 25M
Polycatechol  Polyimide PVDF  Glassfiber szrp bgr” LN B 380° 10 80,1000;5
[75] H2SO04
Battery
[76] Tiron AQDS - Glass fiber Ti foil 1M H2SOq4 29 ~0.4 0.9 70; 600; 5C
'ZIT'\:'HAG EDA PTFE . ; (NI-::-;VISO 51 158 19  86;10000;5
[77) d polymer 4)2504
Battery
78 PTAM PTPM - - ITO  0.1MNacl - - 17  80; 2000; 60C
Battery
PLA-PTAm B - PLA . 3M NaCl . - 16 -
[79] PAQE
Battery
0 C/DHB CIAQ - Nafion ACT?”d IMH:80s 10 63 12 -
80

* Calculated based on the weight of the redox-active unit in the copolymer.
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3. Experimental

As an experimentalist in battery science, naturally, experimental techniques make up amain
part of my work. This chapter sets out to describe the materials & cells used and created, as
well as the physico-chemical, electrochemical, and material analyses used to characterize the
properties of the electrolytes, the electrode materials and finally, the assembled cells.

3.1 Materials & cells

The electrolytes were prepared in a straightforward way by mixing a weighed amount of salt
and ultra-pure water (Millipore® Direct-Q® Purification, 18.2 MQ-cm at 25°C) in magnet
stirred vids, at ca. 40-50°C to ensure a fast dissolution. They were thereafter cooled by
ambient air to room temperature. The dual salt electrolytes were created by first dissolving
sodium sulfate (Na:SO4) (>99% anhydrous), before adding the second salt, i.e., guanidine
sulfate (GuaeS0a) (99%), magnesi um acetate tetrahydrate (MgAc.) (ACS reagent, >98%), or
magnesium sulfate (MgSOs) (>99.5% anhydrous). All saltswere bought from Sigma-Aldrich.

Electrode preparation usually starts with a slurry in which the materials are mixed, before
being coated onto acurrent collector. In thisthesis, commercially avail able working electrode
(WE) active materials (PTCDA (Sigma-Aldrich), AC (Darco G-60, 600 m? g%, J.T. Baker),
Fennac (Altris), NTP?) were first mixed with carbon black (Ketjenblack EC-300J), a
conductive additive, with a pestle and mortar, before being added into agueous solutions of 3
wt% carboxymethyl cellulose (CMC) (Sigma-Aldrich) binder. The slurries were then coated
with a Doctor Blade on graphite foil (SGL Carbon), acting as an organic current collector.
After drying in ambient air and a vacuum oven, 10 mm @ electrodes were punched out with
active material loadings ranging from 0.8-3 mg cm™.

3-electrode Swagelok cells (Figure 5) were assembled for both the half-cell and the full cell
configurations, to enable monitoring of all electrode potentia's, with Whatman cellulose filter
separators (Grade 44, Sigma-Aldrich). For the former, the WEs were paired with freestanding
high surface area AC counter electrodes (CEs) with several times higher active material
loading.

The potential is never measured on an absolute scale, but relative to a known redox couple.
For aqueous electrolytes, Ag/AgCl is a well-known and commonly used redox couple, why
it was chosen as the RE (5 mm @, 0.127 mm silver foil, Alfa Aesar/AgCl ink, ALS Japan).
The electrochemical techniques described in the coming chapters; CV, GC, and EIS, were all
done with the as described Swagelok cell set-up, on a Biologic VMP3 multichannel
potentiostat/gal vanostat, except for the full cell EIS measurements which were carried out in
2-electrode coin cells (CR2032).

2NTP not commercially available, obtained from CIC energiGUNE.

11



Stainless steel rod

Ag disc with

AgCl paste __ _ Separators

Glassy carbon rod Glassy carbon rod

e f P e,
Graphite foil ~ Active material ~ Separators  AC CE
Carbon black
cMC

Figure 5. 3-electrode cell set-up for the electrochemical characterization of a PTCDA electrode.

LSV wasdone using abeaker cell (Figure 6) with aglassy carbon WE (1.2 mm @), a platinum
(Pt) wire CE, and an Ag/AgCI (3M NaCl) RE submergedin 2 ml electrolyte. Voltammograms
were gathered using the Biologic VMP3 multichannel potentiostat/galvanostat at a scan rate
of 1 mV s and the current density limit for the ESW was set to 1 mA cm™.

Figure 6. LSV cell set-up.

3.2 Physico-chemical characterization

3.2.1 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. A U-shaped tube is set in motion by a
piezoelectric actuator and depending on the mass of the electrolyte the tube isfilled with; the
tube resonates at different eigenfrequencies. By having a fixed volume, the densities can
easily be derived. Adjacent to the densitometer, a Rolling-ball Lovis 2000 ME viscometer is
coupled, working in conjunction. A glass capillary is filled with electrolyte and a metal ball
is put inside before sealing. At varying angles, the capillary istilted and the ball rolls through
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the tube at varying speeds. 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; = 6mrn, (Eq.9)

derived by solving the Navier-Stokes equations at the Stokes flow limit, where r is the ball
radius,  is the electrolyte viscosity, and v the ball velocity. To solve for 7, the gravitational
force acting on the ball F is set to the drag force F;, and by avoiding bubblesin the capillary,
the densities and viscosities can be measured simultaneously at varying temperatures. The
densities and viscosities are usually depicted in Arrhenius plots (Figure 7) where the
temperature dependencies can be visualized.
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Figure 7. Arrhenius plots of the densities and viscosities of Na:SO4based aqueous electrolytes. (I).

3.2.2 Tonic conductivity

The ionic conductivities (o) 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. Similar to the
densities and viscosities, ionic conductivities are also often visualized by Arrhenius plots
(Figure 8a). The ionic conductivity of an electrolyte originates from the ionic species
physically migrating in the solvent. For bulk electrolyte, diffusion — in which the movement
is caused by a concentration gradient — is the main transport mechanism and the electrodes
can be seen as sources/sinks of cations, where the generally higher ionic concentration close
to the electrode surfaces give rise to the concentration gradient. Moreover, cations such as
sodium and lithium have an affinity to water molecules, resulting in a solvation shell around
the ion. This intermolecular structure is (relatively) stable and will diffuse as one large unit
during transport, a so-called vehicular transport mechanism [81]. This system can be
approximated by the Stokes-Einstein relation for the diffusion coefficient,
KpT

D= (Eq.10)

6mrn
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where r is the radius of the solvation shell and 7 the electrolyte viscosity.

The molar ionic conductivity (4) of the electrolyte was calculated by dividing the measured
o with the molarity (M), which in turn was derived by the measured p. Furthermore, the A
was scaled to allow for a comparison to be made between the studied electrolytes and with
other monovalent systems, as follows:

1
eq T ptp+ A,

A

(Eq.11)

where n* is the number of cations, z* is the charge on the cation, and 4., is the scaled
(equivalent) molar conductivity. 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 ionsin different solvents [82],

nA = constant. (Eq.12)

Some justification for Walden’s rule is provided by the proportional relationship between A
and the diffusion coefficient; as D isinversely proportional to the  (Eq. 10), 4 isinversely
proportional to », which isin accordance with Walden’s rule. Nevertheless, different solvents
hydrate the same ions differently, this affect both the » and » when changing solvent which is
alimitation of the rule. Moreover, by plotting 4 vs. n in log-log scale, a Walden plot (Figure
8b) is made and the relationship between the electrolytes’ equivalent molar conductivities
and viscosities can be deciphered, by qualitatively visualizing their ionicities and classifying
their ion conducting behaviour. Far below the ideal KCI 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 or solutions [83].
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Figure 8. a) lonic conductivity Arrhenius plot and b) a Walden plot of Na>SO4based aqueous
electrolytes. (I).
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3.3 Spectroscopy & diffraction

3.3.1 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 molecul es. These transitions appear in the 10* — 10? cm ™ region and
emerge from vibrations of the nuclei in the molecules [84]. A monochromatic laser
illuminates the sample and the externa electric field of the incident beam interacts with the
electron cloud of a sample. A vibrational state (Figure 9) is temporarily raised to a "virtual
state”, energetically situated between the highest vibrational and next highest electronic state.
Thistransition is not quantized and the inel astic scattered photons, the Raman scattering, are
shifted up or down in energy (antiStokes or Stokes). This shift holds information about the
vibrational modes, "structural fingerprints”, of the sample which are detected by the detector.
The vibrational frequencies are measured as a shift from the indecent beam frequency and are
correlated to certain molecules.

Virtual
I energy
“F~T-——"%~71--"3-T states

Vibrational
energy states

\ 4 ) 4 1

Anti-Stokes Stokes Ra.yTeight Infrared
scattering  scattering scattering absorption
\ ) (elastic)

I

S =MW M

Raman scattering (inelastic)

Figure 9. 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 peaks they assign, typically
varying from two to five Gaussians, and Sun assigned five bands: 3005 cm, 3226 cm?, 3434
cmt, 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
aproton acceptor [85]. The analysisis typically done by comparing the intensities and areas
of the DA-OH and DDAA-OH peak, and increased ratios indicates a decreased amount of
free water in the electrolyte.
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Figure 10. Raman spectra in the O-H stretching vibration region and the corresponding peak
deconvolution of pure water [85]. (I).

3.3.2 Fourier-transform infrared spectroscopy

Infrared spectroscopy (IR) usesinfrared el ectromagnetic radiation 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 interna 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 absorbs light which is|ater registered in the detector.

Herein, a Bruker Alpha ATR Fourier-transform IR (FTIR) spectrometer was 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 traveled different distances. The resulting interferogram is then Fourier
transformed into an IR spectrum. FTIR spectroscopy was used to study the functional groups
of the PTCDA powder and the PTCDA electrodes.

3.3.3 Powder X-ray diffraction

X-rays are electromagnetic radiation with a characteristic wavelength (7) in the Angstrom
range (1 A = 1071° m). Photons of such high frequency is 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-f contributions. By directing the beam towards the
sample in different angles (6), constructive interference is produced when Bragg’s law is
satisfied, according to

nl = 2dsiné, (Eq.13)

where n is apositive 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

16



positions can be seen as “fingerprints”. By identifying each peak, the crystal phases present
in the sample can be determined. Thistechnique was used ex situ to characterize the prepared
PTCDA electrodes in different state-of-charge, to study if, and how, the lattice parameters
were changed during cycling, as Na* had been intercalated or deintercalated into the crystal
structure.

3.4 Electrochemical characterization

3.4.1 Linear sweep voltammetry

The electrochemical stability of an electrolyteisimportant to be aware of, to know the voltage
range the battery can operate in, and when unwanted side reactions or water splitting of the
aqueous electrolyte occurs. LSV was used to measure the ESW of the electrolytes; by
applying a constant voltage rate, the responding current is measured, and a current density
limit is set to define ESW (Figure 11). At this point the current from the chemical reactions
are no longer negligible and for absolute potentials higher than this, the electrolyte is no
longer stable. Although, defining the stability of an electrolyte and comparing ESWSs is not
straight forward. To begin with, the current density limit is not set in stone, varying vastly
among authors, and is sometimes not communicated. Similarly, the scan rate varies, which
influences the current response and induces overpotentials. Moreover, the temperature and
electrolyte volume — rarely discussed — need to be similar for a fair comparison to be made.
Finally, the WE and CE have a big influence on the onset of OER/HER as the materials can
have overpotentials, moving the water splitting reaction to higher voltages [86].
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Figure 11. Voltammogram with the green region and dashed lines outlining the ESW.

3.4.2 Cyclic voltammetry
Similar to LSV, cyclic voltammetry (CV) sweeps the set potential range of the WE and

records the current response. The resulting voltammogram shows the electrochemical
behavior of the material and holds information about the charge storage mechanisms. By
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analyzing the voltammogram, it is possible to determine at what potential sthe redox reactions
occur, what kind of reactions occur, and in what magnitude the reactions occur. This was a
crucial tool in the initial stages for all active materials, as quick scans were made to figure
out if material’s redox activity, before more elaborate el ectrochemical investigations.
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Figure 12. Cyclic voltammogram.

The characteristic Faradaic and non-Faradaic behavior are illustrated for PTCDA and AC
(Figure 12) where the former displays distinct redox peaks at specific potentials, while the
latter has rectangularly shaped profiles throughout the entire voltammogram. This is due to
the different charge storage mechanisms, where, the peaks originate from an electron flow
from an oxidation or reduction reaction [87], while the rectangular shapes originate from the
continuously forming charged 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 especialy new materials, as the peaks will be sharper and more easily interpreted. Faster
speeds (> 10 mV s?) are applied for supercapacitor materias, or when the actual behavior
and performance of the system isto be analyzed. Only higher scan rates may test if the charge
storage mechanismisfast, if the peakswill remain sharp and with small separation, important
for high power applications. In thiswork avariety of scan speeds have been utilized, ranging
from 0.2 mV st up to 50 mV s?, depending on what material and what mechanism was of
interest.

3.4.3 Galvanostatic cycling

The most widely used electrochemical test for batteries and hybrid supercapacitors is
galvanostatic cycling (GC), as thisis similar to how charge storage devices operate. During
GC, a constant current is applied, and the resulting voltage is recorded, creating
charge/discharge curves (Figure 13), where the capacity of the electrode (or cell) can be
measured (/-¢). Faradaic materials show flat plateaus corresponding to the redox reactions
happening, whereas non-Faradaic materials instead have sloping profiles with linearly
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increasing capacity. GC can aso be used to calculate the energy/power densities, popular
performance measures even outside the battery field, enabling comparisons between different
energy storage technologies.
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Figure 13. GC charge/discharge curves.

3-electrode configurations are common when studying electrodes in half-cells, by also doing
thiswhen cycling full cells, al electrode potentials can be monitored simultaneoudy (Figure
14a). This is important for understanding the electrochemical behavior of the separate
electrodes, and furthermore, particularly useful when weight balancing cells. By running the
Na-HSCs in 3-electrode Swagelok cells, the charge/discharge profiles were monitored, and
e.g., iIf the capacity (and thereby weight) of the AC electrode was not sufficiently high, this
would instantaneoudly 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 (Figure 14)
and deliver full cell capacities similar to the stand-alone working el ectrode capacity.
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Figure 14. a) GC charge/discharge curves and b) cycling stability test of a PTCDA//AC full cell. (I1).

A final way to use GC is to study the cycling stability (Figure 14b). This is done by doing
many galvanostatic cycles and recording the capacity at each cycle. The capacity retention
can thus be calculated as the ratio of the remaining capacity and the initial capacity
(Ofinail Qiniriar). The corresponding Coulombic efficiency for each cycle, i.e., Quischargel Ocharge
is another measure used to provide information how much useful capacity, in percent, that
can be withdrawn, or in other words, how much capacity is lost a each cycle. Last but not
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least, the energy efficiency of an electrode, or a full cell, can be extracted as the area ratio
between the specific energy of dischargevs. charge (Edischargel Echarge), €Xtracted from the areas
between the charge/discharge curves (Figure 14a).

3.4.4 Electrochemical impedance spectroscopy

Finally, EIS was used as a tool to study the resistances in the assembled cells, both in 2-
electrode and 3-electrode configurations. A sinusoidal voltage perturbation of ~5 mV is
usually 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 (Figure 15) is created with the complex cell impedance Z(f) as a function of
frequency.

Choosing circuit models is not straight forward, but by implementing the simple and
commonly used Randles circuit cell model, physical properties such as the charge-transfer
resistance (R.;) and the electrolyte resistance (R;) can be extracted from the Nyquist plot,
where Cy and Z,, represent the double layer capacitance and the Warburg diffusion element,
respectively. This was done for the stand-alone electrodes in Swagelok cells, but to ensure
more reproducible and comparabl e results, the full cellswere studied in 2-electrode coin cells
where the applied pressure between the two electrodes was kept more constant.
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Figure 15. Nyquist plot and Randles circuit.
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4. Results & Discussion
4.1 Developing the hybrid electrolyte

Starting from the standard and most commonly used aqueous Na-ion ESD electrolyte 1 M
N&:SOa4a), the idea was to find suitable additives which would enhance the ESW. This was
an unexplored path which had (and have) alot of potential as the stock solution of saturated
(ca. 1.9-2.0 m) NaSO4 has a very low viscosity (ca. 1.9 mPas) and high ionic conductivity
(ca. 140 mScm™Y) 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 timesthe viscosity or one-hundredth of theionic
conductivity would be sufficient for practical use. The restrictions were not to incorporate
compounds that would drastically affect the cost, safety, or sustainability of the electrolyte.

4.1.1 Guanidine salt

The guanidinium cation (C(NH>)s* or [Gua]™) is known to denature proteins by interacting
with the water molecules [88], and the hypothesis was that the ESW could be broadened by
binding free water with a guanidine salt. Gua,SO4 was chosen to not introduce more than one
component at once, and at first it seemed promising due to its high solubility in water. Even
in saturated Na:SO4 the salt dissolves up to 9.0-10.0 m, creating a WIBE. When recording
LSV curvesat 1 mV st and setting the current limit to 1 mA cm the ESW expands slightly
after adding the second salt, about 40 mV. Thislikely lay within the error bars, but a notable
change happens during oxidation. Here, the profiles are similar, but offset (Figure 16b), why
changes in the kinetics (viscosity) might be the route cause, affecting the water diffusion and
therefore the onset of gasevolution.
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Figure 16. ESW of the aqueous electrolytes measured by LSV. A zoom-in of a) the reduction and b)
the oxidation. Dashed lines at £1 mA cm™ to mark the stability limit.

Raman spectroscopy was thereafter applied to analyze the OH-stretching modes of water
molecules, situated at 2800-4000 cm'?, to provide insight on the local structure. From the
Raman spectrum (Figure 17a) the [Gua]* seemed to interact with the SO4%, instead of
interacting with free water, asthe v, vibrational modes of SO4% (ca. 982 cm *[89]) and [Gua]*
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(ca. 1012-1015 cm ™t [90]) were shifted up and down, respectively. The overall intensity of
the OH-stretching vibrations does decrease when adding the guanidine salt, but after
deconvolution, the peak intensity and area ratios (/4o and Aqsio, respectively) of the 3434
cmt and 3226 cm ! are not increasing (Table 2), thus not indicating a decrease of free water
molecules. This WIBE was therefore disregarded and not analyzed further.
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Figure 17. Raman spectra of Na:SO4 and Gua>SOy based aqueous electrolytes.

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
NaSO4. The Casalts (CaAcz and CaS0.) unfortunately has extremely low solubilities, while
MgAc, and MgSO; dissolves much easier. For the former Mg salt, when applying LSV, the
acetate ion is being oxidized before the OER (Figure 18), instead narrowing the ESW. The
highest concentration (2.0 m NaSO4 + 1.0 m MgAc2) also had troubles measuring Raman as
it did not completely dissolve, and it was therefore disregarded as well.
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Figure 18. LSV of aqueous electrolytes based on Na>SO4 and MgAc:.
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MgSOa on the other hand not only dissolves more than twice the amount compared to MgAca,
the newly made “hybrid electrolyte” which consists of 1.9 m NaSOs + 2.4 m MgSOs aso
shows promising results when applying LSV (Figure 19).
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The ESW expandsfrom 3.5V to 3.7 V (Figure 19c) by increasing the salt concentration from
0.1 mto 1.9 m, using the same scan rate and current density limit as above. 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
grids at 5 mV/s [91,92]. Compared to the literature our 1.9 m electrolyte ESW is large, but
finding comparable data is difficult, as discussed in Section 3.4.1. The hybrid electrolyte
resultsin an even wider ESW of 3.9 V, and the wave like current density increase at ca. 1.25
V during the oxidation (Figure 19b) is completely suppressed in the hybrid electrolyte, thus
showing a considerable stability increase. The viscosity most likely has an affect here aswell.

From the LSV it isclear that there is some kind of substantial differencein 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 20a).
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The Raman spectra of pure H20, 1.9 m NaSOas, and the hybrid electrolyte were further
deconvoluted into Gaussians (Figure 20b). A comparison of the lraio and Araio Of the 3434
cmt and 3226 cm® bands clearly reveal the ratiosincrease with increasing salt concentration
(Table 2), indicating the hydrogen bonded “free” water contribution relatively decreases
[85,93]. By their very compositions, the 1.9 m NaSOs and the hybrid electrolytes have
H>O/cation ratios of 14.6 and 9.0, respectively, and as the Walden plot (Figure 22) indicates
similar ionicities, the latter electrolyte should have less “free” water available. We therefore
attribute the wider ESW to a combination of higher viscosity and a decreased amount of free
water. Yet, we are far from seeing the same narrow ~3550 cmt peak that emerges for
WISES/WIBEs at very high salt concentrations (>20 m) and correspond to H,O/Na" ratios of
2-3[94].

Table 2. 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.

| vatio Araio Aot Cuwater (M)
H>0 1.38 147 1.84460E7 55.51
19m 2.09 2.55 1.83039E7 52.27
19+24m* 2.35 281 1.78139E7 49.73
20+10m** 202 2.36 5.85786E6 -

* MgSOas. ** GuaeSOa.

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 electrolytesincrease more or less linearly as a
function of salt concentration (Figure 21a), while the viscosities increase exponentialy
(Figure 21b), and as expected both decrease as a function of temperature (Figure 21ab). The
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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 NaxSO4 based electrolyte (ca. 1.9 mPa:s at
30°C) but compared to WISEs, the hybrid electrolyte is till very fluid; e.g. a 35 m NaFSl
WISE renders 97 mPars [95].
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Figure 21. Arrhenius plots of the: a) density, b) viscosity, and c) ionic conductivity for the Na,SO-
based aqueous electrolytes. Dashed lines to guide the eye only. (I).

The intrinsic high ionic conductivities of aqueous electrolytes are also witnessed here (Figure
21c), and in the same order of magnitude as NaTFSI, NaFSI and NaClO4 based aqueous
electrolytes [96]. Moreover, the ionic conductivity for the hybrid electrolyte decreases less
than what would be expected based on the increased viscosity, relative to the same NaSO4
concentration, to 55 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 21c).

Finally, a Walden plot is made to study the relationship between the electrolytes’ equivalent
molar conductivities and viscosities [82], and qualitatively visualize their ionicities. The
NaxSO4 based electrolytes, including the hybrid electrolyte, are all close to the ideal KCI line
and thus the salts fully dissociate when immersed in water (Figure 22). 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 [97].
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The divalent Mg®* makes comparisons with monovalent systems more intricate, and how to
properly represent the data in a Walden plot is not trivial. Dave et al. compared aqueous
Na:SOs and NaNOz electrolytes and argued the (apparent) higher ionicity of the former to
originate from the stoichiometry difference [98]. Moreover, the highly charged SO+ could
also make less solvent available for the cation, rendering smaller Na* first solvation shells.
Unlike Dave er al., we instead apply a scaling methodology and divide the molar
conductivities by two (NaSO4 2 A), according to Equation . 11. Then, the ionicities of our
electrolytes become akin to aqueous NaTFS| and NaFSI electrolytes [99]. On the other hand,
considering the measured molar conductivities, all the electrolytes can be classified as slightly
superionic, i.e. theionic conductivity and the viscosity are somewhat decoupled, thustheions
move faster than expected solely based on the viscosity [100]. Worth noting is the hybrid
electrolyte data are positioned furthest away from the ideal line and thus display the highest
ionicities.

4.1.3 Prospective additives

Going forward, with the intention to further develop the hybrid electrolyte, additional
additives need not be limited to salts. Indeed, two new additive concepts were recently
demonstrated, where, first, hydrophilic mono/disaccharides were used to create “water-in-
sugar” electrolytes [101]. Improved cycling stabilities and extended ESWs were achieved as
aresult of a formed glucose film on the electrode surface and a decreased amount of free
water molecules, destroying the tetrahedral structure of water, thus lowering the binding
degree of water molecules via the break of hydrogen bonds. Second, surfactants have been
applied to electrolytes as well, with similar results as the water-in-sugar electrolytes, since
their chemistry allow them to form amonolayer of molecul es on the el ectrode surfaces [102].

If possible, creating an electrolyte composed of severa salts, sugars, and possibly also
surfactants, could have synergistic effects to increase the ESW of NaxSOsag) and decrease
active material dissolution. The latter isthe topic of next section.
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4.2 Suppressing the dissolution of active materials

A considerable drawback of aqueous electrolytes is the high solubility of many active
electrode materials. Herein, we investigate if the hybrid electrolyte can improve the
electrochemical performance of different electrodes by suppressing active material
dissolution, compared to 1 M NaSOa4a). Furthermore, sustainable electrodes of commonly
used ASIB/Na-HSC active materials (Na-based PBA, NTP, and AC), as well as PTCDA,
were made with organic binders (CMC), separators (cellulose filter paper), and current
collectors (graphite foil).

4.2.1 Fennac

First out, the commercia PBA Fennac (NaxFe[Fe(CN)e]-yH20) was investigated by CV and
GC. The rate capability tests with GC (and Pt) CEs resulted in bad rate retentions (Figure
234d), asthe low surface areaturned out to be a bottle neck for higher currents. Therefore, AC
CEswith several times higher active material loading were used hereafter, indeed improving
the rate capability significantly (Figure 23b).
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Figure 23. Rate capability test of Fennac electrodes with a) GC CE and b) AC CE, with the hybrid
electrolyte between 0.4 and -0.3 V' vs. Ag/AgCI.

Voltammograms were recorded at varying sweep rates, and during oxidation at 0.2 mV s*
with 1 m N&SOas(q), Fennac has a predominant redox peak at ca. 0.1 V vs. Ag/AgCl and a
minor peak ca. 0.09 V higher, denoted together asthe 1% redox peak (inset Figure 24). During
reduction the peak is broader, starting at ca. 0.025 V, without a clear “end”. In contrast,
Fennac displays two adjacent redox peaks at ca. -0.03 V and 0.1 V vs. Ag/AgCI during
oxidation with the hybrid electrolyte, and slightly down shifted during reduction (inset Figure
24b). The current density is more than ten times higher, and the voltage profiles are
significantly more symmetric with the hybrid electrolyte, suggesting improved
electrochemical behavior. This difference is most likely due to co-intercalation of Na* and
Mg" as PBAs have shown to reversibility intercalate Mg* [103]. In comparison, Fennac
behave similarly with 1.0 m as with saturated NaxSOaq), only differing with aslight shift and
amore evenly split 1% peak during oxidation (inset Figure 24a).
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The GC charge/discharge curves and rate tests of Fennac with 1.0 m N&:SOas(ag), 1.9 m
Na:SOs(aq), and the hybrid electrolytes differ to a large extent. The former fails to deliver a
stable and reversible capacity (Figure 25ad), whereas with 1.9 m NaSO4aq) Fennac displays
higher stability and reversibility (Figure 25b), with capacities similar to other Na-based PBAS
[48,49]. At 0.2C however, Fennac fail to cycle with both electrolytes (inset Figure 25ab). In
stark contrast, Fennac with the hybrid electrolyte exhibit excellent cycling stability,
Coulombic efficiency, and capacity retention throughout all scan rates (Figure 25cf). In
addition to Mg* co-intercalation, a peptization process [49], resulting in colloidal active
material particles could be the cause of the difference, where the reaction is mitigated in the
hybrid electrolyte. The reaction is thought to be due to a repulsive effect from the positive
charge on the electrode surface and O2 bubbling from the OER resulting in Oz adsorption on
the PBA particles [49]. The higher viscosity and higher electrolyte stability of the hybrid
electrolyte could, in theory, suppress this reaction, but the separators were not recovered post
cycling, which would have confirmed the presence or absence of blue particles.
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A 2" peak can be found at much higher potentials, ca. 1.1 V during oxidation and ca. 0.7 V
vs. Ag/AgCIl during reduction (Figure 26) when recording the voltammogram at 5 mV s
Utilizing this peak is, however, problematic as current from the OER becomes significant at
potentials >1.15-1.2 V.

5 mV s’

Current density (mA cm?)

T T T T T T T T T
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Figure 26. Voltammogram of a Fennac electrode with the hybrid electrolyte.

Yet, the 2" peak can be used if the cut off voltage and scan rate is tuned. By cutting the
voltage before any substantial OER, a high capacity of ca. 84 mAh g (1C) and an agreeable
Coulombic efficiency is obtained (1C-5C Figure 27ab), unlike for the lower C-rates (0.2C-
0.5C Figure 27ab). Still, the voltage cannot be cut too low, especially not for very high C-
rates with induced overpotentials, as the redox plateau then will not be reached, resulting in
asuffered capacity (10C-50C Figure 27cd).
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Fennac clearly is a viable active materia with the hybrid electrolyte using the 1% peak.
However, the 2" peak is tricky in three parts; the cut off voltage needs to be tuned for high
Coulombic efficiencies, as the weight balancing of the anode/cathode affects how much of
the redox plateau is utilized. Second, the cut off voltage — tuned for a certain weight ratio —
only holds true for small deviations in the applied current, limiting the device from versatile
use in terms of charging and discharging rates. Third, the voltage difference between the 1%
and the 2" plateau is almost 1 V. In practice, the device delivers ca. half the capacity at
differential potentials from x V to x-1 V, and the remaining half at ca. x-1 V. With NTP as
anodethisisca. 1.9-0.9V and ca. 0.9 V, which could be hard to find applications for.

4.2.2 NTP

The anode material NTP was studied with the hybrid electrolyte vs. 1.0 m NaSOsqg), and it
displays similar redox peaks in both electrolytes at ca. -0.95V and -1.03 V vs. Ag/AgCl for
the oxidation and reduction, respectively (Figure 28ac). The current density in 1.0 m
N&:SO4(ag) IS however only about half compared with the hybrid electrolyte, and the latter is
clearly morereversible, but still, the redox peaks diminish significantly already after 3 cycles
in both electrolytes. The charge/discharge curves are in agreement with the voltammogram
for the hybrid electrolyte (Figure 28b), and NTP delivers ca. 120 mAh gtintheinitial cycle,
similar to the origina work [50]. Although, the electrode subsequently display severe
capacity fading with low Coulombic efficiencies, as have been reported before due to Ti and
P dissolution [55]. In contrast, the 1.0 m NaxSOa(aq) €lectrolyte-based cells failed completely
to cycle (Figure 28d).

I
L

st
o a) 17 cycle ——Hybrid electrolyte | __ -
€ >
G 2 i
< -
2 01 > -
g g
%)
3 2] z
€ o
3 T
= []
5 44 2
o £
6
2_
< | €)M ——1.0m Na,SO0,
5 S
< = 04
E o S
2 <
% £ 05
S 24 4 K
= =
] S o6 | N e
4 c
>
& 3
a
4 -0.7
10 09 08 07 0 20 40 60 80 100 120
Potential vs. Ag/AgCI (V) Specific capacity (mAh g'1NTp)
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NTP works with the hybrid electrolyte, albeit poorly, why attempts were made to enhance the
stability; binders such as Na-alginate and PV DF were used instead of CMC; the graphite foil
CC was swapped for Al; sodium dodecy! sulfate (SDS) was added the hybrid electrolyte; and
finaly, 0.1-0.2 m NaOH was added to the hybrid electrolyte to increase the pH to >12.
Unfortunately, none of the above successfully improved the cycling stability — the only
drawback hindering NTP from being a flawless ASIB/Na-HSC anode.

4.2.3 PTCDA

PTCDA was characterized by CV, GC, and EIS. The former shows the electrochemical
response of PTCDA to have a drastic decrease in the current density with 1.0 m N&:SO4(ag)
already after 10 cycles (Figure 29a). Whereas for the hybrid electrolyte much more stable and
reversible cycling is obtained, with more than two times the current density (Figure 29b). The
clear difference is most easily ascribed to the reduced solubility of NaPTCDA by the lower
water concentration, witnessed for WISEs [31], and MgSOs might aso improve the
electrolyte stability during cycling.
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Figure 29. CV of PTCDA electrodes using the a) 1.0 m Na>SOuq) and b) hybrid electrolytes. (I).

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/AQCI for both electrolytes (Figure 29). 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) [31,60] i.e. an
activation phase, the peaks are split into several consecutive, stable, redox peaks (Figure 29).
In contrast, for PTCDA in aqueous electrolytes with other cations, the CVs differ either in
the number of peaks and/or in the redox potentials [31,62,63]. Therefore, this strongly
indicates that Na" is the primarily active cation in our electrolytes.

In accordance with the CVs, the GC charge/discharge profiles display extended voltage
plateaus with the hybrid el ectrolyte, reaching initial discharge and charge capacities of 97 and
68 mAh g?, respectively (Figure 30b). A stable capacity of ca. 70 mAh g is thereafter
achieved in excellent agreement with a two-electron reaction of PTCDA to NaxPTCDA [60].
In stark contrast, most cells fail completely to cycle with 1.0 m N&xSOa(g), and for the ones
who do not, there are still severe problems aready in the initial cycles (Figure 30a). This,
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again, is attributed to PTCDA continuously being dissolved in the electrolyte due to the low
salt concentration.
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Figure 30. GC charge and discharge curves of PTCDA at 0.2C using a) the 1 m NaxSOaaq) and b)

the hybrid electrolytes. (I).

The rate capability tests revea drastically impaired Coulombic efficiencies for the low C-
rates with the 1 m NaxSO4 based el ectrolyte cells (Figure 31a, different y-axis). 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 31d). The 100 cycle tests also confirm the hybrid electrolyte to outperform 1 m
NaxSO4 (Figure 31bcef), where the former displays high Coulombic efficiencies and capacity
retentions at 0.2C, which further improves at 1C (Figure 31e). Our cells even outperform f-
PTCDA with the 30 m KFSI WISE, using significantly higher current density (x14) which
may hide/reduce parasitic reactions and contribute to the stability [31].
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Figure 31. PTCDA electrode a,d) rate capability test and b,c,e,f) GC in a-c) 1 m Na>SO g and d-f)
the hybrid electrolyte. Note the right and left y-axis scale differences between a-c and d-f. (I).
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To validate whether suppressed dissolution of NaPTCDA is the cause of the clear
outperformance, the separators were recovered from the cells after the 100 cycle GC test.
Indeed, no sign of any red colour indicating reduced and dissolved PTCDA [62,63] is seen
on the separators with the hybrid electrolyte (Figure 32ab), quite unlike the situation with 1
M NaSOs) (Figure 32cd). A discharged PTCDA electrode was aso immersed in water,
dying thewater dark red, verifying the polarity increase of PTCDA initsreduced state (Figure
32e). The separators were further immersed in 1 ml 2 m NaOH, where dissolved PTCDA
turns green when the structure is destroyed by OH" [31,62]. Again, the separators from the
hybrid el ectrolyte cells remain colourless (Figure 32f), confirming the suppressed dissol ution
of NaxPTCDA.

Figure 32. 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/AgCl then put in water. f) Separators after a couple of days in 1 ml 2 m NaOH. (I).

The lower water concentration probably has a notable effect in the hybrid electrolyte, but Y ue
et al. aso showed that the dissolution kinetics are highly dependent on the viscosity [104],
which is very reasonable since the dissolved active material needs to be transported away as
the electrode/el ectrolyte interface becomes saturated.

4.3 All-organic aqueous energy storage devices

4.3.1 PTCDA//AC

To make use of the great PTCDA rate capability, PTCDA//AC Na-HSCs were assembled
with aca. 1:3 PTCDA:AC weight ratio to balance the capacity of the e ectrodes. The ESD
provide a stable capacity of ca. 22 mAh glac+prcpa at 0.5 A gt after the activation process,
and it also displays a very good cycling stability; 86% capacity retention from the 10" to the
1000" cycleat 1 A g%, with a Coulombic efficiency >98% (Figure 33ab). Thisis on par with
or exceeds that of the best comparable high-performant “all-organic” aqueous ESDs in the
literature [58,66,73,75,77]. From the Nyquist plot, and by implementing the ssmple and
commonly used Randles circuit cell model, the charge-transfer resistance (R., 18.3 Q cm™)
and the electrolyte resistance (R, 2.1 Q cm™) were extracted at OCV before cycling (Figure
33d). The former drastically decreases (Rc, finai, 7.8 © cm™) while the latter stays relatively
constant after cycling. In comparison, a PDI-Ph//ATA battery had resistances (R, initiar = 53
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Q, Ry, initiat = 1.86 Q) which both slightly increased after cycling [71]. AsSwe here use 10 mm
@ electrodes, the resistance unit difference need not be taking into account (1 Q « 1.27 Q
cm?). Thus, the Na-HSC has very good charge transport kinetics and conductivity.
Unfortunately, no other EIS measurements of all-organic aqueous energy storage devicesin
full cell configurations were found in the literature.

The energy and power densities are for the Na-HSC 16.7 Wh kg* (at 0.5 A g1) and 19.0 kW
kgt (at 50 A g, respectively. The former does — by no means — surpass the state-of-the-art
ASIBsor agueous sodi um-ion supercapacitor (Figure 33c) [105-107] and offer merely aquarter
of the energy density previously reported for an “all-organic” aqueous Na-HSC (Table 1). The
power density is, however, surprisingly high as it aimost reaches what have been previously
reported for an aqueous Na-ion supercapacitor (20 kW kg1 [106]). The energy efficiency, was
calculated to 76%, slightly below conventional LIB layered oxide cathodes [108], but higher
than LIB anodes and supercapacitors [109], and therefore should not be a limiting factor for
practical implementation.
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Figure 33. a) Rate capability test, b) GC stability test, c) Ragone plot, and d) Nyquist plot of the Na-
HSC with the Randles circuit. Inset in (b) shows the corresponding charge/discharge curves of the
100" cycle. (II).

From the technical performance, we now turn to the sustainability and cost, both of which are
difficult to estimate/quantify. Still, relative comparisons are possible. First and foremost, the
cost of aqueous electrolytes are easily estimated by comparing the raw material pricesof similar
sized batches with similar purities of the salt(s) used [110]. The hybrid electrolyteis made from
elements very common in minerals in the Earth’s crust, and the use of non-fluorinated/non-
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perchlorate salts not only drastically lowersthe pricetag, but also render the materials synthesis
less environmentaly unfriendly [7,26]. Moreover, by using organic CCs, the large
environmental footprint and cost from the mining and production of metals are avoided [111-
115]. Cellulose separators are not laden with the large GHG emissions (CO2, CO, SOy, and
NOx) of glassfiber and polyolefin based (oil-derived) separators[116]. Also, by refraining from
using PVDF, NMP can be replaced with water, reducing cost and CO, emissions [117].
Furthermore, the active materials;, PTCDA and AC (as well as the binder, separator, salts, and
CCs) are commercidly available, at alow cost, and thus do not require complicated synthesis
protocols, which might be one of the most critical factors when considering cost and energy
use. Finally, there is no need or incentive to recycle the all-organic ESD, and it can easily be
disposed of as organic waste after EOL.

Therefore, in summary, the presented all-organic aqueous Na-HSC takes unprecedented steps
towards creating the low-cost and low environmental impact device needed for truly sustainable
energy storage.
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5. Conclusions & Outlook

The novel agueous “hybrid” electrolyte based on sodium and magnesi um sulfate salts displays
promising and similar properties as WISESs. It also enables slow C-rate cycling of NTP and
Fennac electrodes, with significantly improved electrochemical performance of the latter.
Moreover, the hybrid electrolyte — for the first time — enables high-performant PTCDA
electrodes for aqueous Na-ion ESDs by suppressing active material dissolution. Most notably,
the electrode exhibits excellent power capabilities, wherefore all-organic aqueous
PTCDA//AC Na-HSCs of exclusively commercial materias were assembled, and the ESDs
proves to be a great alternative for safe, low-cost, and sustainable energy storage with
adequate technical performance.

Naturally, the hybrid electrolyte is not flawless, and cycling instabilities of NTP still remain.
Going forward, an electrolyte of severa salts, surfactants, and possibly sugars, could have
synergistic effects to increase the ESW of Na:SOa4(aq) and decrease active material dissolution.

Although the excellent properties and advantages of AC (cost, sustainability, electrochemical
performance, etc.) it is undeniably a bottle neck towards high energy densities. Low PTCDA
mass |oadings render capacities close to 90 mAh g, more than 3 times that of AC. Thus,
finding an alternative high capacity, and/or high voltage cathode active material could greatly
improve the energy density and make the ESD even more applicable. The restrictions are,
however, many, as it needs to be commercially available, compatible with agueous
electrolytes, able to reversible intercalate Na', redox active between ca. 0.4 V and 1V vs.
Ag/AgCI, fluorine-free, and of course, organic (possibly Fe/Ti). The overlapping
Venndiagram is not large, but a couple of promising polymeric materials exist, both of which
have been well studied, but they still could prove successful in making energy denser
PTCDA-based ESDs.
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