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Abstract 
Lithium-ion batteries are widely implemented as energy storage devices due to their high 

energy density and low cost. They enabled modern portable electronics and electric vehicles, 

and are key to manage the integration of intermittent renewable electricity sources, such as 

solar and wind, into the power grid and decentralized microgrids. The use of flammable or-

ganic electrolytes however raises safety concerns, particularly for large-scale stationary bat-

teries. Furthermore, supply chain risks and the use of critical raw materials are a major chal-

lenge for the ongoing battery revolution.  

Aqueous electrolytes offer promising properties, as they are inherently non-flammable 

and potentially more cost effective. Combined with electrode materials based on abundant 

raw materials, aqueous batteries are among the most promising candidates to replace current 

battery chemistries relying on critical cobalt and flammable organic electrolytes. However, 

due to the narrow electrochemical stability window of water (practically ca. 1.5 V), aqueous 

batteries have not yet met the energy density to be serious competitors to current lithium-
ion battery technology.  

The goal of this thesis was to develop aqueous electrolytes with enhanced electrochem-

ical stability, thus enabling new high-voltage cell chemistries. Exploring aqueous electrolytes 

with high salt concentrations, so-called water-in-salt electrolytes, we significantly increased 
the electrochemical stability and developed highly stable 2 V class aqueous sodium-ion bat-

teries. Operating near the solubility limit of the electrolyte salt, crystallization turned out to 

be a major challenge for water-in-salt electrolytes. In this thesis, we demonstrated that adding 
highly asymmetric anions into the solution can effectively suppress crystallization, allowing 

stable operation of saturated electrolytes at temperatures as low as -10 °C. We further exam-

ined the impact of anion asymmetry on the local solution structure and dynamics using mo-

lecular dynamics simulations, relating the enhanced supercooling to sustained rotational mo-
tion of the asymmetric anion.  

Further, we demonstrate that the anion has a crucial impact on solution structure and 

cell performance. We establish that high salt concentration alone does not guarantee high-

voltage stability and that due to the limited solubility of most sodium salts new approaches 

are needed. We provide guidelines for future work and the evaluation of experimental data 

in order to spur progress in the field of aqueous batteries. 

 

Keywords: Aqueous electrolytes, water-in-salt, anion asymmetry, supercooling, anion-specific 

effects 
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Zusammenfassung 
Lithium-Ionen-Batterien konnten sich dank ihrer hohen Energiedichte und der tiefen Kos-

ten als gängige Energiespeicher etablieren. Sie ermöglichten den Durchbruch der mobilen 

Elektronik und elektrischer Autos und sind der Schlüssel zur erfolgreichen Integration von er-

neuerbaren Energien wie Wind- oder Solarkraft ins Übertragungsnetz und kleinere delokali-

sierte Netzwerke. Besonders für grosse Installationen aber ist die Nutzung brennbarer organi-

scher Elektrolyte ein Sicherheitsrisiko und die Abhängigkeit von kritischen Rohmaterialien ist 

eine Herausforderung für die fortlaufende Batterierevolution.  

Wässrige Elektrolyte haben vielversprechende Eigenschaften wie Nichtbrennbarkeit und 

potenziell tiefe Kosten. In Kombination mit häufig vorkommenden Elektrodenmaterialien ge-

hören wässrige Batterien zu den erfolgversprechendsten Kandidaten um momentan gängige 

Batterien, die auf Kobalt und brennbaren Elektrolyten basieren, abzulösen. Bisher leiden was-

ser-basierte Batterien aufgrund des kleinen elektrochemischen Stabilitätsfensters wässriger 
Elektrolyte (in der Praxis ca. 1.5 V) aber unter zu tiefer Energiedichte um mit derzeitigen Bat-

terien zu konkurrieren.  

Das Ziel dieser Thesis war die Entwicklung von wässrigen Elektrolyten mit erhöhter elekt-
rochemischer Stabilität um damit Zellchemien mit hoher Spannung zu ermöglichen. Mittels 

hochkonzentrierter, sogenannter Water-in-Salt Elektrolyte konnten wir die Spannungstole-

ranz deutlich erhöhen und wässrige Natriumbatterien in der 2 V Klasse entwickeln. Das Aus-
kristallisieren dieser gesättigten Elektrolyte stellte sich als eine der grössten Herausforderun-

gen während dieses Projekts heraus. Mittels asymmetrischer Anionen konnten wir die 

Kristallisierung unterdrücken und so Batterien bei Temperaturen unter null Grad betreiben. 

Mittels Molekulardynamik-Simulationen konnten wir das Unterkühlungsverhalten der Elekt-

rolyte mit anhaltender Bewegung der Anionen-Seitenketten erklären.  

Für den Einfluss der Anionen auf die Lösungsstruktur konzentrierter Elektrolyte und da-

mit die Stabilität der Batterien konnten wir klare Richtlinien entwickeln. Wir zeigen auf, dass 

hohe Salzkonzentration nicht zwangsläufig hohe elektrochemische Stabilität garantiert und 

besprechen Möglichkeiten für weitere Forschungsarbeiten sowie einen Leitfaden zur Auswer-

tung gängiger Experimente.  

 

Stichwörter: Wässrige Elektrolyte, Water-in-Salt, Anionen-Asymmetrie, Unterkühlung, Anio-

nen-spezifische Effekte 
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RDF Radial distribution function 
RE Reference electrode 
RT Room temperature 
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1 Introduction 
Over the past decades, global energy consumption has increased rapidly and sustainable 

electricity generation and storage have become pervasive topics in our daily life. The energy 

transition, moving away from fossil and nuclear fuels towards renewables, and the electric 

vehicle revolution, replacing combustion engines in cars with battery-powered electric mo-

tors, are among the top issues discussed in politics and media. Quality of life and sustainability 

go hand in hand with clean, cheap energy, which is summarized in a statement by Nobel Lau-

reate Richard Smalley in his list of top ten problems of humanity for the next 50 years: In short, 
energy is the single most important factor that impacts the prosperity of  any  society.[1] 

With ever-increasing efficiencies and lower cost of renewables, mostly solar and wind, 

more sustainable sources of energy are installed every year, which is a great step towards 

independence from fossil fuels. However, the intermittence of renewable sources, i.e. the 
mismatch between production and demand, remains a major challenge for temporal and spa-

tial balancing of energy supply and consumption. Additional challenges arise from short-term 

disruptions, e.g. clouds passing over solar farms or fluctuations in wind speed, temporarily 
reducing the output of renewable-energy power plants. This results in short grid instabilities 

that have to be compensated to ensure smooth integration of electricity produced by decen-

tralized photovoltaic or wind turbine installations.[2-5] 

To date there is not one single technology that can address all timescales of storage that 

are needed. An overview of some of the most important technologies with their correspond-
ing power and timescales is shown in Figure 1-1.[6-8] Peak shifting from noon to nighttime re-

quires large amounts of energy to be stored and released on a timeframe of several hours and 

is classically provided by pumped hydropower and in recent years also by stationary batteries. 
Compensating fluctuations in wind speed or cloud coverage requires less energy but a quicker 

response within several minutes or seconds, often provided by flywheels or compressed air. 

Here, the fast response time makes up for the low energy density. For seasonal storage, con-
version of excess electric power, e.g. from solar production in summer, into chemical fuels like 

hydrogen and other synthetic fuels is under development. [2-7] 

Lithium-ion batteries have emerged as a key technology for portable electronic applica-

tions and due to massively improved performance over the past five years are enabling today 

the widespread deployment of electric vehicles. Due to fast response time, proven reliability, 

high energy efficiency, and low operating cost, this mature technology also attracted signifi-

cant interest for grid-scale applications in the timescale of minutes to days.[2-5] For electric 

vehicles, state-of-the-art lithium-ion batteries provide sufficient energy density and adequate 
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lifetime and most research efforts now focus on reducing the content of critical raw materials 

like cobalt, improving their rate capability, and developing next generation solid-state batter-

ies. Additionally, cycle-life, energy density, and safety are continuously being improved.[2, 3, 6-

8] Note that high-power batteries with long lifetimes but lower energy density, often based on 

lithium titanate anodes, are also mature and deployed in e.g. electric busses and ferries.  Lead-

acid batteries dominate the market for uninterrupted power supplies and starter batteries in 

cars. However, they are under pressure in Europe as the European Chemicals Agency made 

recommendations to ban lead oxides used in their production.[9] Further drawbacks are low 

energy density and the use of corrosive sulfuric acid as electrolyte.[4, 5, 10-13] Flow batteries are 

another type of battery well positioned for large-scale deployment. Their decoupling of power 

and energy density allows flexible and scalable layouts but operating costs are high due to the 

complex plumbing and pumping requirements of flow batteries.[5, 11] 

  
Figure 1-1 Overview of the size (power) and discharge timescales of the most important storage technologies on installed 
systems level. Note that this is not the specific power density of the individual technologies (e.g. W/kg). Adapted from [6-8] 

With lithium-ion battery technology having matured and growing relevance of large-scale sta-

tionary battery storage on the market, the supply chain risks and safety issues due to the use 

of flammable electrolytes become more relevant, and significant research efforts are devoted 

to developing safer and greener alternatives. Under appropriate conditions, lithium-ion bat-

teries are very safe to operate. However, mechanical abuse (e.g. deformation and road acci-

dents), electrical abuse (e.g. overcharge), and/or thermal abuse (overheating), can lead to 

Ohmic heating and internal side reactions, mainly due to short circuits. This can result in ther-
mal runaway, the uncontrolled propagation of heat generation, and ignition as the energy 

stored in the anode and cathode materials is released in an uncontrolled way.[14-16] Besides 
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the heat and fire hazard, emission of highly toxic gasses, e.g. large amounts of hydrogen fluo-

ride, from ruptured cells is a significant risk, especially in confined spaces, for firefighting per-

sonnel.[17]  

One approach is to eliminate the flammability of the electrolyte, for example by using aqueous 

electrolytes. Such batteries are known since the 19th century but suffer from low operating 

voltages due to the narrow electrochemical stability window of water. This leads to roughly 

one fifth in energy density compared to state-of-the-art lithium-ion batteries.[18] Conse-

quently, the main motivation of this thesis is the development and theoretical understanding 

of aqueous electrolytes with improved electrochemical stability. The following chapter gives 

a brief overview of the current state of battery technology. 

 

1.1 Lithium-ion Batteries 

The working principle of a classic lithium-ion battery (LIB) is illustrated in Figure 1-2. The 

cell consists of a cathode, an anode, a separator preventing electrical contact (short circuit) of 

the electrodes, and the electrolyte. The electrode materials are coated on metallic current 
collectors, e.g. aluminum or copper foils. Typically, layered transition metal oxides like lithium 

cobalt oxide, and graphite are employed as the cathode and anode active material respec-

tively. The electrolyte is an organic carbonate mixture in which a fluorinated lithium salt is 
dissolved. In the battery community, the positive electrode is called the cathode, whereas the 

negative electrode is termed the anode. Note that, the use of these terms is only correct dur-

ing discharge of the cell where the cathode is reduced (cations intercalate into the material 
and e.g. transition metal atoms are reduced by taking up electrons from the external circuit) 

and the anode is oxidized (cations deintercalate and electrons are given to the external cir-

cuit). Electrons flowing through the external circuit then compensate the charge. Upon initial 

charging, the electrolyte partially decomposes on the anode surface and forms a stable lith-

ium-ion conductive layer called the solid-electrolyte interphase, which prevents further elec-

trolyte decomposition and therefore enhances cycling stability of the full cell. Batteries using 

this back-and-forth intercalation mechanism are also called rocking-chair batteries and are 

firmly based on concepts pioneered by Whittingham and further developed by Goode-

nough.[19, 20] Together with Yoshino, who combined a lithium cobalt oxide cathode with a 

graphite anode[21] leading to the first commercialization of a lithium-ion battery by Sony, they 

were awarded the 2019 Nobel Prize in Chemistry for the development of the lithium-ion bat-

tery.   
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Figure 1-2 Schematic illustration of the archetypal lithium-ion battery based on a graphite anode, organic electrolyte, and 
an LiCoO2 cathode. Taken from ref. [22] 

The high energy density of modern lithium-ion batteries of up to 250 Wh kg-1 on the cell 

level, which translates to a specific capacity of ca. 450 Wh kg-1 on the electrode materials level, 

has enabled the widespread development of portable electronics. The volumetric energy den-

sity, particularly important for electric vehicles, of up to 650 Wh L-1 on the cell level is also very 
high. They not only dominate the market for portable electronic devices which use battery 

packs in the range of 10 to 100 Wh, but are also implemented as the technology of choice for 

electric vehicles where larger modules up to 100 kWh are needed. In addition, grid-scale sta-
tionary storage in the MWh range using LIBs is rapidly developing. Overall, the lithium-ion 

battery market is projected to grow massively with estimates as high as ca. 250 billion euro by 

2025 in Europe alone.[23-25]  

The massive increase in battery production over the past years resulted in an astounding 

decrease in prices on battery pack level, from ca. 1000$ kWh−1 in 2010 to less than 200$ kWh−1 

in 2019.  Nevertheless, this also comes with some major challenges. Limited availability of 

lithium is often considered a major problem for future battery demand, with uneven distribu-

tion of raw materials resulting in significant price fluctuations.[26] In fact, the availability of 

cobalt and natural graphite, both classified as critical raw materials by the European Commis-

sion, is a more serious concern. Among other reasons because global reserves are concen-

trated in few distinct areas. China for example currently provides 49 percent of the global 
supply of critical raw materials and the Democratic Republic of Congo (DRC) supplies almost 

65% of the world's cobalt, often through Chinese intermediaries. This illustrates the link be-

tween geopolitics, economy and research.[26-28] In addition, environmental and societal im-
pacts are not to be neglected. Cobalt mining in the DRC is criticized for terrible working con-

ditions and child labor, and mining for lithium in Chile is depleting local groundwater reserves, 

destroying whole ecosystems.[28] Major consumers of LIBs, such as electric vehicle or mobile 
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electronics manufacturers, seek to source all their raw material needs from controlled mines 

but often struggle, stating that they are not able to fully map their supply chain due to its 

complex nature.[29] In fact, in a recent class action lawsuit, for the first time, several large com-

panies were directly sued for knowingly benefitting from the use of children to mine cobalt in 

the DRC.[30] 

As the projected growth in electric vehicles from ca. 1.2 million cars in 2015 to 965 million 

in 2050 goes hand in hand with a tremendous increase in mineral needs, also for electricity 

production (solar, wind), the transition towards a low-carbon future will be a challenge across 

many industries and supply chains, highlighting the need for alternative battery chemis-

tries.[28] The growing demand of resources for low-carbon technologies is summarized in a 

statement by the World Bank: The clean energy transition will be significantly mineral inten-
sive.[31] 

So-called post-lithium chemistries, exploring alternative alkali metals like sodium and po-

tassium or multivalent cations such as aluminum, magnesium, calcium, and zinc, are a very 

active field of research, promising for example cost effective sodium-ion batteries (NIB).[32-34] 
Compared to LIBs, NIBs come with a lower energy density, mainly because current sodium 

cathode materials cannot compete with corresponding high-capacity and high-voltage lithium 

cathodes.[35] However, their working principle is not drastically different, which should allow 

easy upscaling of manufacturing with existing infrastructure. Furthermore, many of the best-
performing electrodes for NIBs do not rely on cobalt, which is crucial in the rapidly expanding 

battery market, even though their capacity cannot yet compete with e.g. layered lithium nickel 

manganese cobalt oxides. In addition, hard carbon, which is cheaper to produce than synthetic 
graphite but operates at a ca. 300 mV higher potential, can be used in NIBs. A detailed cost 

analysis showed that, on a materials cost level, replacing lithium with sodium does not have a 

significant impact on the cost of the battery. The maybe most important feature however is 

that aluminum instead of copper can be used as a current collector on the anode side, because 

compared to lithium, sodium does not alloy with aluminum at low potentials.[32-34] In a hypo-

thetical cell, the replacement of copper by aluminum and lithium by sodium results in a total 

cost reduction of 4.3%, with the current collector exchange having a 2.3 times greater impact 

than the lithium sodium exchange. However, in case of lithium and cobalt shortages and as-

sociated price fluctuations, using sodium can yield reduced supply risks and cost ad-

vantages.[26] 

For the next five to ten years however, the industry's focus will remain on improving the 
current lithium-ion technology by reducing the cobalt content of layered oxide cathodes and 

partial replacement of graphite in the anode by silicon, which has a very high capacity but 
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suffers from rapid capacity fading upon cycling due to large volume changes. This third gener-

ation of LIBs targeting 350 Wh kg-1 and 750 Wh L-1 on cell level is currently entering the market. 

The fourth generation is envisioned to rely on solid-state electrolytes and metal anodes or 

conversion materials, resulting in energy densities of up to 500 Wh kg-1 and 1000 Wh L-1.[36, 37] 

 

1.2 Supercapacitors and the Electrochemical Double Layer 

In a supercapacitor, schematically shown in Figure 1-3, the ions do not intercalate into 

the electrode but, upon polarization, accumulate on its surface to form an electrochemical 

double layer. To increase the stored energy by enlarging the surface available for sorption, 

porous high surface area materials such as activated carbons are most widely used. The very 

fast nature of this sorption-based storage of charge leads to very high power performance and 

nearly unlimited cycle life as no chemical reaction that degrades the electrode material is tak-

ing place. The energy density however, is much lower than for batteries (on materials level 

typically below 10 Wh kg-1). Acetonitrile based electrolytes with high ionic conductivities, 
which is crucial for high power performance, of about 50 mS cm-1 are commonly used for su-

percapacitors. Usually no solid electrolyte interphase is formed.[13, 38-41] 

 

Figure 1-3 Schematic illustration of a typical supercapacitor in the (left) uncharged and (right) charged state using two 
high surface area porous electrodes.  

The electrochemical double layer that is formed on any surface in contact with a fluid was 

first described by Hermann von Helmholtz who observed that ions are attracted towards the 

surface of an oppositely charged electrode, thereby forming two correspondingly charged lay-

ers at this interface.[42] One is the surface of the electrode itself, the other being the so-called 

compact layer of counter ions accumulated on the surface. In principle this corresponds to a 

plate capacitor where charge is stored electrostatically in between the two plates i.e. layers. 

This model neglected the diffusion of ions or the possibility of adsorption. Gouy and Chapman 

later introduced a diffuse layer in which the concentration of e.g. cations on the negative elec-

trode decays exponentially with increasing distance from the electrode surface.[43, 44] These 

models were combined by Stern and complemented with the possibility of specific adsorption 

of neutral molecules and oriented dipoles by Grahame as illustrated in Figure 1-4.[45, 46] 
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The space in between each double layer corresponds to an extremely thin dielectric in a 

plate capacitor. The capacitance C of one electrode can be described by 𝐶𝐶 =  𝐴𝐴𝐴𝐴
𝑑𝑑

 where A is 

the electrode area, ε the permittivity of the dielectric and d the distance between the two 

plates. Therefore such an electrochemical double layer capacitor, where the separation be-
tween the two quasi plates is extremely small (below one nanometer) and the surface area of 

the electrodes is very high, achieves a much higher capacitance than a classical plate capaci-

tor.[13, 39-41] The energy stored in the double layer E is proportional to the cell voltage squared: 

𝐸𝐸 =  1
2

 𝐶𝐶𝐶𝐶2 which highlights the need for highly stable electrolytes that allow high cell volt-

ages without detrimental side reactions such as electrolyte decomposition.[13, 40] In an actual 

device with two electrodes there is one double layer formed at each electrode resulting in a 

device that in principle corresponds to two capacitors connected in series. One way of improv-
ing the energy density is using pseudocapacitive materials, which are materials that undergo 

fast, reversible redox reactions that do not involve phase changes of the electrode materi-

als.[39, 40, 47] Another possibility is to add redox active molecules to the electrolyte, which un-

dergo reversible redox reactions after specific adsorption to the electrode surface, thus con-

tributing to the energy density of the device. Here the electrolyte becomes an active 

participant in the pseudocapacitive charge storage, i.e. an active material. Therefore its weight 

should be considered when reporting capacitance, or better, due to the battery like character 

of such a device (charge does not scale proportionally with voltage), capacity.[48]  

  

  
Figure 1-4 Illustration of the double layer forming at a negatively polarized metal electrode. Taken from ref.[39] 
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1.3 Aqueous Electrolytes 

Using water as a solvent instead of organic carbonates presents two major advantages: 

Increased safety and reduced cost. The inherent non-flammability of water significantly re-

duces the risk of thermal runaway and subsequent ignition of the cell that exists for current 

LIB technologies. Lower costs are expected due to the fact that no controlled atmosphere (low 

humidity) is needed during the whole cell production.[49, 50] If combined with abundant mate-

rials, for example sodium instead of lithium and cobalt free electrodes, aqueous electrolytes 

are one of the most promising, cost efficient, and environmentally benign technologies for 

large-scale battery applications. In addition, aqueous electrolytes typically have high ionic con-

ductivities that improve the fast-charging capabilities of aqueous batteries. This is related to 

the high dielectric constant of water that efficiently shields the charges of solvated ions, con-

tributing to their high mobility. This conception breaks down at high salt concentrations as 

discussed in chapters 1.4, 2.2, 3, and 5.[51]  

So far aqueous batteries only provide rather low energy densities limited by their low 
operating voltage resulting from the narrow thermodynamic electrochemical stability of 

1.23 V of water (at 25 °C).[47] In a battery, energy density scales linearly with voltage and a 

wide stability window is crucial in order to use high voltage cathode and low voltage anode 
materials, maximizing the overall cell voltage. To narrow the performance gap between aque-

ous and organic electrolytes, the stability window of aqueous electrolytes has to be increased 

by imposing overpotentials for the oxygen and hydrogen evolution reactions.  

Outside of the stability window of water, the hydrogen evolution reaction (HER) occurs 
at low potentials, whereas the oxygen evolution reaction (OER) sets in at high potentials, the 

corresponding reactions are indicated in Figure 1-5 along with a Pourbaix diagram giving the 

electrochemical stability window of pure water as a function of pH. The decomposition of 

aqueous electrolytes impedes the cell’s cycle life and is accompanied by pH changes, which 
can promote detrimental reactions such as current collector corrosion or active material dis-

solution from the electrode. Also cell rupture due to the evolving gases can be an issue.[52]  
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Oxygen evolution reaction (OER) 

2H2O ↔ O2 + 4H+ + 4e- 

4OH- ↔ O2 +2H2O + 4e- 

 

Hydrogen evolution reaction (HER) 

2H+ + 2e- ↔ H2 

2H2O + 2e- ↔ H2 + 2OH- 

Figure 1-5 Pourbaix diagram of pure water showing the pH-dependent stability window of 1.23 V[53]. The shift for the HER 

towards lower potentials with higher pH and higher values for the OER with lower pH, respectively, is indicated by the 

inclined lines. The corresponding reactions are shown on the right-hand side. 

Although the onset potentials for HER and OER can be shifted to a certain degree by var-

ying the pH values according to the Nernst equation (-59 mV per unit of pH at 25 °C, see Figure 

1-5), the overall window of thermodynamically 1.23 V at 25 °C stays the same. This equation 

relates the reduction potential of an electrochemical reaction E to its standard potential E0, 

the temperature T, and the activities of the species involved aox/red. R is the ideal gas constant, 
z the number of electrons transferred, and F the Faraday constant: 

 𝐸𝐸 = 𝐸𝐸0 +
𝑅𝑅𝑅𝑅
𝑧𝑧𝑧𝑧

𝑙𝑙𝑙𝑙
𝑎𝑎𝑜𝑜𝑜𝑜
𝑎𝑎𝑟𝑟𝑟𝑟𝑑𝑑

≈  𝐸𝐸0 +
0.059 𝐶𝐶

𝑧𝑧
𝑙𝑙𝑙𝑙𝑙𝑙

𝑎𝑎𝑜𝑜𝑜𝑜
𝑎𝑎𝑟𝑟𝑟𝑟𝑑𝑑

 
 

The activities can be approximated by the concentration in dilute systems.[53] At low pH, 

a high concentration of hydronium ions is given, therefore hydrogen evolution can readily take 

place, as an excess of reagents is available. On the other hand, high pH values, corresponding 

to high concentration of hydroxide ions, facilitate the oxidation of water. 

Using aqueous electrolytes with neutral pH imposes overpotentials for both reactions 
due to the low concentration of both hydroxide and hydronium ions available in the solution. 

Following this strategy, apparent stability windows of up to 1.6 V have been reported on acti-

vated carbon electrodes.[54-56] The stability window was extended further by using two sepa-

rate electrolytes with different pH values for the two electrodes. 6M KOH (pH=14) was em-

ployed on the negative electrode, therefore pushing HER towards lower potentials, whereas 

1M H2SO4 (pH=0) was used on the positive side, imposing a large overpotential for the OER. 

This enabled an electrochemical stability window of 2.1 V. However the quite costly assembly 

of the cells due to the need of an ion-selective membrane was highlighted as a major drawback 

of such a system.[57] 

There have been numerous further approaches to increase the stability of aqueous elec-

trolytes. The use of buffered solutions is one approach to address local pH changes occurring 

right next to the electrode surface. This is also beneficial as pH-dependent dissolution of active 
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material can be limited. Manganese dioxide for example has shown superior performance in 

phosphate-, carbonate-, and borate-buffered electrolytes where, in addition to the pH buffer-

ing, protective phosphate, carbonate, or borate layers are formed that improve cycling stabil-

ity.[58] The addition of propane-1,3-disulfonate to a phosphate-buffered solution reportedly 

allowed the operation of a high voltage LiNi0.5Mn1.5O4  cathode (>4.5 V vs. Li+/Li) in aqueous 

electrolyte.[59, 60] The increased oxidative stability of the electrolyte is explained by accumula-

tion of the bulky anions on the surface of the positive electrode with increasing potential, thus 

hindering water molecules from accessing the oxidative surface. However, the reported sta-

bility can be questioned, as after only five cycles the system already fails.[59, 60] In organic media 

this accumulation was also reported to be the case for other bulky anions like TFSI or PF6.[61] 

In a similar approach sodium dodecyl sulfate (SDS) has been shown to impose overpotentials 

on both HER and OER. SDS is adsorbed on the surface of the electrodes with its charged hy-

drophilic group facing the electrode and its hydrophobic tail facing the bulk electrolyte, there-

fore hampering the access of water molecules to the electrode surface. Overall a 

Na2MnFe(CN)6 cathode was much more stable in such a modified electrolyte.[62] Also n-al-

kanethiols as additives have proven to reduce the rate of hydrogen evolution by formation of 
rather compact monolayers on the electrode surface.[63, 64] Another example of a surface 

blocker is succinic acid on zinc oxide electrodes where HER is suppressed. Dendrite formation 

on zinc anodes was also found to be reduced.[65] An important factor to keep in mind is the 

catalytic activity of the electrode material towards HER or OER. Lead for example is a poor 
catalyst for HER and OER, which enables stable operation of 2 V lead-acid batteries. Therefore, 

the poor catalytic activity of zinc towards HER may have contributed to the apparent HER sup-

pression.[66, 67] 

 

1.4 Highly Concentrated Aqueous Electrolytes 

Another strategy to increase the electrochemical stability window is the use of highly 

concentrated electrolytes using highly soluble perfluorinated sulfonimides. An aqueous 21m 
(moles of salt per kilogram of solvent) lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) elec-

trolyte was reported in 2015 and demonstrated an apparent stability window of ca. 3 V while 

retaining an ionic conductivity comparable to organic electrolytes (ca. 10 mS cm-1).[68] This 
system was designated “water-in-salt”, as at such concentrations the salt outnumbers the wa-

ter by weight and volume. At a concentration of 21m, the 2.6 water molecules per cation can-

not sufficiently shield its formal charge anymore, leading to the incorporation of TFSI anions 

into the primary solvation sheath, as illustrated in Figure 1-6. The water molecules are trapped 

in the solvation shell of the cations and very little free water molecules are left in the bulk of 
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the solution. This makes it less likely for them to reach the electrodes to undergo electrolysis, 

imposing kinetic overpotentials towards HER and OER.  

 
Figure 1-6 Schematic illustration of the change in solution structure from a dilute to a highly concentrated electrolyte. 

In addition, the resulting high probability of TFSI at the anode surface, brought along by 

the anion-solvated cations, leads to an interphasial chemistry dominated by the reduction of 

the anion. Additionally, the strong interaction with cations stabilizes the transferred electron 
during reduction, therefore reducing the reductive stability of TFSI. This leads to premature 

decomposition of Li2(TFSI) aggregates before water hydrolysis which in turn results in the for-

mation of a mainly anion derived solid-electrolyte interphase (SEI) at the anode.[68-71] 

An alternative pathway for SEI formation involving hydroxide catalyzed reduction of the 
anions was suggested in 2018.[72] The SEI acts as an electron barrier that prevents further wa-

ter reduction, while allowing lithium ions to migrate to the electrode. In combination with the 

reduced activity of water and additional kinetic stabilization due to water exclusion from the 
interfacial layer at the positive electrode, this electrolyte allowed stable cycling of a 2.3 V 

aqueous LIB.[68, 69] Further studies revealed that the SEI mainly consists of LiF generated from 

reduction/decomposition of fluorine-rich TFSI, but also Li2O and Li2CO3 originating from the 

reduction of dissolved oxygen and CO2.[73] LiF formation is facilitated by the preferential ad-

sorption of CF3-groups of TFSI at the negative electrode surface.[69] The necessity for continu-

ous presence of the highly concentrated electrolyte was demonstrated by cycling an electrode 

with preformed SEI in a dilute electrolyte. The increased solubility of SEI constituents in the 

dilute electrolyte led to dissolution and pronounced water reduction.[73] As a result, a stable 

SEI cannot form at low concentrations as the adhesion of possible anion decomposition prod-

ucts is prevented by hydrogen gas bubble formation.[73] Furthermore, it was shown that the 

formation of a stable SEI depends on the catalytic activity towards HER of the electrode ma-

terials.[70] 

Similar to highly concentrated organic electrolytes[61, 74], we also demonstrated reduced 

anodic dissolution of aluminum current collectors in the 21m LiTFSI electrolyte.[75] Later, two 
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ca. 28m aqueous lithium electrolytes based on LiTFSI and lithium bis(pentafluoroethanesul-

fonyl)imide LiBETI (“hydrate-melt”)[76], or LiTFSI and lithium trifluoromethanesulfonate (LiOTf) 

(“water-in-bisalt”)[77], respectively, were reported, both showing further improvement in 

terms of electrochemical stability and full cell cycling performance of high-voltage cells. Re-

cently, concentrations above 30m up to 55m have been achieved.[78, 79] However, only limited 

improvement of reductive stability is observed when increasing the concentration above 21m. 

This can in part be explained by water-rich nanodomains at the electrode surface that are 

formed at strongly-negative potentials.[69] On the positive electrode, water oxidation is hin-

dered by the high concentration of bulky anions and thus water exclusion from the electrode 

surface.[69] It was shown by differential electrochemical mass spectrometry that already for 

21m LiTFSI the oxygen evolution is almost completely suppressed.[73]  

The hydrate-melt system allowed operating a 3 V battery employing commercial Li4Ti5O12 

as an anode and LiNi0.5Mn1.5O4 as a cathode at rather high rates which promote stability.[76] 

Further reports on such highly concentrated electrolytes propose the LiMn2O4/Mo6S8 (2.3 
V)[68], LiMn2O4/TiO2 (2.5 V)[77], LiFePO4/Mo6S8 (1.6 V, highlighting low cost and safety)[80], or 

LiMn0.8Fe0.2PO4/Zn (1.8 V)[81] couples. Often maximum cell voltages are highlighted, but the 

average discharge voltages are generally significantly lower. For the LiMn2O4/TiO2 couple for 

example, the average discharge potential is 2.1 V.   

Adding a highly-fluorinated ether to a water-in-salt electrolyte as a sacrificial additive al-
lowed formation of a dense SEI in the first charging cycle on both graphite and lithium, open-

ing the path towards 4 V aqueous lithium-ion batteries.[82] Mixing a highly concentrated aque-

ous electrolyte with dimethyl carbonate or acetonitrile combined the advantages of both 
aqueous and organic electrolytes.[83, 84] The aqueous portion introduced high safety, whereas 

the presence of an organic solvent improved the SEI quality, thus increasing the electrochem-

ical stability of the system. 

 

The main drawback of the described highly concentrated electrolytes is the still narrow 

electrochemical stability window, leading to a low energy density for cells based on water-in-

salt electrolytes. Further issues are the high material cost due to the large amounts of salts 

needed, high density of the electrolyte, and ionic conductivities below 10 mS cm-1 at room 
temperature due to pronounced ion pairing and agglomeration, which limits the power per-

formance. Note that the electrolyte in a state-of-the-art cell only accounts for ca. 13% of the 

cells weight and 10% of its volume (excl. casing).[85]  Therefore, the high density of water-in-

salt electrolytes (> 1.7 g/cm3 vs. ~1.3 g/cm3 for a standard organic electrolyte) has a marginal 

impact on the overall cell density and is not such a critical issue.  
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1.5 Aim of the Thesis 

Aqueous electrolytes are inherently non-flammable, which alleviates concerns about 

thermal runaway and ignition of batteries. Combined with abundant materials, such as sodium 

instead of lithium, and iron or manganese instead of cobalt, novel aqueous batteries are 

among the most promising candidates to replace e.g. highly toxic and corrosive lead-acid 

chemistries and lithium-ion batteries in certain applications. However, the narrow electro-

chemical stability window of water has so far stood in the way of safe and highly energy-dense 

high-voltage aqueous batteries. Therefore, water electrolysis has to be suppressed, which was 

previously achieved by catalytically inactive electrode coatings or variations of the pH of the 

electrolyte. In this thesis, we aspired to manipulate not only the electrode-electrolyte inter-

face but also the water molecules themselves. Using highly concentrated solutions of carefully 

selected salts, we immobilize most water molecules in the solvation shell of the cation and 

generate anion-rich interfaces at the electrode surfaces. The reduced mobility of water and 
the anion-dominated interfacial chemistry impose kinetic overpotentials towards water de-

composition and enable the formation of a protective solid-electrolyte interphase, resulting 

in higher electrochemical stability. Eventually, we were able to implement some of the high-
est-voltage cathode materials into 2 V class aqueous sodium-ion batteries.  

Limiting the applicability of such saturated electrolytes, crystallization turned out to be a 

major challenge during this project. Studying the solution structure and coordination environ-

ment of ions in saturated electrolytes containing asymmetric anions, we discovered that sus-
tained local motion of such asymmetric molecules can enhance supercooling, thereby signifi-

cantly improving the low temperature performance of our batteries. 

Although the water-cation interaction seems most important in these electrolytes, we 

noticed that at high concentrations also the anion becomes critically relevant as it influences 

the solution structure, distribution of water, and formation of protective interphases. There-

fore, we derived guidelines for anion-suitability in water-in-salt electrolytes.  

Overall, this thesis focuses on the development and improved understanding of highly 

concentrated aqueous electrolytes and their implementation into high-performance, lab-scale 

prototype batteries. The structure of the thesis is outlined below as a guide to the reader. 

Chapter 2 briefly summarizes the most important methods and techniques used in this 
thesis. Preparation of aqueous electrolytes and characterization methods are described, fol-

lowed by a short explanation of the electrochemical techniques employed in this thesis as well 

as the principles of classical molecular dynamics simulations. 

In chapter 3, we examine the influence of the alkali cation on key physicochemical prop-

erties of water-in-salt electrolytes, recognize the low solubility of suitable sodium salts, and 
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scrutinize a protocol to determine the electrochemical stability window on high surface area 

electrodes. We then develop a 1.8 V supercapacitor based on a saturated 8m NaTFSI aqueous 

electrolyte.  

The limited solubility, and eventually lower electrochemical stability, of aqueous sodium 

electrolytes compared to lithium-based systems is addressed in chapter 4. We identify NaFSI 

as a promising salt for water-in-salt electrolytes due to its very high solubility and report a 

stability window of ca. 2.6 V for a saturated solution. 

In chapter 5, we discuss the susceptibility of the FSI anion towards hydrolysis. We find 

that the kinetics of the anion decomposition are highly cation- and concentration-dependent 

and report increased chemical stability for NaFSI based aqueous electrolytes compared to 

LiFSI analogues.  

In chapter 6, we show that a key factor limiting the applicability of water-in-salt electro-

lytes is their tendency to crystallize near room temperature, leading to cell failure. We report 
the use of asymmetric FTFSI anions as solution to suppress the crystallization of NaFSI based 

aqueous electrolytes and demonstrate this approach with a 2 V class aqueous sodium-ion bat-

tery with excellent cycling stability from -10 to 30 °C. 

The suppressed crystallization of electrolytes based on the asymmetric FTFSI anion is ex-

amined in chapter 7. Based on classical molecular dynamics simulations and Raman spectros-
copy, we hypothesize that different anion-cation coordination geometries and subsequent in-

tramolecular bond rotations lie at the heart of the phenomenon.  

In Chapter 8, we demonstrate the effects different anions have on solution structure and 

develop guidelines for anion-suitability in water-in-salt electrolytes. We show that high salt 
concentration alone does not guarantee desirable performance and lay out the challenges for 

purely aqueous sodium-ion batteries and discuss several promising alternative approaches. 

Chapter 9 provides a perspective on the electrochemical stability of water-in-salt electro-

lytes and highlights the disconnect between reported and practical values. We discuss param-
eters that influence the measurement of stability windows and provide some guidelines for 

future work. 

Finally, chapter 10 concludes this thesis and provides an outlook for future work on aque-

ous batteries. 
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2 Methods 
The principles of the experimental and theoretical techniques used in this thesis are de-

scribed in this chapter. Technical details such as the type of instrument used or exact experi-

mental parameters are provided in detail in the corresponding articles, see chapters 3-9. For 

practical reasons, molality (mol of solute per kilogram of solvent) instead of molarity (mol of 

solute per liter of final solution) is used to measure the concentration of the electrolytes in 

this thesis. This leads to concentrations that may seem very high to readers not used to the 

concept of molality.  

2.1 Electrochemical Measurements 

2.1.1 Voltammetric Methods 

Voltammetry is an electroanalytical method where, in two-electrode setup or full-cell, a 

potential is applied or scanned between a working electrode (WE) and a counter electrode 
(CE) that compensates the charge of any reactions taking place at the WE in order to maintain 

charge neutrality. The resulting current is then measured. In a three-electrode setup or half-

cell, the potential is controlled between the working electrode and a reference electrode (RE) 
with a well-defined potential and ideally no resistance. In aqueous environments silver/silver-

chloride, used in this thesis, and calomel references are very common, whereas in organic 

electrolytes most references have solvent-dependent potentials.[1] Although not perfect, due 
to polarizability, lithium and sodium metal disks are commonly employed as a reference in the 

battery community.[2] This allows comparison of materials over different systems, i.e. versus 

different references. An example is the potential of a battery electrode material versus sodium 
metal in an organic electrolyte or versus a silver-silver chloride RE in an aqueous electrolyte. 

In this thesis, the counter electrode typically consisted of a large lithium or sodium disk for 

measurements in organic electrolytes, or a thick activated carbon pellet with high capacitance. 

A pellet with a capacitance of 36 Farad for example can compensate one milliampere hour per 

centimeter square of charge while only moving 100 mV. The goal is to keep the potential of 

the counter electrode nearly constant, so one can exclude reactions at the CE from influencing 

the WE under study.  

In linear sweep voltammetry (LSV) the voltage is altered up or down to a cutoff potential 
at a constant scan rate. In this thesis and throughout literature, this method is used to esti-

mate the electrochemical stability windows of electrolytes: As long as the electrolyte is stable, 

no reactions take place and only very small currents from double layer capacitance (small due 
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to small surface area of the flat usually metallic electrodes) are measured. As soon as decom-

position reactions start to take place, the current increases often exponentially with increasing 

potential according to the Butler-Volmer equation. A current cut-off is then usually chosen to 

define the stability limits. The stability window itself represents the voltage range within which 

the operating potentials of electrode materials have to lie. Reported stability windows in lit-

erature tend to be massively overstated and there is certain disconnect between practical and 

reported stability windows. Furthermore, the surface area and catalytic properties of the sub-

strate towards water decomposition reactions have a significant influence on the resulting 

stability window. This issue is discussed in detail in chapters 3 and 9. Generally speaking, sub-

strates and scan rates (slow) relevant to the target application should be used. 

In addition, cyclic voltammetry (CV) is a commonly employed method to define the sta-

bility limits. Here the potential is scanned back and forth for many cycles. The application of 

CV to the stability window measurement is discussed in detail in chapter 3. CV is also a crucial 

tool to characterize the activity of battery electrode materials and rapidly provides infor-
mation on the redox potential of electroactive species and reversibility of a reaction.  

2.1.2 Galvanostatic Methods 

Complementary to voltammetry, galvanostatic methods are used to study the voltage 

response of a system to an applied constant current. The most common application, galvanos-
tatic cycling with potential limitations (GCPL), is used to characterize the charge/discharge be-

havior of a battery within a certain potential window. A constant current is applied to charge 

the battery to a predefined cut-off voltage, and then a current of opposite sign is drawn to 

discharge the cell. This corresponds to a typical charge-discharge cycle and is repeated hun-
dreds of times to study the cycle life and potential evolution over time of a device. The voltage 

response is characteristic of the studied electrode materials. Practical cell voltages often de-

viate from theoretical considerations due to resistances, called overpotentials or polariza-
tions, related to the various processes occurring in the cell during operation. The activation 

overpotential (η𝑎𝑎𝑎𝑎𝑎𝑎), concentration overpotential (η𝑎𝑎𝑜𝑜𝑐𝑐𝑎𝑎), and ohmic losses (η𝑜𝑜ℎ𝑚𝑚) typically 

make up the cells internal resistance. η𝑎𝑎𝑎𝑎𝑎𝑎 is related to the charge transfer kinetics of a reac-
tion and its associated resistances at the solid-electrolyte interface (e.g. surface area). η𝑎𝑎𝑜𝑜𝑐𝑐𝑎𝑎 

is related to mass transfer limitations and depends on diffusional properties of the electrolyte, 

the electrodes, and also the separator. Finally, η𝑜𝑜ℎ𝑚𝑚 mostly depends on the ionic resistivity of 
the electrolyte and the electronic resistance of the electrodes and current collectors. It scales 

linearly with the applied current according to Ohm's law. The voltage of the cell can then be 

summarized as follows: 𝐶𝐶 = 𝐸𝐸 − (η𝑎𝑎𝑜𝑜𝑎𝑎 + η𝑎𝑎𝑜𝑜𝑎𝑎) − (η𝑎𝑎𝑜𝑜𝑎𝑎 + η𝑎𝑎𝑜𝑜𝑎𝑎) − 𝑖𝑖𝑅𝑅, where 𝐶𝐶 is the voltage 

of the cell, 𝐸𝐸 the equilibrium potential according to the Nernst equation, η𝑎𝑎𝑜𝑜𝑎𝑎 and η𝑎𝑎𝑜𝑜𝑎𝑎 the 
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activation overpotentials at the anode and cathode respectively,  η𝑎𝑎𝑜𝑜𝑎𝑎 and η𝑎𝑎𝑜𝑜𝑎𝑎 the concen-

tration overpotentials at the anode and cathode respectively, 𝑖𝑖 the operating current, and 𝑅𝑅 

the resistance of the cell comprising η𝑜𝑜ℎ𝑚𝑚.[3, 4] Consequently, higher charging and discharging 

currents result in overpotentials that reduce the operating voltage of an electrochemical cell. 

With increasing overpotentials, the voltage profile deviates more from the equilibrium poten-

tial as illustrated in Figure 2-1. 

 
Figure 2-1 Typical discharge curves with increasing overpotentials with increasing current load. 

The power performance or ability of a cell or material to handle large currents is routinely 

tested in rate tests. Here, starting from a low rate, the current is increased every few cycles. 
Typically, the capacity of a material decreases with increasing current loads, due to the higher 

resistance of the cell for higher currents as described above. Therefore, good power perfor-

mance is closely linked to fast ionic transport in the electrolyte, separator, and electrodes and 
low resistances of current collectors and further cell components. Increasing overpotentials 

over time at a given current rate on the other hand indicate the evolution of resistive inter-

faces or materials decomposition, which result in overall increased resistance of the cell. This 

reduces the energy efficiency of the cell and indicates poor long-term stability.  

In the battery community, the current rate is typically expressed as a C-rate, C/h, with h 

being the number of hours needed to reach the full capacity of a material at a given current. 

For a material with a capacity of 120 mAh g-1 for example, a C-rate of C/5 corresponds to a 

charging current of 24 mA g-1 and thus a charging time of five hours, whereas 5C corresponds 

to a current of 600 mA g-1 and a charging time of 12 minutes (1/5 hours).  

In this thesis, GCPL was employed in chapters 3, 4, 6 and 8 to characterize the operating 

potentials and cycling stability of electrode materials in various electrolytes. A key part are the 

long-term cycling tests of full-cells in chapters 6 and 8. 
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2.2 Electrolyte Properties 

Physicochemical properties such as density, viscosity, or ionic conductivity are crucial fac-

tors influencing the performance of an electrochemical cell. High electrolyte density increases 

the weight of a cell, thus reducing the energy density, high viscosity may hinder the electrolyte 

from penetrating small pores in the active material, thereby influencing the activation over-

potential and thus also energy/power density, and ionic conductivity affects e.g. the concen-

tration overpotential and Ohmic losses, i.e. the power performance of the cell as described 

above.[3]  

In a polar solvent like water, the dissolved ions, particularly the cations, are surrounded 

by solvent molecules resulting in a solvation shell around the ion.[3, 5] In an applied electric 

field, these solvated ions move towards the oppositely charged electrode. The resistance to 

this movement influences the ionic conductivity and is governed by various factors such as the 

charge, size, and shape of the moving ion, the extent of hydration/solvation, viscosity of the 

medium, and the solvent properties themselves, e.g. the dielectric constant.[5-7] The physico-
chemical properties of the electrolyte are thus linked to the solution structure, i.e. solvent-

solute, solute-solute, and solvent-solvent interactions, and molecular structures of the elec-

trolytes constituents.  

 
Figure 2-2 Ionic conductivity vs. concentration plot for aqueous LiTFSI solutions at 20 °C. The inset shows the linear depend-
ence in the very dilute regime. 

At concentrations above ca. 0.001m, solutions increasingly deviate from ideal behavior, 

where the dissolved ions would be distributed homogeneously without influencing each other 

resulting in a linear increase of conductivity with increasing concentration. Electrostatic inter-

actions according to Coulombs law between the ions become relevant, increasingly so with 

higher charge density of the ions and lower dielectric constant of the solvent. Ion associates, 
e.g. ion pairs, can be formed at higher concentrations, effectively reducing the mobility of 

charge carriers, resulting in a lower than expected conductivity.[5-7] For many salts a maximum 
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in conductivity is observed at a concentration of ca. 4-5m, above which ion pair formation and 

larger agglomerates become dominant, resulting in gradually decreasing ionic conductivity as 

shown in Figure 2-2, discussed in more detail in chapters 3 and 5.[8] This change in solution 

structure with increasing concentration is particularly relevant for water-in-salt electrolytes, 

where due to the high concentration most ions can be expected to be paired/agglomerated 

to a certain degree. Solution structure of such water-in-salt electrolytes is discussed in more 

detail in the following chapters. 

A critical factor for electrolyte properties is the charge density and polarizability of the 

dissolved ions, which greatly influences intermolecular interactions.[9, 10] For example, alt-

hough the (crystallographic) ionic radius of alkali metal cations increases from Li+<Na+<K+, the 

ionic conductivity at a given concentration is higher for potassium than lithium salt containing 

electrolytes.[11] The higher charge density of Li+ cannot be shielded by a single layer of hydrat-

ing water molecules, resulting in an overall larger hydration shell containing a secondary 

sheath of water molecules.[12] Accordingly the radii of the hydrated cations, which is the entity 
that moves through the solution - not the bare cation, decreases in the order Li+>Na+>K+ yield-

ing the observed trend in ionic conductivities.[12] This is discussed in detail in chapters 3 and 

5. 

Viscosity is highly dependent on the molecular packing in the solution and thus the struc-

ture of the individual molecules in the electrolyte. One example is described in chapter 4, 
where a 35m NaFSI electrolyte, FSI being rather spherical, has a higher density but lower vis-

cosity than an equimolar mixture of 25m NaFSI + 10m NaFTFSI, FTFSI being asymmetric and 

more oblong in shape. This may seem counterintuitive, assuming that in a highly dense solu-
tion an ion would meet more resistance upon movement, but it makes sense considering that 

the electrolyte is not a continuous medium but an assembly of intertwined individual mole-

cules and ions. FSI may be packed more densely, but due to its small roundish shape it expe-

riences less resistance when moving through the solution than the larger less spherical FTFSI 

anion, resulting in lower viscosity.[13]  

In this thesis, impedance spectroscopy was used to determine the ionic conductivity of 

liquid electrolytes. The impedance of an electric circuit or component, such as an electrolyte 

or electrode material, corresponds to its effective resistance to an alternating current.[14] This 

method is used to probe a materials or components response to an oscillating electric field by 

scanning the frequency of the applied voltage over a wide range, typically from mHz to several 

MHz, at a constant amplitude, i.e. 𝐶𝐶(𝑡𝑡) = 𝐶𝐶0sin (𝜔𝜔𝑡𝑡). The charges in the sample then move 
along the applied electric field and generate a response current, which oscillates with the 

same frequency but is phase shifted: 𝐼𝐼(𝑡𝑡) = 𝐼𝐼0sin (𝜔𝜔𝑡𝑡 − 𝜙𝜙). The impedance of the sample is 

then obtained as the ratio of V(t)/I(t), similar to Ohm's law that states the resistance as the 
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ratio of voltage and direct current R=V/I. Extrapolating the impedance to frequency = 0 Hz 

(corresponding to direct current) yields the resistance R. The direct current conductivity in a 

cell with a known geometrical factor C0, or cell constant (dependent on the electrode distance 

d and Area A, 𝐶𝐶0 = 𝐴𝐴
𝑑𝑑

), is then given by 𝜎𝜎𝑑𝑑𝑎𝑎 = (𝐶𝐶0𝑅𝑅)−1 and expressed in S m-1 (more typically 

S cm-1). Viscosities were measured with an electromagnetically spinning sphere viscometer, 

where an aluminum sphere revolves in a sample container under a rotating external magnetic 

field. The viscosity is calculated from the rotational speed in the sample compared to a refer-

ence medium like high-purity water. 

2.3 Raman Spectroscopy 

Raman spectroscopy probes the rovibronic (rotational-vibrational) modes of molecules 

by inelastic scattering of an incident light beam, meaning that there is an exchange of energy 

resulting in an increase or decrease of the scattered beams energy.[15] The energy difference 

between the incident and scattered beam thus corresponds to the probed vibrational mode, 

e.g. a certain bond in a molecule. A monochromatic light source, usually a laser, is focused on 

the sample that is excited into a virtual energy state for a short time before the incident pho-
ton is reemitted. Typically, the sample molecules gain vibrational energy and the incident pho-

tons lose energy so the total energy remains constant. This is called Stokes Raman scattering. 

Anti Stokes Raman scattering is observed when the incident beam gains energy. Solid and 
liquid samples can easily be measured, but rotational modes are usually only observed in the 

gas phase. 

The shift of energy with respect to the incident beam, the Raman shift, gives information 

of vibrational modes, e.g. bonds, in the sample and the pattern of Raman lines is characteristic 
of the molecular structure. Raman spectroscopy can also be used to better understand the 

local environment around a molecule, which can influence its symmetry, vibrational modes, 

and thus its Raman spectrum. Upon coordination of water to a cation for example, the vibra-
tional mode of its O-H bonds is altered such that a shift to higher wavenumbers is observed.  

In this thesis, Raman spectroscopy is extensively used to probe the solution structure of 

aqueous electrolytes in chapters 3-8. In pure water the many slightly different O-H stretching 

modes of water molecules in various hydrogen-bonding environments, e.g. bonded to one 

acceptor and one donor or two donors and two acceptors in a fully tetrahedral arrangement, 
result in a broad Raman signal as shown in Figure 2-3. The deconvolution of this signal into 

individual contributions is still actively discussed in literature.[16-18]  
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Figure 2-3 Raman spectra in the wavenumber region corresponding to the OH stretching modes of water in pure water and 
21m LiTFSI, a typical water-in-salt electrolyte. The peaks are normalized for better comparison. 

As hydrogen bonding is weakened, e.g. by increasing temperature or the addition of so-

lutes that disturb the hydrogen-bonding network, the covalent O-H bonds are strengthened 

causing them to vibrate at higher frequencies.[19] Upon coordination to cations for example, 

the hydrogen-bonding network is broken and the water molecules are oriented with their ox-
ygen atoms pointing towards the cations. This results in the evolution of a rather sharp peak 

with increasing salt concentration, a typical feature of highly concentrated aqueous electro-

lytes like 21m LiTFSI, shown in Figure 2-3.[8, 20] Similarly, solvent-solvent, solute-solvent, and 
solute-solute interactions can be monitored by observing shifting peaks that correspond to 

certain modes of the interacting molecules. The Raman band corresponding to the whole an-

ion expansion and contraction modes of FSI for example is shifted to higher wavenumbers 
with increasing salt concentration. A stronger shift is observed with lithium compared to so-

dium due to the higher charge density and thus stronger interaction with the former cation.[21]  

2.4 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) is a thermoanalytical method to detect phase 

transitions such as crystallization, melting, or glass transitions in various samples.[22] The dif-

ference in heat needed to increase the temperature of a sample versus a reference is meas-

ured as a function of temperature. In practical terms, an empty sample container with a known 
heat capacity serves as a reference while the sample is sealed in an identical container. The 

temperature is then scanned, while the heat flow for both crucibles is recorded. When the 

sample is undergoing a transformation such as phase transitions, more or less heat has to flow 

to the sample compared to the reference in order to keep both at the same temperature. 

Endothermic events, i.e. melting, will require a higher heat flow to reach the target tempera-

ture compared to the empty reference. Exothermic crystallizations on the other hand release 

heat, which reduces the needed amount of heat. Such first order transitions involve latent 
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heat that is absorbed or released at a well-defined temperature, which results in a sample-

characteristic sharp peak in the DSC curve as shown in Figure 2-4. As these temperatures are 

scan rate dependent, the onset of the peaks is usually used to define the temperature of the 

transition of interest.[23, 24]  Glass transitions are a second order phenomenon that can occur 

upon heating of an amorphous solid. They involve a change of the specific heat capacity of the 

material, resulting in a step rather than a peak in the DSC curves.  

 
Figure 2-4 Differential scanning calorimetry curves of two water-in-salt electrolytes examined in this thesis, one showing 
crystallization upon cooling and melting of an eutectic phase during the heating scan, the other undergoing a glass transi-
tion followed by cold crystallization in the heating scan. Both electrolytes eventually undergo a liquidus transition at high 
enough temperatures. Recorded during scans from 60 to −120 °C and back. 

In this thesis, DSC is used to define the temperature range in which electrolytes exist in 

liquid form in chapters 6-8. If the temperature is too low, the salt solubility limit can be 

reached and the electrolyte will partially crystallize, which results in battery failure. Typically, 

electrolyte samples were cooled at a slow scan rate and allowed to crystallize. During the 
heating scan, the melting temperature is determined, which defines the lower temperature 

limit for battery operation. In highly concentrated electrolytes however, mass transport can 

be rather slow which complicates DSC measurements. Often the samples did not undergo 
crystallization during the cooling process but showed just a glass transition into an amorphous 

solid, which for more dilute samples can usually only be achieved by quenching in liquid nitro-

gen. During the heating scan, a glass transition is observed and upon further heating, the 

amorphous solid becomes less viscous, resulting in increased motional freedom of the mole-

cules. In some cases, cold crystallization, only possible from the amorphous state, may take 

place as the molecules spontaneously arrange into crystalline form. This is often followed by 

multiple melting processes of eutectic phases and eventually by the liquidus transition, which 

corresponds to the transition from a mixture of solid and liquid phases into a completely liquid 

electrolyte, again shown in Figure 2-4. The liquidus temperatures were determined by their 

peak maxima and eventually represent the lower temperature limit for stable operation of the 

cells.[23, 24]  
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2.5 Molecular Dynamics Simulations 

Classical molecular dynamics (MD) is a computational simulation method to investigate 

the movement of atoms in a system. By calculating Newton’s equation of motion for every 

atom in the simulation, both equilibrium as well as dynamical properties of the system can be 

computed at a given temperature. This numerical rather than analytical calculation is very 

efficient and accurate simulations are possible for large-scale systems with thousands of at-

oms over a timeframe of tens of nanoseconds. MD can therefore act as a computational mi-

croscope by providing atomic real-time information on the movement of atoms. See Figure 

2-5 for a typical workflow of a classical MD simulation. In practice, the atoms or molecules are 

placed in a simulation box, usually with periodic boundary conditions, and allowed to interact 

for a short time, typically for few femtoseconds. The forces between all particles are then 

calculated using interatomic potentials, often based on the simplest and widely used Lennard-

Jones potential interaction model. It consists of a repulsive term at short distances due to 
overlapping electron orbitals, and an attractive long-range term that describes van der Waals 

type forces. Using these forces, the position and velocity of the particles in the next time step 

are calculated using Newton's laws of motion. This loop is then repeated millions of times, 
resulting in a molecular dynamics trajectory that tracks the movement of every atom in the 

simulation over typically tens of nanoseconds. In more practical studies, the simple intera-

tomic potential or energy function is replaced by so called molecular mechanics force fields 
which include all parameters needed to calculate the potential energy of a system. These pa-

rameters are typically derived from experimental data and refined using quantum mechanical 

calculations. They include information such as atomic mass, van der Waals radius, force con-

stants of bonds, equilibrium bond lengths and angles, charges, etc. The parameters for an 
oxygen atom for example are different in a carbonyl group and in a hydroxyl group. Particularly 

for the water molecule increasingly complex parameter sets, or water models, have been de-

veloped and are widely used without further optimization. The functional form of the poten-
tials includes bonded terms for interactions of atoms that are connected by covalent bonds, 

and non-bonded terms for long-range electrostatic and van der Waals interactions. These are 

usually approximated by Coulomb's law and a Lennard-Jones-type potential, respectively, and 
computationally most expensive as they act between every pair of atoms. To speed up the 

simulation, a distance cut-off beyond/outside which non-bonded interactions are neglected is 

typically defined. The bonded interactions are composed of the energy between bonded at-

oms in the form of a harmonic force, i.e. a spring, the energy due to the angles between or-

bitals involved in bonding, and the energy due to torsion of bonds by neighboring atoms, lone 

pairs, or the bond order itself (e.g. single vs. double bond). The total energy is then the sum 

𝐸𝐸𝑎𝑎𝑜𝑜𝑎𝑎𝑎𝑎𝑡𝑡 = 𝐸𝐸𝑏𝑏𝑜𝑜𝑐𝑐𝑑𝑑𝑟𝑟𝑑𝑑 + 𝐸𝐸𝑐𝑐𝑜𝑜𝑐𝑐𝑏𝑏𝑜𝑜𝑐𝑐𝑑𝑑𝑟𝑟𝑑𝑑, where the individual contributions can be written as 
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𝐸𝐸𝑏𝑏𝑜𝑜𝑐𝑐𝑑𝑑𝑟𝑟𝑑𝑑 = 𝐸𝐸𝑏𝑏𝑜𝑜𝑐𝑐𝑑𝑑𝑏𝑏 + 𝐸𝐸𝑎𝑎𝑐𝑐𝑎𝑎𝑡𝑡𝑟𝑟𝑏𝑏 +  𝐸𝐸𝑑𝑑𝑖𝑖ℎ𝑟𝑟𝑑𝑑𝑟𝑟𝑎𝑎𝑡𝑡𝑏𝑏 and 𝐸𝐸𝑐𝑐𝑜𝑜𝑐𝑐𝑏𝑏𝑜𝑜𝑐𝑐𝑑𝑑𝑟𝑟𝑑𝑑 = 𝐸𝐸𝑟𝑟𝑡𝑡𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑜𝑜𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎 + 𝐸𝐸𝑣𝑣𝑎𝑎𝑐𝑐 𝑑𝑑𝑟𝑟𝑟𝑟 𝑊𝑊𝑎𝑎𝑎𝑎𝑡𝑡𝑏𝑏. 

Additional terms, for example improper dihedrals enforcing the planarity of aromatic rings, 

can be added to improve the accuracy of the simulation.[14, 25-28] 

 
Figure 2-5 Typical MD workflow with the production run shaded in grey. The final trajectory is used for analysis. 

As MD simulations move the molecular configuration forward in time in a step-by-step 

fashion, the trajectories are not only a great tool to investigate equilibrated systems, but in 

fact the simulation, the so called production run, is started from such an equilibrated state, 
thus allowing us to follow the dynamics, e.g. ionic conduction, in the system, see Figure 2-5. 

As an example, MD is perfectly suited to investigate the solution structure and dynamics in 

liquid electrolytes, e.g. in hydration shells or agglomerates, and it is possible to extract diffu-

sion coefficients or rheological parameters. Note that the resulting parameters such as viscos-

ity or diffusion coefficients are highly dependent on the initial force field parametrization and 

that statistical errors can be significant, particularly if the production run is short. Interactions 

become uncorrelated over a characteristic decay time and the simulation run time should be 

large compared to that. Similarly, the simulation box should be large compared to the charac-

teristic distance over which interactions become uncorrelated. The exact parameters of 

course depend on the investigated system.  

For condensed phase ionic systems such as ionic liquids or water-in-salt electrolytes it has 

further been shown that the polarizability of the particles has a significant influence on the 

dynamical properties in the simulation. This effect grows with increasing interaction of mole-

cules, i.e. with increasing concentration. The lack of polarizability in most commonly used 
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Store configurations
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force fields can be compensated by arbitrarily scaling the charges until dynamical properties 

reach experimental values. Often a scaling factor of  ca. 0.8 is used for ionic liquids.[29] 

To increase the accuracy of the calculation so called ab-initio simulations are also rou-

tinely conducted. Here the interatomic forces are calculated in real-time from electronic struc-

ture calculations. This approach is based on density functional theory and comes at signifi-

cantly increased computational cost. Therefore, this is usually only done for few molecule 

systems to improve the understanding of e.g. individual solvation shells and is a complimen-

tary technique to larger-scale classical MD simulations. 

In chapter 7 of this thesis, highly concentrated aqueous electrolytes containing symmetric or 

asymmetric anions were simulated using the Amber16 software package in Prof. Atsuo Yam-

ada's laboratory at the University of Tokyo. The trajectories were analyzed to improve the 

understanding of solution structure in such concentrated systems. Information on local dy-

namics, such as bond rotations, was extracted and related to structural properties and exper-

imental data.  
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In this study, we translate the water-in-salt concept to sodium electrolytes and recognize salt 

solubility as a major challenge. We scrutinize accurate measurement of electrochemical sta-

bility using high surface-area activated carbon electrodes and demonstrate our findings by 

developing a highly stable aqueous supercapacitor. Author contributions: D.R., R.-S.K., C.B. 

conceived the idea for this study. D.R. and R.-S.K. designed most experiments. D.R. carried out 

the experiments. D.R., R.-S.K., C.B. analyzed the data. D.R. prepared the figures and wrote the 

original draft of the manuscript. R.-S.K. and C.B. critically reviewed and edited the manuscript. 
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Abstract 

Ultra-high salt concentration has recently been reported to extend the kinetic stability of 

aqueous electrolytes up to 3 V. However, the low ionic conductivity of these systems makes 

them unsuitable for high power devices such as supercapacitors. In this study, an 8 mol kg-1 

NaTFSI aqueous electrolyte is reported that displays high stability of 1.8 V on activated carbon 

during a stringent stability test and conductivity of 48 mS cm-1 at 20 °C, the latter being com-
parable to the one of state-of-the-art acetonitrile-based non-aqueous electrolytes. A 1.8 V 

carbon/carbon supercapacitor employing 8 mol kg-1 NaTFSI displays a high maximum energy 

density of 14.4 Wh kg-1 on the activated carbon mass level and stable cycling for 100,000 cy-
cles. By addition of the redox additive potassium iodide to the electrolyte, the maximum spe-

cific energy could be increased to an extremely high value of 37.8 Wh kg-1, comparable to the 

performance of the current generation of commercial non-aqueous supercapacitors. 

3.1 Introduction 

Supercapacitors based on aqueous electrolytes are potentially safer and environmentally 

more benign than their non-aqueous electrolyte counterparts which typically employ highly 
flammable acetonitrile as the electrolyte solvent.[1] The low thermodynamic stability of water 

of 1.23 V puts aqueous double-layer capacitors at a natural disadvantage in terms of volumet-

ric and gravimetric energy (E) and power (P) densities as both metrics scale with the square of 

the maximum operating voltage (V) (E = 1/2CV2 and P = V2/(4R) with capacitance (C) and equiv-

alent series resistance (R)).[2] In comparison, commercial non-aqueous supercapacitors are 

currently rated at up to 3.0 V. 

The lower voltage of aqueous supercapacitors is partly offset by higher capacitance val-

ues of activated carbon (AC) in aqueous electrolytes due to the higher relative permittivity of 
water compared to acetonitrile.[2] In addition, the capacitance of AC in aqueous electrolytes 

benefits from typically smaller ion sizes and pseudocapacitive contributions from fast redox 
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reactions between surface functional groups and e.g. hydronium ions.[2] Redox active electro-

lyte additives like halogenides or quinone-based organics have been employed to further in-

crease the capacitance of aqueous AC/AC supercapacitors.[3-5] 

To increase the operating voltage and thus strongly increase the energy density of aque-

ous supercapacitors, several strategies have been proposed. Near pH-neutral electrolytes 

have improved kinetic stability compared to strongly basic or acidic solutions based on e.g. 

KOH or H2SO4, for which the cell voltage is limited to about 1 V. For 1 mol L-1 Li2SO4, initial 

results suggested stable long-term cycling up to 2.2 V using gold current collectors.[6] However, 

later studies revealed several stability issues for this system arising from water oxidation/re-

duction at high cell voltages. For example, carbon oxidation on the positive electrode by water 

oxidation products, resulting in continuous capacitance fading, has been observed in 1 mol L−1 

Li2SO4 when the cell voltage exceeded values as low as 1.5 V.[7, 8] On the negative side, hydro-

gen formation is accompanied by an increase in local pH which can be detrimental to the sta-

bility of the current collector.[9] Furthermore, hydrogen evolution during operation of such 
systems at high voltages also raises safety concerns. 

A possible solution for these stability and safety issues is the use of highly concentrated 

aqueous electrolytes. Recently very large stability windows of up to 3 V have been reported 

for ultra-highly concentrated aqueous electrolytes such as the water-in-salt system, 

21 mol kg−1 (21m) LiTFSI (TFSI=N(SO2CF3)2), by the battery community.[10-12] The increased ap-
parent stability window is a consequence of the very small water-to-salt ratio in these systems 

leading to low fractions of free water molecules and increased average oxidative stability of 

water molecules and electrolyte anions. In addition, the formation of a passivation layer from 
reductive decomposition of electrolyte anions that further reduces the kinetics of the hydro-

gen evolution reaction has been reported for these systems.[10, 12] Furthermore, suppressed Al 

current collector dissolution has been reported for the water-LiTFSI system at  very high salt 

concentration.[13] First studies using such highly concentrated electrolytes in supercapacitors 

indeed indicate improved stability compared to the Li2SO4 system. Gambou-Bosca and Bé-

langer reported a useable voltage window of 2.3 V for an AC-MnO2 pseudocapacitor contain-

ing 5M (≈20m) LiTFSI.[14] Hasegawa et al. demonstrated stable cycling of an AC/AC superca-

pacitor based on 5M LiTFSI for 10,000 cycles at 5 A g-1 when cycled up to 2.4 V.[15] Tomiyasu 

et al. claimed even 3.2 V stability for a supercapacitor based on a saturated NaClO4 solution.[16] 

However, the low conductivity of these highly concentrated aqueous electrolytes presents a 
major impediment to their use in high power devices such as supercapacitors.[14, 17] 

Inspired by the trend of increasing conductivity with increasing cationic radius for other 

aqueous alkali metal salt solutions,[18] we explore solubility, conductivity and electrochemical 
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stability of different alkali metal TFSI salts in aqueous solutions on AC. The results are com-

pared to values for the widely studied Li2SO4 system. Interestingly, we find conditions very 

suitable for supercapacitors at a NaTFSI concentration of 8m. This electrolyte displays a room 

temperature conductivity of ~50 mS cm-1 compared to <10 mS cm-1 for 21m LiTFSI, while the 

electrochemical stability window on AC of 1.8 V is only 200 mV smaller than the one for 

21m LiTFSI. A double-layer capacitor based on 8m NaTFSI shows excellent rate performance 

and stability for 100,000 cycles when charged up to 1.8 V. Finally, we present results for a cell 

with the redox additive potassium iodide added to the NaTFSI electrolyte. This device displays 

an extremely high maximum energy density of 37.8 Wh kg-1 on the activated carbon mass 

level, reaching the performance of commercial non-aqueous electrolyte supercapacitors. 

3.2 Results and Discussion 

Figure 3-1a shows the concentration dependent conductivity at 20 °C of aqueous solu-

tions of LiTFSI, NaTFSI, and KTFSI, respectively. We find that for a given molality the conduc-
tivity (σ) increases in the order σLiTFSI<σNaTFSI<σKTFSI. For example, at 1m the conductivities are 

29, 37, and 46 mS cm-1 for LiTFSI, NaTFSI, and KTFSI, respectively. The same trend has been 

observed for other aqueous solutions of alkali metal salts and can be rationalized with the 
effective radii of the solvated cations.[18] With increasing cation radius (r) (in crystals: 

rcLi+<rcNa+<rcK+), the charge density decreases and hence ion-dipole forces between cation and 

water molecules weaken. As a consequence, at least for dilute solutions, the effective radii 
(rh) of the corresponding hydrated cations decrease within increasing rc, i.e. rhLi+>rhNa+>rhK+.[19] 

And the smaller the effective radius of the hydrated ion, the larger is the conductivity. 

 

Figure 3-1 (a) Concentration-dependence of the conductivity of aqueous solutions of LiTFSI, NaTFSI, and KTFSI at 20 °C. (b) 
Raman spectra of pure water, 1m Li2SO4, 8m NaTFSI, and 21m LiTFSI in the wavenumber range corresponding to the OH 
stretching modes of water. 

Another consequence of the differences in charge density is the difference in solubility. 

Figure 3-1a reports conductivity values up to the approximate room temperature solubility 

limit of each salt. The maximum solubility (c) decreases in the order cLiTFSI>cNaTFSI>cKTFSI from 
ca. 21 to 8 to 1.5m. Solubility is determined by the competition between the energy needed 

a b
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to break-up the crystal lattice and the energy and entropy gains during hydration of the ions. 

Within a family of similar compounds, the melting points can often be used as a proxy for their 

relative lattice energies.[20] For the family of TFSI salts investigated here, the cations must de-

termine the differences as the anions are identical. The high solubility of LiTFSI (~21m) is due 

to a combination of low lattice energy, as indicated by the low melting point of this salt 

(233 °C)[21], and high charge density of Li+, which leads to a high hydration energy contribution. 

The melting point of NaTFSI is only slightly higher (257 °C)[21], indicating that the lattice ener-

gies are comparable. However, the 75% lower charge density of Na+ compared to Li+ indicates 

significantly lower hydration energy for NaTFSI compared to LiTFSI. The melting point of KTFSI 

(199 °C)[21] is slightly lower than the one of LiTFSI, indicating that the charge density of K+, 

which is another 64% lower than the one of Na+, is the cause for the lowest solubility in the 

series. Due to the relatively low solubility of KTFSI, solutions based on this salt were not further 

investigated in this study. 

The conductivity of LiTFSI and NaTFSI solutions shows similar concentration depend-
ences. At low concentration, the conductivity strongly increases with concentration, reaching 

maximum conductivities of 46 and 56 mS cm-1 for LiTFSI and NaTFSI at similar concentrations 

of 4 and 6m, respectively. When further increasing the concentration, the conductivity de-

creases faster for NaTFSI till reaching its solubility limit. The conductivity function of the LiTFSI 
solutions beyond the concentration of maximum conductivity is monotonically decreasing 

with increasing concentration and shows an inflection point at about 12m. For 21m LiTFSI, we 

measured a conductivity of 9 mS cm-1, in line with previous reports.[10] At 8m, close to the 
solubility limit of NaTFSI, the LiTFSI and NaTFSI solutions display conductivities of 39 and 

48 mS cm-1, respectively. The latter value is very similar to the one of 1M Et4N-BF4 in acetoni-

trile (53 mS cm-1), the standard non-aqueous electrolyte for supercapacitors and comparable 

to the one of 1m Li2SO4 (62 mS cm-1). Due to its high conductivity at a relatively high concen-

tration, we selected 8m NaTFSI as electrolyte for supercapacitors. 

Raman spectra were recorded to compare the structure of pure water, 1m Li2SO4, 8m 

NaTFSI, and 21m LiTFSI. The bands observed between 2500-4000 cm-1 (Figure 3-1b) corre-

spond to the OH stretching modes of water.[22] The various hydrogen bonding environments 

in water result in a broad Raman band between 2900-3700 cm-1.[22] Upon salt addition, a dis-

tinct peak at ~3550 cm-1 emerges (see right dashed line in Figure 3-1b) that increases in inten-

sity with increasing salt concentration.[23] At the same time, the broad signal of free water 
molecules vanishes.[23] Such a sharp OH stretching peak is typical for crystalline hydrates, in-

dicating that a large fraction of water molecules is strongly interacting with Li+.[10, 12] Indeed 

the fraction of free water molecules in 21m LiTFSI has been estimated from molecular dynam-
ics simulations to be only ca. 15%.[10] The spectrum for 1m Li2SO4 resembles the one of pure 
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water, corresponding to a large fraction of free water in this electrolyte. In contrast, the frac-

tion of free water in 8m NaTFSI appears to be significantly smaller. Compared to pure water, 

the intensity of the peak at ~3230 cm-1 (see left dashed line in Figure 3-1b) is significantly 

reduced and the sharp component at ~3550 cm-1 corresponding to water molecules strongly 

interacting with solution cations is clearly present. 

 

Cyclic voltammetry (CV) in 3-electrode configuration with an oversized AC pellet as coun-

ter electrode was carried out to assess the electrochemical stability of 21m LiTFSI, 8m NaTFSI, 

and 1m Li2SO4 on AC working electrodes. We followed the potential opening approach, for 

both electrodes separately, and used a criterion based on Coulombic efficiency (η) to deter-

mine the stability limits.[24] We define stability as the last vertex potential (Ev) for which the 

modulus of the second derivative of η vs. Ev remains below 0.05 (� 𝑑𝑑
2𝜂𝜂

𝑑𝑑𝐸𝐸v2
� < 0.05). The rational 

put forward by Weingarth et al. for stability criteria based on the second derivative of Cou-
lombic efficiency is to be able to distinguish between constant background currents, leakage 

currents that increase linearly with potential and currents corresponding to Faradaic pro-

cesses, i.e. electrolyte decomposition.[24] The latter currents should increase exponentially 

with the potential as Faradaic processes generally follow the Butler-Volmer equation and can 
hence be detected as a change in the slope of η.[24] The CV curves and the corresponding η 

values are plotted in Figure 3-2. 
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Figure 3-2 Cyclic voltammograms used to determine the sta-
bility windows of (a) 1m Li2SO4, (b) 21m LiTFSI, and (c) 8m 
NaTFSI. The scan rate was set to 1 mV s-1. (d) Corresponding 
Coulombic efficiency vs. vertex potential plot. The vertical 
dashed lines correspond to the stability limits of the electro-
lytes according to the second derivative of efficiency crite-
rion used in this work. 

 

Positive effects of highly concentrated solutions are prominently observable for the pos-

itive electrode, where oxygen evolution is apparently pushed to higher potentials. The positive 

potential stability limit according to the second derivative of η criterion increases from 0.6 V 

vs. Ag/AgCl for 1m Li2SO4 to 0.7 V for 8m NaTFSI to 0.9 V for 21m LiTFSI. The increased stability 

can also be seen when comparing the Coulombic efficiencies for a fixed vertex potential. For 

example, for of a vertex potential of 0.8 V vs. Ag/AgCl, the efficiencies are 98.8% for 

21m LiTFSI, 96.1% for 8m NaTFSI and only 94.2% for 1m Li2SO4. This can be explained with the 

higher energy of the highest occupied molecular orbital (HOMO) of water when coordinated 

to Li+, i.e. higher oxidative stability of coordinated water molecules.[12] As the fraction of free 

water molecules strongly decreases from 1m Li2SO4 over 8m NaTFSI to 21m LiTFSI as demon-

strated above, the average HOMO energy of water increases and hence the oxidation kinetics 

decreases. 

Positive effects of high concentration are also observable on the negative side. Here, the 

negative potential stability limit according to the second derivative of η criterion decreases 
from -0.7 V vs. Ag/AgCl for 1m Li2SO4 to -1.1 V for 8m NaTFSI and 21m LiTFSI. Interestingly, we 

a

b

c

d
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find the highest Coulombic efficiencies for 8m NaTFSI and not for 21m LiTFSI. As previously 

shown both experimentally and theoretically, TFSI– reduction is shifted to more positive po-

tentials at ultra-high concentration as a consequence of the proximity of Li+ and TFSI– at such 

high concentration.[10, 12] This has been described as a positive effect of ultra-high salt concen-

tration for batteries, leading to the formation of LiF-based passivation layers that reduce the 

kinetics of hydrogen formation on the anode side. However, for a supercapacitor we suspect 

that this could lead to pore clogging and hence reduced capacitance over time. At 8m, at least 

for NaTFSI, the reductive stability of TFSI– seems not to be altered significantly judging from 

the higher efficiency between -0.7 and -1.1 V vs. Ag/AgCl and the similarity in peak position of 

the major TFSI– Raman band at ~745 cm-1 for diluted (1m) compared to 8m NaTFSI (Figure 

3-6). For 21m LiTFSI, the peak position is more similar to the one in crystalline LiTFSI, indicative 

of a stronger average interaction between Li+ and TFSI– at this concentration, which leads to 

the change in reductive stability. 

Subtracting the potential limits for the negative from the limits for the positive elec-
trodes, we obtain stability windows of 2.0 V, 1.8 V and 1.3 V for 21m LiTFSI, 8m NaTFSI and 

1m Li2SO4, respectively. When comparing the stability window on activated carbon of 2.0 V for 

21m LiTFSI with literature data obtained using other working electrodes, it is interesting to 

note that the stability window strongly depends on the nature of the electrode, i.e. on the 
electrocatalytic properties with respect to the hydrogen and oxygen evolution reactions. Con-

sequently, stability windows of 2.3, 2.8 and even 4.1 V were measured on platinum, gold, and 

glassy carbon electrodes, respectively.[25] The narrower window of 2.0 V obtained by us can 
be rationalized with differences in experimental parameters: We used a two orders of magni-

tude lower scan rate and AC has a much larger surface area compared to the flat electrodes 

used in the cited study. Furthermore, we apply a particularly stringent stability criterion. 

In literature, somewhat larger stability windows of ≥1.5 V have been reported for Li2SO4 

solutions using other stability criteria. The decreasing Coulombic efficiency with decreasing 

potential beyond -0.7 V vs. Ag/AgCl for 1m Li2SO4 is due to irreversible hydrogen formation. A 

higher upper cut-off potential than the 0 V vs. Ag/AgCl we used during the CV measurements 

might render this reaction more reversible, i.e. might allow partial re-oxidation of hydrogen. 

However, this would require an open circuit potential of AC in such solutions that is signifi-

cantly higher than 0 V vs. Ag/AgCl, which is not the case for our AC on stainless steel or nickel 

electrodes. Furthermore, a high open circuit potential would complicate the electrode mass 
balancing as it would shrink the available potential range for the positive electrode. 
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Rate tests were performed in half-cell configuration for 1m Li2SO4, 8m NaTFSI, and 

21m LiTFSI (Figure 3-3). Separate tests were carried out for the negative and positive elec-

trodes and the cells were charged up to/down to the respective potential limits of the elec-

trolytes determined in Figure 3-2, respectively. As expected from the differences in conduc-

tivity, the rate performance using 8m NaTFSI and 1m Li2SO4 is much better than the one using 

21m LiTFSI. The capacitance for the former electrolytes shows only weak rate dependence, 

while it is very pronounced for the latter one. For example, when comparing the performance 

at 1 and 5 A g-1, the capacitance retention is ≥88% for the highly conductive electrolytes and 

only ≤64%, and starting from lower absolute values, for 21m LiTFSI. The results clearly demon-

strate the poor power capabilities of supercapacitors based on super-concentrated LiTFSI so-

lutions. Even at 20 A g-1, 8m NaTFSI and 1m Li2SO4 still deliver ≥82% and ≥92% of the capaci-

tance values at 1 A g-1 for the negative and positive electrode, respectively. Overall, the 

capacitance retention is slightly better for 1m Li2SO4 compared to 8m NaTFSI due to the higher 

conductivity of the former electrolyte (62 vs. 48 mS cm-1 at 20 °C). 

 

Figure 3-3 Rate-dependent capacitance of activated carbon in 1m Li2SO4, 8m NaTFSI, and 21m LiTFSI for the (a) negative 
and (b) positive electrode. 

The absolute capacitance values for 8m NaTFSI and 1m Li2SO4 are very similar. We find 

higher maximum capacitance values for the negative (>170 F g-1) compared to the positive 

electrodes (<130 F g-1) in line with the cyclic voltammograms shown in Figure 3-2. We attribute 

this to the differences in ion size. For both electrolytes, the cations are smaller than the anions. 

The smaller Li+ and Na+ cations can access smaller pores than the bulkier SO42– and TFSI– ani-

ons, giving rise to an ion sieving effect and additional capacitance for the negative electrode 

where the properties of the cations dominate.[26] 

Among the investigated electrolytes, 8m NaTFSI shows the best combination of high con-

ductivity (~50 mS cm-1 at room temperature) and wide electrochemical stability window 

(1.8 V). We therefore assembled full cells based on this electrolyte and carried out long-term 

cycling tests to assess the stability of the system. We used nickel as current collector material 

for the negative electrodes of these cells in light of a recent report that stainless steel is more 

prone to corrosion in such aqueous electrolytes than nickel under conditions where the local 

a b
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pH might increase due to hydrogen formation.[9] Aluminum current collectors cannot be used 

in combination with 8m NaTFSI as we observe strong anodic aluminum dissolution in this elec-

trolyte. We assign the lower stability of aluminum in 8m NaTFSI compared to 8m LiTFSI to the 

higher fraction of free water molecules in the former electrolyte due to the lower charge den-

sity of Na+ compared to Li+.[13] The tests were carried out at two different current densities, 

1 and 10 A g-1 (referring to the total mass of AC) in order to study both the low and high rate 

stability. The capacitance retention for the two different loads is plotted in Figure 3-4. Both 

cells show initial capacitance fading of about 20% during the first ca. 1,000 cycles at 1 A g-1 

and 15,000 cycles at 10 A g-1. We assign the initial capacitance loss to irreversible oxidation/re-

duction of functional groups of the AC. After the initial fading, the capacitance loss per cycle 

is significantly reduced and the cells only loose further ca. 3% during the remaining cycles, 

demonstrating the feasibility of 8m NaTFSI as electrolyte for high-voltage aqueous superca-

pacitors. 

 

Figure 3-4 Capacitance retention obtained during long-term cycling of 1.8 V activated carbon full cells containing 8m NaT-
FSI as the electrolyte. The cells were subjected to (a) 1 A g-1 and (b) 10 A g-1. 

 

Commercial non-aqueous electrolyte supercapacitors currently reach up to about 

35 Wh kg-1 on the activated carbon mass level. In comparison, our cell based on 8m NaTFSI 
shows a maximum specific energy of 14.4 Wh kg-1. In order to close the gap in energy density 

and also to facilitate the mass balancing of the electrodes (for 8m NaTFSI, the positive elec-

trode has to be massively oversized to compensate for its lower capacitance and smaller use-

able potential window compared to the negative electrode), a redox additive active at the 

positive electrode was added to the electrolyte. We chose potassium iodide (KI) because the 

reversible redox reactions of the iodine system take place around 0.3 V vs. Ag/AgCl, well 

within the stability window of 8m NaTFSI.[3, 27, 28] Potassium was selected as the counter ion to 

avoid a common ion effect and thus precipitation of NaTFSI. 

We prepared a solution containing 8m NaTFSI and 0.5m KI, and carried out the same rate 

test for this electrolyte as the one shown in Figure 3-3. As expected, the performance of the 

a b
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negative electrode is almost unaffected by KI addition to the electrolyte. In contrast, the pos-

itive electrode benefits significantly, especially at low rates. For redox additive-enhanced su-

percapacitors, capacity is usually a more suitable performance metric than capacitance be-

cause the voltage profile differs significantly from the one of a pure double-layer capacitor. 

With KI, the capacity of the positive electrode reaches very high values of 140 mAh g-1 at 

0.5 A g-1 compared to 23.5 mAh g-1 without KI. At high currents, the performance of the posi-

tive electrode converges to the one operated without redox additive. This suggests that the 

kinetics of the redox reactions of the iodine species are significantly slower than double-layer 

formation for this system. 

We also assembled a full cell with this electrolyte, which enables a balancing close to 1:1 

due to the much improved capacitance of the positive electrode. Our preliminary results show 

that such a cell has a very high maximum specific energy of 37.8 Wh kg-1 on the activated 

carbon mass level, reaching or even exceeding the level of commercial non-aqueous electro-

lyte systems. However, due to the very different rate-dependence of the capacitance for the 
positive and negative electrodes, the optimal balancing is strongly rate dependent and a cell 

that is optimized for one rate tends to be less stable when cycled at other rates. 

Increased self-discharge rates have been observed in the presence of certain redox addi-

tives.[29] However, a recent study reported that the self-discharge behavior of aqueous super-

capacitors is not affected by the addition of KI to the electrolyte.[3] To confirm that this also 
applies to our system, we carried out self-discharge tests for cells containing 8m NaTFSI with 

and without addition of 0.5m KI (see experimental section for details). Figure 3-7 shows the 

time evolution of the potential under open-circuit conditions after the AC electrodes were 
kept for 3 h at the potential stability limits determined above corresponding to a cell voltage 

of 1.8 V. The self-discharge of the negative electrode is not affected by the addition of KI. The 

potential of the positive electrode decays initially slightly faster with KI, but stabilizes at com-
parable (in fact even slightly higher) potentials than without KI after 24 h in agreement with 

results reported in Ref. 3. 

To compare the performance of supercapacitors based on 8m NaTFSI, 8m NaTFSI + 

0.5m KI and 21m LiTFSI, we constructed a Ragone plot (Figure 3-5). The reported specific en-

ergy and power values are those of balanced full cells cycled within the electrochemical sta-

bility windows determined above. It is important to note that the AC electrodes used in all 

experiments were not optimized. Hence, only the maximum reported specific energies are 

realistic, while there is much room for improvement for the power performance. 
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Figure 3-5 Ragone plot on the activated carbon mass level comparing specific energy and power of full cells containing 8m 
NaTFSI (1.8 V), 8m NaTFSI + 0.5m KI (1.8 V), and 21m LiTFSI (2.0 V) as the electrolyte, respectively. 

The outstanding maximum energy density of the cell based on the KI enhanced electro-

lyte (37.8 Wh kg-1) even surpasses commercial systems at low currents. However, the power 

performance of this system suffers from strong load dependence of the pseudocapacitive con-

tribution of KI to the total capacitance of the positive electrode. The device based on 

21m LiTFSI also displays a relatively high maximum specific energy of 12.5 Wh kg-1 on the ac-
tivated carbon mass level during our test, benefiting from the largest maximum cell voltage of 

2.0 V. However, due to the low conductivity of the electrolyte, the energy that can be stored 

in such a device is very load dependent and the maximum power performance of the system 

is relatively poor. The supercapacitor based on 8m NaTFSI shows the most balanced behavior. 
Although the maximum energy density is limited to 14.4 Wh kg-1, it shows the best energy 

retention with increasing current and the highest maximum power of all investigated systems. 

3.3 Conclusions 

Alkali metal TFSI solutions of a concentration of 8m are promising aqueous electrolytes 

for supercapacitors due to their comparably high conductivity but improved electrochemical 

stability compared to standard concentration (~1m) pH-neutral aqueous electrolytes. We 

demonstrated that the stability window on AC is enhanced by several hundred millivolts to 

1.8 V for 8m NaTFSI compared to 1m Li2SO4. 

In addition, 8m NaTFSI exhibits a room temperature conductivity of ~50 mS cm-1, compa-

rable to the one of state-of-the-art non-aqueous electrolytes based on acetonitrile. Ultra-

highly concentrated electrolytes like 21m LiTFSI suffer not only from low conductivity 

(<10 mS cm-1) as pointed out previously,[14] but our tests also show lower Coulombic efficien-

cies on the negative electrode for this electrolyte compared to 8m NaTFSI. 

We also demonstrate that the combination with a redox additive further narrows the gap 

in energy density between aqueous and non-aqueous supercapacitors. An AC/AC full cell 

based on 8m NaTFSI + 0.5m KI displays a very high maximum energy density of 37.8 Wh kg-1 

on the activated carbon mass level when charged up to 1.8 V, comparable to the performance 
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of state-of-the-art non-aqueous supercapacitors. However, electrode balancing for such a sys-

tem remains challenging because the pseudocapacitive contribution of the redox additive to 

the capacitance of the positive electrode is very rate dependent and hence the optimal bal-

ancing strongly depends on the targeted load. The balancing issue could be eased by the use 

of a second redox additive active at the negative electrode that would lead to more similar 

capacitance retention for the two electrodes, bringing the performance of aqueous to the 

level of organic electrolyte supercapacitors. 

3.4 Methods 

The electrolytes were prepared by dissolving the as received salts LiTFSI (99.95%, Sigma-

Aldrich or 99.9%, Solvionic), NaTFSI (99.5%, Solvionic), KTFSI (99.5%, Solvionic), Li2SO4 (99.99%, 

Alfa Aesar) and KI (≥99.5%, Sigma-Aldrich), respectively, in high purity water (prepared with a 

Millipore Milli-Q water purification system). Neutral pH was established by addition of appro-

priate amounts of a suitable hydroxide solution and the electrolytes were degassed with argon 
or nitrogen prior to their use. 

Ionic conductivity was determined by impedance spectroscopy in sealed 2-electrode cells 

equipped with Pt electrodes (Materials Mates HTCC) using a Bio-Logic VMP3 electrochemical 

workstation. The temperature was controlled with a climatic chamber (Binder MK53). The 
electrolyte resistance was extracted from the intersection of the complex impedance curve 

with the x-axis in a Nyquist plot. 

Raman spectra of selected electrolytes sealed in NMR tubes were collected at room tem-

perature on a Renishaw Ramascope between 100 and 4000 cm-1 using a laser with a wave-
length of 633 nm. 

All supercapacitors were assembled in stainless steel T-type Swagelok cells in 3-electrode 
configuration and characterized using a Bio-Logic VMP3 electrochemical workstation. An 

Ag/AgCl miniature electrode (eDAQ) was used as reference. For the half-cell tests, oversized 

AC pellets served as counter electrode. 

AC (MTI AB-520, coconut-derived, BET surface area: 2000±100 m2 g-1, pore volume: 
0.9±0.1 cm3 g-1, carbon content: >95%) electrodes were prepared by casting a slurry consisting 

of 85% AC, 10% carbon black (IMERYS Graphite & Carbon C-NERGY SUPER C65) and 5% poly-

vinylidene difluoride (PVdF) binder (Arkema Kynar HSV900) suspended in N-methyl-2-pyrroli-
done (NMP) on stainless steel (grade 1.4310; thickness: 25 µm) or nickel (grade 2.4068; thick-

ness: 20 µm) foils. The stainless steel foils were etched in 4m KOH heated to 60 °C for 30 s and 

both foils were roughened (further) with sandpaper before casting to improve adhesion. The 

electrode sheets were then dried over night at 80 °C in air and electrode discs with a diameter 

of 12 mm were punched out. The electrodes were then pressed at 15 t for 30 s before a final 
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drying step at 120 °C under vacuum over night. The AC mass loading was about 1-2 mg for all 

tests except for the full cell tests, where the combined mass loading of both electrodes was 

about 6 mg. 

The stability window of the electrolytes on AC was determined in half-cell configuration 

by cyclic voltammetry with a scan rate of 1 mV s-1. After five conditioning cycles between 

±0.2 V vs. Ag/AgCl, the cut-off potential was increased in 100 mV steps to ±1.5 V vs. Ag/AgCl 

and the second vertex potential was fixed at 0 V vs. Ag/AgCl. Three cycles were recorded for 

each potential window to reduce the influence of wetting phenomena and first cycle effects. 

Separate measurements were conducted for the negative and positive electrode, respectively. 

Rate tests in half-cell configuration at specific currents ranging from 0.5 to 20 A g-1 were 

conducted separately for both electrodes in the respective potential windows. Balanced full 

cells were assembled for the long-term cycling tests and the Ragone plot by adapting the mass 

loadings of the positive and negative electrodes in a way that the potentials of electrodes 

would not significantly exceed their determined stability limits. 

Self-discharge tests in half-cell configuration were conducted separately for the negative 

and positive electrodes. After 250 cycles of activation cycling at 1 A g-1, the working electrode 
potentials were kept constant for 3 h at -1.1 or 0.7 V vs. Ag/AgCl, respectively. Subsequently, 

the potential evolution over time was monitored for 24 h under open-circuit conditions. 
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3.5 Supporting Information 

 
Figure 3-6 Raman spectra of 1m NaTFSI, 8m NaTFSI, 21m LiTFSI, and LiTFSI powder in the wavenumber region of the major 
TFSI– mode. 

 

 
Figure 3-7 Self-discharge test of supercapacitors containing 8m NaTFSI or 8m NaTFSI + 0.5m KI as the electrolyte, respec-
tively. 
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Here we study the limited solubility, and eventually lower electrochemical stability, of aque-
ous sodium electrolytes compared to lithium based systems. We identify NaFSI as a promising 
salt for water-in-salt electrolytes due to its high solubility and develop the first water-in-salt 
electrolyte for sodium-ion batteries with a stability window of up to 2.6 V. Author contribu-
tions: D.R., R.-S.K., C.B. conceived the idea for this study. R.-S.K. identified NaFSI as a promising 
salt. D.R. and R.-S.K. designed most experiments. D.R. carried out the experiments. D.R., 
R.−S.K., C.B. analyzed the data. D.R. prepared the figures. R.-S.K wrote the original draft of the 
manuscript. D.R., R.-S.K., C.B. critically reviewed and edited the manuscript. All coauthors read 
and approved the final manuscript.  
 

Abstract 

Sodium bis(fluorosulfonyl)imide based aqueous electrolytes exhibit a wide electrochem-

ical stability window of up to 2.6 V when the salt concentration is increased above 20 mol kg−1 

enabling the fabrication of high-voltage rechargeable aqueous sodium-ion batteries. 

4.1 Introduction 

The major disadvantage of water as electrolyte solvent for batteries is its intrinsically nar-

row electrochemical stability window (thermodynamically only 1.23 V) limiting maximum cell 
voltage and consequently the battery's energy density. For the lithium system, the operational 

stability window could be increased recently to >2 V by the use of highly concentrated aque-

ous solutions of lithium salts containing perfluorinated anions such as bis(trifluoromethyl-

sulfonyl)imide (TFSI).[1-3] We have shown that for the corresponding sodium system, the max-
imum solubility is only 8 mol kg-1 (8m) resulting in a relatively narrow stability window of only 

1.8 V.[4] 

Here we report the discovery of high solubility of sodium bis(fluorosulfonyl)imide (NaFSI) 

in water of ~21m and metastable solutions up to 37m. Aqueous NaFSI electrolytes display a 

room temperature conductivity of up to 90 mS cm-1 with a maximum around 4 mol kg-1. Even 

above 30m the conductivity remains comparable to that of 21m LiTFSI. The solutions > 20m 

offer a much enhanced stability window of up to 2.6 V.  

4.2 Results and Discussion 

We prepared NaFSI solutions of various concentrations by dissolving the appropriate 

amounts of NaFSI (99.5%, Solvionic) in high-purity water (Millipore Milli-Q) under heating. The 
maximum room temperature solubility was determined by addition of small amounts of NaFSI 

acting as seed crystals. For solutions with concentrations exceeding ~37m, we observe rapid 
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solidification of the entire supersaturated solution upon seed crystal addition that we attrib-

ute to hydrate formation. Below ~37m, an additional marginal amount of NaFSI can still be 

dissolved and the mixture remains liquid. Upon longer storage however, we still observed 

crystallization and conclude a maximum stable room temperature solubility of ca. 21m. 

Solubility is the competition between the energy needed to break up the crystal lattice 

and the energy and entropy gains upon hydration of the ions. The melting points of similar 

salts can often act as a proxy for their relative lattice energies.[5] NaTFSI has a melting point of 

257 °C,[6] while the value for NaFSI is only 106 °C,[7] corresponding to a lower lattice energy for 

the latter salt if entropic effects play no significant role. In addition, the FSI– anion is smaller 

than the TFSI– anion, corresponding to a higher charge density of the former anion. In a first 

approximation, the higher the charge density, the higher is the energy gain upon hydration of 

the ion. Hence, higher hydration energy can be expected for the dissolution of NaFSI com-

pared to NaTFSI, further contributing to the high solubility of NaFSI. 

Figure 4-1a shows the concentration-dependent conductivity of aqueous NaFSI solutions 

at 20 °C. The trend resembles that found for LiTFSI solutions; with a maximum at ~4 mol kg-1 
(4m) and a decrease to 30 mS cm-1 at 21m and ca. 8 mS cm-1 at a concentration of 35m. For 

comparison, aqueous LiTFSI solutions display a maximum conductivity of 45 mS cm-1 at 4m 

and a conductivity of 9 mS cm-1 at the solubility limit of 21m.[1] The lower charge density of 

Na+ compared to Li+ apparently enables the high ion mobility at this water-to-salt molar ratio. 
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Figure 4-1 Conductivity, structural characterization, and electrochemical stability of aqueous electrolytes based on NaFSI: 
(a) conductivity at 20 °C, (b) Raman spectra in the wavenumber region corresponding to the OH stretching modes of water, 
and (c) electrochemical stability on stainless steel evaluated using linear sweep voltammetry at a scan rate of 0.1 mV s-1. 
Cyclic voltammograms of NaTi2(PO4)3 and Na3(VOPO4)2F based electrodes measured in 35m NaFSI at a scan rate of 0.05 
mV s-1 are also shown. The current densities for the active material measurements were scaled to fit to the electrolyte 
stability measurements. The thermodynamic potentials for the hydrogen and oxygen evolution reactions at pH=7 are 
shown as vertical dashed lines labeled HER and OER, respectively. For comparison, data for aqueous LiTFSI solutions is also 
shown. 

To probe the solution structure, we carried out Raman spectroscopy. Figure 4-1b shows 

the Raman spectra for pure water, 21m NaFSI, and 35m NaFSI in the wavenumber region cor-
responding to the OH stretching modes of water. For comparison, we also included the spec-

trum of 21m LiTFSI. Pure water shows a broad Raman band between 2900 and 3700 cm-1 due 

to its various hydrogen bonding environments.[8] In contrast, 21m LiTFSI shows a relatively 

narrow peak, resembling the one of water in crystalline hydrates.[1, 3] It has been shown via 

molecular dynamics simulations that the fraction of free water molecules is only ~15% and 

that the remaining 85% are strongly interacting with Li+.[1] For NaFSI, the Raman signature is 

almost identical for 21m and 35m solutions, indicating that already at 21m most water is co-

ordinating to sodium. Hence, we conclude that the water environment in concentrated NaFSI 

solutions resembles the one in 21m LiTFSI, i.e. most water molecules are simultaneously part 

of the first solvation sheath of the cations. Upon strong coordination to a cation, water mole-

cules display a shift of the highest occupied molecular orbital to higher energy resulting in 

higher oxidative stability.[1, 3] In combination with the low fraction of free water molecules, a 

b

c

a
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wide electrochemical stability window can therefore be expected for NaFSI electrolytes at 

such high concentration.[1] 

To confirm whether the change in solution structure results in the desired enhanced elec-

trochemical stability, we carried out linear sweep voltammetry on stainless steel working elec-

trodes in 3-electrode configuration at a scan rate of 0.1 mV s-1 (Figure 4-1c). 35m NaFSI dis-

plays a very wide electrochemical stability window of ca. 2.6 V, even slightly exceeding the 

already broad one of 21m LiTFSI. Compared to 21m NaFSI, only the cathodic stability seems 

to be slightly improved. 

4.3 Conclusions 

In summary, we discovered an aqueous sodium-ion electrolyte system with a much-en-

hanced electrochemical stability window. The wide stability window of 2.6 V for 21 to 35m 

NaFSI broadens the choice of suitable active materials for aqueous sodium-ion batteries. We 

are currently synthesizing and testing the anode material NaTi2(PO4)3 and the cathode mate-

rial Na3(VOPO4)2F in the NaFSI electrolytes.[9, 10] Figure 4-1c shows preliminary cyclic voltam-
metry data carried out at 0.05 mV s-1 for half-cells based on these active materials on stainless 

steel current collectors and metastable 35m NaFSI as the electrolyte. Both active materials 

show reversible behavior in this electrolyte, demonstrating the feasibility of 35m NaFSI as 
electrolyte for ≥2 V aqueous sodium-ion batteries. 
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Benefitting from the high solubility of bis(fluorosulfonyl)imide (FSI) salts, we investigate the 
chemical stability of the anion in highly concentrated aqueous electrolytes. We find that the 
kinetics of the anion decomposition are highly cation- and concentration-dependent and re-
port increased chemical stability for NaFSI based aqueous electrolytes compared to LiFSI ana-
logues. Author contributions: D.R., R.-S.K., C.B. conceived the idea for this study. D.R. and R.-
S.K. designed most experiments. D.R. carried out most experiments. R.F. performed the ion 
chromatography experiments. D.R., R.F., R.-S.K., C.B. analyzed the data. D.R. prepared the fig-
ures and wrote the original draft of the manuscript. R.-S.K. and C.B. critically reviewed and 
edited the manuscript. All coauthors read and approved the final manuscript.  
 

Abstract 

Through a combination of bulk, interface, and interphase effects, water-in-salt electro-

lytes, employing a high salt concentration, offer a wider electrochemical stability window than 

traditional dilute aqueous electrolytes. Here we explore chemical stability, conductivity, vis-

cosity, and electrochemical stability of aqueous solutions of bis(fluorosulfonyl)imide (FSI) salts 
as electrolytes for lithium-ion and sodium-ion batteries. We demonstrate that the FSI anion is 

prone to hydrolysis in this environment. However, the kinetics of the reaction strongly depend 

on salt concentration and nature of the cation. Interestingly, we find that NaFSI solutions are 
significantly more stable than LiFSI solutions. Highly concentrated NaFSI solutions also display 

a wide electrochemical stability window and high conductivity.  

5.1 Introduction 

Novel rechargeable batteries based on aqueous electrolytes are developed as a large-

scale stationary energy storage alternative to lithium-ion batteries based on organic electro-

lytes. The inherent non-flammability and potentially low total cost of ownership of such bat-
tery systems make them promising candidates for this application.[1, 2] The challenge for aque-

ous batteries is the narrow electrochemical stability window of water (thermodynamically 

1.23 V at 25 °C), which limits their energy density. In recent reports, very high salt concentra-
tions were shown to extend the narrow electrochemical stability window of water beyond 

1.5 V.[3-6] The following mechanisms were proposed to explain the enhanced electrochemical 

stability of highly concentrated aqueous electrolytes: (i) Overpotentials towards water elec-

trolysis are imposed by the low mobility and concentration of water in highly concentrated 

electrolytes, (ii) the cathode surface is blocked by bulky anions resulting in additional overpo-

tentials for water oxidation, and (iii) in certain systems a solid-electrolyte interphase (SEI) is 

formed on the anode which suppresses water reduction during subsequent battery cycling.[3-
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5, 7] As this SEI is predominantly derived from anion reduction products,[3, 8] the chemical na-

ture of the anion(s) present in the electrolyte is of key importance for the SEI formation ability 

of the electrolyte.  

In a pioneering study, the bis(trifluoromethanesulfonyl)imide (TFSI) anion was identified 

to possess such SEI-forming properties at very high salt concentration.[3] LiTFSI, the lithium 

salt of the TFSI anion, has a very high solubility in water (21 mol kg-1 (21m) at 25 °C). In com-

bination with the high oxidative stability of TFSI, the 21m aqueous solution of LiTFSI became 

the first example of a new generation of aqueous electrolytes with enhanced electrochemical 

stability.[3] These electrolytes are also called water-in-salt electrolytes as the salt fraction in 

the solution exceeds the water fraction by both weight and volume. The discovery of the wa-

ter-in-salt approach has subsequently spurred research on a variety of chemistries based on 

this principle.[5, 6, 9-16] 

Considering the often significantly lower cost of sodium salts and the high salt concentra-

tion of water-in-salt electrolytes, it appears particularly interesting to develop a water-in-salt 

electrolyte for sodium-ion batteries. However, it has proven difficult to develop such electro-
lytes due to the typically lower solubility of the sodium analogues of the lithium salts that are 

known to form water-in-salt electrolytes. For example, NaTFSI has a room temperature solu-

bility of only 8m. We found that this concentration is too low to approach the wide electro-

chemical stability window of e.g. 21m LiTFSI.[17] Interestingly, SEI-forming ability and hence a 
wide electrochemical stability window were reported for 9m sodium trifluoromethanesul-

fonate (NaOTf).[10] However, it can be expected that the lithium analogue of this electrolyte 

still offers a more extended electrochemical stability window near its solubility limit of ~22m 
at 25 °C.[9] 

The rare exception of a sodium salt of the bis(fluoro(alkyl)sulfonyl)imide type with suffi-

ciently high solubility to enable high electrochemical stability is sodium bis(fluorosul-

fonylimide) (NaFSI). In fact, we found that the stability window of highly concentrated NaFSI 
electrolytes is comparable to that of typical lithium-ion water-in-salt electrolytes.[6] However, 

concerns have been raised as to the chemical stability of the FSI anion against hydrolysis.[18] 

Here, we study the chemical stability of NaFSI and LiFSI aqueous solutions of various con-

centrations. We find that the cation has a large influence on the stability of FSI-based solu-

tions. Furthermore, we determine key physicochemical properties of LiFSI and NaFSI aqueous 

solutions including conductivity, viscosity, and electrochemical stability. 
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5.2 Results and Discussion 

Considering the relative weakness of S-F bonds (tabulated bond dissociation energy: 

344 kJ mol-1) present in FSI compared to C-F bonds (tabulated as 514 kJ mol-1)  present in TFSI, 

a stronger tendency of FSI towards hydrolysis can be expected.[19] These values should only 

be compared qualitatively as the sulfur atom in FSI is part of a larger conjugated unit. To study 

the chemical stability of FSI in aqueous environments, we prepared LiFSI and NaFSI aqueous 

solutions in a broad concentration range (1m, 5m, 10m, 15m, 20m, 25m, 30m, 35m) and mon-

itored optical appearance, pH, and fluoride content of sealed samples during storage at 30 

and 60 °C. 

At 30 °C, no change in appearance is observed upon weekly visual inspection of the solu-

tions during storage for four weeks. We only observe the formation of small amounts of a 

white precipitate for the highly concentrated LiFSI solutions (30m and 35m). After three 

months however, we observe a color change and the presence of larger amounts of a white 

precipitate for the 30m and 35m LiFSI solutions, while still no change in appearance is ob-
served for the NaFSI solutions (Figure 5-1a-b). 

A more marked difference between the LiFSI and NaFSI solutions is observed in the evo-

lution of the pH (see Figure 5-1c-d). To distinguish between data points overlapping in the 

figures, all pH values are also listed in Table 5-1. Prior to the start of the experiment, we ad-
justed the pH of all solutions to a value of ~6, as battery electrodes tend to be most stable in 

neutral electrolytes. After four weeks, the pH of the highly concentrated LiFSI samples drasti-

cally decreases to values of ≤1. pH values of <1 cannot be distinguished from a value of 1 with 
the pH paper used for this experiment. Interestingly, the pH only decreases slightly to values 

between 4 and 5 for the NaFSI solutions. This shows that the cation has a strong influence on 

the stability of FSI. 
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Figure 5-1 (a,b) Photographs of polypropylene vials containing aqueous solutions of (a) LiFSI and (b) NaFSI of various con-
centrations after storage at 30 °C for 3 months. The numbers on top of figure (a) correspond to the initial molality of the 
solutions in moles of salt per kilogram of water. (c,d) Evolution of the pH of (c) LiFSI and (d) NaFSI aqueous solutions of 
various concentrations during storage at 30 °C. (e) Chemical structure of the FSI anion. (f) Evolution of the fluoride content 
of 35m LiFSI and 35m NaFSI during storage at 30 °C. 

Hydrolysis of FSI is expected to result in the formation of F–/HF and sulfonic acids (e.g. via 

[FSO2NSO2F]– + H2O  HF + [FSO2NSO3H]– or related reactions). Hence, we measured the evo-

lution of the fluoride content of the 35m samples, which showed the most rapid change in pH 

(see Figure 5-1f). Confirming the previous results, the fluoride content remains much more 
stable for the NaFSI than for the LiFSI sample. After four weeks, we measured a more than 

100 times higher fluoride content for the LiFSI sample compared to the NaFSI sample. How-

ever, this difference in fluoride content of two orders of magnitude was still smaller than ex-

pected from the difference in pH of at least three orders of magnitude (see again Figure 

5-1c−d). Given the low solubility of LiF in water of only 0.05m at 30 °C[20] and the high concen-

tration of lithium cations in the examined solutions, the solubility product of LiF was likely 

exceeded during the experiment. Hence, we ascribe the white precipitate forming in the LiFSI 

samples at least in part to LiF. As HF is only a weak acid (pKa = 3.2),[21] the low pH of ≤1 reached 

for the highly concentrated LiFSI solutions during storage at 30 °C supports the reaction mech-

anism stated above that involves the formation of sulfonic acids, which are much stronger 

acids (e.g. pKa = -1.9 for methanesulfonic acid).[22] 

 

At 60 °C, we observed a white precipitate after one week for LiFSI samples with a concen-

tration of >5m. The 20m and 25m samples show an additional brown discoloration (Figure 

5-2a), whereas the decomposition reaction proceeded more rapidly for the 30m and 35m 
samples as evidenced by the color change of the polypropylene container to dark brown and 
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more precipitation of the white residue. In contrast, all NaFSI samples remained unchanged 

in appearance upon visual inspection during storage for four weeks (see Figure 5-2b). How-

ever, at this temperature the pH of all NaFSI solutions, except of the one with a concentration 

of 1m, also dropped to a value of ≤1 after four weeks (Figure 5-2c-d and Table 5-2). 

 
Figure 5-2 (a,b) Photographs of polypropylene vials containing (a) LiFSI and (b) NaFSI aqueous solutions of various concen-
trations during storage at 60 °C. The numbers on top of figures (a) and (b) correspond to the initial molality of the solution 
in moles of salt per kilogram of water. (c,d) Evolution of the pH of (c) LiFSI and (d) NaFSI aqueous solutions of various 
concentrations during storage at 60 °C. 

Our results clearly show that NaFSI solutions are chemically much more stable than LiFSI 

solutions. Combined with the observed trend of reduced chemical stability with increasing 

concentration, we conclude that anion-cation interactions are very important for the stability 

of FSI anions in aqueous solution. This finding is in line with the result of DFT calculations for 

the LiTFSI-H2O system that suggest that the strong interaction between Li+ and TFSI anions at 

very high concentration, i.e. when the water-to-cation ratio is too low for water to fully solvate 
Li+, reduces the stability of TFSI anions against reduction.[3] For LiTFSI-based electrolytes, it 

was reported that water-rich and anion-rich domains exist at high concentration.[23] If the 

same holds true for highly concentrated FSI-based electrolytes, we expect the destabilization 
of the FSI anions to be more pronounced in the anion-rich domains.  

Na+ has a lower charge density than Li+ and hence the Coulomb interaction between FSI 

anions and Na+ can be expected to be weaker than in the case of Li+. This is indeed the case as 

shown in Figure 5-3 by the larger peak shift of the S-N-S vibrational mode of FSI towards higher 

c d
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wavenumbers for the LiFSI compared to the NaFSI solutions when increasing the concentra-

tion from 1m to 35m. Upon anion-cation interaction, withdrawal of charge through the oxygen 

atoms of the anion results in strengthened F-S and S-N bonds, leading to a higher frequency 

of the corresponding vibrational modes.[24] The S-N-S mode has been shown to be particularly 

sensitive to the strength of the cation-anion interaction.[25-27] 

 
Figure 5-3 Raman spectra of 1m and 35m (a) LiFSI and (b) NaFSI aqueous solutions in the wavenumber region correspond-
ing to the S-N-S vibrational mode of the FSI anion. The spectra have been normalized in order to better compare the signif-
icantly weaker signals of the 1m solutions with those of the 35m samples. 

A somewhat different result has been recently reported for two TFSI-containing aqueous 

solutions: Faster degradation of TFSI anions during storage at 120 °C for 12 h was observed 
for 0.1 mol L-1 KTFSI in 3 mol L-1 KOH compared to 0.1 mol L-1 LiTFSI in 3 mol L-1 LiOH. However, 

these results are not directly comparable to ours as the pH of these solutions is much higher 

than the initial pH of our solutions. Furthermore, the Li+/Na+ solvation sheaths are FSI-rich in 
the case of our highly concentrated FSI solutions, while they can only contain little TFSI in the 

case of these hydroxide solutions. In our case, the cation with the higher charge density, Li+, 

likely leads to faster hydrolysis of FSI through a stronger Coulomb interaction compared to 

Na+, increasing the relative electrophilicity of FSI. In contrast, it can be expected that the 

stronger interaction between OH– and Li+ compared to K+, which has a much lower charge 

density, results in a weaker nucleophilicity of the hydroxide anions and hence slower TFSI deg-

radation kinetics.[8] 

Besides the difference in charge density between Li+ and Na+, the lower solubility of LiF 

in water (0.05m)  compared to NaF (1m) represents an additional factor for the faster degra-

dation of LiFSI-based solutions.[20] Precipitation of LiF, as observed particularly at 60 °C (see 

Figure 5-2a), shifts the hydrolysis reaction formulated above to the product side due to re-
moval of F– ions. 

 

 

a b



 

64 
 

Conductivity and viscosity of LiFSI and NaFSI solutions with different concentrations 

measured at 25 °C are shown in Figure 5-4a and b, respectively. The conductivity of the NaFSI 

solutions is slightly higher than for LiFSI for the lower concentrations. This can be explained 

by the smaller effective radius of hydrated Na+ compared to Li+ in aqueous solutions, resulting 

in higher mobility of the former.[28, 29] For both cations, the conductivity goes through a maxi-

mum around 5m. Due to the relatively small size of the FSI anion, the conductivity is much 

higher than that of TFSI-based electrolytes. For example, both 20m solutions have a conduc-

tivity of >30 mS cm-1 compared to ~10 mS cm-1 for 21m LiTFSI.[3] Figure 5-4b shows the corre-

sponding increase in viscosity with increasing concentration. 

 
Figure 5-4 (a) Conductivity and (b) viscosity at 25 °C of LiFSI and NaFSI solutions over the whole investigated concentration 
range. 

Conductivity and viscosity over a wide temperature range are reported in Figure 5-6. At 

high temperatures, the viscosity of the highly concentrated NaFSI solutions is slightly lower 
than for LiFSI, whereas at and below room temperature the trend is reversed (Figure 5-6c-d). 

In the Arrhenius plots of the conductivity data, see Figure 5-7, it can be seen that the deviation 

from purely exponential Arrhenius behavior is more pronounced for >20m NaFSI solutions 
than for the LiFSI analogues. The temperature-dependence of the conductivity data is well 

described by the Vogel-Tammann-Fulcher (VTF) equation (𝜎𝜎 = 𝐴𝐴 × exp(−𝐵𝐵/(𝑅𝑅 − 𝑅𝑅0)))[30] for 

both electrolyte series; see curves in Figure 5-7. The corresponding VTF parameters are listed 

in Table 5-3. 

 

Raman spectra in the wavenumber region corresponding to the OH stretching vibrations 

of water are established simple probes to assess the electrochemical stability of aqueous elec-

trolytes: While water displays a broad signal in this wavenumber region, the signature of aque-

ous electrolytes with enhanced electrochemical stability is a relatively narrow peak at ~3550 

cm-1.[5] Figure 5-5a-b shows the Raman spectra in this wavenumber region for the investigated 

LiFSI and NaFSI solutions. Narrowing of the initially broad signal and emergence of a peak at 
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~3550 cm-1 can be clearly seen for both electrolyte series when increasing the concentration, 

indicating increasing electrochemical stability. In line with the lower charge density of Na+, a 

higher NaFSI concentration is apparently needed to have the same effect on the electrolyte 

structure as for LiFSI-based electrolytes. 

 
Figure 5-5 (a,b) Raman spectra in the wavenumber region corresponding to the OH stretching modes of water of (a) LiFSI 
and (b) NaFSI aqueous solutions of various concentrations (1m, 5m, 10m, 15m, 20m, 25m, 30m, and 35m). (c) Linear sweep 
voltammograms of freshly prepared and (d) one week old 35m LiFSI and NaFSI aqueous solutions on gold electrodes. The 
thermodynamic potentials for the hydrogen (HER) and oxygen evolution (OER) reactions at pH=6 are indicated by dashed 
vertical lines. 

The voltammograms of the 35m LiFSI and NaFSI solutions recorded using gold working 

electrodes (see Figure 5-5c) confirm that these solutions possess wide electrochemical stabil-
ity windows as indicated by the Raman spectra. For a cut-off current density of 5 µA cm-2, both 

electrolytes display a stability window of ~2.5 V, with the window being somewhat wider for 

the Li-based electrolyte. We ascribe the plateau between ca. -0.3 V and -0.8 V vs. Ag/AgCl to 

anion decomposition and potentially SEI formation  as suggested for 21m LiTFSI, the original 

water-in-salt electrolyte.[3] In line with the observed higher chemical stability of NaFSI com-

pared to LiFSI aqueous solutions, the plateau current is lower for the Na-based electrolyte. 

We note that recent studies for TFSI-based highly concentrated aqueous electrolytes question 

the hypothesis of SEI formation through electrochemical reduction of imide anions. [8, 31] In-

stead, an alternative chemical mechanism is proposed that requires the initial formation of 

particularly reactive hydroxide anions as a byproduct of the hydrogen evolution reaction that 

then undergo a nucleophilic attack of TFSI anions.[8] Considering the difference in chemical 
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stability between FSI and TFSI anions in aqueous solution, SEI formation might also be differ-

ent for the two systems. However, a detailed analysis of potential SEI formation in FSI-based 

water-in-salt electrolytes is beyond the scope of this study. 

After storage of the electrolytes at 30 °C for just one week, the reductive stability of 35m 

LiFSI is already significantly reduced as expected from the drop in pH reported above (see 

Figure 5-5d). In contrast, the 35m NaFSI electrolyte appears again much more stable. 

5.3 Conclusions 

In summary, we studied the chemical stability, conductivity, viscosity, and electrochemi-

cal stability of LiFSI and NaFSI aqueous solutions over a broad concentration range. While our 

results show that FSI is prone to hydrolysis in both LiFSI and NaFSI solutions, the latter appear 

to be significantly more stable, highlighting the important role of the cation. Due to the small 

size of the FSI anion, both 20m solutions retain a high conductivity of >30 mS cm-1 at 25 °C. In 

our opinion, NaFSI-based aqueous electrolytes can play a role in the development of novel 

high-voltage sodium-ion batteries. However, considering that particularly at elevated temper-
atures NaFSI solutions are still prone to rapid acidification, further efforts are needed to de-

velop a highly soluble sodium salt with excellent oxidative stability that is stable against hy-

drolysis and ideally also has SEI-forming capabilities to enable long cycle and calendar life in 
batteries.  

5.4 Methods 

Samples were prepared by dissolving LiFSI (battery grade, Fluorochem) or NaFSI (99.7%, 

Solvionic) in high-purity water (Millipore Milli-Q, degassed with Ar). Using lithium or sodium 

hydroxide solutions, the initial pH of the electrolytes was adjusted to a value of ~6. The ap-

proximate pH of the solutions was determined using pH paper (Merck, pH1-14 universal indi-

cator). Due to the very high salt concentration of some samples and the possible presence of 

HF, a standard pH electrode was not employed. 

Ionic conductivity was determined via impedance spectroscopy (Bio-Logic MCS 10) in 

sealed 2-electrode cells equipped with Pt electrodes (Bio-Logic HTCC). Viscosity was deter-

mined with an electromagnetically spinning viscometer (Kyoto Electronics Manufacturing 

EMS-1000) using 2 mm Al spheres. Sample volumes of 400 µL were used. The samples were 

equilibrated for 15 min at each temperature. Raman spectra were collected at room temper-

ature from samples sealed in NMR tubes (Renishaw Ramascope equipped with a 50 mW laser 
with a wavelength of 633 nm). Linear sweep voltammetry was carried out with a gold working 

electrode with a diameter of 1 mm (eDAQ) in a small volume glass cell (eDAQ) at 30 °C. A 

miniature Ag/AgCl electrode (eDAQ) was used as reference electrode and a Pt-coated Ti rod 
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(eDAQ) served as counter electrode. The electrolyte volume was ca. 600 µL and the scan rate 

was set to 0.1 mV s-1. The working electrode potential was scanned from the open circuit po-

tential until a current density of ±1.5 mA cm-2 was reached. Separate experiments were carried 

out to determine the cathodic and anodic stability. 

Electrolyte samples were sealed in polypropylene tubes and stored at 30 or 60 °C. In one 

week intervals, the approximate pH of the samples was determined as described above and 

photographs of the samples were taken. Additionally, small samples were taken every week 

to determine the fluoride content via ion chromatography with a Metrohm 882 Compact IC 

Plus equipped with a conductivity detector. After dilution with high-purity water to 1:120, 

these samples were stored at 4 °C and measured together after all samples were collected. 

For the measurements, the samples were further diluted to 1:600 and 1:1200 with deionized 

water and filtered through a 0.45 µm membrane filter. The injection volume was 20 μL. The 

measurement of fluoride was performed isocratically with an eluent aqueous solution con-

taining 3.2 mM Na2CO3 and 1.0 mM NaHCO3. The separation was carried out on a Metrosep A 
Supp 5-250/4.0 column. The flow rate was 0.7 mL min−1. For the quantification, an external 

five-point calibration (R2 > 0.9999) was carried out using standard solutions (IC Calibration mix 

R7, ROMIL Ltd) in a range of 0.2 to 1.6 µg mL-1. 

 

5.5 Supporting Information 

Table 5-1 Evolution of the pH of (a) LiFSI and (b) NaFSI aqueous electrolytes during storage at 30 °C as shown in Figure 5-1. 

a, LiFSI 30 °C 1m 5m 10m 15m 20m 25m 30m 35m 
Fresh 6 6 6 6 6 6 6 6 
1 week 6 6 6 6 5.5 5.5 1 1 
2 weeks 5 5 4 4 3.5 3 1 1 
3 weeks 4.5 4 3.5 3 2 1.5 1 1 
4 weeks 4.5 4 3 2 1 1 1 1 

 
b, NaFSI 30 °C 1m 5m 10m 15m 20m 25m 30m 35m 
Fresh 6 6 6 6 6 6 6 6 
1 week 6 6 5.5 5.5 5.5 5.5 5.5 5.5 
2 weeks 5.5 6 5 5.5 5.5 5 5 5 
3 weeks 5 5 4.5 5 5 5 5 5 
4 weeks 5 4 4 4 4 4.5 4 5 
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Table 5-2 Evolution of the pH of (a) LiFSI and (b) NaFSI aqueous electrolytes during storage at 60 °C as shown in Figure 5-2. 

a, LiFSI 60 °C 1m 5m 10m 15m 20m 25m 30m 35m 
Fresh 6 6 6 6 6 6 6 6 
1 week 3 2 2 1 1 1 1 1 
2 weeks 3 1.5 1 1 1 1 1 1 
3 weeks 2.5 1 1 1 1 1 1 1 
4 weeks 2 1 1 1 1 1 1 1 

 
b, NaFSI 60 °C 1m 5m 10m 15m 20m 25m 30m 35m 
Fresh 6 6 6 6 6 6 6 6 
1 week 4 3 3 2.5 2 1.5 1 1 
2 weeks 3 2 2 1 1 1 1 1 
3 weeks 2.5 2 2 1 1 1 1 1 
4 weeks 2 1 1 1 1 1 1 1 

 

  

   

Figure 5-6 (a,b) Conductivity and (c,d) viscosity of (a,c,d) LiFSI and (b,c,d) NaFSI aqueous solutions of various concentrations. 
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Figure 5-7 Arrhenius plots of the conductivity data of (a) LiFSI and (b) NaFSI aqueous solutions of various concentrations. The 
curves connecting the data points have been generated based on the best VTF fits. 

 
Table 5-3 VTF parameters including the coefficient of determination (R2) for the conductivity of (a) LiFSI and (b) NaFSI electro-
lytes over the whole concentration range. 

a, LiFSI  T0 (K) A (S cm−1) B (K) R2 
1m 178 0.621 309 0.9999 
5m 192 0.890 231 0.9998 
10m 181 0.923 279 0.9999 
15m 175 0.925 339 0.9999 
20m 184 0.748 335 0.9999 
25m 194 0.662 338 0.9998 
30m 191 0.799 411 0.9998 
35m 187 0.986 498 0.9999 

  
b, NaFSI  T0 (K) A (S cm−1) B (K) R2 
1m 184 0.664 280 0.9998 
5m 200 0.956 218 0.9998 
10m 204 0.979 230 0.9999 
15m 211 0.866 233 0.9996 
20m 211 0.909 273 0.9999 
25m 206 1.176 352 0.9999 
30m 202 1.518 431 0.9998 
35m 199 2.011 508 0.9999 
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In this study, we show that a key factor limiting the applicability of water-in-salt electrolytes 
is their tendency to crystallize near room temperature. We demonstrate that asymmetric an-
ions can suppress the crystallization and demonstrate this approach with a 2 V class aqueous 
sodium-ion battery with excellent cycling stability from -10 to 30 °C. Author contributions: 
D.R., R.-S.K., C.B. conceived the idea for this study. R.-S.K. identified NaFTFSI as a promising 
salt. D.R. and R.-S.K. designed most experiments. D.R. carried out the experiments. D.R., R.-
S.K., C.B. analyzed the data. D.R. prepared the figures and wrote the original draft of the man-
uscript. R.-S.K. and C.B. critically reviewed and edited the manuscript. All coauthors read and 
approved the final manuscript. 

 

Abstract 

The discovery of enhanced electrochemical stability for aqueous electrolytes with very 

high salt concentration has stimulated the development of high-voltage aqueous batteries. 

We show that a key factor limiting the applicability of these batteries is the tendency of highly 

concentrated electrolytes to crystallize near room temperature, leading to cell failure. Here 
we report the use of asymmetric anions as solution to suppress the crystallization of highly 

concentrated aqueous electrolytes. We demonstrate this approach with a ternary sodium-ion 

electrolyte that we employ in a 2 V class aqueous sodium-ion battery based on a NaTi2(PO4)3 
anode and a Na3(VOPO4)2F cathode. This cell displays excellent cycling stability at 30 °C with 

capacity retention of 85% after 100 cycles at C/5 and 77% after 500 cycles at 1C. The cell 

reaches a specific energy of 64 Wh kg-1 based on the active masses of both electrodes, twice 
as high as previously reported for this electrode couple. Further, the cell can be operated 

down to temperatures of at least -10 °C, with capacity retention of 74% after 500 cycles at C/5. 
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6.1 Introduction  

The major challenge for batteries employing non-flammable aqueous electrolytes is the 

narrow electrochemical stability window (ESW) of water of 1.23 V at 25 °C, which limits the 

maximum cell voltage due to the onset of water electrolysis. For comparison, lithium-ion bat-

teries employing flammable organic electrolytes operate at an average nominal cell voltage of 

typically 3.7 V. Employing very high salt concentration is a promising recent approach to widen 

the electrochemical stability window of aqueous electrolytes.[1-3] This so-called water-in-salt 

approach extends in particular the oxidative stability substantially, enabling reversible cycling 

of high-voltage cathode materials in aqueous lithium-, sodium-, potassium-, and zinc-ion bat-

teries.[4-11] 

Here, we show that previously reported water-in-salt electrolytes, operating near the salt 

solubility limit, appear stable for a prolonged period of time, but have a tendency to (partially) 

crystallize during long-term cycling in a battery, causing cell failure. We further show that this 

problem can be addressed by the addition of salts with asymmetric anions, which extend the 
liquid state of water-in-salt electrolytes to lower temperatures. We demonstrate our ap-

proach for a water-in-salt electrolyte for sodium-ion batteries where we substitute a fraction 

of the 35 mol·kg-1 (35m) sodium bis(fluorosulfonyl)imide (NaFSI) with symmetric anions by 
sodium (fluorosulfonyl)(trifluoromethylsulfonyl)imide (NaFTFSI) with asymmetric anions (see 

Figure 6-1a for the chemical structures of the anions employed in this study). The concept is 

also demonstrated for the chemically less stable LiFSI system with LiFTFSI substitution. Fur-
thermore, we developed a sodium-ion battery employing the mixed NaFSI/NaFTFSI electrolyte 

in combination with a NaTi2(PO4)3 anode and a Na3(VOPO4)2F cathode and report stable cy-

cling down to temperatures of -10 °C with excellent capacity retention and high energy den-

sity. 

6.2 Results and Discussion 

Differential scanning calorimetry (DSC) was used to probe the thermal behavior of various 

water-in-salt electrolytes. To start from a fully liquid state, all samples were initially equili-

brated at 60 °C for 30 min. The cooling/heating rate was set to 1 °C·min-1 and a small amount 

of meso-carbon microbeads (MCMB) was added to all samples to provoke crystallization.[12] 

In a first series of DSC experiments the following electrolytes were cooled from 60 to 

−120 °C and subsequently heated back to 60 °C: 21m lithium bis(trifluoromethylsulfonyl)imide 

(LiTFSI), the original water-in-salt electrolyte, 19.5m LiTFSI + 8.3m lithium bis(pentafluoro-

ethylsulfonyl)imide (LiBETI), also called hydrate-melt electrolyte, and 35m NaFSI, the first so-

dium-ion water-in-salt electrolyte recently reported by us.[1-3] As shown in Figure 6-1b, all 
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three electrolytes undergo exothermic events during cooling that we assign to crystallization. 

During heating, the three electrolytes show sharp endothermic peaks at -9, -12, and -34 °C, 

respectively. We assign these events to eutectic melting based on the phase diagrams for the 

LiTFSI-H2O system[13] and the NaFSI-H2O system (mapped out in Figure 6-6). Liquidus transi-

tions, corresponding to the transition to a fully liquid state, are observed at 23, 28, and 50 °C, 

respectively. 

 

Figure 6-1 Thermal characterization of water-in-salt electrolytes. a, Structural formulas of the symmetric and asymmetric 
anions used in this study. b, Differential scanning calorimetry curves of various water-in-salt electrolytes recorded during 
scans from 60 °C to -120 °C and back to 60 °C. All samples were mixed with a small amount of meso-carbon microbeads to 
provoke crystallization and all scan rates were set to 1 °C·min-1. c,d,e, Photographs of (c) 21m LiTFSI, (d) 19.5m LiTFSI + 8.3 
LiBETI (hydrate-melt), and (e) 35m NaFSI after storage at room temperature for two weeks. 

The liquidus temperature for all three electrolytes lies above 20 °C, which matches our 

observation of partial crystallization of these electrolytes during storage at room temperature. 

Figure 6-1c-e show typical photographs of the electrolytes after storage at ~22 °C for two 
weeks. Crystallization can be clearly seen for all electrolytes. The amount of crystallized salt 

visibly increases with increasing initial concentration of the solution in line with the phase 

diagrams. When using these electrolytes in batteries operated at room temperature, it must 

hence be expected that crystallization will lead to a reduction of salt concentration in the liq-

uid phase. Consequently, the electrochemical stability window of the electrolyte will narrow, 

leading to accelerated water electrolysis. Hydrogen and/or oxygen evolution not only result 

in lower Coulombic efficiency, but also affect the (local) pH of the electrolyte, which can cause 

active material dissolution, leading to premature cell failure.[14, 15] 

We find that adding a second asymmetric anion to water-in-salt electrolytes suppresses 

crystallization of the electrolyte at temperatures relevant for battery operation. To demon-

strate this approach, we chose the asymmetric FTFSI anion as model system, which can be 

c d e

21m LiTFSI
2 weeks
~ 22 °C

35m NaFSI
2 weeks
~ 22 °C

Hydrate-
melt (~28m)
2 weeks
~ 22 °C
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described as being a hybrid between the symmetric TFSI and FSI anions (see again Figure 6-1a). 

We further chose to modify the 35m NaFSI solution as this electrolyte has the highest liquidus 

temperature among the investigated water-in-salt electrolytes. We prepared two mixed solu-

tions, one containing 30m NaFSI and 5m NaFTFSI and one containing 25m NaFSI and 

10m NaFTFSI. Mixed 35m NaFSI/NaFTFSI solutions with a higher NaFTFSI content could not be 

prepared due to the limited room temperature solubility of NaFTFSI (~19m). 

We repeated the same DSC experiment as the one shown in Figure 6-1b for these mixed-

anion electrolytes. Interestingly, the two mixed electrolytes do not show any crystallization 

event during the cooling scan (Figure 6-2), resulting in a vitreous state.[16] This observation is 

a first indication that the presence of asymmetric FTFSI anions hinders the crystallization of 

the electrolyte. During the heating scan, we observe the onset of a glass transition at -65 and 

-69 °C for the mixed electrolytes containing 5m and 10m NaFTFSI, respectively. The glass tran-

sition is followed by a cold crystallization event at -34 and -32 °C, where the quenched amor-

phous/vitreous structure becomes sufficiently mobile for crystallization to occur.[17, 18] Finally, 
the mixed electrolytes undergo a liquidus transition to a fully liquid state at 44 and 38 °C for 

5m and 10m NaFTFSI, respectively. Hence, the presence of the second, asymmetric anion is 

an effective strategy to lower the liquidus temperature, albeit by only 6 and 12 °C, respec-

tively. We expect that the liquidus temperature can be further lowered by the presence of a 
third anion as this would further increase the entropy of the system. 

 

Figure 6-2 Impact of asymmetric anion on crystallization. a, DSC curves of 35m NaFSI and of mixed electrolytes containing 
symmetric FSI and asymmetric FTFSI anions recorded during scans from 60 °C to -120 °C and back to 60 °C. b, Photograph 
of 25m NaFSI + 10m NaFTFSI after storage at room temperature for six months. c, DSC curve of 35m NaFSI and multiple 
scans for 25m NaFSI + 10m NaFTFSI between 60 °C and -40 °C. 

Remarkably, the 25m NaFSI + 10m NaFTFSI electrolyte has remained liquid at room tem-

perature (~22 °C) ever since we prepared it more than six months ago (see Figure 6-2b) despite 

the higher liquidus temperature of 38 °C compared to e.g. 23 °C for the 21m LiTFSI electrolyte 

(see again Figure 6-1b and c), which crystallizes already after a few days at this temperature. 

This result is in line with our finding that no crystallization is observed for this electrolyte dur-

ing the DSC cooling run down to -120 °C (see again Figure 6-2a) although we applied a low 

b

25m NaFSI +
10m NaFTFSI
6 months
~ 22 °C
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scan rate of 1 °C·min-1, which weakens the tendency towards supercooling[19, 20], and used a 

crystallization agent (MCMB). When we cycle the mixed FSI/FTFSI electrolyte in a temperature 

range more relevant for battery applications, between -40 and 60 °C (see Figure 6-2c), we also 

observe no evidence of crystallization during heating. In contrast, the 35m NaFSI electrolyte 

(also shown in Figure 6-2c) shows the same behavior in this temperature range as in the ex-

tended temperature range. Furthermore, as shown below, full cells based on the mixed 

FSI/FTFSI electrolyte show stable charge/discharge cycling behavior down to at least -10 °C, 

while the 35m NaFSI electrolyte crystallizes in our full cells already at 30 °C. We hence con-

clude that the presence of the asymmetric FTFSI anions impedes the formation of long range 

order thereby effectively suppressing crystallization.[21] In other words, these mixed-anion 

electrolytes show particularly strong supercooling behavior, which has also been observed for 

other viscous liquids like ionic liquids.[22, 23] 

To study the influence of the symmetry of the anion on the supercooling behavior, we 

prepared a second series of electrolytes based on 35m LiFSI. The higher room temperature 
solubility of LiTFSI (~20m)[13] compared to NaTFSI (~8m)[24] enables substitution of 10m of LiFSI 

either by LiFTFSI with asymmetric anions or by LiTFSI with symmetric anions, which is not pos-

sible for the NaFSI system. From the DSC experiments, a very similar reduction in liquidus 

temperature of ~6 °C is obtained for both mixed-anion electrolytes relative to 35m LiFSI (see 
Figure 6-3a). However, upon storage at 0 °C for four weeks, we observe crystallization only for 

the sample containing the symmetric TFSI anions, whereas the solution containing the asym-

metric FTFSI anions remains liquid (see photographs in Figure 6-3b and c). These results 
demonstrate the effectiveness of asymmetric FTFSI anions in kinetically stabilizing water-in-

salt electrolytes below the liquidus temperature. The mechanism by which the symmetry of 

the anions influences the crystallization kinetics is currently subject to further research via 
molecular dynamics simulations. 
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Figure 6-3 Comparison of the impact of the symmetry of the second anion. a, DSC curves of 35m LiFSI and mixed lithium 
electrolytes containing symmetric FSI and asymmetric FTFSI or symmetric TFSI anions, respectively, during scans from 60 
°C to -120 °C and back to 60 °C. b-c, Photographs of (b) 25m LiFSI + 10m LiFTFSI and (c) 25m LiFSI + 10m LiTFSI after storage 
at 0 °C for four weeks. 

As water-in-salt electrolytes for sodium-ion batteries are particularly attractive consider-

ing the high salt content of such electrolytes and the typically lower cost of sodium salts com-

pared to lithium salts, we decided to focus on the NaFSI/NaFTFSI system for the remainder of 
this study. 

Besides thermal properties, conductivity and electrochemical stability window are key 

properties of electrolytes for battery applications. The physicochemical properties of the 

NaFSI-based electrolytes, 35m NaFSI, 30m NaFSI + 5m NaFTFSI, and 25m NaFSI + 10m NaFTFSI, 
are summarized in Table 6-1. With increasing fraction of NaFTFSI, the viscosity increases from 

75.8 to 94.2 mPa·s. The ionic conductivity follows the usual inverse trend, decreasing from 

14.8 to 11.8 mS cm-1. This correlates well with the larger size of the FTFSI compared to the FSI 
anion. The marginal reduction in density with increasing FTFSI content can also be explained 

by the larger, bulkier, and asymmetric FTFSI anions, which disturb dense ion packing. As seen 

from the Walden plot in Figure 6-7, all three electrolytes can be classified as superionic, mean-

ing the ionic conductivity is decoupled from the viscosity. Such superionicity has been de-

scribed for other water-in-salt electrolytes[2] and is further discussed in reference [25]. With a 

value of 11.8 mS cm-1 at 30 °C, the ionic conductivity of the mixed-anion electrolyte containing 

25m NaFSI and 10m NaFTFSI is comparable to that of previously reported water-in-salt elec-
trolytes (12.1 mS cm-1 for 21m LiTFSI, 3.0 mS cm-1 for 27.8m LiTFSI/BETI[2], 14.8 mS cm-1 for 

35m NaFSI), making it a suitable candidate for battery applications. Considering also that this 

mixture shows the weakest tendency to crystallize below its liquidus temperature, we employ 

this electrolyte for the remainder of this study while drawing comparisons to the 35m NaFSI 

electrolyte. 

 

b c

25m LiFSI +
10m LiFTFSI
4 weeks
0 °C

25m LiFSI +
10m LiTFSI
4 weeks
0 °C
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Table 6-1 Physicochemical properties of 35m NaFSI and mixed electrolytes:  All data was collected at 30 °C. 

Sample 
acronym 

Molality 
NaFSI 
(mol·kg-1) 

Molality 
NaFTFSI 
(mol·kg-1) 

Density  
(g·cm-3) 

Viscosity 
(mPa·s) 

Conductivity 
(mS cm-1) 

35 35 0 1.923 75.8 14.8 
30+5 30 5 1.919 82.9 13.0 
25+10 25 10 1.914 94.2 11.8 

 

As indicated by linear sweep voltammetry, partial substitution of FSI by FTFSI anions does 

not significantly alter the electrochemical stability of the electrolyte (see Figure 6-8a). Simi-

larly, the Raman spectrum in the wavenumber region corresponding to the OH stretching 

modes of water is not altered noticeably (see Figure 6-8b). For a more detailed discussion, 

refer to the supporting information. 

To capitalize on the robustness against crystallization over a wide temperature range, 

high conductivity, and wide electrochemical stability window, we implemented the 25m NaFSI 
+ 10m NaFTFSI electrolyte in a 2 V class sodium-ion battery based on a NaTi2(PO4)3 (NTP) an-

ode and a Na3(VOPO4)2F (NVPOF) cathode. NTP has emerged as one of the most promising 

anode materials for aqueous sodium-ion batteries due to its relatively high theoretical capac-
ity of 133 mAh g-1 and its flat redox potential of -0.6 V vs. SHE (2.1 V vs. Na/Na+).[26, 27] The 

NVPOF cathode combines a theoretical capacity of 130 mAh g-1 with a high average discharge 

potential of 1.1 V vs. SHE (3.8 V vs. Na/Na+).[28, 29] We synthesized NTP and NVPOF through 
solid-state routes as detailed in the methods section. The X-ray diffractograms of the two ma-

terials synthesized by us match the ones reported in literature (see Figure 6-9).  

Figure 6-4 shows the cycling performance of our NTP/NVPOF full cell employing the 

mixed 25m NaFSI + 10m NaTFSI electrolyte at 30 °C at a rate of 1C. All cells were cycled be-

tween 0.3 and 2.2 V. We report specific capacities with respect to the active mass of the cath-

ode as our cells are cathode limited. The cell displays an initial charge capacity of 110 mAh g−1, 

which is relatively close to the theoretical capacity. The discharge capacity of the first cycle 

approaches 80 mAh g-1, corresponding to 1.23 extracted sodium ions per formula unit of 
NVPOF. Hence, the Coulombic efficiency of the first cycle is 73%. The irreversible capacity may 

be related to the formation of a solid-electrolyte interphase on the NTP anode as reported for 

a sodium triflate-based electrolyte.[30] During subsequent cycling, the Coulombic efficiency 
rapidly reaches 99.7%, confirming the excellent electrochemical stability of the electrolyte. 

Consequently, a remarkable capacity retention of 77% is achieved after 500 full charge/dis-

charge cycles with respect to the discharge capacity of the first cycle. 
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Figure 6-4 Electrochemical characterization of NaTi2(PO4)3 | Na3(VOPO4)2F full cells at 1C. a,b, Discharge capacity (based 
on the active material weight of the cathode) and Coulombic efficiency of cells containing (a) 25m NaFSI + 10m NaFTFSI 
and (b) 35m NaFSI. The cells were cycled at 30 °C between 0.3 and 2.2 V. The insets show voltage profiles for selected 
cycles. 

Figure 6-4b shows the capacity, Coulombic efficiency, and voltage profile evolution of a 

35m NaFSI cell during identical long-term cycling at 1C. During the first few cycles, the perfor-
mance of the cell resembles that of the mixed-anion electrolyte cell (compare to Figure 6-4a). 

But subsequently, the capacity of the 35m NaFSI cell deteriorates more rapidly. We assign the 

difference in cycling stability to crystallization of the 35m NaFSI electrolyte during operation 
of the cell. This crystallization manifests itself also in pronounced fluctuations in the Cou-

lombic efficiency and in the increasing polarization visible in the voltage profiles (see inset of 

Figure 6-4b). Furthermore, we noticed that the exact cycling behavior of cells containing elec-
trolytes with a tendency to crystallize at 30 °C like 35m NaFSI is not very reproducible. Figure 

6-10 shows the cycling results for a second, identical cell. This cell delivers a lower capacity 

than the cell in Figure 6-4b already during the first cycle, presumably due to electrolyte crys-
tallization shortly after cell assembly. This cell also shows larger swings in Coulombic efficiency 

and more pronounced capacity fading during the 200 cycles of the experiment.  

When we disassemble the cells after the long-term cycling experiment, we observe a clear 

difference between the two cells. Figure 6-11 shows typical photographs of separators ex-

tracted from cycled cells containing mixed NaFSI/NaFTFSI or pure NaFSI electrolyte. The glass 

fibers soaked with the still liquid mixed-anion electrolyte can be clearly distinguished from the 

separator with solidified electrolyte recovered from the 35m NaFSI cell, on which distinct solid 
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domains can be observed under an optical microscope. Hence, electrolyte crystallization is 

indeed the cause for the lower stability of the 35m NaFSI cell relative to the cell containing 

the NaFSI/NaFTFSI electrolyte. We note that the introduction of FTFSI anions might also have 

an influence on the cycling stability of the cells by altering the structure of the SEI potentially 

forming on the NTP anode. However, a detailed investigation of the SEI is out of the scope of 

this work. 

Compared to the 35m NaFSI cell, we observe even lower cycling stability when we test 

identical NTP/NVPOF full cells containing recently proposed water-in-salt electrolytes 8m NaT-

FSI or 9m sodium trifluoromethanesulfonate (NaOTf) (see. Figure 6-12).[24, 30] The electro-

chemical stability of these electrolytes is apparently insufficient to allow stable cycling of this 

2 V class electrode couple. 

In Figure 6-5a, we report cycling data for the cell containing the mixed-anion electrolyte 

at a lower rate of C/5 for different temperatures. This cycling protocol is more demanding due 

to the relatively longer time spent at high cell voltages. At 30 °C, the initial capacity is slightly 

higher than at 1C due to lower rate. Although notably lower than at 1C, the Coulombic effi-
ciency still reaches a rather high value for a 2 V class aqueous battery of ~98% after 20 cycles. 

Correspondingly, the cell still delivers more than 85% of the initial capacity after 100 cycles at 

C/5. Combined with the average discharge voltage of 1.44 V, the initial energy density at C/5 

is 64 Wh kg-1 based on the active masses of both anode and cathode. To the best of our 
knowledge, this is the highest value reported so far for an aqueous sodium-ion battery. The 

energy density of our cell is approximately twice as high as previously reported for the 

NTP/NVPOF electrode couple using less concentrated electrolytes.[31, 32] 
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Figure 6-5 NaTi2(PO4)3 | Na3(VOPO4)2F full cells cycled at C/5 at different temperatures.a, Discharge capacity (based on the 
active material weight of the cathode) and Coulombic efficiency of cells containing 25m NaFSI + 10m NaFTFSI operated at 
30 °C, 10 °C, and -10 °C. The cells were cycled between 0.3 and 2.2 V. b, Cycling data of the -10 °C cell shown in (a) for the 
total of 500 cycles. The inset shows voltage profiles for selected cycles. 

We also tested the low temperature cyclability of the NTP/NVPOF full cell at 10 and -10 °C 

(also shown in Figure 6-5a). The latter temperature is the typical lower temperature limit for 
the charging process of organic electrolyte-based lithium-ion batteries.[33, 34] As shown in the 

figure, the cells can indeed be cycled at 10 and -10 °C, confirming the DSC results and our 

visual observations. Due to slower kinetics at lower temperatures, the cells deliver a lower 

capacity compared to 30 °C: At 10 and -10 °C, the discharge capacities of the first cycles are 
81 mAh g-1 and 48 mAh g-1, respectively, compared to 83 mAh g-1 at 30 °C. Subsequently, the 

-10 °C cell goes through an activation phase that we assign to electrode wetting. This process 

increases the capacity to a value of 65 mAh g-1 after 12 cycles. During subsequent cycling, the 

cells show good cycling stability with capacity retentions after 100 cycles of 87% at 30 °C and 

75% at 10 °C. At -10 °C capacity retention is 111% relative to the first cycle and 83% relative 

to the maximum in capacity occurring at cycle number 12. 

We continued to cycle the -10 °C cell to reach a total number of 500 cycles (see Figure 
6-5b). The cell maintained high cycling stability, and we observed no signs of crystallization 

during the three months of operation. After 500 cycles, the capacity retention of the cell was 

99%, 74%, and 89% relative to the 1st, 12th, and 100th cycle, respectively. This result highlights 
the effectiveness of the suppression of electrolyte crystallization by the presence of asymmet-

ric FTFSI anions. 
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6.3 Conclusion 

In conclusion, our study revealed that common water-in-salt electrolytes suffer from crys-

tallization at room temperature leading to cell failure. To remedy this limitation, we demon-

strated that the presence of anions with an asymmetric structure suppresses crystallization of 

water-in-salt electrolytes effectively. We developed a 2 V class sodium-ion battery based on a 

NaTi2(PO4)3 anode and a Na3(VOPO4)2F cathode and demonstrated stable cycling at tempera-

tures as low as -10 °C. Our results pave the way towards the development of high-voltage 

aqueous batteries that can be operated well below 25 °C as is required for many applications. 

A more detailed understanding of the influence of asymmetry on solution structure and long 

range ordering in water-in-salt electrolytes should enable further exploitation of this concept, 

leading to water-in-salt electrolytes with even wider liquid-state temperature windows. 

6.4 Methods 

LiFSI (battery grade, Fluorochem), LiTFSI (99.9%, Solvionic), LiBETI (>99%, Iolitec), NaFSI 

(99.7%, Solvionic), NaFTFSI (≥98%, Provisco), NaOTf (98%, Thermo Fischer), and NaTFSI 

(99.5%, Solvionic) were used as received. The electrolytes were prepared by dissolving one or 

two salts in high-purity water (prepared with a Millipore Milli-Q water purification system). 
The pH values of the electrolytes were adjusted to 5-6 using hydroxide solutions, and the elec-

trolytes were degassed with argon.  

Differential scanning calorimetry was carried out with a Netzsch STA 449 F3 simultaneous 

thermal analyzer. Ca. 30 mg of electrolyte sample were mixed with 1-2 mg of meso-carbon 
microbeads acting as crystallization agent and hermetically sealed in Al pans. All measure-

ments were carried out at a scan rate of 1 °C·min-1. The samples were equilibrated at 60 °C for 

30 min prior to the start of the measurement. The eutectic melting points were defined by 

their onset temperature, whereas for the liquidus transitions the peak maxima were consid-

ered.[35] 

Ionic conductivity was determined at 30 °C by impedance spectroscopy in sealed 2-elec-

trode cells equipped with Pt electrodes (Materials Mates HTCC) using a Bio-Logic VMP3 elec-

trochemical workstation. The frequency was scanned from 200 kHz to 1 Hz, the amplitude was 

set to 10 mV, and the temperature was controlled with a climatic chamber (Binder MK53). The 

electrolyte resistance was extracted from the intersection of the complex impedance curve 

with the horizontal axis of the Nyquist plot. Viscosity at 30 °C was determined with a Kyoto 
Electronics Manufacturing EMS-1000 electromagnetically spinning viscometer. Density at 30 

°C was measured with an Anton Paar DMA 4100 M density meter. 
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Electrochemical stability windows at 30 °C were determined via linear sweep voltamme-

try in 3-electrode Swagelok cells with a Bio-Logic VMP3 electrochemical workstation. Stainless 

steel and titanium working electrodes were used for the cathodic and anodic scans, respec-

tively. Activated carbon-based pellets were used as counter electrodes, and a miniature 

Ag/AgCl electrode (eDAQ) was used as reference electrode. The scan rate was set to 

0.1 mV s−1. 

Raman spectra of selected electrolytes sealed in NMR tubes were collected at room tem-

perature on a Renishaw Ramascope using a laser with a wavelength of 633 nm. 

NaTi2(PO4)3 and Na3(VOPO4)2F were synthesized via solid-state routes similar to the ones 

reported in literature:[28, 36] 

For the synthesis of NaTi2(PO4)3, the precursors Na2CO3 (>99.8%, VWR), TiO2 (>99.5%, 

Sigma-Aldrich), and (NH4)2HPO4 (>98.5% Sigma-Aldrich) were ball-milled, calcined at 500 °C for 

5 h in air, ground, and then annealed at 900 °C for 24 h in air. For the carbon-coating, the as 
prepared NaTi2(PO4)3 was ball-milled with glucose (10% solution in water), dried under stir-

ring, and finally reacted at 550 °C under argon for 1.5 h. 

For the synthesis of Na3(VOPO4)2F, a VOPO4·2H2O precursor was synthesized from V2O5 

(>99%, Sigma-Aldrich) und H3PO4 (85%, Sigma-Aldrich) following a wet-chemical route:[37] Stoi-

chiometric amounts of V2O5 and phosphoric acid were mixed with water (twice the volume of 
phosphoric acid), and heated to reflux overnight. The bright yellow product was washed with 

water and acetone and dried at 120 °C. Next, VOPO4·2H2O was ball-milled in acetone together 

with NaF (>99%, Sigma-Aldrich) and Na2CO3. The obtained powder mixture was pelletized and 
annealed at 700 °C for 1.5 h. The carbon-coating was obtained following the same procedure 

as for NaTi2(PO4)3. Powder X-ray diffractograms of the two active materials were recorded 

with a Panalytical X- X'pert PRO MRD using Cu-Kα1 radiation. 

NaTi2(PO4)3 and Na3(VOPO4)2F electrodes with a diameter of 12 mm and a mass loading 

of 4 to 6 mg cm-2 were prepared from N-methyl-2-pyrrolidone (NMP)-based slurries on stain-

less steel and titanium current collectors, respectively. The composition of the electrodes was 

80% active material, 10% polyvinylidene difluoride (PVdF) binder (Arkema Kynar HSV900), and 

10% carbon black (IMERYS Graphite & Carbon C-NERGY SUPER C65). The electrodes were 

pressed at 5 t for 30 s. 

2-electrode full cells were assembled using Swagelok stainless steel T-cells. The mass 

loading of the cathode exceeded that of the anode by 10-20%. Whatman GF/D glass microfiber 

filters with a diameter of 13 mm were used as separator. The cells were filled with ca. 200 µl 
of electrolyte. The full cells were electrochemically characterized at -10, 10, or 30 °C using a 

Bio-Logic VMP3 electrochemical workstation. 
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6.5 Supplementary Information 

 

 

Figure 6-6 Liquid-solid phase diagram for the NaFSI-H2O binary system.  The melting points of pure water and NaFSI were 
used as end members of the composition range. 

 

 

Figure 6-7 Walden plot for 35m NaFSI and mixed electrolytes with asymmetric anions at 30 °C. Data for the hydrate-melt 
electrolyte and aqueous LiTFSI solutions of various concentrations (taken from ref. 1) are shown for comparison. 
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Figure 6-8 a, Linear sweep voltammograms of 25m NaFSI + 10m NaFTFSI and of 35m NaFSI at 30 °C. The scan rate was set 
to 0.1 mV·s-1. The thermodynamic potentials for the hydrogen and oxygen evolution reactions (HER and OER, respectively) 
at pH 5 are indicated by dashed vertical lines. b, Raman spectra of water, 25m NaFSI + 10m NaFTFSI, and 35m NaFSI in the 
wavenumber region corresponding to the OH stretching modes of water. 

We determined the electrochemical stability of the mixed-anion electrolyte via separate 

linear voltammetry sweeps to determine the cathodic and anodic stability, respectively. We 

applied a threshold current-density of ±3 µA cm-2 to determine the stability limits. For the 

35m NaFSI electrolyte, we previously reported an electrochemical stability window of 2.6 V. 

We observe unchanged reductive stability and even slightly improved oxidative stability re-
sulting in an electrochemical stability window of 2.7 V. 

Raman spectroscopy in the wavenumber region corresponding to the OH stretching 
modes of water was used to probe the water environment of the electrolytes (see Figure 
6-8b). Pure water shows a broad signal between 2900 and 3700 cm-1 corresponding to a wide 
dispersion of the OH bond strengths due to the formation of various clusters.[38] Consistent 
with the small difference in electrochemical stability, the spectra for the mixed-anion electro-
lyte and for 35m NaFSI are very similar in this wave number region. The emergence of the 
sharp peak at ~3500 cm-1 and the vanishing of the broad signal of water for both electrolytes 
indicates strong interaction of water with the dissolved cations and therefore a low level of 
free water molecules as previously suggested.[1, 2] 
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Figure 6-9 a,b, X-ray diffractograms of (a) NaTi2(PO4)3 and (b) Na3(VOPO4)2F prepared by us. For comparison, reference 
diffractograms are also shown.[39, 40] 

 

 

 

Figure 6-10 Performance of a second of NaTi2(PO4)3 | Na3(VOPO4)2F full cell containing 35m NaFSI as the electrolyte. Dis-
charge capacity (based on the active material weight of the cathode) and Coulombic efficiency of a NaTi2(PO4)3| 
Na3(VOPO4)2F full cell identical to the one shown in Fig. 3b. The current rate was set to 1C and the cell was cycled between 
0.3 and 2.2 V at 30 °C. 
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Figure 6-11 Micrographs of glass fiber separators extracted from cycled cells shown in Fig. 4, containing (a) 25m NaFSI + 
10m NaFTFSI or (b-d) 35m NaFSI. 

 

Figure 6-12 Cycling performance of sodium-ion full cells employing reference electrolytes. a,b, Discharge capacity (based 
on the active material weight of the cathode) and Coulombic efficiency of NaTi2(PO4)3| Na3(VOPO4)2F full cells containing 
(a) 8m NaTFSI and (b) 9m NaOTf as the electrolyte. The cells were cycled at 30 °C between 0.3 and 2.2 V. The insets show 
voltage profiles for selected cycles. 
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Suppressed crystallization due to anion-asymmetry enabled the development of a highly sta-

ble 2 V class aqueous sodium-ion battery operating in a wide temperature range. Based on 

classical molecular dynamics simulations and Raman spectroscopy, we hypothesize that dif-

ferent anion-cation coordination geometries and subsequent intramolecular bond rotations 

lie at the heart of the phenomenon. Author contributions: D.R., C.B. conceived the idea for 

this study. D.R. and N.T. designed most experiments. D.R. carried out the experiments and 

simulations. N.T. supervised the simulations. D.R., N.T., R.-S.K., C.B. analyzed the data. D.R. 

prepared the figures and wrote the original draft of the manuscript. N.T., R.-S.K., A.Y., C.B. 

critically reviewed and edited the manuscript. All coauthors read and approved the final man-

uscript. 

 

Abstract 

 

Salts with asymmetric (fluorosulfonyl)(trifluoromethanesulfonyl)imide (FTFSI) anions 
have recently shown to suppress crystallization of water-in-salt electrolytes, enabling low-

temperature operation of high-voltage aqueous rechargeable batteries. To clarify the under-

lying mechanism for the kinetic suppression of crystallization, we investigate the local solution 
structures and dynamic behaviors of water-in-salt electrolytes based on the asymmetric FTFSI 

anion and its symmetric anion analogues by Raman spectroscopy and molecular dynamics 

simulations. We find that monodentate coordination of FTFSI to cations leads to high rota-
tional mobility of the uncoordinated SO2CF3 group. We conclude that the peculiar, coordina-

tion dependent, local dynamics in the asymmetric FTFSI anion, manifested by enhanced intra-

molecular bond rotation, enables the strong supercooling behavior. 

 

  

Disturbed volume
Enhanced supercooling

Bond rotations
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7.1 Introduction 

Highly concentrated aqueous electrolytes, such as water-in-salt[1] or hydrate-melt[2] elec-

trolytes, offer a wide electrochemical stability window of over 3 V, compared to approximately 

1.5 V for dilute aqueous electrolytes, and have enabled high-voltage aqueous rechargeable 

batteries. Such approaches are narrowing the gap to state-of-the-art batteries that are based 

on flammable organic electrolytes. In particular, the oxidative stability of water-in-salt elec-

trolytes is comparable to organic electrolytes, enabling high-voltage cathodes (e.g. LiMn2O4), 

while complementary approaches were developed to suppress hydrogen evolution on the an-

ode.[1-11] Batteries with concentrated aqueous electrolytes promise increased safety due to 

their non-flammability and are potentially less expensive to manufacture as a dry atmosphere 

is not required during cell assembly, partially overcoming the higher electrolyte cost associ-

ated with the high salt concentration.[12] 

Typically, at room temperature, these electrolytes are saturated or eutectic solutions of 

one or more salts with overall molalities above 20 moles of salt per kilogram of water 
(20 mol/kg, 20m). Prominent examples are the archetypical 21m lithium bis(trifluoro-

methanesulfonyl)imide (LiTFSI) water-in-salt[1], 28m hydrate-melt[2], and 28m water-in-

bisalt[4] electrolytes.  Operation below room temperature however results in partial crystalli-
zation and premature cell failure.[9] Our recent work has shown that in 35-molal bis(fluorosul-

fonyl)imide (FSI)-based electrolytes, partial substitution of symmetric FSI anions by asymmet-

ric (fluorosulfonyl)(trifluoromethanesulfonyl)imide (FTFSI) anions kinetically suppresses 
crystallization, extending the liquid-state temperature range of the electrolyte to lower tem-

peratures.[9] This finding enabled the development of a highly-stable 2 V class aqueous so-

dium-ion battery that can be operated in a wide temperature range.[9] In contrast, no signifi-

cant change in supercooling behavior was observed when simply mixing symmetric FSI and 
TFSI salts.[9] 

Here, we investigate the supercooling behaviors of water-in-salt electrolytes containing 

asymmetric FTFSI anions, or symmetric FSI or TFSI ones (Figure 7-1a). We compare the local 

solution structures and dynamic behaviors by means of Raman spectroscopy and molecular 

dynamics simulations, and discuss the key factors governing the observed differences in su-

percooling behavior. We note that the FSI and FTFSI anions are prone to hydrolysis due to the 

presence of two or one S–F bond(s), respectively.[13] However, the peculiar supercooling be-

havior merits investigation, as the results may be transferable to other electrolytes. 
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7.2 Results and Discussion 

Figure 7-1b shows the liquidus temperatures of concentrated LiFSI, LiFTFSI and LiTFSI-

based aqueous electrolytes determined by means of differential scanning calorimetry (DSC). 

The experimental details are described in the Supporting Information. The liquidus tempera-

ture describes the transition to a fully-liquid state and lies at 28 °C for 35m LiFSI, 18 °C for 

35m LiFTFSI, and 47 °C for 35m LiTFSI. To investigate the supercooling behavior of these solu-

tions, 35m LiFSI and 35m LiTFSI solutions were stored at ~25 °C below their respective liquidus 

temperatures (at 4 and 22 °C, respectively), and 35m LiFTFSI samples were stored at ~35 °C 

below their liquidus temperature (at −18 °C). As illustrated in Figure 7-1c-e, the LiFSI samples 

consistently crystallize after 2-3 days (fine precipitate) at 4 °C, while the LiTFSI samples crys-

tallize within minutes after cooling below approximately 30 °C (rather large clear crystals). In 

contrast, supercooled LiFTFSI samples remain liquid after four weeks at −18 °C. These results 

clearly demonstrate the pronounced difference in supercooling behavior among the concen-
trated LiFSI, LiTFSI, and LiFTFSI solutions. 

 
Figure 7-1 (a) Chemical structures of the FSI, FTFSI, and TFSI anions, (b) DSC cooling and heating curves with 
indicated liquidus temperatures for 35m LiFSI, LiFTFSI, and LiTFSI, respectively, and (c-e) photographs of these 
solutions after storage at (c) 4 °C, (d) −18 °C, and (e) 22 °C, respectively. These temperatures are indicated by 
arrows in (b). 

To elucidate the origin for this difference in supercooling behavior, we investigated the 

local solution structures by means of Raman spectroscopy (samples heated to 60 °C and im-

mediately measured at room temperature, see Supporting Information for experimental de-

tails). The Raman band at 730–760 cm-1, corresponding to the expansion and contraction of 

the whole anion,[14-16] is observed at increasing wave numbers in the order of TFSI < FTFSI < FSI 

(Figure 7-2a). The increased peak broadening in the order of TFSI < FTFSI < FSI indicates an 

increase in the degree of structural disorder. This trend, as probed by the width of this Raman 
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band, however does not correlate with that in supercooling behavior: The less ordered LiFSI 

solution readily crystallizes below its liquidus temperature, whereas the more ordered LiFTFSI 

solution shows pronounced supercooling. Furthermore, there is no significant difference for 

the Raman band in the wavenumber region corresponding to the O-H vibrations of water[1-3] 

with a sharp peak at ~3550 cm-1 (Figure 7-2b), indicating that the cation-water binding is not 

responsible for the differences in crystallization kinetics. 

 
Figure 7-2 Raman spectra in the wavenumber region corresponding to the whole anion expansion and contrac-
tion modes of the anions in 35m LiFSI, LiFTFSI, and LiTFSI, respectively. (b) Raman spectra in the wavenumber 
region corresponding to O-H vibrations of water molecules of the same solutions and of pure water. (c-e) Radial 
distribution functions of lithium cations and oxygen, nitrogen, and fluorine atoms of the anions, respectively, 
for (c) 35m LiFSI, (d) 35m LiFTFSI, and (e) 35m LiTFSI. The molecular structures of the FSI, FTFSI, and TFSI anions 
are shown as color-coded insets in the respective subfigures. 

For a better understanding of local solution structures, we conducted classical molecular 

dynamics (MD) simulations at 60 °C. At this temperature, all three investigated solutions are 

thermodynamically in the liquid state as can be seen from their liquidus temperatures that 

range from 18 to 47 °C (see again Figure 7-1b). The simulation details are described in the 

supporting information. We chose this temperature, as nucleation itself is a rare event typi-

cally occurring on a timescale much longer than what can be reached in a direct simulation.[17, 

18] Figure 7-2c-e show radial distribution functions (RDFs) between the lithium cations and 

anions. The oxygen atoms of the anions are closest to the cations, which corresponds to coor-
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dination mostly taking place through these atoms, as is common for the studied imide ani-

ons.[19-23] A small peak is observed in the lithium-fluorine RDF of 35m LiFSI and in the Li-F1 RDF 

of 35m LiFTFSI at a similar distance of approximately 2 Å as the first peak in the lithium-oxygen 

RDF. In contrast, the Li-FCF3 RDF for the FTFSI solution clearly shows that the fluorine atoms of 

the CF3 group are on average further away from the cation than the F1 fluorine atom bound 

to sulfur. The CF3 fluorine atoms in TFSI anion are also found to be pointing away from the 

cation. The cation-water, water-water, and cation-cation RDFs can be found together with 

brief discussions in the supporting information (Figure 7-6 to Figure 7-8). 

As shown in more detail in Figure 7-3a, the lithium-nitrogen RDFs show two distinct peaks 

at 3.9 Å (labeled B) and 4.5 Å (labeled M) corresponding to bidentate and monodentate coor-

dination through oxygen atoms, respectively.[20, 23-25] Figure 7-3b-d show typical snapshots, 

highlighting the difference in the coordination structures around lithium cations between 

LiFSI, LiFTFSI and LiTFSI-based electrolytes. The labels M and B, respectively again indicate 

monodentate and bidentate coordination. For FSI, monodentate coordination is most promi-
nent, whereas for FTFSI both monodentate and bidentate coordination are equally common. 

For TFSI, the bidentate geometry is dominating, causing both CF3 groups to point away from 

the cation. This explains the absence of a Li-F peak around 2 Å in Figure 7-2c. We note that it 

would be interesting to study the influence of temperature on the relative occurrence of the 
anion conformers and mono- and bidentate Li+ coordination in a follow-up study. Studies of 

ionic liquids have shown that the two minimum energy conformers with C1 or C2 symmetry 

are typically in equilibrium for both FSI and TFSI in the liquid state, and that specific interac-
tions with the cation can influence the relative occurrence of the two conformers.[26, 27]    

The first solvation shell of imide anions around a cation can be defined by using the min-

imum around 5.4 Å in the lithium-nitrogen RDFs.[20, 28] The radius of the first solvation shell 

slightly decreases with increasing anion size due to the decrease in the number of anions 

within the first solvation shell as extracted from the running integral of the RDF (Figure 7-9). 

The trend in size of the solvation shells (FSI > FTFSI > TFSI) anticorrelates with the trend in 

bidentate contribution (FSI < FTFSI < TFSI). Hence, the more bidendate coordination, the 

smaller the solvation shell. Furthermore, comparison with Figure 7-2a shows that the Raman 

peak width, indicating solution disorder, increases with decreasing bidentate coordination.  
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Figure 7-3 (a) Radial distribution functions between lithium cations and nitrogen atoms of anions and (b-d) MD 
simulation snapshots of solvation structures around a cation in 35m (b) LiFSI, (c) LiFTFSI, and (d) LiTFSI. The 
monodentate and bidentate coordination schemes are marked M and B, respectively. Hydrogen, carbon, ni-
trogen, oxygen, fluorine, and sulfur atoms are shown in white, cyan, blue, red, pink, and yellow, respectively. 
Lithium cations are shown in green. For visual simplification, other cations within the first solvation shell (~5.4 
Å) have been omitted. 

The analysis of the Raman spectra and RDFs clearly demonstrates significant differences 

in local solution structure among the FSI, FTFSI, and TFSI-based electrolytes. However, these 

variations are not enough to explain the differences in supercooling behavior. To investigate 

the effect of intramolecular bond rotations,[29] we compared the distributions of selected di-

hedral angles among these electrolytes (Figure 7-4a-c). In FSI and TFSI-based electrolytes (Fig-

ure 7-4a and c), the rotation around the sulfur-nitrogen bond is strongly confined to angles 

near 180°. In contrast, in the FTFSI-based electrolyte (Figure 7-4b), the rotation of the FSO2 

group is restricted near 90° due to the monodentate coordination of cations to the FSO2 group. 

The SO2CF3 group however, can freely rotate without significant restriction as indicated by the 

homogeneous distribution of the dihedral angle. Furthermore, for FTFSI the rotation of the 

SO2CF3 group exhibits a relatively slow relaxation as indicated by prolonged oscillations of the 

dihedral angle autocorrelation function over the whole simulation time of 50 ns. In contrast, 

the autocorrelation for FSI and TFSI approaches zero after about half the simulation time (Fig-

ure 7-10). Combined with the results presented in Figure 7-4, these results suggest that the 

SO2CF3 group of FTFSI has higher rotational mobility than the corresponding groups for FSI and 

TFSI, leading to a lower probability for arrangements prone to crystallization and making it 

less likely for nuclei to form in FTFSI-based electrolytes. Lower energy barriers for rotation 
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around the SNSF and SNSC dihedral angles have also been found in ab-initio studies for FTFSI 

(and FSI) compared to the barriers for TFSI anions.[16, 30]  

 
Figure 7-4 Normalized distribution of dihedral angles in 35m (a) LiFSI, (b) LiFTFSI, (c) LiTFSI. The colors corre-
spond to the dihedral angles of (a) F-S-N-S (black) in FSI, (b) F1-S1-N-S2 (black) and S1-N-S2-C (blue) in FTFSI, and 
(c) C-S-N-S (black) in TFSI. 

We hypothesize that the high rotational mobility of the SO2CF3 group plays a crucial role 

in suppressing crystallization of FTFSI-based electrolytes by disturbing the surrounding elec-

trolyte solvents and ions, impeding close packing of anions and cations, thus suppressing the 

crystallization processes, i.e. nucleation, subsequent growth, aggregation and intergrowth of 
crystals.[31] Figure 7-5 schematically illustrates the local agitation resulting from asymmetric 

FTFSI anions.  

 

Figure 7-5 Schematic illustration of the difference in local coordination for (a) symmetric TFSI and (b) asymmet-
ric FTFSI anions.  

In addition, the asymmetry of the FTFSI anion itself might also play a role in the strong 

supercooling behavior of FTFSI-based electrolytes as it, in theory, reduces the probability for 

specific arrangements of the electrolyte species. In fact, the higher rotational mobility of the 

SO2CF3 group of FTFSI compared to TFSI is linked to the asymmetry of the FTFSI anion. To study 
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the effect of asymmetry per se on the supercooling behavior of highly concentrated electro-

lytes, one would have to identify a rigid asymmetric anion that does not possess the rotational 

degrees of freedom of FTFSI. 

We note that for a quantitative understanding of the nucleation mechanism, advanced 

simulations with enhanced sampling methods should be conducted.[32] For example, the well-

tempered metadynamics method[17, 18, 33] or constant chemical potential molecular dynam-

ics[34] have proven successful in simulating nucleation of urea or sodium chloride from aque-

ous solution, respectively.  

7.3 Conclusion 

In summary, we investigated local solution structures in concentrated aqueous electro-

lytes based on LiFSI, LiFTFSI, and LiTFSI by means of Raman spectroscopy and MD simulations. 

The different coordination structures between cations and anions cause marked differences 

in the intramolecular rotational motion. Notably, the FTFSI anions coordinate lithium prefer-

entially and asymmetrically through the SO2F group, resulting in high mobility of the uncoor-
dinated SO2CF3 group. This promoted bond rotation, enabled by the asymmetry of the FTFSI 

anion, should disturb the surrounding solvation structures, impeding close packing of anions 

and cations, thus leading to the enhanced supercooling behavior of FTFSI-containing electro-
lytes. 

 

7.4 Supplementary Information 

LiFSI (battery grade, Fluorochem), LiTFSI (99.9%, Solvionic), and LiFTFSI (≥98%, Provisco) 

were used as received. The electrolytes were prepared by dissolving the salts in high-purity 

water (prepared with a Millipore Milli-Q water purification system), which was previously de-

gassed with argon.  

Differential scanning calorimetry was carried out with a Netzsch STA 449 F3 simultaneous 

thermal analyzer. Approximately 30 mg of electrolyte sample were mixed with 1-2 mg of 

meso-carbon microbeads acting as crystallization agent and hermetically sealed in Al pans. 

The samples were equilibrated at 60 °C for 30 min before scanning to −120 °C followed by a 

scan back to 60 °C. The liquidus transitions were defined by their respective peak maxima. The 

scan rate for all measurements was set to 1 °C min−1.  
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Raman spectra of electrolytes sealed in NMR tubes were collected on a Renishaw Rama-

scope using a 50 mW laser with a wavelength of 633 nm. The samples were heated to 60 °C in 

a water bath and immediately measured at room temperature. 

Ionic conductivity was determined via impedance spectroscopy (Bio-Logic MCS 10) in 

sealed 2-electrode cells equipped with Pt electrodes (Bio-Logic HTCC). Viscosity was deter-

mined with an electromagnetically spinning viscometer (Kyoto Electronics Manufacturing 

EMS-1000) using 2 mm Al spheres. Sample volumes of 300 µL were used. The samples were 

equilibrated for 15 min at each temperature. Density at 60 °C was measured with an Anton 

Paar DMA 4100 M density meter. 

 

Table 7-1 Physicochemical properties of the investigated electrolytes at 60 °C 

Electrolyte Liquidus temperature  
(°C) 

Density  
(g/cm3) 

Ionic conductivity 
(mS/cm) 

Viscosity  
(mPa s) 

35m LiFSI 28 1.788 33.6 19.7 
35m LiFTFSI 18  1.769 13.4 37.7 
35m LiTFSI 47 1.754 5.9 107 

 
 

Classical molecular dynamics simulations were carried out using the Amber16 software 

package. Periodic boundary conditions in all directions were applied. The particle-mesh Ewald 

procedure was used to calculate long-range electrostatic interactions. The General Amber 

Force Field (GAFF)[35] was used to describe the non-electrostatic interactions. Restrained elec-
trostatic potential (RESP) charges were obtained by carrying out quantum chemical calcula-

tions at B3LYP/6-31+G(d,p) level of theory with the Gaussian09 package. The partial charges 

of the atoms and Cartesian coordinates are listed in Table 7-2 and Table 7-3, respectively. We 
note that determining the exact crystallization temperature or thermodynamic properties re-

quires the use of a polarizable force field or scaled charges. However, as we here rather aim 

at identifying elements hindering molecular ordering, the limitations of the force field are not 

expected to affect our qualitative conclusion. All systems consist of 550 SPCF/Fw water mole-

cules, 350 cations, and 350 anions to fit the experimental molecular ratio in 35m electrolytes 

(see Table 7-4). The systems were equilibrated at 333 K and 1 bar in the NPT ensemble (the 

mass densities and periodic box lengths are listed in Table 7-4). We then conducted 50 ns 

production runs at 333 K in the NVT ensemble with a time step of 0.2 fs. The AmberTools suite, 

Cpptraj, was used to analyze radial distribution functions (RDFs) and dihedral angles. Visual 

Molecular Dynamics (VMD) was used for the visualization of the MD trajectrories.[36] 
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Table 7-2 Partial charges of the atoms from the B3LYP/6-31+G(d,p) calculations. 

Atom 
Partial charge 
(e) 

N (FSI) -0.638319 
S (FSI) 1.148009 
O (FSI) -0.523367 
F (FSI) -0.282116 
N (FTFSI) -0.662148 
S1 (FTFSI) 1.170669 
S2 (FTFSI) 1.046238 
O1-2 (FTFSI) -0.53147 
O3-4 (FTFSI) -0.542782 
C (FTFSI) 0.337081 
F1 (FTFSI) -0.276493 
F-CF3 (FTFSI) -0.155614 
N (TFSI) -0.693373 
S (TFSI) 1.074657 
O (TFSI) -0.551693 
C (TFSI) 0.351583 
F (TFSI) -0.158723 
O (Water) -0.799231 
H1 (Water)  0.399615 
H2 (Water)  0.399615 

 
 
Table 7-3 Cartesian coordinates for the optimized anions from the B3LYP/6-31+G(d,p) calculations. 

 
 

 
 

FSI FTFSI TFSI
N1 -0.001 0 -0.949 N1 -0.597 0.484 -0.008 N1 -0.024 -0.015 -1.309
S1 -0.049 1.48 -0.094 S1 0.168 1.757 0.84 S1 0.724 1.281 -0.482
S2 0.049 -1.48 -0.094 S2 -0.763 -1.053 0.724 S2 -0.742 -1.292 -0.427
O1 0.128 2.75 -1.164 O1 0.383 3.059 -0.183 O1 1.52 2.258 -1.579
O2 1.208 1.532 1.005 O2 1.665 1.249 1.377 O2 1.841 0.679 0.604
O3 -0.13 -2.749 -1.165 O3 -1.729 -2.024 -0.231 O3 -1.576 -2.292 -1.472
O4 -1.207 -1.532 1.006 O4 -1.49 -0.883 2.218 O4 -1.819 -0.666 0.685
F1 -1.439 1.603 0.667 F1 -0.736 2.183 2.077 C1 0.528 -2.215 0.412
F2 1.44 -1.603 0.665 C1 0.845 -1.793 0.912 F1 1.555 -2.44 -0.435

F2 1.55 -1.633 -0.228 F2 0.024 -3.395 0.831
F3 0.706 -3.11 1.175 F3 0.968 -1.51 1.476
F4 1.497 -1.197 1.933 C2 -0.515 2.223 0.381

F4 -1.572 2.429 -0.432
F5 -0.916 1.543 1.476
F6 0.004 3.412 0.756
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Table 7-4 Simulation details of the investigated electrolytes. 

Electrolyte Molecules Periodic box length (Å) Density (g/cm3) 
35m LiFSI 550 Water, 350 Li+ and 350 FSI– 40.0045 1.9553 
35m LiFTFSI 550 Water, 350 Li+ and 350 FTFSI– 43.6542 1.8541 
35m LiTFSI 550 Water, 350 Li+ and 350 TFSI– 46.8046 1.7878 

 
 
 

 
Figure 7-6 (a) Cation-water RDFs and (b) running integrals n(r) of 35m LiFSI, LiFTFSI, and LiTFSI, respectively.  

The cation-water RDFs (Figure 7-6 and Table 7-5) show that the first hydration shell ex-

tends to ca. 2.9 Å (defined by the first minimum in the cation-Owater RDF) for Li+. The size of 
the first solvation shell and the hydration number, as extracted from the running integral of 

the RDF, n(r), at the distance corresponding to the first minimum in the RDF,[37, 38] marginally 

decrease with increasing anion size.  

 

 
Table 7-5 Radius of solvation shells as determined by the first minimum in the cation-oxygenwater RDFs and hydra-
tion numbers extracted from the corresponding running integrals n(r). 

Radius (Å) Hydration number 
LiFSI: 2.91  
LiFTFSI: 2.88  
LiTFSI: 2.83  

LiFSI: 1.03 
LiFTFSI: 0.98 
LiTFSI: 0.94 

 

 

a b
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Figure 7-7 (a) Water-water RDFs of 35m LiFSI, LiFTFSI, and LiTFSI, respectively. Subfigure (b) is a magnification 
of (a). 

In the water-water RDFs (Figure 7-7), the first peak around 3 Å corresponding to water 

molecules in the first solvation shell of a cation suggests slightly more water molecules are 

present in the first solvation shell with smaller anion size. We counted the number of water 

molecules within 3 Å from each other at an angle between oxygenacceptor - hydrogendonor - ox-

ygendonor of at least 135 °, which is a common criterion for hydrogen-bonds.[39] We observe, in 

average, more hydrogen bonds between water molecules in electrolytes with smaller anions, 

see Table 7-6. We note that, as expected, the average number of hydrogen bonds is signifi-

cantly lower than in bulk water, in agreement with previous reports.[39, 40] The peak around 

6 Å, that we ascribe to the second solvation shell, decreases with increasing anion size (Figure 

7-7b). It is intuitive that the distance between water molecules in the first and second solva-

tion shell is larger when larger anions are located in between them.  

 
Table 7-6 Hydrogen-bond analysis. 

Electrolyte Average number of 
hydrogen bonds 

35m LiFSI 74 
35m LiFTFSI 66 
35m LiTFSI 60 

 

 

a b
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Figure 7-8 Cation-cation RDFs of 35m LiFSI, LiFTFSI, and LiTFSI, respectively. 

In the cation-cation RDFs, the first peak around 3.5 Å decreases with increasing anion size 

(Figure 7-8). This trend corresponds to a higher chance of cations being this close to each other 

if separated by a smaller anion. The peak around 5.5 Å should be sensitive to the way the 

anions coordinate the cation as this influences the distance between two anion-separated 

cations. In fact, the peak is rather broad for all systems, suggesting that there are multiple 

cation-anion coordination schemes possible in all cases. In the case of 35m LiTFSI, the peak is 

slightly bifurcated, suggesting that there are two favored anion orientations. 

 

 

 
Figure 7-9 Running integral n(r) of the RDFs between lithium cations and nitrogen atoms of anions of 35m LiFSI, 
LiFTFSI, and LiTFSI, respectively. 
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Figure 7-10 Autocorrelation functions (Zdihed) of dihedral angles in 35m LiFSI, LiFTFSI, and LiTFSI respectively. The 
colors correspond to the dihedral angles of (a) F-S-N-S (black) in FSI, (b) F1-S1-N-S2 (black) and S1-N-S2-C (blue) in 
FTFSI, and (c) C-S-N-S (black) in TFSI. 
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Due to the limited solubility of most sodium-salts and the poor performance of the few re-

ported highly soluble candidates, we systematically examine the role of the anion in highly 

concentrated electrolytes. We demonstrate that at high concentration, the anion has a crucial 

impact on solution structure and cell performance. We establish that high salt concentration 

alone does not guarantee desirable performance and recognize the low solubility of suitable 

salts as a major challenge. We discuss the need for alternative approaches like mixed or-

ganic/aqueous solvent electrolytes or the addition of ionic liquids to water-in-salt electrolytes, 

and demonstrate the latter approach in a preliminary cell chemistry. Author contributions: 

D.R. conceived the idea for this study. D.R. and R.-S.K. designed most experiments. D.R. carried 

out the experiments. D.R., R.-S.K., C.B. analyzed the data. D.R. prepared the figures and wrote 

the original draft of the manuscript. R.-S.K. and C.B. critically reviewed and edited the manu-

script. All coauthors read and approved the final manuscript. 

 

Abstract 

Water-in-salt electrolytes have enabled the development of novel high-voltage aqueous 
lithium-ion batteries due to their wide electrochemical stability window. In this study, we ex-

plore why analogous sodium electrolytes have struggled to reach the same level of electro-

chemical stability. We compare solution structure and electrochemical stability for eleven dif-
ferent sodium salts, selected among the major classes of salts proposed for highly 

concentrated electrolytes. We relate the water environment established for each anion to its 

position in the Hofmeister series. We also discuss the importance of the solid-electrolyte in-
terphase for stable battery performance and how it relates to the anion. We further show that 

the search for suitable sodium salts is complicated by the fact that higher salt concentrations 

are needed than for their lithium equivalents. Reaching such a high concentration of 25 to 30 

mol/kg with one or a combination of multiple sodium salts that have the desired properties 

remains a major challenge. We conclude that alternative approaches such as mixed water/or-

ganic solvent or dual-cation electrolytes should be pursued to enable the development of 

high-voltage aqueous sodium-ion batteries. We demonstrate the potential of the mixed-sol-

vent approach by showing that the water solubility of NaTFSI can be increased from 8 to 30 

mol/kg in the presence of ionic liquids. Such a ternary electrolyte enables stable cycling of a 

2 V-class sodium-ion battery based on the NaTi2(PO4)3/Na2Mn[Fe(CN)6] electrode couple for 

300 cycles at 1C with a Coulombic efficiency of >99.5%. 
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8.1 Introduction 

Highly concentrated aqueous electrolytes have attracted significant attention over the 

past five years due to their inherent non-flammability and relatively high electrochemical sta-

bility that enabled tremendous progress in terms of the energy density of aqueous batteries. 

The archetypal water-in-salt electrolytes offer electrochemical stability windows of ≥2.5 V 

compared to ca. 1.5 V for dilute aqueous electrolytes. This approach enabled the development 

of high-voltage aqueous lithium-ion batteries, narrowing the gap in voltage and energy density 

to state-of-the-art lithium-ion batteries based on flammable organic solvents that have a typ-

ical average cell voltage of 3.7 V.[1-3] Highly concentrated electrolytes with a wide electrochem-

ical stability window are based on highly soluble perfluorinated sulfonylimide salts such as 

lithium bis(fluorosulfonyl)imide (FSI), (fluorosulfonyl)(trifluoromethanesulfonyl)imide (FTFSI), 

bis(trifluoromethanesulfonyl)imide (TFSI), (pentafluoroethanesulfonyl)(trifluoromethanesul-

fonyl)imide (PTFSI), or bis(pentafluoroethanesulfonyl)imide (BETI), sometimes in combination 
with related lithium trifluoromethanesulfonate (lithium triflate, LiOTf).[1-6] The best-perform-

ing electrolytes have high overall molalities of ≥20 moles of salt per kilogram of water 

(20 mol/kg, 20m).[1-10] Higher salt concentration is directly linked to increased electrochemical 
stability for these electrolytes as eventually almost all water molecules are "trapped" in the 

solvation shell of the cations. Additionally, incorporation of anions into the cation solvation 

shell at such high concentrations leads to an interphasial chemistry dominated by reduction 
of anions and the formation of an anion-derived solid-electrolyte interphase (SEI) on the an-

ode surface that also contributes to the wide electrochemical stability window of water-in-

salt electrolytes.[11-14]  

Aqueous sodium, potassium, aluminum, or zinc chemistries based on the water-in-salt 

approach are also of great interest to the community, but their development is hindered by 
the relatively low solubility of the analogous imide and triflate salts at room temperature. 

Maximum concentrations at 25 °C are, e.g., 9m NaOTf, 8m NaTFSI, <2m KTFSI, <2m Zn(TFSI)2, 

or <1m Al(TFSI)3.[4, 15, 16] Due to the lower charge density of e.g. Na+ compared to Li+, sodium 
electrolytes need to have an even higher concentration than lithium electrolytes to achieve 

the same peculiar solution structure that enables high electrochemical stability, i.e. strong 

cation-water and cation-anion interactions.[17] 

Consequently, highly concentrated electrolytes based on other types of salts with high 

solubilities, especially for sodium and potassium batteries, have been explored. In particular, 

nitrates, perchlorates, and acetates have been studied, and concentrations up to 40m have 

been achieved for eutectic mixtures of two different acetate salts.[18-24] Still, even at such high 

concentrations, most of these electrolytes do not nearly reach the electrochemical stability of 
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lithium imide/triflate electrolytes. In the case of sodium electrolytes, they are even outper-

formed by the much-lower-concentrated 9m NaOTf electrolyte.[4] This lack of electrochemical 

stability is often not immediately apparent in cells reported in literature due to the choice of 

low-voltage anode-cathode couples,[25-29] the use of high C-rates,[20-23, 25, 28-32] excess electro-

lyte that compensates low efficiencies,[22] overly optimistic electrochemical stability windows 

determined by high-scan-rate linear sweep voltammetry experiments,[21-23, 29-34] and/or by 

generally demonstrating only few cycles.[19, 20, 23, 26, 27, 31, 33-36]  

Apparently, the anion plays a crucial role in solution structure as well as SEI-forming abil-

ity of highly concentrated electrolytes, with large consequences for electrochemical stability 

and battery performance. Molecular dynamics studies already revealed that in concentrated 

solutions water-cation, water-water, and cation-anion interactions, i.e. ion-pairing and ag-

glomeration, are highly sensitive to the nature of the anion.[37] The influence of the anion on 

solution structure was recently also studied experimentally for saturated solutions of NaClO4, 

NaOTf, LiTFSI, NaNO3, and Na2SO4. However, the large range of saturation concentrations for 
these salts (1 to 17m) makes comparison of the results for the different anions difficult.[24] 

Here, we systematically compare highly concentrated aqueous electrolytes based on 

eleven sodium salts and demonstrate the tremendous influence the anion has on solution 

structure and suitability for aqueous high-voltage batteries. We determine the minimum so-

dium salt concentration needed to support stable cycling of 2 V-class 
NaTi2(PO4)3/Na3(VOPO4)2F and NaTi2(PO4)3/Na2Mn[Fe(CN)6] batteries and show that besides 

solubility, high chaotropicity according to the Hofmeister series is a key property of suitable 

sodium salts. The anion's ability to form a stable SEI is further discussed as a crucial factor for 
good cell performance. We also screen combinations of eleven anions, highlighting the diffi-

culty of finding suitable sodium salt blends that enable effective water-in-salt electrolytes. 

Finally, we provide an overview over multiple alternative approaches towards high-voltage 
aqueous batteries and present excellent cycling data for a NaTi2(PO4)3/Na2Mn[Fe(CN)6] cell 

containing a highly concentrated electrolyte based on a mixed water/ionic liquid solvent sys-

tem. 

8.2 Results and Discussion 

Raman spectra in the wavenumber region corresponding to the OH stretching vibrations 

of water molecules can be used to investigate the impact of solutes on the water environment 

and to assess the electrochemical stability of water-in-salt electrolytes.[1, 2, 5] Pure water dis-

plays broad bands in this region due to different hydrogen-bonding environments in bulk wa-

ter,[38] whereas in highly concentrated electrolytes ideally all water molecules are coordinated 

to cations, resulting in a relatively narrow peak at ~3550 cm-1. Figure 8-1a and b show the 
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normalized Raman spectra in this region for 10m sodium acetate (NaOAc), NaNO3, NaSCN, and 

NaClO4, or 8m NaOTf, NaFSI, NaFTFSI, NaTFSI, and NaPTFSI, respectively. Concentrations of 

10m and 8m were chosen due to the maximum solubility of the least soluble salt in each series 

(NaNO3 (10m) and NaTFSI (8m), respectively). In Figure 8-1a, we also show 10m NaPTFSI for 

easier comparison between Figure 8-1a and b. For comparison with the spectrum of an effec-

tive, i.e. electrochemically stable, water-in-salt electrolyte, we also included 21m LiTFSI in both 

figures. 

 
Figure 8-1 Normalized Raman spectra in the wavenumber region corresponding to O-H vibrations of water molecules for 
(a) 10m NaOAc, NaNO3, NaSCN, NaClO4, and NaPTFSI, (b) 8m NaOTf, NaFSI, NaFTFSI, NaTFSI, and NaPTFSI, and (a-b) 21m 
LiTFSI. (c) Typical Hofmeister series for anions in water with kosmotropes on the left and chaotropes on the right end of the 
series. (d) Chemical structures of the OTf, FSI, FTFSI, TFSI, and PTFSI anions with the colored bar indicating their position in 
the extended Hofmeister series according to (a-b). 

Comparison at equimolar concentration reveals a significant dependence of this spec-

trum on the dissolved anion. 10m NaOAc shows a broad Raman signal resembling the one 

observed for pure water. For NaNO3 and NaSCN, the spectrum starts to narrow and particu-

larly the intensity of the shoulder around 3250 cm-1 decreases. For 10m NaClO4 and NaPTFSI, 

the intensity of the peak around 3400 cm-1 further decreases and a prominent peak around 

3550 cm-1 emerges. This peak is a typical feature of water-in-salt electrolytes and corresponds 

to water strongly coordinated to Li+ (compare with spectrum for 21m LiTFSI also shown in Fig. 

1a). These results show that for some anions such as acetate the solutions contain a relatively 

high fraction of bulk-like, i.e. pure-water-like, water molecules. In contrast, for anions such as 

perchlorate relatively more water is trapped in the cation solvation shell, indicating that water 
in these electrolytes is less prone to electrolysis. Interestingly, the trend in the water environ-

ment as indicated by the Raman spectra follows the empirical Hofmeister series, the typical 

CO3
2- SO4

2- PO4
3- OAc- F- Cl- Br- NO3

- I- SCN- ClO4
-

OTf FSI FTFSI TFSI PTFSI

c

d

a b

Kosmotropic Chaotropic

S
O

-
O

CF3

O
S

N
-

S
O

F
O

O

F
O

S
N

-

S
O

CF3
O

O

F
O

S
N

-

S
O

CF3
O

O

CF3
O

S
N

-

S
O

CF3
O

O

CF2
O

CF3



 

116 
 

anion series is shown in Figure 8-1c, which originally described a trend in the minimum con-

centration of a salt needed to precipitate albumin protein from an aqueous solution.[39] Ions 

were later grouped into kosmotropes or structure makers with the ability to order the hydro-

gen-bonding network of water molecules beyond their first solvation shell, and chaotropes or 

structure breakers which lack this quality.[40] Thus, strongly hydrated kosmotropes, e.g. the 

acetate anion, form water-clusters, effectively removing water from the protein leading to its 

precipitation. Chaotropes like perchlorate on the other hand are only weakly hydrated.[41-44] 

A kosmotropic anion can therefore enhance ion pairing between cations and anions and influ-

ence, i.e. promote, the hydrogen-bonding network in bulk-like water domains.[37] This means 

that certain anions compete with water for a place in the cation solvation shell, thus freeing 

water molecules from this crucial trap which is at least in part responsible for the high over-

potentials towards water electrolysis in water-in-salt electrolytes.[37] Note that at sufficiently 

high concentration, chaotropes are also incorporated into the cation solvation shell, which is 

considered a key requirement for the formation of an anion-derived SEI.[1, 2, 12] Charge density 

and polarizability as well as hydrophobicity of the ion are crucial factors governing its interac-

tion with water and influencing overall solution structure.[45-48] Small variations such as rever-
sal of the order of SCN and ClO4 are common in the Hofmeister anion series shown in Figure 

8-1c, depending on experimental parameters and on the criteria used to define the series. 

Therefore, it is more accurate to talk about ion-specific effects rather than insisting on a gen-

erally viable series with fixed values of kosmo-/chaotropicity.[41, 49, 50] We further note that 
these terms are heavily debated in macromolecular solution science as their definition typi-

cally ignores the crucial role of the protein surface.[51] However, we believe the concept pre-

sents a suitable basis for the discussion of the data presented here. 

Figure 8-1d shows the chemical structures of the triflate and sulfonylimide anions con-

sidered for this study. Comparison with Figure 8-1b suggests higher chaotropicity with larger 

anion size and/or lower charge density, as indicated by the increasingly narrower signal 

around 3550 cm-1 in the order OTf>FSI>FTFSI>TFSI>PTFSI. The trend for the sulfonylimide an-
ions could also be related to hydrophobicity as the number of hydrophobic fluorine atoms per 

anion increases in the same order.[52] Hydrophobic anions should push water into interaction 

with the cations, resulting in a narrower signal around 3550 cm-1. In contrast to such cha-
otropic anions, kosmotropes gather bulk-like water in their solvation shell as indicated by the 

broad Raman signal around 3400 cm-1 for 10m NaOAc. Additionally, if the anion itself com-

petes with water for a place in the cation solvation shell, the anions free water from the cati-

on's sphere of influence thus contributing to the high fraction of bulk-like water visible in the 

Raman spectra. We therefore conclude that kosmotropic anions are not well suited for water-

in-salt electrolytes as they promote bulk-like water, or free water, which reduces the electro-

chemical stability of the electrolyte.  
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To illustrate the effect of chaotropicity on the electrochemical stability of highly concen-

trated electrolytes, we prepared more concentrated solutions of NaClO4 and NaOAc. These 

two salts have often been employed in concentrated electrolytes due to their high room tem-

perature solubilities of 17 and 15m, respectively. Figure 8-5a compares linear sweep voltam-

metry data using gold electrodes for 15m NaOAc, 15m NaClO4, and combinations of NaOAc 

and NaClO4 of higher overall concentration as well as a 40-molal mixed NaOAc/KOAc electro-

lyte suggested in reference [31]. Even though 15m NaClO4 has the lowest concentration among 

the investigated solutions, the linear sweep voltammetry data indicates that is has a higher 

oxidative stability than all the acetate-containing electrolytes. In fact, the oxidative stability of 

the acetate solutions appears to be hardly sensitive to concentration. Figure 8-5b shows the 

corresponding Raman spectra. As expected, the spectrum of 15m NaClO4 narrows compared 

to the one  of 10m NaClO4, resembling more and more the one of 21m LiTFSI (see again Fig. 

1a). Interestingly, the spectra of the acetate-containing electrolytes do not converge to the 

typical narrow spectrum of water-in-salt electrolytes like 21m LiTFSI, not even at a concentra-

tion of 40m. In fact, when comparing the spectra for 15m NaOAc and 40m KOAc/NaOAc, the 

water environment as deduced from the spectra appears almost independent of the salt con-
centration, which might explain the modest performance of the reported battery employing 

this electrolyte.[31] Furthermore, when adding NaOAc to NaClO4 electrolytes, the solution 

structure is negatively affected in the water-in-salt sense. This can be seen by the much higher 

signal intensity around 3400 cm-1, representing bulk-like water, for 25m Na(OAc)0.4(ClO4)0.6 or 
25m Na(Ac)0.6(ClO4)0.4 compared to 15m NaClO4. This finding supports the hypothesis that the 

acetate anion not only gathers bulk-like water around itself due to its kosmotropic character 

but also frees water from the cation solvation shell. The Raman spectra for 10-molal solutions 
of other sodium salts of the carboxylate type like sodium formate (NaOFo) and sodium propi-

onate (NaOPr) are very similar to the one for 10m NaOAc (Figure 8-5c). We conclude that 

carboxylates, although they have a high solubility, are not suitable for water-in-salt electro-

lytes, even in combination with other salts. 

The high chaotropicity of NaClO4 suggests that this anion is a promising candidate for 

water-in-salt electrolytes. However, besides its interaction with water, the ability of the anion 

to contribute to the formation of a stable SEI is also critically important to enable stable high-
voltage operation. In this regard, it was recently shown that the perchlorate anion does not 

contribute to the formation of an SEI. [24] The reported formation of a hydroxide- and car-

bonate-containing SEI in perchlorate solutions, which appears to be not very effective, is ra-

ther the result of reduction of dissolved gases.[24] We suspect that this lack of an anion-derived 

SEI is a major factor in the poor performance of most aqueous high-voltage batteries and su-

percapacitors based on highly concentrated NaClO4 electrolytes.[23, 26, 27, 33, 35, 36]  
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An electrolyte with a similar concentration of 18m but based on anions that are able to 

form an SEI was recently systematically developed in terms of maximizing salt concentration 

by Yamada et al.. In Figure 8-2, we compare 17m NaClO4 with this 18-molal mixed 

NaPTFSI/NaTFSI/NaOTf electrolyte (mixed-imide electrolyte). The imide salts that the latter 

electrolyte contains are not only known to be able to form an SEI but and are also highly cha-

otropic in nature according to our Raman analysis (see again Figure 8-1b).[16] Despite the 

slightly higher concentration of the mixed-imide electrolyte, the linear sweep voltammetry 

and Raman spectroscopy data suggest better performance for the 17m NaClO4 electrolyte as 

indicated by a wider stability window and a narrower Raman signal (see Figure 8-2a and b, 

respectively). However, the performance of full cells based on these two electrolytes shows a 

different picture. We compare their performance in 2 V-class NaTi2(PO4)3 (NTP)/Na3(VOPO4)2F 

(NVPOF) (Figure 8-2c-e) as well as NTP/Na2Mn[Fe(CN)6] (NaMnHCF) (Figure 8-2f-h) full cells 

cycled between 0.5 and 2.2 V at a rate of 1C. Surprisingly, the cells containing the mixed-imide 

electrolyte show higher capacity retention and Coulombic efficiency for both cell chemistries. 

Additionally, the voltage profiles in Figure 8-2 show a faster increase in cell polarization upon 

cycling for the NaClO4 compared to the mixed-imide electrolyte. These results highlight the 
importance of the electrolyte to form an SEI and exemplify that linear sweep voltammetry and 

Raman data should be carefully interpreted. We conclude that only full-cell cycling data can 

give reliable information on the practical electrochemical stability window of water-in-salt 

electrolytes. 
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Figure 8-2 (a) Linear sweep voltammograms at a scan rate of 0.1 mV/s on gold electrodes and (b) normalized Raman 
spectra in the wavenumber region corresponding to O-H vibrations of water molecules for 17m NaClO4 and 18.3m Na-
mixed-imide electrolytes. In (a) the thermodynamic potentials for the hydrogen (HER) and oxygen evolution (OER) reactions 
at pH = 6 are indicated by dashed vertical lines. (c) Discharge capacity and Coulombic efficiency of NTP/NVPOF cells (mass 
ratio 1.2:1) cycled between 0.5 and 2.2 V at a rate of 1C (130 mA/g) in 17m NaClO4 and 18.3m Na-mixed-imide electrolytes. 
(d-e) Corresponding voltage profiles. (f) Discharge capacity and Coulombic efficiency of NTP/NaMnHCF cells (mass ratio 
2:1) cycled between 0.5 and 2.2 V at a rate of ca. 1C (140 mA/g). (g-h) Corresponding voltage profiles. Capacities and rates 
are based on the cathode active material mass. 

Nevertheless, even with highly chaotropic anions capable of forming a stable SEI, the 

electrochemical stability of the 18-molal mixed-imide electrolyte is still insufficient for both 

these 2 V-class cell chemistries as demonstrated by Coulombic efficiencies of less than 97% 

and poor capacity retention. In fact, our recent study comparing highly concentrated aqueous 

electrolytes based on LiFSI and NaFSI indicated that sodium electrolytes need a higher con-

centration to reach the same level of stability than their lithium equivalents due to the lower 

charge density of Na+ compared to Li+.[17] The difference in stability is again demonstrated in 

Figure 8-6 where we compare Raman spectra for 10 and 25m LiFSI and NaFSI electrolytes. At 

the same concentration, the LiFSI solutions show considerably smaller contributions from 
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bulk-like water compared to the NaFSI solutions, indicating that a higher Na- compared to Li-

salt concentration is needed to reach the same level of electrochemical stability. 

To identify the sodium salt concentration that enables the electrochemical stability of typical lithium water-

in-salt electrolytes, we systematically studied the influence of sodium salt concentration on the 

cycling stability of 2 V-class full cells based on the electrode couples introduced with Figure 2. 

Stable cycling behavior has been demonstrated for comparable 2 V-class lithium-ion full cells 

employing e.g. the Mo6S8/LiMn2O4 or TiO2/LiMn2O4 electrode couples in water-in-salt electro-

lytes with a concentration of 21 or 28m, respectively.[1, 3] 

In Figure 8-3, we compare the cell performance of NTP/NVPOF and NTP/NaMnHCF full 

cells using 20, 25, 30, or 35m Na(FSI)0.79(FTFSI)0.29 as the electrolyte. Note that these electro-

lytes cannot be used for long-term operation due to the susceptibility of the fluorosulfonyl 

groups of the FSI and FTFSI anions towards hydrolysis.[17] Upon cycling, the cells containing the 

20 or 25m electrolytes exhibit poor capacity retention and low Coulombic efficiencies of ini-

tially only 77-88% for both cell chemistries (see Figure 8-3a-b and g-h). Furthermore, the plat-
eau-like features at high voltage visible in the voltage profiles clearly indicate extensive elec-

trolyte decomposition at cell voltages above ca. 2 V (Figure 8-3c-d and i-j). In contrast, for 30 

and 35m, the capacity retention is much better (Figure 8-3a,g). In addition, the Coulombic 
efficiencies of 98-99% (NTP-NVPOF) and 96-98% (NTP-NaMnHCF) are significantly higher (Fig-

ure 8-3b,h). There is also less polarization visible in the voltage profiles and the plateaus indi-

cating electrolyte decomposition at high voltage are absent (Figure 8-3e,f,k,l). We assume that 
the lower initial capacity recorded for the cells containing the electrolytes with concentrations 

of ≥30m is related to the higher viscosity of these electrolytes (62  and 124 mPa s at 25 °C for 

30 and 35m, respectively) compared to 20 and 25m (22 and 39 mPa s, respectively). Interest-

ingly, the transition from poor performance to rather stable cycling behavior takes place at an 
electrolyte concentration between 25m and 30m. We note that a concentration of 27.5m cor-

responds to a water-to-cation ratio of 2 to 1. 
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Figure 8-3 (a) Discharge capacity and (b) Coulombic efficiency of NTP/NVPOF cells (mass ratio 1.2:1) cycled between 0.5 
and 2.2 V at a rate of 1C (130 mA/g) using 20m, 25m, 30m, or 35m Na(FSI)0.79(FTFSI)0.29 as the electrolyte. (c-f) Correspond-
ing voltage profiles. (g) Discharge capacity and (h) Coulombic efficiency of NTP/NaMnHCF cells (mass ratio 2:1) cycled 
between 0.5 and 2.2 V at a rate of ca. 1C (140 mA/g) using 20m, 25m, 30m, or 35m Na(FSI)0.79(FTFSI)0.29 as the electrolyte. 
(c-f) Corresponding voltage profiles.  Capacities and rates are based on the active material mass of the cathode. 

The results of the cycling experiments show that even with anions with favorable prop-

erties, i.e. anions that are highly chaotropic and capable of forming a stable SEI, a concentra-

tion of >25m is needed for sodium electrolytes to enable stable cycling of 2 V-class batteries. 
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As both NaFSI and NaFTFSI are unsuitable for practical cells and no water-in-salt electro-

lyte with a concentration of >25m solely based on sodium salts is known to us, we investigated 

aqueous solutions containing multiple sodium salts. Combining two or more salts in one solu-

tion can enable a higher overall concentration due to e.g. a favorable gain in mixing entropy.[53, 

54] We studied mixtures containing up to five sodium salts. The mixtures were principally in-

vestigated in terms of their liquidus temperature with the goal to maximize the salt concen-

tration near room temperature. Table 8-1 summarizes the more interesting combinations we 

identified. This work is complimentary to the systematic study recently conducted by Yamada 

et al. that resulted in the 18m mixed-imide electrolyte[16] presented in Figure 8-2. 

With a respective liquidus temperature of 22 and 16 °C, 21m 

Na(ClO4)0.33(PTFSI)0.33(OTf)0.33 and 21m Na(ClO4)0.33(PTFSI)0.24(OTf)0.33(TFSI)0.1 are among the 

most promising candidates that contain only suitable anions according to our previous anal-

yses. However, in line with the results by Yamada et al., we found no combination rich in per-

fluorinated imide salt(s) with a concentration of >25m and a liquidus temperature of ≤20 °C. 
As a side note, several salt combinations with total concentrations of ≥20m where the anions 

differ significantly in size, e.g. perchlorate and PTFSI, result in biphasic systems. Such systems 

are potentially of interest for e.g. recycling applications or membrane-free flow batteries.[55, 

56] We conclude that reaching a concentration of >25m at room temperature with one or mul-
tiple sodium salts that have the desired properties remains a major challenge. 

These comprehensive studies show that other approaches are needed to improve the 

stability of high-voltage aqueous sodium-ion batteries. Several promising concepts have re-

cently been introduced, particularly for lithium-ion batteries and electrolytes: Addition of ac-
etonitrile as an organic co-solvent was shown to improve the SEI stability on the anode and 

thus enabled stable cycling of Li4Ti5O12/LiMn2O4 and Li4Ti5O12/LiNi0.8Co0.15Al0.05O2 full cells, 

while maintaining the non-flammability of aqueous electrolytes.[57] The presence of ionic liq-

uids in water-in-salt electrolytes was recently shown to increase the solubility of suitable lith-

ium salts such as LiTFSI. In this study, such a hybrid electrolyte with an ultra-high salt concen-

trations of 63m was proposed that enables stable cycling of the Li4Ti5O12/LiMn2O4 electrode 

couple.[7] Another potential path forward is the development of new anions. Pseudo-delocal-

ized sulfonate-amines are a promising candidate and have been recently incorporated in a 39-

molal water-in-salt electrolyte.[9] Furthermore, instead of using mixed-anion electrolytes, 

combining multiple cations can also increase the overall concentration. Particularly if the sec-
ond cation does not take place in the redox reactions of the battery, this approach can enable 

stable battery operation as recently demonstrated for a 31-molal electrolyte with the Na-

TiOPO4/Na1.88Mn[Fe(CN)6]0.97·1.35H2O electrode couple, which has a relatively high average 



123 
 

discharge voltage of 1.7 V.[8] Finally, water-containing deep eutectic solvents are another av-

enue that recently enabled high-voltage aqueous cell chemistries.[58] 

To demonstrate the potential of these approaches, we here employ the concept of in-

creasing the conducting salt solubility by using a mixed water/ionic liquid solvent system for 

the first time for sodium electrolytes. Remarkably, the solubility of both NaOTf and NaTFSI can 

be boosted from 9 and 8m, respectively, to 30m in the presence of 1-ethyl-3-methylimidazo-

lium (EMIm)-based ionic liquids. We prepared four electrolytes with overall molalities of 50 

and 80m. The 50-molal NaOTf0.4EMImOTf0.6 and NaTFSI0.4EMImTFSI0.6 electrolytes have re-

mained liquid in our lab at room temperature for more than four weeks. Furthermore, differ-

ential scanning calorimetry (DSC) heating scans indicate liquidus temperatures below 20 °C 

for these electrolytes (see Figure 8-7). The ionic conductivity of the OTf electrolyte at 25 °C 

(16 mS cm-1) is higher than for the TFSI mixture (8 mS cm-1). This difference is in part due to 

the smaller size of the OTf compared to the TFSI anion. However, the lower chaotropicity of 

OTf compared to TFSI might also play a role by leading to a higher fraction of bulk-like water 
for the former anion (see difference in the Raman spectrum shown in Figure 8-8). Importantly, 

the conductivity of these electrolytes is significantly higher than that of a comparable 63-molal 

lithium electrolyte reported in literature (0.9 mS cm-1)[7] , in agreement with the higher charge 

density of Li+ compared to Na+. The 80-molal NaOTf0.375EMImOTf0.625 and NaTFSI0.375EMI-
mTFSI0.625 mixtures form a translucent gel upon undisturbed storage over two weeks, although 

no corresponding thermal event is observed in DSC (see again Fig. S3). We note that gel for-

mation in such highly concentrated electrolytes was recently predicted in a theoretical 
study.[59] We do not report conductivities for the 80-molal electrolytes as gelation is expected 

to be an important yet unexplored factor influencing ionic transport. 

We then integrated these electrolytes into full cells based on the NTP/NaMnHCF elec-

trode couple introduced above (Figure 8-4). At both concentrations, the TFSI-based electro-

lytes outperform their triflate analogues in terms of Coulombic efficiency and capacity reten-

tion; in agreement with the difference in chaotropicity between the two anions (see again 

Figure 8-1b). The cells containing the 50- and 80-molal NaTFSI/EMImTFSI electrolytes show a 

high initial Coulombic efficiency of 83.3% and 90.3%, respectively, and reach very high values 

of 99.4% and 99.8% after 300 cycles at 1C. The high efficiency obtained with the 80-molal TFSI 

electrolyte, results in an excellent capacity retention of 79% after 300 cycles. In comparison, 

the cells with the NaOTf/EMImOTf electrolytes have lower initial Coulombic efficiencies of 

68.2% (50m) and 83.3% (80m), reaching 96.4% and 99.2% after 300 cycles at 1C, respectively. 

The later efficiency is still significantly higher than the steady-state value of 98% reached with 

the 35-molal NaFSI/NaFTFSI electrolyte (see again Figure 8-3h). The voltage profiles of the 



 

124 
 

cells containing the ionic liquid-based 50-molal electrolytes (Figure 8-10a and c) strongly re-

semble the one of the 20-molal NaFSI/NaFTFSI cell shown in Figure 8-3i, with plateaus at high 

voltage suggesting electrolyte decomposition in the first cycles. This feature is more pro-

nounced for the triflate- compared to the TFSI-based electrolyte, again in agreement with the 

trend in chaotropicity. This result shows that even in solutions containing 30m of an imidazo-

lium-based ionic liquid, a sodium concentration of 20m is again insufficient to enable high 

electrochemical stability. Hence, the ionic liquid plays only a negligible role in stabilizing the 

electrolyte and its main role is to increase the sodium salt solubility. In contrast, the voltage 

profiles of the cells containing the 80-molal electrolytes do not show a decomposition plateau 

at high voltage (Figure 8-10b and d), similar to the cells with the 30- and 35-molal 

NaFSI/NaFTFSI electrolytes (see again Figure 8-3k and l). These results demonstrate that 

mixed water/ionic liquid solvents systems are promising way to realize high-voltage aqueous 

sodium-ion batteries. 

 
Figure 8-4 Discharge capacity and Coulombic efficiency of NTP/NaMnHCF fulls cells (mass ratio 2:1) cycled between 0.5 
and 2.2 V at a rate of ca. 1C (140 mA/g) using (a) 50m NaOTf0.4EmiOTf0.6, (b) 80m NaOTf0.375EmiOTf0.625, (c) 50m NaT-
FSI0.4EmiTFSI0.6, and (d) 80m NaTFSI0.375EmiTFSI0.625 as the electrolyte. Capacities and rates are based on the active material 
mass of the cathode. 

8.3 Conclusions 

In summary, we investigated eleven sodium salts, chosen among the major classes of an-

ions proposed for highly concentrated electrolytes, in terms of their suitability for water-in-

salt electrolytes. Our results show that at high salt concentration the nature of the anion has 

a
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a crucial effect on solution structure and performance in aqueous high-voltage batteries. Fol-

lowing the classification into chaotropic and kosmotropic ions according to the Hofmeister 

series, we demonstrate that kosmotropes such as acetate are unsuitable for high-voltage ap-

plications as they promote the formation of bulk-like water clusters that are prone to hydrol-

ysis. Suitable anions also need the ability to act as an SEI-former to further suppress the hy-

drogen evolution reaction. However, some common chaotropic anions such as perchlorate do 

not have this ability, which explains the relatively poor cycling stability of high-voltage cells 

based on such electrolytes. 

While several highly soluble lithium salts based on chaotropic and SEI-forming anions 

such as LiTFSI are known, it remains a great challenge to identify suitable sodium salts or salt 

combinations. Further complicating this search is the fact that most sodium salts often have a 

lower solubility than their lithium equivalents. In addition, our results show that sodium elec-

trolytes require a 5 to 10 mol/kg higher concentration than their lithium equivalents to reach 

comparable electrochemical stability. After conducting an intensive search combining up to 
five different sodium salts, we conclude that "classical" sodium water-in-salt electrolytes cur-

rently do not exist and alternative approaches should be further explored. The use of mixed 

water/organic solvent systems, dual-cation electrolytes, and non-electrolyte approaches like 

electrode coatings are all potential avenues to enable high-voltage aqueous sodium-ion bat-
teries. For the example of a mixed water/ionic liquid solvent system, we demonstrate that the 

solubility of NaTFSI can be boosted from 8 to 30 mol/kg with respect to water, increasing the 

electrochemical stability of the solution to the level of common lithium water-in-salt electro-
lytes. This new hybrid electrolyte enables stable operation of a 2 V-class sodium-ion battery 

based on the NaTi2(PO4)3/Na2Mn[Fe(CN)6] electrode couple for 300 cycles at 1C with a Cou-

lombic efficiency of >99.5%. 

8.4 Methods 

Sodium formate (NaOFo) (99%, Sigma-Aldrich), sodium acetate (NaOAc) (99%, Sigma-Al-

drich), sodium propionate (NaOPr) (99%, Sigma-Aldrich), NaNO3 (99.99%, Fluka), NaSCN (98%, 
Sigma-Aldrich), NaClO4 (>98%, Sigma-Aldrich), sodium trifluoromethanesulfonate (sodium tri-

flate, NaOTf) (98%, Thermo Fischer), NaFSI (99.7%, Solvionic), NaFTFSI (≥98%, Provisco), NaT-

FSI (99.5%, Solvionic), NaPTFSI (98%, Provisco), LiFSI (battery grade, Fluorochem), LiTFSI 
(99.9%, Solvionic), potassium acetate (KOAc) (99%, Sigma-Aldrich), EMImOTf (99.5%, Solvi-

onic), and EMImTFSI (99.9%, Solvionic) were used as received. Electrolytes were prepared by 

dissolving the salt(s) in high-purity water (Millipore Milli-Q) which was previously purged with 

argon.  
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Raman spectra of electrolytes sealed in NMR tubes were collected at room temperature 

on a Renishaw Ramascope using a 50 mW laser with a wavelength of 633 nm.  

Electrochemical stability windows at 25 °C were determined via linear sweep voltamme-

try on a gold working electrode (diameter of 1 mm, eDAQ), using a miniature Ag/AgCl refer-

ence electrode (eDAQ), and a Pt-coated Ti rod (eDAQ) counter electrode in a small volume 

glass cell (eDAQ) with a Bio-Logic VMP3 electrochemical workstation. The electrolyte volume 

was ca. 600 µL and the scan rate was set to 0.1 mV s-1. Separate experiments were carried out 

to determine the cathodic and anodic stability. Ionic conductivity was determined via imped-

ance spectroscopy (Bio-Logic MCS 10) in sealed 2-electrode cells equipped with Pt electrodes 

(Bio-Logic HTCC). 

Differential scanning calorimetry was carried out with a Netzsch STA 449 F3 simultaneous 

thermal analyzer. Ca. 40 mg of electrolyte sample were mixed with 1-2 mg of meso-carbon 

microbeads acting as crystallization agent and hermetically sealed in Al pans. The samples 

were equilibrated at 60 °C for 30 min before scanning to −120 °C followed by a scan back to 

60 °C. The liquidus transitions were defined by their respective peak maxima. The scan rate 
for all measurements was set to 1 °C min−1.  

NaTi2(PO4)3 and Na3(VOPO4)2F were synthesized via solid-state routes according to refer-

ence[6]. Na2Mn[Fe(CN)6] was synthesized via co-precipitation according to reference[60]. Pow-

der X-ray diffractograms of the active materials were recorded with a Panalytical X- X'pert PRO 

MRD using Cu Kα1 radiation. See Fig. S6 for a diffractogram of the Na2Mn[Fe(CN)6] powder 
prepared by us. 

Electrodes with a diameter of 12 mm and an active material mass loading of 2 to 5 mg 

cm-2 were prepared from N-methyl-2-pyrrolidone (NMP)-based slurries on aluminum (NTP) 

and titanium (NVPOF, NaMnHCF) current collectors, respectively. The composition of the elec-

trodes was 80% active material, 10% polyvinylidene difluoride binder (Arkema Kynar HSV900), 

and 10% carbon black (IMERYS Graphite & Carbon C-NERGY SUPER C65). 2-electrode coin cells 

were assembled using Whatman GF/D glass microfiber filters as separator and 100 µl of elec-

trolyte. The cells were cycled at 25 °C. 
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8.5 Supplementary Information 

 
Figure 8-5 (a) Linear sweep voltammograms of 15m NaOAc, 15m NaClO4, 25m Na(OAc)0.4(ClO4)0.6, 25m Na(OAc)0.6(ClO4)0.4, 
30m Na(OAc)0.33(ClO4)0.66, and 40m KOAc0.8NaOAc0.2 aqueous electrolytes on gold electrodes at a scan rate of 0.1 mV/s. 
The thermodynamic potentials for the hydrogen (HER) and oxygen evolution (OER) reactions at pH = 6 are indicated by 
dashed vertical lines. (b-c) Raman spectra in the wavenumber region corresponding to O-H vibrations of water molecules 
for (b) 15m NaOAc, 15m NaClO4, 25m Na(OAc)0.4(ClO4)0.6, 25m Na(OAc)0.6(ClO4)0.4, 30m Na(OAc)0.33(ClO4)0.66, and 40m 
KOAc0.8NaOAc0.2, and (c) 10m NaOFo, NaOAc, NaOPr, and NaClO4 

 

 
Figure 8-6 Raman spectra in the wavenumber region corresponding to O-H vibrations of water molecules for NaFSI and 
LiFSI electrolytes with concentrations of 10 and 25m. 

 

a

b c
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Figure 8-7 DSC cooling and heating curves of 50m NaOTf0.4EmiOTf0.6, 80m NaOTf0.375EmiOTf0.625, 50m NaTFSI0.4EmiTFSI0.6, 
and 80m NaTFSI0.375EmiTFSI0.625 recorded at a scan rate of 1 K min−1.  

 

 
Figure 8-8 Normalized Raman spectra in the wavenumber region corresponding to O-H vibrations of water molecules for 
21m LiTFSI, 50m NaOTf0.4EMImOTf0.6, 80m NaOTf0.375EMImOTf0.625, 50m NaTFSI0.4EMImTFSI0.6, and 80m NaTFSI0.375EMI-
mTFSI0.625. The strong bands occurring between 2800 and 3200 cm-1 are assigned to C-H stretching modes of the cation.[61] 
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Figure 8-9 Voltage profiles of the NTP/NaMnHCF fulls cells shown in Fig. 4. The cells were cycled between 0.5 and 2.2 V at 
a rate of ca. 1C (140 mA/g) using (a) 50m NaOTf0.4EMImOTf0.6, (b) 80m NaOTf0.375EMImOTf0.625, (c) 50m NaTFSI0.4EMI-
mTFSI0.6, and (d) 80m NaTFSI0.375EMImTFSI0.625 as the electrolyte. Capacities and rates are based on the active material 
mass of the cathode. The anode to cathode active material mass ratio was 2:1. 

 

 

 
Figure 8-10 X-ray diffractogram of Na2Mn[Fe(CN)6] (NaMnHCF) prepared by us. The pattern corresponds to the one re-
ported in reference 60. 

 

 

 

a b

c d
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Table 8-1 Selected combinations of sodium salts and their approximate liquidus temperatures (TL). (OFo = formate, OAc = 
acetate, OPr = proprionate, OTf = triflate) 

Molality (mol/kg)   

OFo OAc OPr NO3 ClO4 SCN OTf FSI FTFSI TFSI PTFSI 
Total 
Conc. TL (°C) Comments 

    7  7   2 5 21 16  
 15   10      5 30 18  
    6.3  6.3   2 6.3 21 18  
 15   5      10 30 19  
    10 15      25 21 SCN redox activity 
    7  7    7 21 22  
    6.9  3.66   3.26 6.13 20 22  
      5  15  10 30 23 F-S bonds 
 15         15 30 23  
    10  5    5 20 24  
 15   10       25 20-25  
        15  10 25 20-25 F-S bonds 
       17.9 7.1   25 20-25 F-S bonds, supercooling 
    15  5     20 20-25   
    10      10 20 20-25  biphasic, liquid 
    15  2.5    2.5 20 20-25  biphasic, liquid 
      4.6   3 14.3 22 27  
 12.5   5      12.5 30 29  
  10           15 25 25-30  
 20         10 30 25-30  
    5  5   5 5 20 25-30  
 12.5   12.5       25 25-30  
 10   15       25 25-30  
       5 15  10 30 25-30 F-S bonds 
      5 5 15  10 35 25-30 F-S bonds 
       21.4 8.6   30 25-30 F-S bonds, supercooling 
 10   5      15 30 33  
 10   10      10 30 33  
 10   15      5 30 33 biphasic, part liquid at RT 
    5      15 20 33.  
    12.5 12.5      25 34 SCN redox activity 
 4.2     6.3    19.5 30 37  
      6.4  17.5  11.66 36 37 F-S bonds, supercooling 
      5.8   17.5  11.66 35 38 F-S bonds, supercooling 
       25 10   35 38 F-S bonds, supercooling 
 7.5   2.5      20 30 39 SCN redox activity 
    15 10      25 40 SCN redox activity 
      6.3   4.2 19.5 30 41  
 10   20       30 44  
 5   5      20 30 46  
 20   10       30 >100  
 15     15     30 >100  
 15   15       30 >30  
    15  5    10 30 >30  
    15  7.5    7.5 30 >30  
    10  10    10 30 >30  
    15  10    5 30 >30  
    12  12   2.4 3.6 30 >30  
        10  15 25 >30  
       5 10  15 30 >30 F-S bonds 
       10 10  15 35 >30 F-S bonds 
      5  10  15 30 >30 F-S bonds 
        18  12 30 >30 F-S bonds 
        25  10 35 >30 F-S bonds 
        21.4  8.6 30 >30 F-S bonds 
        17.9  7.1 25 >30 F-S bonds 
 20   5      5 30 >60  
 15     5    10 30 >60  
     9.5     9.5 19 >60 biphasic at 60, part liquid at RT 
  5 5 5 5     5 25 >60 biphasic at 60, part liquid at RT 
    10 10     5 25 >60 biphasic at 60, part liquid at RT 
  5  5      15 25 >60 biphasic at 60, part liquid at RT 
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    15      5 20 >60 biphasic at 60, part liquid at RT 
    17      3 20 >60 biphasic at 60, part liquid at RT 
    10      20 30 >60 biphasic at 60, solid at RT 
    20      10 30 >60 biphasic at 60, solid at RT 
    15      10 25 >60 biphasic at 60, solid at RT 
    15      15 30 >60 biphasic at 60, solid at RT 
    10      15 25 >60 biphasic at 60, solid at RT 
   10       10 20 >60 biphasic at 60, solid at RT 
   8.3       12.5 21 >60 biphasic at 60, solid at RT 
   5 5      10 20 >60 biphasic at 60, solid at RT 
    5 10     15 30 >60 biphasic at 60, solid at RT 
  10  5      10 25 >60 biphasic at 60, solid at RT 
    13  4.2   2.8  20 >60  
 15     10    5 30 >80  
   10  15      25 >80  
   10 10 10      30 >80  
  5  10 10      25 >80  
 12.5 12.5         25 >80  
8.33 8.33 8.33         25 >80  
    15     5  20 >80  
    10  5   5  20 >80 biphasic 
  10  15       25 >80 biphasic 
  10   15      25 >80  
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In this invited perspective article we discuss the electrochemical stability of water-in-salt elec-
trolytes. In literature we often find exaggerated stabilities and a disconnect between reported 
and practical electrochemical stability windows. Based on practical cells we discuss the issues 
in evaluating the stability window and provide guidance for future studies in the field. Author 
contributions: R.-S.K., D.R., C.B. conceived the idea for this study. D.R. and R.-S.K. designed 
the experiments. R.-S.K. calculated the examples given in the first part of the article. D.R. car-
ried out the electrochemical experiments. D.R., R.-S.K., C.B. analyzed the data. R.-S.K and D.R. 
prepared the figures and wrote the original draft of the manuscript. R.-S.K. and C.B. critically 
reviewed and edited the manuscript. All coauthors read and approved the final manuscript. 

 

Abstract 

The water-in-salt approach has expanded the electrochemical stability window of aque-

ous electrolytes, enabling novel aqueous batteries with relatively high cell voltages and energy 
densities. However, the stability of these electrolytes tends to be overestimated. The instabil-

ity of the electrolyte is typically masked by high rates and a large excess amount of electrolyte 

present in lab cells. Based on a discussion of practical cells, we revisit voltammetry data and 
offer guidelines for a more stringent evaluation of electrochemical stability window data. 

9.1 Introduction 

Water has many excellent properties as electrolyte solvent. It possesses a high dielectric 
constant, low viscosity, and is non-toxic, non-flammable, and inexpensive. However, its major 

drawback is its limited electrochemical stability window (ESW) of thermodynamically only 

1.23 V at 25 °C. This has generally limited the voltage of aqueous batteries to ≤1.5 V with the 

exception of the lead-acid battery reaching 2.1 V when fully charged. Through a combination 

of bulk, interface, and interphase effects, highly concentrated aqueous solutions based on 

lithium perfluoroalkylsulfonylimide and related salts have wider ESWs than traditional aque-

ous electrolytes used in e.g. nickel-metal hydride or lead-acid batteries.[1-4] Molecular dynam-

ics simulations indicate that particularly bis(trifluoromethanesulfonyl)imide (TFSI) anions ac-

cumulate at the electrode surface upon positive polarization, establishing a water-depletion 

zone that leads to higher oxidative stability of such electrolytes.[2] The increased reductive 

stability has been linked to the formation of a solid-electrolyte interphase on the anode side 

from decomposition of the lithium salt.[1, 3] In analogy to the solvent-in-salt approach,[5] these 

electrolytes are also called water-in-salt electrolytes as they contain more salt than water by 

weight and volume.[1] 
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The relatively wide ESW of water-in-salt electrolytes has enabled the development of 

novel, mostly intercalation-type, aqueous batteries with higher cell voltages than previously 

possible, narrowing the gap in voltage compared to cells based on organic electrolytes.[1, 6-9] 

9.2 Current Status 

The ESW of water-in-salt electrolytes such as 21 mol/kg (21m) LiTFSI has been reported 

to be as high as 3 V.[1, 7, 10] This has enabled stable cycling of high-voltage cathode materials 

such as LiMn2O4 and Na3(VOPO4)2F over several hundred cycles even at low charge/discharge 

rates.[1, 9, 11] In combination with anode protection strategies, e.g. carbon coatings or hydro-

phobic polymer coatings, stable cycling was also demonstrated with TiO2, Li4Ti5O12, 

NaTi2(PO4)3, and even graphite anodes.[6, 8, 9, 12]  

However, an increasing number of studies is proposing batteries and supercapacitors 

with increasingly higher cell voltages. In some cases, the cell voltage is obviously too high as 

in the case of >3 V supercapacitors.[13, 14] In other cases, stable cycling was achieved at high 

rates, but the low rate performance is not reported or relatively fast capacity fading is ob-
served.[7, 10] 

These high-voltage devices usually have in common a low active material mass loading 

(≤5 mg/cm2) and a large amount of electrolyte (typically ~100 µL/cm2 with respect to the elec-

trode area). Together with the often-employed high rates of ≥5C, the stability of the electro-
lyte under more practical conditions is difficult to assess. When a cell is operated at high rates, 

the electrolyte is subjected to strongly reducing or oxidizing conditions for a much shorter 

time per cycle than at low rates. Hence, the current rate has a significant impact on the de-
composition rate of the electrolyte per cycle. Realistic cells with high mass loadings 

(≥20 mg/cm2) would potentially not be able to support such high rates due to transport limi-

tations in the electrolyte. Finally, the onset of detrimental effects from water hydrolysis, e.g. 

salt precipitation or (local) pH change,[15, 16] can be delayed for a long time when using large 

amounts of electrolyte as the relative change in electrolyte composition is then small. 
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9.3 Future Needs 

How much electrolyte would a realistic battery based on water-in-salt electrolytes con-

tain? Considering that the lithium-ion conductivity of typical water-in-salt electrolytes at room 

temperature is on the order of 1-7 mS/cm,[7, 17] i.e. comparable to that of carbonate-based 

organic electrolytes,[18] the distance between current collectors composed of the thickness of 

anode, separator, and cathode should be similar to that in commercial lithium-ion batteries. 

Figure 9-1a shows the evolution of the overpotential stemming from the electrolyte resistance 

with increasing distance between current collectors for three hypothetical cells. The assump-

tions here are a lithium-ion conductivity of 3 mS/cm at room temperature and of 0.1 mS/cm 

for the low temperature scenario. For the high-energy and high-power batteries, we consider 

areal capacities and current rates of 5 and 2 mAh/cm2 and C/5 and 10C, respectively. 

For these three scenarios, Ohmic losses are negligible up to the considered maximum 

distance between current collectors (neglecting electrode tortuosity) of 1 mm for the high-

energy battery operated at room temperature. For the other two scenarios, Ohmic losses 
stemming from the electrolyte already exceed 100 mV for a distance of 100 and 150 µm, re-

spectively. Such an overpotential results in a loss in energy efficiency of 9.5% for a hypothetical 

cell with an average voltage of 2.0 V (see Figure 9-1b).[19] Hence, the electrode distance of 
practical cells based on water-in-salt electrolytes should be limited to enable high energy ef-

ficiency. This is in contrast to lead-acid batteries, whose sulfuric acid electrolyte has a room 

temperature conductivity that is three orders of magnitudes higher,[20] enabling larger elec-
trode distance and thickness. Another argument for limiting the electrode distance in water-

in-salt electrolyte-based cells, and hence the amount of electrolyte, is the high cost of most 

water-in-salt electrolytes that stems from the high price and concentration of the employed 

salts. 
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Figure 9-1 (a) Calculated dependence of the overpotential stemming from the bulk resistance of the electrolyte (Ohmic 
drop) on the electrode distance for three hypothetical cell scenarios. The assumptions are a conductivity of 3 mS/cm at 
room temperature (room temp.) and of 0.1 mS/cm at low temperature (low temp.). For the high-energy and high-power 
cells, areal capacities and current rates of 5 and 2 mAh/cm2 and C/5 and 10C were considered, respectively. (b) The resulting 
effect of the Ohmic drop on the energy efficiency of a hypothetical 2.0 V cell. (c, d) Calculated change of the electrolyte 
concentration with cycle number for (c) a realistic cell and (d) a typical lab cell. The calculation was carried out for Cou-
lombic efficiencies of 90%, 99%, 99.9%, and 99.99%. For the realistic cell and lab cell, areal capacities of 5 and 0.5 mAh/cm2 
were considered, respectively. The only other difference between the two cells is the amount of electrolyte: 5.6 µL/cm2 for 
the realistic cell (based on 2x 100 µm thick electrodes with a porosity of 25% and a 15 µm thick separator with a porosity 
of 40%) and 100 µL/cm2 for the lab cell. 20m LiTFSI was chosen as (initial) electrolyte. The dashed horizontal line in (c) and 
(d) marks the onset concentration for crystallization of 22 mol/kg considered for the discussion. 

As water-in-salt electrolytes are typically operated near the solubility limit of the salt or 

salt combination, water loss can lead to salt crystallization in the cell.[9] Crystallization can lead 

to pore clogging, capacity loss, and an increase in cell resistance.[9, 15] Figure 9-1c, d compares 

the change in electrolyte concentration with cycle number for a realistic high-energy cell as 

established above and a typical lab cell under the assumption that the irreversible capacity is 

solely due to water hydrolysis. 

For the realistic cell, we assume an areal capacity of 5 mAh/cm2 and for the lab cell 0.5 

mAh/cm2. The only other difference between the two cells is the amount of electrolyte: 5.6 

µL/cm2 for the realistic cell (derived from 2x 100 µm thick electrodes with a porosity of 25% 

and a 15 µm thick separator with a porosity of 40%) and 100 µL/cm2 for the lab cell. The value 

of 5.6 µL/cm2 for a cell with a capacity of 5 mAh/cm2 corresponds well to the range of 

1.3 to 1.5 grams of electrolyte per Ampere hour of cell capacity reported in literature for com-

mercial lithium-ion batteries, considering the higher density of water-in-salt electrolytes (our 

assumption in this study: 1.75 g/cm3) compared to that of commercial liquid organic electro-

lytes (~1.3 g/cm3): 5.6 µL/cm2 x 1.75 g/cm3 / 5 mAh/cm2 = 1.96 g/Ah.[21, 22] In the example, we 
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consider a 20m LiTFSI solution as (initial) electrolyte. If the Coulombic efficiency is only ~90%, 

as is sometimes the case for slowly-cycled water-in-salt electrolyte-based cells reported in lit-

erature,[7, 10] the electrolyte concentration of a realistic cell rapidly increases and exceeds the 

assumed solubility limit of 22m after less than 1 cycle. Only cells displaying a Coulombic effi-

ciency of ≥99.99% can be cycled for more than 500 cycles. In contrast, the lab cell can be cycled 

for more than 100 cycles even if the Coulombic efficiency is as low as 90 %. Hence, excess 

electrolyte clearly acts as cycle-life booster. This calculation ignores other detrimental effects 

of water hydrolysis such as local pH changes that can lead to active material degradation and 

current collector corrosion.[16, 23] 

While the present study focuses on the electrochemical stability of the electrolyte and its 

effect on cycle life and energy efficiency, a comprehensive evaluation of new cell components 

in terms of all relevant performance metrics is desirable to assess their practical relevance.[24, 

25] For example, the gravimetric energy density of batteries based on highly concentrated elec-

trolytes is slightly lower, all else being equal, due to the higher density of such electrolytes 
compared to traditional more dilute electrolytes (e.g., 1M LiPF6 in ethylene carbonate:dime-

thyl carbonate 1:1 (by weight) has a density of 1.30 g/cm3 at 24 °C, whereas 

27.8m Li(TFSI)0.7(LiBETI)0.3 has a density of 1.78 g/cm3 at 25 °C)[7, 22]. 

Considering that practical cells based on water-in-salt electrolytes require Coulombic ef-

ficiencies of ≥99.9% at low rates to enable sufficient cycle life, rather strict criteria have to be 
used when determining the ESW of water-in-salt electrolytes to avoid a mismatch between 

reported ESW and cycling stability under realistic conditions. For this purpose, we revisited 

electrochemical stability data for the archetypical H2O–LiTFSI system. The ESW of electrolytes 
is most commonly determined via voltammetry experiments using (inert) metal working elec-

trodes.[18] A common criterion for the determination of the ESW from voltammetry data is a 

cut-off current density.[26] However, most water-in-salt electrolyte studies state a (wide) ESW 

without mentioning the criterion used to analyze the voltammetry data that the reported ESW 

is based on. 

To study the effect of cut-off current density on the apparent ESW, we recorded voltam-

mograms of aqueous LiTFSI solutions at a scan rate of 0.1 mV/s using stainless steel and gold 
working electrodes for the reductive and oxidative stability, respectively (Figure 9-2a). All 

measurements were carried out in three-electrode Swagelok cells with a Bio-Logic VMP3 elec-

trochemical workstation. Activated carbon-based pellets were used as counter electrode, a 

miniature Ag/AgCl electrode (eDAQ) was used as reference electrode, and a Whatman type 

GF/D glass microfiber filter drenched with 150 µL of electrolyte was used as separator. 12 mm 

disks of stainless steel (grade 1.4310, Brütsch/Rüegger Werkzeuge AG) or a 1 mm gold disk 

electrode from eDAQ were used as reference electrode, respectively.  
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Figure 9-2 Electrochemical stability windows of degassed aqueous LiTFSI solutions of various concentrations. (a) Linear 
sweep voltammograms on stainless steel (for the reductive stability) and gold (for the oxidative stability), respectively. The 
thermodynamic onsets of the hydrogen and oxygen evolution reactions for a pH of 5 are shown as dashed vertical lines. 
The inset is a magnification of the low-current region of the cathodic scan. (b) Stability limits of the electrolytes as deter-
mined by applying three different threshold current densities to the voltammetry data shown in (a). (c) Stability window of 
21m LiTFSI as a function of cut-off current density. (d) Linear sweep voltammograms for 21m LiTFSI on platinum, gold, 
stainless steel (SS), titanium, glassy carbon (GC), and aluminum. The pH of all solutions was adjusted to a value of ~5. All 
experiments were carried out at room temperature at a scan rate of 0.1 mV/s. 

We then determined the cathodic and anodic stability limits for different LiTFSI concen-

trations using different cut-off current densities (see Figure 9-2b). For a cut-off current density 

of 50 µA/cm2, which corresponds to the nearly vertical parts of the current density–potential 

curves, we obtain an unrealistically wide ESW of 2.6 V already for the lowest concentration of 

1m. Hence, this criterion is clearly too loose. A much smaller cut-off current density of 

2 µA/cm2 results in more realistic ESWs of 1.4-1.5 V for the 1m, 7m, and 14m LiTFSI concen-

trations. For the 21m LiTFSI solution, we obtain an ESW of 2.1 V, while for the 

27.8m Li(TFSI)0.7(LiBETI)0.3 (LiBETI = lithium bis(pentafluoroethanesulfonyl)imide) solution an 

ESW of 2.4 V is obtained.[7] 
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Figure 9-2c shows the evolution of the apparent ESW of 21m LiTFSI with increasing cut-

off current density. Using a threshold of 100 µA/cm2, our results confirm the reported ESW of 

3 V. When lowering the cut-off from 100 to 5 µA/cm2, the ESW slowly decreases from 3.1 to 

2.7 V, while it drops to 2.1 V for a limit of 2 µA/cm2. Tying this current density back to a Cou-

lombic efficiency target of e.g. ≥99.9% is not straightforward as the measured current density 

of such a voltammetry experiment depends on the scan rate, type of working electrode, and 

to a certain extent the geometry of the employed cell. For a cell with an areal capacity of 

5 mAh/cm2 operated at a current rate of C/5, a Coulombic efficiency of 99.9% corresponds to 

an average irreversible current density of 1 µA/cm2. As many applications involve keeping the 

battery at a state-of-charge of at least 50% and as even a Coulombic efficiency of 99.9% does 

not enable hundreds of cycles, a lower current density for water decomposition of <1 µA/cm2 

appears desirable, if refilling is no option. Nevertheless, the water-in-salt approach clearly im-

proves the electrochemical stability of aqueous electrolytes. In particular, the oxidative stabil-

ity of neutral-pH water-in-salt electrolytes appears to be (at least) on par with that of conven-

tional carbonate-based electrolytes as demonstrated by the above-cited excellent cycling 

stability of several high-voltage cathode materials. These results are even more impressive 
considering that the onset of the oxygen evolution reaction shifts by 59 mV per pH unit to 

more negative potentials when increasing the pH from ≤0 (e.g. sulfuric acid used in lead-acid 

batteries) to the usually near-neutral pH of water-in-salt electrolytes. In addition, lithium-ion 

insertion/intercalation potentials are shifted by ≥200 mV to more positive potentials in water-
in-salt electrolytes, further increasing the required oxidative stability.[1, 7] 

For the cathodic scan, several studies suggest that the measured current density is the 

sum of several competing processes: hydrogen evolution reaction (HER), reduction of dis-

solved gases, and electrochemical anion reduction.[1, 3, 7] There is growing evidence that the 

latter process leads to the formation of a solid-electrolyte interphase (SEI) that consequently 

limits the HER.[3, 7] Recently, a different mechanism regarding the SEI formation process in 

water-in-salt electrolytes was proposed: According to this study, anion reduction is rather the 

result of nucleophilic attack by hydroxide anions that form as a byproduct of the HER.[4] More 

work is needed to better understand the formation process and effectiveness of the SEI form-

ing in water-in-salt electrolytes. 

The measured current densities are also highly dependent on the catalytic activity of the 

electrode material, as illustrated in Figure 9-2d. We observe significantly different current 
densities on platinum (1 mm disk electrode, eDAQ), gold, stainless steel, titanium (12 mm disk, 

>99.6%, Goodfellow), glassy carbon (1 mm disk electrode, eDAQ), and aluminum (12 mm disk, 

>99.3%, MTI). The differences in cathodic stability towards water reduction follow the re-
ported trends for the catalytic activity of these materials.[27] For the anodic scan, the current 



145 
 

density decreases in the order stainless steel ≈ gold > platinum > glassy carbon > titanium. 

Comparable differences in current density between different working electrode materials 

were also reported in literature.[7, 28] 

Finally, quantification of electrolyte oxidation and reduction products resulting from the 

competition of different processes on the anode (hydrogen evolution, reduction of dissolved 

gases, anion reduction) and cathode side (oxygen evolution, current collector corrosion, and 

potentially anion oxidation) provide valuable additional insights, especially if conducted using 

composite battery electrodes as working electrodes. In particular, gas evolution studies are 

needed to demonstrate the real practicality of batteries based on water-in-salt electrolytes. A 

first such study was published recently.[3] 

9.4 Conclusions 

The water-in-salt approach has enabled aqueous batteries and supercapacitors with sig-

nificantly larger cell voltages. However, as shown above, the ESW can easily differ by 1-1.5 V 

depending on the cut-off current density that is chosen for evaluating the voltammetry data. 
This sensitivity to the cut-off criterion has contributed to the disconnect between reported 

ESWs and reported cycling stability/Coulombic efficiency of batteries and supercapacitors in-

corporating water-in-salt electrolytes. In addition, the ESW of water-in-salt electrolytes 
strongly depends on the electrode material, as the high stability is a result of kinetic stabiliza-

tions that depend on the electrocatalytic properties of the electrode material. To give a more 

application-relevant assessment of the ESW of water-in-salt electrolytes, more stringent cri-
teria should be used when extracting ESWs from voltammetry data. Ideally, the electrodes 

chosen for the ESW experiments would have similar electrocatalytic properties as the elec-

trodes of the target device. In addition, all relevant experimental details such as cell type, 

electrode material, mass loading (if applicable), scan rate, and cut-off current density/data 

analysis method should be provided to allow assessment and comparison of ESW data from 

voltammetry. 

Finally, more realistic cell tests using small amounts of electrolyte, high mass loadings, 

and low current rates are highly desirable. Such cells should also be subjected to constant 

voltage at various states-of-charge and to different temperatures to study their stability under 

various real-life conditions. 
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10 Conclusion and Outlook 
Large-scale batteries are becoming a key component of the energy transition, enabling 

widespread integration of renewables into the grid. However, state-of-the art lithium-ion bat-

teries suffer from supply chain risks and safety issues due to the use of flammable organic 

electrolytes and reactive salts. Aqueous electrolytes are a promising alternative as they are 

inherently non-flammable, but due to their narrow electrochemical stability window did not 

deliver adequate energy density so far. At the start of this project, two major publications 

described the improved electrochemical stability of highly concentrated electrolytes, demon-

strating aqueous lithium-ion batteries with unprecedented energy densities.[1, 2] This spurred 

renewed interest in aqueous batteries and motivated this thesis. 

In this work, we studied highly concentrated aqueous electrolytes and evaluated their 

potential for application in sodium-ion batteries. We expanded the concept of so-called water-
in-salt electrolytes to post-lithium chemistries and recognized salt solubility as a major limiting 

factor. Screening for highly soluble sodium salts, we developed the first sodium water-in-salt 

electrolyte based on NaFSI, almost doubling the electrochemical stability window compared 
to dilute solutions. We describe improved chemical stability of such electrolytes compared to 

their lithium analogues and find that the FSI anions susceptibility towards hydrolysis is highly 

cation- and concentration-dependent, making NaFSI electrolytes suitable model systems.  

Water-in-salt electrolytes being nearly saturated salt solutions, we demonstrate crystal-

lization at or below room temperature to be a crucial issue limiting the practicality of such 
electrolytes. Partially replacing FSI with asymmetric FTFSI anions, we demonstrated sup-

pressed crystallization at temperatures as low as -10 °C, enabling stable cycling of a 2 V class 

aqueous sodium-ion battery over an unprecedented temperature range. We identified unique 
cation-anion coordination geometries and subsequent slow rotational relaxation of intramo-

lecular bond rotations in FTFSI to disturb dense ion packing, thus enhancing the supercooling 

behavior of concentrated FTFSI based electrolytes.  

With FSI and FTFSI only being model systems due to hydrolysis, and alternative sodium 

salts having too low solubility limits, we systematically studied the influence of the anion on 

solution structure, electrochemical stability, and cell performance in aqueous batteries. We 

develop suitability criteria for anions in water-in-salt electrolytes, establish minimum concen-

tration limits for sodium-ion batteries, and provide guidelines for future work. Linked to the 

unsuitability of certain anions, we provide a perspective on the electrochemical stability of 

water-in-salt electrolytes and discuss the disconnect between reported and practical values. 
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The main contributions of this thesis to the field of aqueous batteries can be summarized 

as follows: 

• We develop sodium water-in-salt model systems, enabling stable cycling of some of the 

highest-voltage sodium cathode materials in aqueous electrolytes 

• We scrutinize measuring the electrochemical stability window of aqueous electrolytes 

and point out that it is often overestimated in literature  

• We recognize crystallization of highly concentrated electrolytes as a crucial challenge that 

limits their applicability  

• We find that local dynamics of asymmetric anions can influence macroscopic properties 

like supercooling and thereby suppress crystallization in water-in-salt electrolytes 

• We describe strong anion-specific effects observed in concentrated electrolytes and de-

rive guidelines for choosing suitable anions for water-in-salt applications 

• We conclude that for suitable sodium salts and combinations thereof no high enough 

concentration can be achieved to enable desired electrochemical stability 

 

Clearly, not all challenges for aqueous batteries have been resolved. The need for better 
sodium cathodes is evident and the gap towards lower voltage anodes, sometimes called the 

cathodic challenge[3], remains large: The oxidative stability of aqueous electrolytes was im-

proved to high levels, enabling stable cycling of high-voltage cathodes. However, the reductive 
stability of concentrated aqueous electrolytes is still rather poor compared to their organic 

counterparts, allowing cycling of low-voltage anodes like lithium metal or graphite only with 

elaborate electrode coatings.[3-5] Furthermore, the ionic conductivity of some of the best per-

forming aqueous electrolytes with concentrations above 55m has decreased to less than 
1 mS cm-1, limiting their rate capability.[6, 7] 

We pointed out crucial factors like anion hydrolysis, which was rapidly taken up by the 

community by using the chemically more stable and still asymmetric PTFSI anion.[7-9] In addi-

tion we discussed electrolyte crystallization, and anion-specific effects, concepts that are valid 
beyond lithium- or sodium-ion batteries. For aqueous sodium-ion batteries in particular, we 

conclude that due to solubility limits, concepts other than dissolving large amounts of salt are 

needed. Promising approaches include the addition of organic co-solvents to water-in-salt 

electrolytes, which improves SEI stability on the anode while maintaining the non-flammabil-

ity of aqueous electrolytes[10], using mixed cation systems, e.g. the addition of ionic liquids to 

water-in-salt electrolytes,[6, 11] or the development of new anions such as pseudo-delocalized 

sulfonate-amines.[12] Alternatively, or rather additionally, protective coatings and artificial 
solid-electrolyte interphases seem very promising concepts for upcoming studies.[3, 5] 
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