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General Introduction and Outline 

General Introduction 

Starting from 1850, the cheap and abundant energy provided by fossil fuels has been the 

driving force to reach the current industry-based society ensuring access to health, food, 

goods, transportation, communication and more. Unfortunately, the consequences of this 

fossil fuels consumption are now clearly stated by the Intergovernmental Panel on Climate 

Change (IPCC): the massive use of fossil fuels has increased the concentration of greenhouse 

gases (CO2, CH4, N2O, …) in the atmosphere to abnormal levels, nowadays reaching their 

highest concentrations in the last million years (Introductory Fig. 1a).1 These human-induced 

concentration increases are responsible for a global temperature rise of more than 1°C during 

the 1900-2019 period (Introductory Fig. 1b), i.e. responsible for climate change.2 

 

Further greenhouse gas emission and rise in temperature will lead to catastrophic climate 

events (hot extremes, heavy precipitation events, rise in sea level, tropical cyclones, wildfires, 

…) with cascading consequences (food and water insecurity, high disease risks, population 

 

Introductory Fig. 1. Impact of the human activity on the concentration of greenhouse gases and 
temperature increase. a, Evolution of the concentrations of the three main greenhouse gases (top: 
CO2, middle: CH4, bottom: N2O) from about a million year ago to now. From 1900, all three 
greenhouse gases show abnormal increase reaching their maximums in the last million years. 
Adapted from an IPCC report1. b, Changes in global surface temperature over the past 170 years 
(black line) relative to 1850–1900 and annually averaged compared to IPCC simulations and error 
bars of the temperature response to both human and natural drivers (orange) and to only natural 
drivers (solar and volcanic activity, green). Adapted from an IPCC report2. 
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displacement, …) that would result in dramatic socio-economic and security risks.3 Thus, 

mitigating climate change, by moving away from a society based on the utilization of fossil 

fuels is one of the biggest objective of the 21st century, involving global challenges at the social, 

political, economic and scientific levels. 

With the aim of moving away from fossil fuels, other “greener” energy sources are needed 

to meet the global growing energy demand. For this, renewable electricity produced via wind 

turbines and solar photovoltaics will ramp up in the global energy mix from 5% in 2021 up to 

17% in 2030 for a net zero emission scenario by 2050 (Introductory Fig. 2).4 

 

Unfortunately, by relying on wind and sunlight, respectively, wind turbines and solar 

photovoltaics are subject to daily, weekly and seasonally production variations. Thus to align 

the energy demand with the intermittent production of renewable sources, energy storage 

technologies are mandatory.4 Pumped-storage hydroelectricity is the currently dominant 

electricity storage technology, but rechargeable batteries as well as “green” hydrogen 

produced via electrolysis are envisioned as the future of electricity storage.4 On the one hand, 

“green” hydrogen can be converted back to electricity in fuel cells to power heavy duty 

vehicles (trucks, boats, trains …). But more interestingly, “green” hydrogen is envisioned as a 

chemical reagent in the production of e.g. ammonia, methanol and steel, thus decarbonizing 

industries usually relying on “grey” hydrogen produced from fossil fuels.4,5 On the other hand, 

rechargeable batteries have very good charge/discharge efficiencies and thus are foreseen to 

 
Introductory Fig. 2. Comparison of the global energy supply by fuel between 2021 and 2030 with 
different scenario. Three scenario are presented for 2030. The stated policies scenario (STEPS) 
shows the trajectory implied by today’s policy settings. The announced pledges scenario (APS) 
assumes that governments met on time and in full the announced targets. The scenario for net zero 
emissions by 2050 (NZE) aims at a 1.5 °C stabilization in the rise of global average temperatures, 
while ensuring universal access to modern energy by 2030. Adapted from an IEA report4. 
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be used in personal cars as well as for the electrical grid regulation.4 However, to match the 

scale necessary for grid regulation, batteries have to be produced at a scale of hundreds of 

MW with capacities of hundreds of MWh (such as the 100 MW ; 400 MWh Dalian Flow Battery 

Energy Storage Peak-shaving Power Station, in Dalian, China).6 By reaching such a scale, 

intrinsic safety is needed along with cost minimization and extended lifespan, thus 

encouraging innovative new aqueous battery chemistries.  

Outline of the Thesis 

The purpose of this thesis is to promote innovative electrochemical devices relying on the 

use of novel aqueous biphasic electrolytes, by bringing a better understanding of the 

opportunities provided by the presence of a liquid-liquid interface. A special emphasis is made 

on the use of aqueous biphasic systems for batteries and to reach this goal, electrochemical 

measurements, physico-chemical characterization and spectroscopy studies were carried out. 

The outcomes of this thesis are presented in five chapters as follow: 

Chapter I introduces the current developments carried out to reach safer aqueous Li-ion 

battery without sacrificing the energy density. An emphasis is made on one recent innovation7 

where two novelties were introduced: i) the intercalation of halogens into graphite positive 

electrodes and ii) the use of a liquid-liquid interface formed by an aqueous biphasic system 

(ABS) in intercalation type batteries. To put this work in context, the state of the art knowledge 

regarding liquid-liquid interfaces and their applications in batteries is given, starting with the 

electrochemistry of aqueous-organic interfaces before to present the different types of 

aqueous biphasic systems (ABS) forming aqueous-aqueous interfaces. 

As ABS used in Li-ion batteries require extremely high lithium salt concentration, the 

Chapter II investigates the peculiar electrochemistry of highly concentrated aqueous solutions 

with a focus on their thermodynamics. Measured shifts in electrode potential when increasing 

the salt concentration are discussed in regard to the change in activity coefficient of salt ions 

as well as liquid junction potential (LJP) induced at the reference electrode. The LJP, usually 

neglected in electrochemical measurements, is revealed to be significant for highly 

concentrated electrolytes. While taking into account the LJP, we found a slight acidification of 

the electrolytes when increasing the salt concentrations. 
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Chapter III investigates the role of liquid-liquid interfaces formed when mixing highly 

concentrated aqueous solutions, and their role in dual ion batteries, with the aim of 

understanding how salt-salt ABS can promote the intercalation of halogens into graphite. 

Through a thorough electrochemical study coupled with the use of spectroscopic techniques, 

ABS are found to enable a two-step mechanism for halogen intercalation into graphite while 

preventing shuttling of soluble species which is key in reaching good efficiencies for aqueous 

dual-ion batteries. 

Since ABS properties are cornerstone for electrochemical devices, the goal of Chapter IV is 

to bring further knowledge on the chemistry of ABS by investigating the ions partition and the 

temperature behavior of ABS as well as the surface tension and structure of the aqueous-

aqueous interface. Surprisingly, salt-salt ABS interfaces are found to be micrometer thick, 

compared to nanometer thick water-oil interfaces. The influence of ions and concentrations 

on the uncommonly large interfacial thickness of ABS is discussed in light of the surface 

tension measurement and activities of ions. 

Finally, in Chapter V, we focus on the electrochemistry at liquid-liquid interfaces and 

describe the design of a micro-holes cell developed during this thesis to perform 

electrochemical measurements at liquid-liquid interfaces. A comparison between results 

reported in the literature and results gathered using our cell for water-oil interfaces enables 

us to confirm the validity of our micro-holes cell design. Using this cell, preliminary results on 

ion transfer at ABS interface have been obtained and directions to further study ion transfer 

at ABS interface are discussed. 

Overall, this thesis shows the way for a more common use of ABS in electrochemical devices 

and calls for the investigation of all types of ABS under the light of Raman imaging and liquid-

liquid electrochemistry. 
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Chapter I - State of the Art 

I.A. Li-ion batteries 

Commercial Li-ion batteries 

Commercial Li-ion battery cells are composed of a graphite negative electrode combined 

with a positive electrode material, often a layered lithium transition metal oxide (LiMO2) with 

M commonly being nickel, manganese and cobalt. The electrolyte, typically 1 mol.L-1 LiPF6 in 

a mix of ethylene carbonate (EC) and dimethyl carbonate (DMC) or in a mix of EC and ethyl 

methyl carbonate (EMC) (molar ratio: 1/1 and 3:7, respectively), enables lithium cations to 

shuttle between electrodes. This technology is described as an intercalation-type rocking chair 

Li-ion battery as during the charge, Li+ is de-intercalated from the positive electrode while 

being intercalated at the negative electrode, and vice-versa during discharge. These reactions 

are illustrated in Fig. I-1 and described by the following equations according to the notation 

commonly accepted in the battery field8: 

 

 

 

 
Fig. I-1. Schematic of a commercial rocking chair Li-ion batteries during charge. The Li-ion battery 
is illustrated with a positive electrode composed of a layered lithium transition metal oxide, an 
organic 1 M LiPF6 in EC/DMC and an SEI protected graphite negative electrode. Li+ shuttles from 
the positive electrode to the negative electrode during charge and vice versa during discharge. 
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Positive electrode:      𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂2(𝑠𝑠)  
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�  𝑥𝑥𝐿𝐿𝐿𝐿+(𝑠𝑠𝑠𝑠𝑠𝑠) + 𝑥𝑥𝑒𝑒− + 𝐿𝐿𝐿𝐿(1−𝑥𝑥)𝐿𝐿𝑂𝑂2(𝑠𝑠)

eq. I − 1 

Negative electrode:     𝑥𝑥𝐿𝐿𝐿𝐿+(𝑠𝑠𝑠𝑠𝑠𝑠) + 𝑥𝑥𝑒𝑒− + 𝐶𝐶6(𝑠𝑠)  
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�  𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶6(𝑠𝑠)    eq. I − 2 

Full cell:     𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂2(𝑠𝑠) + 𝐶𝐶6(𝑠𝑠)  
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯� 𝐿𝐿𝐿𝐿(1−𝑥𝑥)𝐿𝐿𝑂𝑂2(𝑠𝑠)

+ 𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶6(𝑠𝑠) eq. I − 3 

The graphite negative electrode (C6/LixC6) (de)intercalates Li+ at potentials as low as 80 mV 

vs Li+/Li where the redox is linked to lithium and graphite depending on the intercalation 

stage9 but overall reaching a reversible capacity of 360 mAh.g-1 (eq. I-2).10 At such low 

potentials, the graphite electrode operates below the thermodynamic stability window of the 

electrolyte, leading to the reduction of solvents and the degradation of salts below 1.7 V vs 

Li+/Li for the carbonate-based electrolytes described above. Upon electrolyte reduction, a so-

called solid electrolyte interphase (SEI) is formed, i.e. a passivating layer which is composed of 

a dense inorganic inner-layer made of salts components such as lithium fluoride (LiF), lithium 

oxide (Li2O) and lithium carbonate (Li2CO3), on top of which a porous organic outer-layer 

deposits. Classically, the SEI forms during the first charge/discharge cycles and, owing to its 

insoluble nature, remains stable upon further cycling and prevents subsequent reduction of 

the electrolyte while allowing a high Li+ conductivity, thus enabling Li+ intercalation in 

graphite.11 

On the other side, positive electrodes such as lithium nickel manganese cobalt oxides (e.g. 

NMC-811: Li(1-x)[Ni0.8Mn0.1Co0.1]O2/Li[Ni0.8Mn0.1Co0.1]O2) (de)intercalate Li+ in the voltage 

range of 3.6-4.3 V vs Li+/Li relying on the metal redox reactions with a reversible capacity of 

around 200 mAh.g-1,12 providing high energy densities when assembled in full cells with 

graphite (≈300 Wh.kg-1)13 (eq. I-1). However, NMC-based materials suffer from irreversible 

chemical and mechanical degradations at voltages above 4.2 V vs Li+/Li, limiting their practical 

capacity. Furthermore, the quickly growing demand for batteries requires to find new 

chemistries free from the use of scarce metals, including nickel and cobalt. Hence, positive 

electrode materials using abundant and inexpensive materials operating at lower potential, 

such as lithium iron phosphate (LFP: FePO4/LiFePO4) with a reversible capacity of 150 mAh.g-

1 and a potential of 3.45 V vs Li+/Li providing energy densities when assembled in full cells with 
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graphite of ≈190 Wh.kg-1,13 are nowadays envisioned as viable materials for replacing or 

complementing NMC-type materials.14 Moreover, electrolytes for Li-ion batteries are both a 

safety issue as they are toxic and flammable and a cost issue as they react with water, forcing 

the use of expensive dry rooms to manufacture batteries.15 Thus, to embrace green chemistry 

principles and reduce costs, extensive research efforts are nowadays placed in developing Li-

ion intercalation-type chemistry, which benefits from high voltage and high gravimetric 

capacities, but using cheap and safe aqueous electrolytes. 

Aqueous electrolytes for intercalation type batteries 

Using aqueous electrolyte for high-voltage batteries is challenging because the 

electrochemical stability window of water is only of 1.23 V (Fig. I-2a).16 Indeed, at potential 

below the stability window, water is reduced to hydrogen through the hydrogen evolution 

reaction (HER) while at potentials above the stability window, water is oxidized to oxygen 

through the oxygen evolution reaction (OER), according to the following equations in basic 

and acidic conditions respectively: 

Hydrogen evolution reaction (HER):      2𝐻𝐻2𝑂𝑂(𝑠𝑠) + 2𝑒𝑒−  
𝑎𝑎𝑎𝑎𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟𝑑𝑑𝑠𝑠𝑟𝑟
�⎯⎯⎯⎯⎯⎯�  𝐻𝐻2(𝑎𝑎) + 2𝐻𝐻𝑂𝑂−(𝑎𝑎𝑎𝑎)     eq. I − 4 

Oxygen evolution reaction (OER):      2𝐻𝐻2𝑂𝑂(𝑠𝑠)  
𝑠𝑠𝑥𝑥𝑑𝑑𝑑𝑑𝑎𝑎𝑟𝑟𝑑𝑑𝑠𝑠𝑟𝑟
�⎯⎯⎯⎯⎯⎯�  𝑂𝑂2(𝑎𝑎) + 4𝐻𝐻+

(𝑎𝑎𝑎𝑎)  + 4𝑒𝑒−   eq. I − 5 

 

 
Fig. I-2. Electrochemical stability window of water compared to the potentials of given battery 
materials. a, Pourbaix diagram of water (solid line) and overpotential for the OER (dotted line). HER 
takes place at potentials in the blue region. Water is stable at potentials in the green region and 
OER takes place at potentials in the red region. b, Working potentials of negative (in black) and 
positive (in purple) battery materials for the lead-acid conversion-type battery and Li-ion or dual-
ions intercalation-type batteries. 
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Hence to design efficient high voltage aqueous batteries, the challenge is to prevent water 

splitting, i.e. the electrolyte decomposition, by inducing large HER and OER overpotentials 

(ηHER and ηOER) to enable the use of both a low voltage negative electrode without HER 

parasitic reaction and a high voltage positive electrode without OER parasitic reaction. In 

comparison, the OER overpotential is often found much greater than the HER one. Indeed, the 

OER is a four electrons and four protons reaction which is characterized by sluggish kinetics 

and large overpotential of, at least, 300 mV.17 As a consequence, positive intercalation battery 

materials (Fig. I-2b in purple) such as NMC-811, lithium cobalt oxide (LCO: Li(1-x)CoO2/LiCoO2), 

lithium manganese oxide (LMO: Li(1-x)Mn2O4/LiMn2O4) or LFP can be used in aqueous 

electrolytes.18,19 On the contrary, the HER is a two electrons and two protons reaction with a 

much faster kinetics and a reduced overpotential (for instance, the HER shows nearly no 

overpotential on platinum electrodes in acidic conditions).20 Therefore, depending on pH, HER 

onset potential lies between 2 and 3 V vs Li+/Li, preventing the use of low voltage negative 

electrodes (Fig. I-2b in black) such as graphite, lithium titanate oxide (LTO; Li4Ti5O12/Li7Ti5O12) 

or Mo6S8 chevrel phase (Mo6S8/LiMo6S8 and LiMo6S8/Li4Mo6S8).18,19 Thus, the major challenge 

in developing high energy density aqueous batteries relies on pushing the HER to lower 

potential to use low voltage negative battery materials and increase the energy density of 

aqueous batteries.  

Historically, the first aqueous battery successfully commercialized was the conversion-type 

lead-acid battery which uses electrode materials with high overpotential toward the HER and 

OER, e.g. lead (Pb) and lead oxide (PbO2) respectively, thus reaching voltage of 2.1 V (Fig. I-

2b) with acceptable oxygen and hydrogen release and nearly no self-discharge. All these 

attributes make it a reliable battery widely used even though the high molecular weight of 

lead and the rather low voltage result in a low energy density (≈40 Wh.kg-1)21–23, compared to 

4 V organic Li-ion battery. Hence, in 1994, in an attempt to increase the energy density of 

aqueous batteries, Dahn J. et al.24 assembled Li-ion batteries using saturated LiNO3 aqueous 

electrolytes. However, the absence of SEI formation in this electrolyte forced the authors to 

use a negative electrode within the thermodynamic stability of water, vanadium dioxide 

(VO2/LiXVO2), thus resulting again in low voltage ≈1.5 V (Fig. I-2b) and low energy density of 

≈55 Wh.kg-1 for a LMO/VO2 battery that, as a consequence, was never commercialized. 
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Indeed, nickel-metal hydride batteries developed at the same period showed better 

performances (≈80 Wh.kg-1)21. 

Following these pioneering works, in 2015 Suo et al.25 reported the formation of an SEI in 

aqueous electrolytes when transitioning from saturated LiNO3 to a so-called water-in-salt 

electrolytes (WiSE), i.e. highly concentrated aqueous electrolytes composed of organic lithium 

salts (mainly lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), lithium bis(pentafluoro 

ethanesulfonyl)imide (LiBETI) and lithium trifluoromethane sulfonate (LiOTf)) and in which all 

water molecules are involved in the Li+ solvation sheath26, with concentrations often reported 

in molalities (m: mol.kg-1) instead of molarities (M: mol.L-1). The use of organic fluorinated 

salts, similarly to organic Li-ion battery, results in the decomposition of WiSE during the first 

cycles forming an SEI composed mainly of an inorganic layer of LiF. Pioneering the 

development of WiSE-based aqueous Li-ion batteries, Suo et al.25 demonstrated that the use 

of a 21m LiTFSI electrolyte postponed the HER by 0.5 V following the formation of a LiF-

containing SEI, and thus demonstrated a reversible Li-ion battery with LMO as positive 

electrode and the low potential Mo6S8 phase as negative electrode, reaching 2.3 V (Fig. I-2b). 

Following this work, mixed salts were used to reach higher concentration, with for instance a 

20m LiTFSI + 8m LiBETI electrolyte enabling the use of lower potential LTO negative 

electrode.27,28 Eventually, polymer such as polyethylene glycol (PEG) where mixed with LiTFSI 

and water to obtained jellified electrolytes, also enabling the use of LTO negative electrode.29 

Despite forming a LiF-containing SEI, this was later on demonstrated not to be sufficient to 

maintain good performance. Indeed, subsequent studies showed that under slow cycling or 

resting period, the LiF-based SEI partially dissolves, despite lowering the LiF solubility through 

common-ion effect and lowering the activity of water30, and thus does not prevent self-

discharge via the reactivity of water at the negative electrode, thus hampering the long term 

cycling of such batteries.30,31 Following this realization, artificial-organic SEI were investigated 

by applying a coating to the negative electrode materials in order to form a passivating layer 

that can prevent the HER. Using 0.5 mol.L-1 LiTFSI in 1,1,2,2-Tetrafluoroethyl-2’,2’,2’-

trifluoroethyl ether as artificial passivating SEI layer, Yang et al.32 showed that graphite can be 

reversibly intercalated in aqueous electrolytes, thus assembling a 4V “aqueous” Li-ion 

batteries (Fig. I-2b).  
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Subsequent efforts to improve aqueous batteries were then turned to the positive 

electrode, with the aim to reach higher capacities, long term cycling while being free from 

transition metal. In this context, Yang et al.7 published in 2019 a new battery concept relying 

on two novelties, illustrated in Fig. I-3. First, Yang et al.7 stepped aside from Li-ion rocking 

chair batteries and designed a so-called dual-ion battery (see I.B.) by coupling the Li+ 

intercalation in graphite negative electrode (protected by an artificial SEI) with halogens 

intercalation into a graphite positive electrode. The report of halogens intercalation into 

graphite positive electrodes at high voltage (4.0-4.2 V vs Li+/Li) and with a large capacity (≈240 

mAh.g-1) is a first. In terms of potential and capacity of the halogen intercalation, this battery 

can match the state-of-the-art NMC-811 positive electrode, while being safer. Indeed, this 

new technology uses an aqueous electrolyte and is free from transition metal. However, to 

implement such as promising battery, Yang et al.7 used a graphite positive electrode mixed 

with LiBr and LiCl, which, when exposed to a Water-in-bisalt (WiBS) jellified electrolyte, forms 

a “hydrated LiBr/LiCl layer”. This “hydrated layer” at the positive electrode was proposed to 

be a non-miscible liquid phase, thus forming a liquid-liquid interface between the WiBS 

jellified electrolyte and the “hydrated layer”. Thus, and also described simultaneously in our 

lab by Dubouis et al.33 with the intercalation of Li+ and Cl- in Mo6S8 and polypyrrole, 

respectively, the second novelty is the use of a liquid-liquid interface (see I.C.) that separates 

the chemistries of the two electrodes, which is uncommon for intercalation-type batteries. 

 

 
Fig. I-3. Schematic of the aqueous battery proposed by Yang et al.7. The battery is illustrated with 
a graphite positive electrode where bromide and chloride are intercalated from the “hydrated 
LiBr/LiCl layer”. The jellified WiBS forms a liquid-liquid interface with the “hydrated LiBr/LiCl layer” 
and enables the stability of the artificial SEI at the graphite negative electrode where Li+ is 
intercalated. 
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I.B. Dual-ion battery 

Dual-ions battery 

Dual-ion batteries are intercalation-type batteries relying on the intercalation of different 

ions at the positive and negative electrodes. Most commonly, dual ion batteries utilize organic 

electrolytes, with the intercalation of anions, such as PF6-, into graphite positive electrode 

((PF6)xC6/C6) coupled with the intercalation of Li+ into graphite negative electrode, according 

to the following equations: 

Positive electrode:      𝑥𝑥𝑃𝑃𝐹𝐹6−(𝑠𝑠𝑠𝑠𝑠𝑠) + 𝐶𝐶6𝑝𝑝𝑠𝑠𝑠𝑠(𝑠𝑠)  
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�    (𝑃𝑃𝐹𝐹6)𝑥𝑥𝐶𝐶6

𝑝𝑝𝑠𝑠𝑠𝑠
(𝑠𝑠)  + 𝑥𝑥𝑒𝑒− eq. I − 6 

Negative electrode:     𝑥𝑥𝐿𝐿𝐿𝐿+(𝑠𝑠𝑠𝑠𝑠𝑠) + 𝑥𝑥𝑒𝑒− + 𝐶𝐶6𝑟𝑟𝑎𝑎𝑎𝑎(𝑠𝑠) 
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�  𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶6𝑟𝑟𝑎𝑎𝑎𝑎(𝑠𝑠)           eq. I − 7 

Full cell:    x𝐿𝐿𝐿𝐿𝑃𝑃𝐹𝐹6(𝑠𝑠𝑠𝑠𝑠𝑠) + 𝐶𝐶6𝑝𝑝𝑠𝑠𝑠𝑠(𝑠𝑠)  + 𝐶𝐶6𝑟𝑟𝑎𝑎𝑎𝑎(𝑠𝑠) 
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯� (𝑃𝑃𝐹𝐹6)𝑥𝑥𝐶𝐶6

𝑝𝑝𝑠𝑠𝑠𝑠
(𝑠𝑠) + 𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶6𝑟𝑟𝑎𝑎𝑎𝑎(𝑠𝑠) eq. I − 8 

Although having a high intercalation potential (5.4 V vs Li+/Li), the intercalation of PF6- in 

graphite (eq. I-6) has a much lower reversible capacity (95 mAh.g-1) than NMC-811 or LFP. 

Moreover, as the electrolyte is depleted from both Li+ and PF6- during charge (eq. I-8), large 

quantities of electrolytes are needed to provide enough salt for the charge to be completed. 

Overall, dual-ion battery are barely competitive (≈70 Wh.kg-1)34 compared to well established 

conversion-type batteries such as lead-acid (≈40 Wh.kg-1)21 and nickel-metal hydride (≈80 

Wh.kg-1)21 batteries and well below the performances of Li-ion batteries (≈300 Wh.kg-1)13. 

The dual-ion battery as designed by Yang et al.7 and further studied in following works35–38 

relies on the intercalation of halogens into a positive graphite electrode coupled with Li+ 

intercalation in a negative graphite electrode, according to the following equations: 

Positive electrode:      𝑥𝑥𝑋𝑋−(𝑠𝑠𝑠𝑠𝑠𝑠) + 𝐶𝐶6𝑝𝑝𝑠𝑠𝑠𝑠(𝑠𝑠)  
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�    𝑋𝑋𝑥𝑥𝐶𝐶6𝑝𝑝𝑠𝑠𝑠𝑠(𝑠𝑠)  + 𝑥𝑥𝑒𝑒− eq. I − 9 

Negative electrode:     𝑥𝑥𝐿𝐿𝐿𝐿+(𝑠𝑠𝑠𝑠𝑠𝑠) + 𝑥𝑥𝑒𝑒− + 𝐶𝐶6𝑟𝑟𝑎𝑎𝑎𝑎(𝑠𝑠) 
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�  𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶6𝑟𝑟𝑎𝑎𝑎𝑎(𝑠𝑠) eq. I − 10 

Full cell:     𝑥𝑥𝐿𝐿𝐿𝐿𝑋𝑋(𝑠𝑠𝑠𝑠𝑠𝑠) + 𝐶𝐶6𝑝𝑝𝑠𝑠𝑠𝑠(𝑠𝑠)  + 𝐶𝐶6𝑟𝑟𝑎𝑎𝑎𝑎(𝑠𝑠) 
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯� 𝑋𝑋𝑥𝑥𝐶𝐶6𝑝𝑝𝑠𝑠𝑠𝑠(𝑠𝑠) + 𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶6𝑟𝑟𝑎𝑎𝑎𝑎(𝑠𝑠) eq. I − 11 



Chapter I - State of the Art  
 

22 

Although the halogen intercalation (eq. I-9) occurs at lower potential (4.0-4.2 V vs Li+/Li) 

compared to PF6- intercalation (5.4 V vs Li+/Li), a much higher capacity (≈240 mAh.g-1) was 

reported by Yang et al.7 compared to other anion intercalation processes, even competing 

with Li-ion cathode energy densities. However, contrary to more classical dual-ion batteries, 

a complex electrolyte having a jellified WiBS in contact with a “hydrated LiBr/LiCl layer” was 

used, but the exact role played by the liquid/liquid interface thus formed on the redox 

mechanism remains unclear. 

 

I.C. Liquid-liquid interfaces 

Electrochemistry is by essence the science of charge transfer at interfaces. Many efforts 

have been directed to the electrochemistry of solid/liquid interfaces (e.g. the double-layer 

structure with the Gouy-Chapman-Stern (GCS) model, or the electron transfer with the 

Marcus microscopic model)39 but relatively less emphasis was put on the electrochemistry of 

liquid/liquid interfaces. Nevertheless, remarkable advances have been made with liquid/liquid 

interfaces beyond an electrochemical context with an array of applications such as separation, 

extraction or phase-transfer catalysis. The specificity of the liquid/liquid interface is that both 

media can continuously deform at the microscale to allow mass transfer. Beyond mass 

transfer that has been extensively used for extraction and purification, charge transfer can 

also occur at liquid/liquid interface. Charge transfer can take place either as i) an electron 

transfer, as previously used to direct electrosynthesis of polymers, or more importantly in this 

thesis ii) via ion transfer which can be directed to the design of novel bifunctional liquid 

electrolytes, as recently applied to redox flow batteries. 

Redox flow batteries 

Contrary to intercalation-type batteries where energy is stored in a solid through reversible 

intercalation into the electrode materials, in redox flow batteries, energy is stored in liquids 

via two redox active species solubilized in two electrolytes. One electrolyte, the positive 

electrolyte, contains a high potential redox species and is in contact with the positive 

electrode while the negative electrolyte in contact with the negative electrode contains a low 

potential redox species. Upon charge, the redox couple from the positive electrolyte 
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(Oxpos/Redpos) is oxidized and the redox couple from the negative electrolyte (Oxneg/Redneg) is 

reduced while charge balance is ensured by ions crossing the membranes, and vice versa 

during discharge. This is illustrated in Fig. I-4 with the state-of-the-art vanadium redox 

couples, following the equations: 

Positive electrode/electrolyte: 𝑉𝑉𝑂𝑂2+(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝑂𝑂(𝑠𝑠)  
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�    𝑉𝑉𝑂𝑂2+(𝑎𝑎𝑎𝑎)  + 2𝐻𝐻+

(𝑎𝑎𝑎𝑎) + 𝑒𝑒− eq. I − 12 

Negative electrode/electrolyte:     𝑉𝑉3+(𝑎𝑎𝑎𝑎) + 𝑒𝑒− 
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�  𝑉𝑉2+(𝑎𝑎𝑎𝑎)           eq. I − 13 

Membrane:     𝐻𝐻+
(𝑝𝑝𝑠𝑠𝑠𝑠)  

   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�  𝐻𝐻+

(𝑟𝑟𝑎𝑎𝑎𝑎)         eq. I − 14 

Full cell:    𝑉𝑉𝑂𝑂2+(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝑂𝑂(𝑠𝑠) + 𝑉𝑉3+(𝑎𝑎𝑎𝑎) 
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯� 𝑉𝑉𝑂𝑂2+(𝑎𝑎𝑎𝑎)  + 2𝐻𝐻+

(𝑎𝑎𝑎𝑎) +  𝑉𝑉2+(𝑎𝑎𝑎𝑎) eq. I − 15 

 

To prevent self-discharge through mixing of the species, the positive and negative 

electrolytes must be kept apart. Classically, the two electrolytes are separated by a cation 

exchange membrane (Nafion-based). However, membranes present numerous drawbacks, 

being i) expensive (≈40% of total cost of redox flow batteries)40–42, ii) short-lived in the acidic 

environment required for all vanadium redox flow batteries40, iii) poorly conductive40,42, thus 

adding a resistance to the system and iv) not selective enough40,42, leading to crossover of 

 
Fig. I-4. Schematics of the all vanadium redox flow battery. In the positive electrolyte, VO2+ is 
oxidized to VO2

+ while at the negative V3+ is reduced to V2+. Protons cross the Nafion membrane to 
ensure charge balance. 
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vanadium species, for instance, that plagues the efficiency of all vanadium redox flow 

batteries. 

Membrane-less redox flow batteries 

To sidestep the issue of membranes, starting as early as 1862, Callaud proposed a gravity 

cell by removing the membrane of a primary Daniel cell (Zn|ZnSO4+CuSO4|Cu), thus obtaining 

a very low resistance device, but with drawbacks in term of efficiency and design.43 Indeed, 

the cell has to be kept steady in order to avoid mixing zinc sulfate and copper sulfate which 

are separated only by slow diffusion due their density difference.43 Much more recently, 

membrane-less redox flow batteries were designed by relying on laminar flow to minimize the 

mixing of the positive and negative electrolytes. Nevertheless, such technology again presents 

drawbacks in term of design, often using micro-fluidic devices with very low current densities, 

thus being challenging to upscale. Furthermore, an efficiency of only ≈20% is achieved because 

of the mixing issue during charge and discharge.44–49 Indeed, both the Callaud and the laminar 

redox flow batteries used two liquid electrolytes that are thermodynamically miscible at room 

temperature and for which mixing is minimized either through density difference or the use 

of a laminar flow. However, even if being minimized, the mixing leads to large crossover and 

thus low efficiency along with fast self-discharge. 

In contrast to the Callaud and the laminar redox flow batteries which are using miscible 

electrolytes, thermodynamically immiscible liquids were recently investigated for secondary 

battery applications. First example is the so-called liquid metal battery for which both 

electrodes and the electrolyte are liquid.50 A second example is based on the immiscibility of 

water with polar organic solvent, allowing to assemble a zinc-ferrocene redox battery with 

zinc plating at the negative electrode, using a zinc chloride aqueous negative electrolyte, 

coupled with the redox couple ferrocenium/ferrocene (Fc+/Fc) at the positive electrode in 

Butyl acetate (BuAcO) with a mixture of tricaprylylmethylammonium chloride and 

trioctylmethylammonium chloride as supporting salt (Aliquat 336).51,52 In this pioneering 

work, no electrolyte flow was applied and the technology suffers from a high resistance due 

to the low conductivity of the organic phase (≈0.1 mS.cm-1)53 as well as large self-discharge 

due to crossover of ferrocenium/ferrocene owing to its solubility in the aqueous phase. On 

the one hand, further works moved away from the “static” battery, using a stirred electrode, 
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or achieving a redox “flow” battery.54,55 On the other hand, new chemistries were also 

investigated by spanning different organic solvents, ionic liquids and redox species to reduce 

crossover.56–58 The best technology thus far appears to be achieved when using two organic 

immiscible electrolytes, to reach a high capacity lithium sulfur battery59 with the following 

reactions: 

Positive electrode/electrolyte:    8 𝐿𝐿𝐿𝐿2𝑆𝑆 (𝑠𝑠𝑠𝑠𝑠𝑠)
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�   𝑆𝑆8(𝑠𝑠𝑠𝑠𝑠𝑠) + 16 𝐿𝐿𝐿𝐿+(𝑠𝑠𝑠𝑠𝑠𝑠) + 16 𝑒𝑒− eq. I − 16 

Liquid − liquid interface:     16 𝐿𝐿𝐿𝐿+(𝑝𝑝𝑠𝑠𝑠𝑠)  
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�  16 𝐿𝐿𝐿𝐿+(𝑟𝑟𝑎𝑎𝑎𝑎)         eq. I − 17 

Negative electrode:     16 𝐿𝐿𝐿𝐿+(𝑠𝑠𝑠𝑠𝑠𝑠) + 16 𝑒𝑒− 
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�  16 𝐿𝐿𝐿𝐿(𝑠𝑠)           eq. I − 18 

Full cell:   8 𝐿𝐿𝐿𝐿2𝑆𝑆(𝑠𝑠𝑠𝑠𝑠𝑠) 
   𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   
�⎯⎯⎯⎯⎯⎯�

𝑑𝑑𝑑𝑑𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯� 16 𝐿𝐿𝐿𝐿(𝑠𝑠) + 𝑆𝑆8(𝑠𝑠𝑠𝑠𝑠𝑠) eq. I − 19 

As seen with eq. I-17, ion crossing at the liquid-liquid interface between the two immiscible 

electrolytes is necessary to maintain the charge balance of the electrolytes. Hence to better 

understand the impact of a liquid-liquid interface on these applied systems, including 

potential kinetics limitations due to ion transfer or any overpotential due to large energy for 

ion transfer, it is important to understand the structure and reactions at electrified liquid-

liquid interfaces.60  

Interface between two immiscible electrolytes (ITIES) 

Even though electrochemical applications of liquid-liquid interface are very recent, the 

interface between to immiscible electrolytes (ITIES) have been studied for more than 50 years 

starting from early reports of ion61 and electron62 transfer at ITIES formed between water with 

inorganic salts and nitrobenzene with organic salts. Transfer of an ion (𝑋𝑋) at an ITIES formed 

between an aqueous electrolyte (aq) and an organic electrolyte (org) can be represented with 

the following equations: 

Ion transfer:     𝑋𝑋(𝑎𝑎𝑎𝑎)  ⟷    𝑋𝑋(𝑠𝑠𝑎𝑎𝑎𝑎) eq. I − 20 
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At equilibrium, a salt of stoichiometry 1:1 is distributed between the two phases according 

to the salt partition coefficient with the following equation: 

𝐾𝐾𝑠𝑠𝑎𝑎𝑠𝑠𝑟𝑟 =
𝑎𝑎𝑋𝑋+𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑋𝑋−𝑠𝑠𝑎𝑎𝑎𝑎

𝑎𝑎𝑋𝑋+𝑎𝑎𝑎𝑎𝑎𝑎𝑋𝑋−𝑎𝑎𝑎𝑎
= 𝑒𝑒𝑥𝑥𝑒𝑒 �

−Δ𝐺𝐺°𝑠𝑠𝑎𝑎𝑠𝑠𝑟𝑟
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎

𝑅𝑅𝑅𝑅 � eq. I − 21 

𝑤𝑤𝐿𝐿𝑤𝑤ℎ             Δ𝐺𝐺°𝑠𝑠𝑎𝑎𝑠𝑠𝑟𝑟
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 = Δ𝐺𝐺°𝑋𝑋+

𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 + Δ𝐺𝐺°𝑋𝑋−
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎                 eq. I − 22 

with Δ𝐺𝐺°𝑠𝑠𝑎𝑎𝑠𝑠𝑟𝑟
 𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 the standard Gibbs free energy required to transfer the salt from the aqueous 

phase to the organic phase and Δ𝐺𝐺°𝑋𝑋
 𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 the standard Gibbs free energy required to 

transfer an ion 𝑋𝑋 from the aqueous phase to the organic phase. Positive Δ𝐺𝐺°𝑋𝑋
 𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 values 

mean that ions are preferentially in water, i.e. hydrophilic ions, while ions preferentially in the 

organic phase, i.e. hydrophobic ions, have negative Δ𝐺𝐺°𝑋𝑋
 𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 values.39,63–65 For 

quantification, one need to make an extrathermodynamic assumption and it is usually 

assumed that tetraphenylarsonium (TPAs+) and tetraphenylborate (TPB-) have equal standard 

Gibbs free energy of transfer for any pair of solvent63–65: 

Δ𝐺𝐺°𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠+
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 = Δ𝐺𝐺°𝑇𝑇𝑇𝑇𝑇𝑇−

𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 =
1
2

 Δ𝐺𝐺°𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑇𝑇𝑇𝑇𝑇𝑇
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 eq. I − 23 

Following this, one can define a standard ion-transfer potential for ion 𝑋𝑋 with a charge 𝑧𝑧: 

Δ𝜙𝜙°𝑋𝑋
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 =

Δ𝐺𝐺°𝑋𝑋
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎

𝑧𝑧𝐹𝐹
eq. I − 24 

and the corresponding Nernst equation for the difference between the inner Galvani 

potentials of the aqueous (𝜙𝜙𝑎𝑎𝑎𝑎) and organic (𝜙𝜙𝑠𝑠𝑎𝑎𝑎𝑎) phases: 

𝜙𝜙𝑎𝑎𝑎𝑎 − 𝜙𝜙𝑠𝑠𝑎𝑎𝑎𝑎 = Δ𝜙𝜙𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 = Δ𝜙𝜙°𝑋𝑋
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 +

𝑅𝑅𝑅𝑅
𝑧𝑧𝐹𝐹

𝑙𝑙𝑙𝑙 �
𝑎𝑎𝑋𝑋𝑠𝑠𝑎𝑎𝑎𝑎

𝑎𝑎𝑋𝑋𝑎𝑎𝑎𝑎
� eq. I − 25 

As an example, for ion transfers between water and 1,2-Dichloroethane (DCE), Li+ and Cl- 

have positive Δ𝐺𝐺°𝑋𝑋
 𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 values, 56 kJ.mol-1 and 51 kJ.mol-1, respectively, due to their 

hydrophilicity while tetrabutylammonium (TBA+) and TPB- are found hydrophobic with 

negative Δ𝐺𝐺°𝑋𝑋
 𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 of -22 kJ.mol-1 and -35 kJ.mol-1, respectively.64 Hence without applied 
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potential, hydrophobic Li+ and Cl- reside in the aqueous phase while TBA+ and TPB- are in the 

organic phase. 

Polarizable and non-polarizable ITIES 

Similarly to the electrochemistry at solid/liquid interface, the ion transfer at liquid/liquid 

interface can be driven by applying a potential difference between the aqueous and organic 

phases. Keeping the same example of aqueous LiCl solutions and DCE containing TBATPB, 

according to eq. I-25, Li+ can be transferred from the aqueous to the DCE phase by applying 

an interfacial Galvani potential difference superior to the standard ion-transfer potential, 

i.e. Δ𝜙𝜙𝑎𝑎𝑞𝑞→𝑜𝑜𝑜𝑜𝑜𝑜 > Δ𝜙𝜙°𝐿𝐿𝑑𝑑+
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 = 576 mV.64 For aqueous anions such as Cl-, as the charge z is 

negative in eq. I-25, an interfacial Galvani potential difference inferior to the standard ion-

transfer potential is needed, i.e. Δ𝜙𝜙𝑎𝑎𝑞𝑞→𝑜𝑜𝑜𝑜𝑜𝑜 < Δ𝜙𝜙°𝐶𝐶𝑠𝑠−
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 = -528 mV.64 As for TBA+ and TPB-, 

since they are transferred from the DCE phase to the aqueous phase, the cations and anions 

role are inverted with standard ion-transfer potentials of -230 mV and 365 mV respectively.39 

Overall, decreasing Δ𝜙𝜙𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 leads to the transfer of aqueous anions to the organic phase as 

well as the transfer of cations from the organic phase to the aqueous phase. On the contrary, 

increasing Δ𝜙𝜙𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 leads to the transfer of aqueous cations to the organic phase as well as 

the transfer of anions from the organic phase to the aqueous phase (Fig. I-5).  

 

Finally, the applied potential only polarizes the interface if the potential is kept within the 

range where no ion transfer takes place: 

𝑚𝑚𝑎𝑎𝑥𝑥�Δ𝜙𝜙°𝑇𝑇𝑇𝑇𝑇𝑇+
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎;Δ𝜙𝜙°𝐶𝐶𝑠𝑠−

𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎� ≪ Δ𝜙𝜙𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 ≪ 𝑚𝑚𝐿𝐿𝑙𝑙�Δ𝜙𝜙°𝐿𝐿𝑑𝑑+
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎;Δ𝜙𝜙°𝑇𝑇𝑇𝑇𝑇𝑇−

𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎� eq. I − 26 

 
Fig. I-5. Distribution of ions in an aqueous 10 mM LiCl in contact with 10 mM TBATPB in DCE as a 
function of the interfacial Galvani potential difference, 𝚫𝚫𝝓𝝓𝒂𝒂𝒒𝒒→𝒐𝒐𝒐𝒐𝒐𝒐. Concentration profiles of 
cations (solid lines) and anions (dotted lines) for TBATPB (orange) and LiCl (green). Adapted from 
Bard et al.39 with values from Shao64. 



Chapter I - State of the Art  
 

28 

Following eq. I-26, if a range of potential exists where the potential can be changed without 

ion transfer, the interface is called a polarizable ITIES which is the case of the interface 

between aqueous LiCl solution and TBATPB in DCE in the potential range between -100 mV 

and 250 mV (Fig. I-5).39,63 

On the contrary, if the potential is fixed and cannot be varied without resulting in ion 

transfer, the ITIES is non-polarizable. This is the case for example of ITIES with a common ion 

in the aqueous and organic phases. Indeed, keeping the previous example but replacing Li+ by 

TBA+, for an aqueous phase of TBACl in contact with a TBATPB in DCE phase, we have the 

following: 

𝑚𝑚𝑎𝑎𝑥𝑥�Δ𝜙𝜙°𝑇𝑇𝑇𝑇𝑇𝑇+
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎;Δ𝜙𝜙°𝐶𝐶𝑠𝑠−

𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎� = 𝑚𝑚𝐿𝐿𝑙𝑙�Δ𝜙𝜙°𝑇𝑇𝑇𝑇𝑇𝑇+
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎;Δ𝜙𝜙°𝑇𝑇𝑇𝑇𝑇𝑇−

𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎� = Δ𝜙𝜙°𝑇𝑇𝑇𝑇𝑇𝑇+
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 eq. I − 27 

Thus, from eq. I-26 and eq. I-27, no potential range exists where Δ𝜙𝜙𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 can be freely 

varied without ion transfer. As soon as the potential is changed, TBA+ is transferred according 

to the TBA+ Nernst equilibrium. 

Structure of the liquid-liquid interfaces 

To better understand ITIES and the reactions taking place at the liquid-liquid interface, the 

structure of ITIES was studied, originally with the water-nitrobenzene interface. Spectroscopic 

measurements and simulations established that ITIES are molecularly sharp interfaces but 

with an interfacial roughness due to thermal capillary wave proportional to �𝑘𝑘𝑇𝑇𝑅𝑅/𝛾𝛾, which is 

estimated to be ≈1 nm in amplitude.60,66 The first studies of the molecularly sharp interface 

relied mainly on surface tension and capacitance, and led to the so-called modified Verwey-

Niessen (MVN) model assuming a molecularly sharp interface only based on oriented solvents 

molecules of water and nitrobenzene, thus excluding the role of ions. This model was shown 

not to be valid when changing nitrobenzene to DCE or when changing the salts ions and 

concentrations, overall demonstrating the key role of both the solvents and the ions on the 

structure of ITIES.60 Thus, taking into account ion-solvent interaction, the Poisson-Boltzmann 

potential of mean force (PB-PMF) model was developed, predicting sharp ion density profiles 

at the interface, in agreement with experimental results.67 However, the PB-PMF model is only 

using the solvents macroscopic dielectric constants, and thus does not properly model 

molecular interactions and solvent re-orientation of molecularly sharp ITIES, missing essential 
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molecular interactions at the liquid-liquid interface. Indeed recent studies demonstrated that 

molecular interactions were key as liquid-liquid interfaces are composed of two monolayer of 

ions on each side of the interface without any diffuse layer of ions, in stark contrast with 

solid/liquid interfaces that are usually composed of an adsorbed layer of ions (Stern Layer) 

and a diffuse layer of ions (Gouy-Chapman diffuse layer).39,68–70 

Mechanism and kinetics of ion transfer at liquid-liquid interfaces  

To design more efficient liquid-liquid interfaces for applied electrochemical systems, 

gaining insights about ion transfer kinetics and mechanisms is crucial. The kinetics of ion 

transfer at liquid/liquid interfaces is described similarly to solid-liquid interfaces.39 The flux of 

ion from the aqueous phase to the organic phase is described by a first-order rate law: 

𝐽𝐽𝑋𝑋
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 = 𝑘𝑘𝑓𝑓 . 𝑐𝑐𝑋𝑋𝑎𝑎𝑎𝑎 − 𝑘𝑘𝑏𝑏 . 𝑐𝑐𝑋𝑋𝑠𝑠𝑎𝑎𝑎𝑎 eq. I − 28 

with 𝑘𝑘𝑓𝑓 and 𝑘𝑘𝑏𝑏 respectively the forward and backward transfer rate constants described by 

the Butler-Volmer formalism, 𝑘𝑘0 the apparent standard rate constant, and 𝛼𝛼 the apparent 

charge transfer coefficient: 

𝑘𝑘𝑓𝑓 = 𝑘𝑘0exp �
𝛼𝛼𝑧𝑧𝐹𝐹�Δ𝜙𝜙𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 − Δ𝜙𝜙°𝑋𝑋

𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎�
𝑅𝑅𝑅𝑅

� eq. I − 29 

𝑘𝑘𝑏𝑏 = 𝑘𝑘0exp �
−(1 − 𝛼𝛼)𝑧𝑧𝐹𝐹�Δ𝜙𝜙𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 − Δ𝜙𝜙°𝑋𝑋

𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎�
𝑅𝑅𝑅𝑅

� eq. I − 30 

Taking the values for the transfer of tetraethylammonium (TEA+), the upper theoretical 

limit of 𝑘𝑘0 is ≈100 cm.s-1 for an optimized diffusion-limited process. However, based on both 

experiments and simulations, slower kinetics (≈0.1-1 cm.s-1) of ion transfer are found, and 

explained by the presence of activation barriers slowing down the transfer of cations or anions 

from one phase to the other.71 Two mechanisms are envisioned for the transfer of ions: the 

“water finger” or the “ion shuttle”.60 For the water finger mechanism (Fig. I-6a), the energy 

barrier is thought to be linked to the formation/breaking of a series of hydrogen bounded 

water molecules forming a water finger ensuring the transfer of ion, the ion transfer is thus a 

priori independent on the other ions.72 On the contrary, for the ion shuttle mechanism (Fig. I-
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6b), cations are associated to anions, forming ion pairs, before to be transferred from one 

phase to the other, and vice versa for anion transfer.73 

 

 

I.D. Aqueous biphasic systems (ABS) 

As described previously, most of the biphasic systems studied at a fundamental level and 

biphasic systems used in applied devices rely on an aqueous phase in contact with an organic 

phase. However, the high cost and low conductivity (≈10 mS.cm-1)53,55,74,75 of the organic 

phases hinder the development of large scale electrochemical devices using organic/aqueous 

biphasic electrolytes. Hence, owing to their reduced cost and better conductivities (≈100 

mS.cm-1)53,75, latest efforts in designing membrane-less redox flow batteries have turned to 

biphasic systems made out of two aqueous phases, the so called aqueous biphasic systems 

(ABS) or aqueous two-phase systems (ATPS).76–78 

Polymer-polymer ABS 

In 1896, Beijerinck M. W. reported that when an aqueous solution of gelatin was mixed 

with a polysaccharide (either agar or soluble starch)79–81 in concentrations of few weight 

percent, the solution was turbid. When allowed to sit for a while, two phases were reported 

to be formed with a gelatin-rich phase and a polysaccharide-rich phase. Phase separation 

between two polymers is common82, and such immiscible systems are designated in the 

literature as ABS or ATPS. Taking the example of the historical PEG-Dextran-H2O system83, 

these ABS can be reported either with usual ternary triangular diagrams (Fig. I-7a) or more 

recently as simplified orthogonal diagrams omitting the water content (Fig. I-7b). These 

 
Fig. I-6. The two mechanisms envisioned for the transfer of ions at ITIES. a, Illustration of the 
water finger mechanism with Wd the coordinate as defined by Kikkawa et al.72. b, Illustration of the 
ion shuttle mechanism as defined by Laforge et al.73. Figures from Gschwend et al.60. 
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ternary systems are miscible at low polymers weight percentage while at higher weight 

percentage (such as the green points A in Fig. I-7), a phase separation occurs, leading to the 

formation of two distinct solutions which compositions (green points B and C in Fig. I-7) are 

described by the tie lines (green dash-dotted lines in Fig. I-7).83 As a general rule of thumb, 

longer polymer chains will phase separate at lower weight percentage as shown when moving 

from the PEG 8000 (black dashed lines in Fig. I-7) to the PEG 20000 (black solid lines in Fig. I-

7) where the latter separates at lower weight percentage.83 

 

However, the driving force for phase separation is still subject to debate and, despite 

numerous studies dedicated to study the phenomenon, it remains unclear if the phase 

separation can be rationalized by the large enthalpy gain against a small entropy loss when 

de-mixing large molecules such as polymers (Flory-Huggins theory) or can be rationalized by 

the very different structure of polymeric water structures.84–86 Nevertheless, starting from the 

work of Albertsson, polymer-polymer ABS have been used as biocompatible systems for the 

extraction, separation and purification of biological products (proteins, peptides, nucleic acids, 

…), following the biologic product size and affinity with each phase.79,86,87 The large variety of 

non-ionic (dextran (DEX), polyethylene glycol (PEG), polypropylene glycol (PPG), 

polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), …) and ionic (dextran sulfate, polyacrylic 

acid (PAA), polyacrylamide (PAM), …) polymers available to form ABS enables to fine tune the 

 
Fig. I-7. Two different representations of the same phase diagrams for PEG-Dextran-H2O systems. 
a, Triangular representation of the phase diagrams for ternary PEG-Dextran-H2O systems. b, 
Orthogonal representation of the phase diagrams for ternary PEG-Dextran-H2O systems. The 
diagrams are that of Dextran T-500 associated with PEG 20000 (solid line) or PEG 8000 (dashed 
line). The purple area represents the monophasic side of the binodal curves while the red area 
represents the biphasic side of the binodal curves. The green dash-dotted lines represents the tie 
line for the composition of the biphasic system of the green points A, which separates into two 
phases of compositions given by the green points B and C. Adapted from Diamond et al.83. 
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extraction properties and reach even more complex multi-phased systems, i.e. with more than 

two phases.79,86,88 

Polymer-salt ABS 

Apart from polymer-polymer ABS, Albertsson also first reported the formation of ABS when 

mixing a polymer with a salt, thus opening even more possibilities for extraction 

applications.89 Since then, this so-called polymer-salt ABS have been widely studied with 

different polymer and salt combinations.86 For the polymer, it is found that longer PEG chains 

facilitate the phase separation, alike for polymer-polymer ABS.90 For the salts, PEG have been 

studied in combination with different sodium salts showing that anions with a “salting-in” 

ability, such as chloride (Cl-) and nitrate (NO3-), have a lower tendency to form ABS while on 

the contrary anions with a “salting-out” ability, such as carbonate (CO32-), have a higher 

tendency to form ABS.86,91 Hence ABS formation follows the “salting-in/salting-out” ability of 

anions as expressed by the Hofmeister series (also called lyotropic series). Originally, the 

Hofmeister series was established according to the ability of anion to either precipitate folded 

proteins (“salting-out”) or on the contrary, to unfold proteins, thus increasing their solubility 

(“salting-in”).92 However, translating a macroscopic phenomenon such as the precipitation of 

a protein to molecular parameters is not easy. Different parameters have been used to 

rationalize the Hofmeister series, leading to series valid within a family of ions but often 

showing discrepancies when changing from cations to anions or from inorganic to organic 

ions.  

The first parameter to rationalize the “salting-in/salting-out” ability of salts was the 

viscosity measured as function of concentration, fitted with the Jones-Doles equation: 

𝜂𝜂
𝜂𝜂0

= 1 + 𝐴𝐴√𝑐𝑐 + 𝐵𝐵𝑐𝑐   𝑤𝑤𝐿𝐿𝑤𝑤ℎ   𝐵𝐵 = �𝐵𝐵𝐿𝐿
𝐿𝐿

𝑒𝑒𝑞𝑞. 𝐼𝐼 − 31 

With 𝜂𝜂0 the viscosity of pure water, 𝜂𝜂 the viscosity of water with a concentration 𝑐𝑐 of salt, 

𝐴𝐴 the salt coefficient for charge-charge interactions and 𝐵𝐵 the salt coefficient and 𝐵𝐵𝑑𝑑 the ions 

coefficients for solvent-charge interactions.93–95 By convention, KCl is considered as a 

reference, with 𝐵𝐵𝐾𝐾+ = 𝐵𝐵𝐶𝐶𝑠𝑠− ≈ 0. Following this methodology, for 𝐵𝐵𝑑𝑑 > 0, the ion is 

considered kosmotropic, i.e. the ion-water interaction is stronger than the water-water 
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interaction. On the contrary, for 𝐵𝐵𝑑𝑑 < 0 the ion is considered chaotropic, i.e. that the ion-

water interaction is weaker than water-water interaction. Hence, kosmotropic ions do not 

interact with water and only locally weaken the water hydrogen bonding network while 

chaotropic ions disturb the water hydrogen bonding network. 

For anions, the following order is obtained for 𝐵𝐵− coefficient: 

"𝑆𝑆𝑎𝑎𝑙𝑙𝑤𝑤𝐿𝐿𝑙𝑙𝑜𝑜 − 𝑜𝑜𝑜𝑜𝑤𝑤"
B− > 0

 𝑙𝑙
CH3CO2

− > SO4
2− > F− > HCO2

−

 𝒍𝒍
𝐁𝐁− ≈ 𝟎𝟎
𝒐𝒐 

> 𝐂𝐂𝐂𝐂− >

 

"𝑆𝑆𝑎𝑎𝑙𝑙𝑤𝑤𝐿𝐿𝑙𝑙𝑜𝑜 − 𝐿𝐿𝑙𝑙"
B− < 0
𝑙𝑙 

Br− > NO3
− > ClO4

− > I− > SCN−

𝑒𝑒𝑞𝑞. 𝐼𝐼 − 32  

However, for cations, the reverse order is obtained, as positive 𝐵𝐵+ coefficient leads to 

“salting-in” phenomenon and vice versa: 

"𝑆𝑆𝑎𝑎𝑙𝑙𝑤𝑤𝐿𝐿𝑙𝑙𝑜𝑜 − 𝐿𝐿𝑙𝑙"
B+ > 0

𝑙𝑙
𝐴𝐴𝑙𝑙3+ > Mg2+ > Ca2+ > Ba2+ > Li+ > Na+

𝒍𝒍
𝐁𝐁+ ≈ 𝟎𝟎
𝒐𝒐

> 𝐊𝐊+ >

 

"𝑆𝑆𝑎𝑎𝑙𝑙𝑤𝑤𝐿𝐿𝑙𝑙𝑜𝑜 − 𝑜𝑜𝑜𝑜𝑤𝑤"
B+ < 0

𝑙𝑙
NH4

+ > Rb+ > Tl+ > Cs+
𝑒𝑒𝑞𝑞. 𝐼𝐼 − 33 

This reverse order is believed to be due to the interaction of cations with the polymer 

functional groups, such as oxygen for PEG.86,91 

The Hofmeister series partially follows the same trend as the Gibbs free energy of hydration 

(Δ𝐺𝐺ℎ𝑦𝑦𝑑𝑑) from which the entropic part (ΔSℎ𝑦𝑦𝑑𝑑) is believed to be key.96,97 However, one has to 

be careful with such series, indeed, some cations such as tetramethylammonium (Me4N+) are 

not classified the same way when using the Jones-Doles equation (kosmotropic, B+ > 0)95 as 

when using the Gibbs free energy of hydration (Δ𝐺𝐺ℎ𝑦𝑦𝑑𝑑 ≈ 0)98. Hence, no parameter was found 

to be universal for cations/anions or organic/inorganic ions and the current understanding is 

that polymer-ABS are formed more easily with salts taking water from the polymer (“salting-

out”) while not interacting with the polymer.86,91 

Ionic liquid-salt ABS 

In 2003, following the pioneering works on polymer-salt ABS, Rogers R. D. et al. reported 

an aqueous solution composed of ionic liquid to form an ABS upon the addition of a 

kosmotropic salts.99 Further works proved that salt with more negative Δ𝐺𝐺ℎ𝑦𝑦𝑑𝑑 (“salting-out”), 

leads to the formation of ionic liquid-salt ABS more easily.86,100 Analogous to the case of 
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polymer-salt ABS, ΔSℎ𝑦𝑦𝑑𝑑 is believed to be key in forming ABS,101–103 with overall, the same 

understanding than for polymer-salt ABS, i.e. that the salt has to de-hydrate the ionic liquid to 

generate the phase separation of the ABS. Following this logic, it was found that more 

“hydrophobic”, i.e. chaotropic, ionic liquids are forming ABS as they can be dehydrated more 

easily. On the contrary, more “hydrophilic”, i.e. kosmotropic, ionic liquids are more difficult to 

de-hydrate thus being less prone to forming ABS.102,103 As a consequence, ABS are found to be 

more easily formed with ionic liquid having longer hydrophobic alkyl chains.102,104 To further 

rationalize the “hydrophobicity/hydrophilicity”, i.e. chaotropicity/kosmotropicity, of ionic 

liquids, the capacity of ionic liquids to accept a proton via hydrogen bounding, i.e. hydrogen 

bonding basicity (𝛽𝛽), which is experimentally determined by solvatochromism, was correlated 

to the capacity of ionic liquids to induce the formation of ABS. It was found that ionic liquids 

with lower hydrogen bonding basicity, i.e. ionic liquids that do not accept protons from 

hydrogen bounding, correlate with an easier formation of ionic liquid-salt ABS.102–106 

Overall, it is found that a chaotropic ionic liquid associated to a kosmotropic salts are 

needed to form an ABS. Such understanding of the ionic liquid “hydrophobicity/hydrophilicity” 

and of salt “salting-out” role is of utmost importance to optimize each phase of the ABS in 

order to design better extraction processes.102 Due to their tunability, ionic liquid-salt ABS 

offer more possibilities of extractions than the previously studied polymer-polymer or 

polymer-salt ABS. More interestingly, each phase forming the ionic liquid-salt ABS are fairly 

conductive, with one phase having the salt ions and high conductivity77 ≈100 mS.cm-1 and the 

other phase having ionic liquid ions, with conductivity77 in the order of ≈10 mS.cm-1. 

Salt-Salt ABS 

While searching for improved aqueous electrolytes such as the WiSE discussed in I-A, 

Dubouis et al. found that mixing LiTFSI with LiCl at high concentration leads to the formation 

of a salt-salt ABS.33 Interestingly, both salts contain the same cation (Li+), thus this salt-salt ABS 

is driven by anions with one inorganic (Cl-) and one organic anion (TFSI-). This ABS does not 

follow the condition previously discussed for ionic liquid-salt ABS formation, where both 

kosmotropic and chaotropic species are needed. Indeed, viscosity measurements indicated 

that both Cl- and TFSI- anions have positive B− values, thus both being kosmotropic. However, 

by changing the organic anions TFSI- to a smaller sulfonamide anion (FSI-), no ABS was 
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obtained with LiCl or any other lithium halide salt. On the contrary, when changing TFSI- to a 

bigger sulfonamide (BETI-), the ABS is obtained more easily, i.e. at lower concentration.107 As 

a consequence, the trend for organic anions concur with the trend observed for the ionic liquid 

in ionic liquid-salt ABS: bigger, more hydrophobic, organic ions leads to easier formation of 

ABS. Nevertheless, no difference was found with different lithium halides (LiCl, LiBr, LiI) as 

they are all forming an ABS when mixed with LiTFSI, with similar phase diagrams,107 thus 

questioning previous series as halides have different size107, B coefficient,95 Δ𝐺𝐺ℎ𝑦𝑦𝑑𝑑98, Δ𝑆𝑆ℎ𝑦𝑦𝑑𝑑108 

and hydrogen bonding basicity109 values. Furthermore lithium nitrate (LiNO3) or lithium 

perchlorate (LiClO4) were shown not to form ABS with LiTFSI despite their similarities with 

halides in size107, B coefficient,95 Δ𝐺𝐺ℎ𝑦𝑦𝑑𝑑98, Δ𝑆𝑆ℎ𝑦𝑦𝑑𝑑108  and hydrogen bonding basicity109 values. 

Dubouis et al. rationalized the differences between halides and perchlorate or nitrate by a 

large difference in shape,107 bearing in mind that ABS have large packing constrains since they 

are formed at high concentration of salts. Furthermore, effect related to interactions with the 

environment, such as through hydrogen bounding, can also be involved. 

Overall, this new type of ABS shows that the correlations found for polymer-polymer, 

polymer-salt or ionic liquid-salt ABS are not general and can be challenged when new 

immiscible liquid systems are found. But, interestingly, novel opportunities to build 

electrochemical devices are brought by the finding of salt-salt ABS, with for instance the 

design of LiTFSI-LiCl-water biphasic system where each phase has a high conductivity110,111, 

leading to electrochemical devices such as the work of Yang et al.7 and Dubouis et al.33 

Chapter Conclusions 

Liquid-liquid phase separation is a cornerstone for the extraction and purification at 

industrial scale. However, the use of liquid-liquid interfaces in electrochemical devices lags 

behind compared to that of solid-liquid interfaces. Most of the knowledge on electrochemistry 

of liquid-liquid interface is coming from fundamental studies of water-oil interfaces, and only 

few attempts to use water-oil interfaces in applied electrochemical systems were made. 

Comparatively, even though ABS have been known for more than 100 years, the 

electrochemistry of aqueous-aqueous interface is rather unexplored. Indeed, the first ABS 

discovered were polymer-polymer ABS and polymer-salt ABS and were rapidly used as 

biocompatible liquid-liquid phase separation media. However, polymer-rich phases have low 
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conductivities, preventing their use in electrochemistry. In contrast, ionic liquid-salt ABS and 

salt-salt ABS have been recently developed and very recent work using these ABS in redox 

flow batteries showed how promising ionic liquid-salt and salt-salt ABS can be for energy 

storage devices. Indeed, by spontaneously forming two conductive aqueous phases, ABS can 

segregate the positive and negative redox couples without the need for expensive and short-

lived ion-specific membranes. Salt-salt ABS were thus recently used by Yang et al.7 to enable 

the design of a dual-ion battery by taking advantage of the two different ABS phases to drive 

two different intercalation reactions, Li+ intercalation and halogens intercalation, respectively 

in negative and positive graphite electrodes. 

Despite the recent development of redox flow and dual-ion batteries using ABS, the 

electrochemistry of ABS is still in its infancy. Salt-salt ABS are formed at high salts 

concentration, i) making their electrochemistry potentially differing from that of more 

classical dilute solutions, as previously observed for WiSE, and ii) enabling new chemistries 

such as the reversible intercalation of halogens in graphite proposed by Yang et al.7. Contrary 

to the molecularly sharp water-oil interfaces formed due to the immiscibility of solvents, the 

formation of ABS is driven by solutes. This difference raises numerous questions regarding the 

structure of the aqueous-aqueous interface with possible impact on the kinetics of ion 

transfer.
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Chapter II – Electrochemistry of highly 

concentrated aqueous solutions 

 

This chapter is based on the following article that I co-authored: 

Degoulange D., Dubouis N. and Grimaud A., “Toward the understanding of water-in-salt 

electrolytes: Individual ion activities and liquid junction potentials in highly concentrated 

aqueous solutions”, The Journal of Chemical Physics 155, 064701 (2021). 

 

II.A. Introduction 

Highly concentrated aqueous solutions have been known to play a key role in biological 

environment, changing both the thermodynamics and kinetics of biochemical reactions.112–114 

As highlighted in Chapter I, highly concentrated aqueous solutions nowadays find an 

increasing number of applications in electrochemistry, from the long-standing chlor-alkali 

process, the more recent Water-in-salt (WiSE) Li-ion batteries, all the way to the use of 

aqueous biphasic systems (ABS). As stated in part I.A., shifting from diluted electrolytes to 

WiSE is necessary for the design of high voltage aqueous batteries, as it enable the 

electrochemical window of water to be enlarged from ≈1.5 V to ≈3 V. 

Nevertheless, the origin for such enlarged window, it being kinetics or thermodynamics, 

remains largely debated to date.31,115,116 Indeed, the lack of knowledge regarding critical 

physical parameters such as ions activity in these highly concentrated solutions hampers 

accessing to the reversible potentials for reactions such as the HER. For instance, the activity 

of protons, equivalent to the pH, has been subject to controversy with reports of acidic pH 

being measured in highly concentrated solutions while pH was presumed to be neutral as the 

salts used are not acidic nor basic.117 Such doubts on the pH and thus on the HER reversible 

potential are preventing us to estimate the cathodic stability of the electrolyte in this regime. 

Moreover, when moving from the ideal infinite dilution regime to a highly concentrated one, 
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not only the potential for the HER is modified but the one of other reactions such as Li+ 

reversible intercalation as well. Indeed, preliminary studies suggested that when increasing 

the concentration from a diluted 1m system to a WiSE with 20m of organic Li-salt, namely 

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), the reversible potential for cations 

(de)intercalation shifts positively by ≈200 mV as the result of an increased activity of Li-ions 

(Fig. II-1a).27  

Hence, from a practical point of view, changes in ions activity are of prime importance. 

Indeed, if the activity of Li-ions and protons in concentrated solutions evolve differently as a 

function of salt concentration, lithium intercalation can be favoured in electrode materials 

such as Mo6S8 used in aqueous batteries at the expense of the HER (Fig. II-1a), or vice versa 

(Fig. II-1b). Such activity shifts would thus directly impact the reactivity at the electrode-

electrolyte interface and affect the performances of electrochemical aqueous systems. 

 

In solution, the activity of a species S, 𝑎𝑎𝑆𝑆, is the product of its concentration, 𝑐𝑐𝑆𝑆, and its 

activity coefficient, 𝛾𝛾𝑆𝑆118: 

𝑎𝑎𝑆𝑆 =  𝛾𝛾𝑆𝑆  𝑐𝑐𝑆𝑆 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 1 

From a fundamental point of view, our current understanding of variations of the activity 

of species in aqueous systems emerges from complementary theoretical and experimental 

 
Fig. II-1. Potential shifts for the HER and the Li+ intercalation in LiFePO4 and Mo6S8, from a 1m 
LiTFSI electrolyte to a 21m LiTFSI WiSE. a, Chemical shifts considering the activity of protons 
constant, equivalent to a constant pH=7. b, Chemical shifts considering an increasing activity of 
protons, equivalent to a decreasing pH from pH=7 at 1m LiTFSI to pH=2 for 21m LiTFSI. 
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studies. In very diluted electrolytes, the activity coefficients can be approximated through the 

Debye and Hückel limiting law: 

ln(𝛾𝛾salt) = −𝐴𝐴|𝑧𝑧+ 𝑧𝑧−|√𝐼𝐼 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 2 

where   𝛾𝛾salt = �𝛾𝛾+ 𝛾𝛾−   ;    𝐼𝐼 =
1
2
� 𝑐𝑐𝑑𝑑 𝑧𝑧𝑑𝑑2

𝑑𝑑=±
   ;    𝐴𝐴 =

𝑒𝑒2𝐵𝐵
8𝜋𝜋𝜀𝜀0𝜀𝜀𝑎𝑎𝑘𝑘𝑇𝑇𝑅𝑅

   ;    𝐵𝐵 = �
2

𝜀𝜀0𝜀𝜀𝑎𝑎𝑅𝑅𝑅𝑅
 

with 𝛾𝛾salt the mean activity coefficient of the salt, 𝛾𝛾+ the cation activity coefficient, 𝛾𝛾− the 

anion activity coefficient, 𝐼𝐼 the ionic strength, 𝑐𝑐𝑑𝑑 the concentration of ion 𝐿𝐿, 𝑧𝑧𝑑𝑑 the charge of 

ion 𝐿𝐿, 𝑒𝑒 the unit charge, 𝜀𝜀0 the vacuum permittivity, 𝜀𝜀𝑎𝑎 the relative permittivity of the solvent, 

𝑘𝑘𝑇𝑇 the Boltzmann constant, 𝑅𝑅 the gas constant and 𝑅𝑅 the temperature, all given in SI units.118 

In the Debye-Hückel model, the solvent is introduced as a dielectric continuum with a fixed 

dielectric constant. However, for increased concentrations, the presence of ions is influencing 

the physical properties of the medium leading to the development of a model with a dielectric 

constant dependant on ions concentration.119 Nevertheless, all the above-mentioned models 

consider the solvent as a dielectric continuum in which solvent-ions interactions are modelled 

with a Coulomb law between the ions and an average dielectric continuum.120 While such 

assumption seems reasonable as long as the ions solvation sphere is kept constant, switching 

from diluted to highly concentrated aqueous electrolytes the amount of ions-water molecules 

interactions will decrease, as for a WiSE in which the salt concentration (21m of LiTFSI) 

corresponds to a stoichiometry of 1:2.6 LiTFSI to water molecules. At such concentration, 

molecular ion-ion interactions such as ion pairing or bigger ionic aggregates are significantly 

interfering with the solvation shell of ions25,121,122,33 but are only poorly modelled via a 

dielectric continuum. Eventually, equations such as the one developed by Pitzer123–125 enable 

the description of ions activity in concentrated electrolytes but are only empirical and do not 

explain the physics behind any changes in activity coefficients. Consequently, new models are 

currently being developed to gain a molecular understanding of both solvent-ions and ions-

ions interactions and their impact on single ions activity coefficients in highly concentrated 

electrolytes.120,126 

Unfortunately, experimental data regarding activity coefficient for ions in highly 

concentrated solutions pertinent to electrochemical devices are scarce. While the activity of 
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water can be measured using vapour pressure and the mean activity coefficient of a salt 

determined via osmotic coefficient127, the activity of individual ions can theoretically be 

approximated from the Nernst potential of ion selective electrodes (ISE) at equilibrium. 

Several studies have thus been conducted on individual ions activity in such highly 

concentrated electrolytes, all pointing towards the increase of ions activity as a function of 

concentration.120,126 However, questions remain regarding the validity of such measurements, 

in part due to difficulties in properly correcting for experimental artefacts such as junction 

potentials, often completely neglected. Thus, in this work, we discuss our ability to accurately 

measure single or mean ions activities in highly concentrated electrolytes by the means of 

electrochemical measurements. For that, we selected two systems, the H2O-Cl- one relevant 

to the chlor-alkali process and the H2O-TFSI- one relevant to the battery field. For these 

systems, Li+, Zn2+ and H+ cations were studied, giving access to monovalent, divalent and 

proton chemistries.  

 

II.B. Theory and approximations 

First, a redox couple for an oxidising (Ox) and a reducing (Red) agent in solution is 

considered, with its Nernst potential 𝐸𝐸𝑁𝑁 being described as follow: 

Ox + 𝑙𝑙 e− = Red 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 3 

𝐸𝐸𝑁𝑁 = 𝐸𝐸°Ox/Red +
𝑅𝑅𝑅𝑅
𝑙𝑙𝐹𝐹

 ln �
𝑐𝑐Ox

𝑐𝑐Red
� +  

𝑅𝑅𝑅𝑅
𝑙𝑙𝐹𝐹

 ln�
𝛾𝛾Ox

𝛾𝛾Red
� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 4 

with, 𝐹𝐹 the Faraday constant, 𝐸𝐸°Ox/Red the standard potential of the redox couple, 𝑐𝑐Ox the 

concentration of the oxidizing agent, 𝑐𝑐Red the concentration of the reducing agent, 𝛾𝛾Ox the 

activity coefficients of the oxidizing agent and 𝛾𝛾Red the activity coefficients of the reducing 

agent.39 In this study, three cations have been studied, two monovalent Li+ and H+ and a 

divalent one Zn2+, as well as an anion Cl-, considering the following Nernst equation and redox 

equations: 
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𝑥𝑥Li+
(aq) + 𝑥𝑥e− + (1 − 𝑥𝑥)LiFePO4(s) + 𝑥𝑥FePO4(s) = LiFePO4(s) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 5 

𝐸𝐸𝑁𝑁 = 𝐸𝐸°FePO4/LiFePO4 +
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�𝑎𝑎Li+(𝑚𝑚)� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 6 

2H+
(aq) + 2e− = H2(g) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 7 

𝐸𝐸𝑁𝑁 = 𝐸𝐸°H+/H2
+
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�𝑎𝑎H+(𝑚𝑚)� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 8 

Zn2+
(aq) + 2e− = Zn(s) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 9 

𝐸𝐸𝑁𝑁 = 𝐸𝐸°Zn2+/Zn +
𝑅𝑅𝑅𝑅
2𝐹𝐹

 ln �𝑎𝑎Zn2+(𝑚𝑚)� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 10 

AgCl(s) +  e− = Ag(s) + Cl−(aq) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 11 

𝐸𝐸𝑁𝑁 = 𝐸𝐸°AgCl/Ag −
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�𝑎𝑎Cl−(𝑚𝑚)� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 12 

AgBr(s) +  e− = Ag(s) + Br−(aq) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 13 

𝐸𝐸𝑁𝑁 = 𝐸𝐸°AgBr/Ag −
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�𝑎𝑎𝐵𝐵𝑜𝑜−(𝑚𝑚)� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 14 

ISEs used to study Li+, H+ and Zn2+ were respectively a half lithiated FePO4/LiFePO4 electrode 

(Li+-ISE)128, a reversible hydrogen electrode (RHE) (H+-ISE) and a metallic Zn electrode (Zn2+-

ISE) while a commercial Cl- selective electrode was used as Cl--ISE (see details in S-II: Materials 

and Methods). 

Experimentally, the accessible quantity is the open circuit voltage (OCV), i.e. the difference 

between the potential of the working electrode (𝐸𝐸𝑊𝑊𝑊𝑊) and the potential of a reference 

electrode (𝐸𝐸𝑆𝑆𝐶𝐶𝑊𝑊), in our case a saturated calomel electrode (SCE). When using an ion-sensitive 

electrode (ISE), the OCV is dependent on the molality 𝑚𝑚 via the Nernst potential of the redox 

couple (𝐸𝐸𝑁𝑁) as well as the liquid junction potential (𝜙𝜙𝑚𝑚 − 𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊) arising from the interface 

between the electrolyte at a molality 𝑚𝑚 with an electric potential 𝜙𝜙𝑚𝑚 and the solution of the 

reference electrode (SCE) with an electric potential 𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊 .39 Our electrochemical cell (Fig. II-

2d) and the measured OCV (Fig. II-2c) can thus be described as follow: 
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Hg/Hg2Cl2/KClsat/salt(𝑚𝑚)/ISE 

OCV(𝑚𝑚) =  𝐸𝐸𝑊𝑊𝑊𝑊(𝑚𝑚)− 𝐸𝐸𝑆𝑆𝐶𝐶𝑊𝑊 = 𝐸𝐸𝑁𝑁(𝑚𝑚)− 𝐸𝐸𝑆𝑆𝐶𝐶𝑊𝑊 + (𝜙𝜙𝑚𝑚 − 𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 15 

First, we compared the OCV values measured at a molality 𝑚𝑚 using a SCE �OCV(𝑚𝑚)� with 

the OCV measured in a concentration cell (CC) (Fig. II-2a and 2b) between molality 𝑚𝑚 and a 

molality of reference (𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓) using no reference electrode �OCVCC(𝑚𝑚)�, which is given by:  

ISE/salt(𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓)/salt(𝑚𝑚)/ISE 

OCVCC(𝑚𝑚) = 𝐸𝐸𝑁𝑁(𝑚𝑚)− 𝐸𝐸𝑁𝑁�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�+ (𝜙𝜙𝑚𝑚 − 𝜙𝜙𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 16 

 

In a system containing Li+ cations and using a Li+-ISE, the evolution of the OCV values as a 

function of salt molality are found perfectly similar in both configuration (Fig. II-2b and 2c), 

thus demonstrating the equivalence between these two configurations (Fig. II-2a and 2d). As 

a consequence, we establish that the electrode potential of the SCE (𝐸𝐸𝑆𝑆𝐶𝐶𝑊𝑊) and the electric 

potential of the KCl saturated solution of the SCE (𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊) can be cancelled by taking the 

difference OCV(𝑚𝑚) − OCV�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓� (Fig. II-3): 

OCV(𝑚𝑚) − OCV�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�

= [𝐸𝐸𝑁𝑁(𝑚𝑚)− 𝐸𝐸𝑆𝑆𝐶𝐶𝑊𝑊 + (𝜙𝜙𝑚𝑚 − 𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊)] − �𝐸𝐸𝑁𝑁�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓� − 𝐸𝐸𝑆𝑆𝐶𝐶𝑊𝑊 + (𝜙𝜙𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅 − 𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊)� 

            = 𝐸𝐸𝑁𝑁(𝑚𝑚)− 𝐸𝐸𝑁𝑁�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�+ (𝜙𝜙𝑚𝑚 − 𝜙𝜙𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅) = OCVCC(𝑚𝑚)    𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 17 

 
Fig. II-2. OCV values measured from 1m to 18m LiCl. a-b, Scheme representing the measurements 
with the concentration cell (a) and the corresponding OCV values (b). c-d, Scheme representing the 
measurements using a SCE reference electrode (d) and the corresponding OCV values (c). 
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Such result was not evident experimentally-wise regarding the electrical potentials since, 

as highlighted by Bard and Faulkner,39 such experiments are strongly dependent on the nature 

of the physical junction. Hence, hereafter, we fixed the reference concentration to 1m, value 

which is i) high enough to enable to sum and cancel electrical potentials, ii) widely discussed 

in previous literature and thus enabling us to compare with our findings27,129 and iii) low 

enough not to be considered as being within the “super-concentrated” regime. Moreover, as 

most of the organic salts used to prepare the electrolytes are very costly, and for the sake of 

simplicity, the SCE configuration (Fig. II-3c) was privileged in the following. 

Having demonstrated the equivalence between these two configurations, the difference 

between OCV(𝑚𝑚) and OCV(𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓), denoted Δ𝐸𝐸 in the following, can be split into a Nernstian 

part (Δ𝐸𝐸𝑁𝑁) and a liquid junction part �Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇� and expressed as: 

Δ𝐸𝐸 = OCV(𝑚𝑚)− OCV�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓� = Δ𝐸𝐸𝑁𝑁 + Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 18 

with   Δ𝐸𝐸𝑁𝑁 = 𝐸𝐸𝑁𝑁(𝑚𝑚) − 𝐸𝐸𝑁𝑁�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 19 

and   Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇 = (𝜙𝜙𝑚𝑚 − 𝜙𝜙𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 20 

The Nernstian part Δ𝐸𝐸𝑁𝑁 (details for each ISE is given in S-II: Supplementary Equations from 

eq. II-S1 to S25) can be further split into two parts associated with the change of concentration 

(Δ𝐸𝐸𝑁𝑁𝑐𝑐 ) and the change of activity coefficient �Δ𝐸𝐸𝑁𝑁
𝛾𝛾�:  

 

 
Fig. II-3. Comparison of the concentration cell with the differences of two measurements using a 
SCE reference electrode from 1m 18m LiCl. a, Scheme representing the measurements with the 
concentration cell. b, Comparison of the OCV values of the concentration cell with the OCV 
differences measured using a SCE reference electrode from 1m to 18m LiCl. c, Scheme representing 
the difference between two measurements using a SCE reference electrode. 
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Δ𝐸𝐸𝑁𝑁 = Δ𝐸𝐸𝑁𝑁𝑐𝑐 + Δ𝐸𝐸𝑁𝑁
𝛾𝛾 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 21 

Δ𝐸𝐸𝑁𝑁𝑐𝑐 =
𝑅𝑅𝑅𝑅
𝑙𝑙𝐹𝐹

 ln�
𝑐𝑐Ox(𝑚𝑚)

𝑐𝑐Ox�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 
𝑐𝑐Red�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
𝑐𝑐Red(𝑚𝑚) � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 22 

Δ𝐸𝐸𝑁𝑁
𝛾𝛾 =

𝑅𝑅𝑅𝑅
𝑙𝑙𝐹𝐹

 ln�
𝛾𝛾Ox(𝑚𝑚)

𝛾𝛾Ox�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 
𝛾𝛾Red�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
𝛾𝛾Red(𝑚𝑚) � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 23 

Importantly, not only the Nernstian part depends on the activity of individual ions 𝑎𝑎𝑑𝑑, but 

the liquid junction potential as well: 

Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇 =
−𝑅𝑅𝑅𝑅
𝐹𝐹

��  
𝑤𝑤𝑑𝑑
𝑧𝑧𝑑𝑑

 d ln 𝑎𝑎𝑑𝑑
𝑚𝑚

𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑

𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 24 

with 𝑎𝑎𝑑𝑑 the activity of the ion 𝐿𝐿, 𝑧𝑧𝑑𝑑 the charge of the ion 𝐿𝐿 and 𝑤𝑤𝑑𝑑 the transport number of the 

ion 𝐿𝐿.39 Thus, the difference of OCV measured between two different solutions contains three 

parts, one being dependent on the concentration of the species involved in the redox couple, 

another one being dependent on their activity coefficient and the third one being dependent 

on the activity of all the ions in solution:  

Δ𝐸𝐸 = OCV(𝑚𝑚)− OCV�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓� = Δ𝐸𝐸𝑁𝑁𝑐𝑐 + Δ𝐸𝐸𝑁𝑁
𝛾𝛾 + Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇

=
𝑅𝑅𝑅𝑅
𝑙𝑙𝐹𝐹

 ln�
𝑐𝑐Ox(𝑚𝑚)

𝑐𝑐Ox�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 
𝑐𝑐Red�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
𝑐𝑐Red(𝑚𝑚) �+

𝑅𝑅𝑅𝑅
𝑙𝑙𝐹𝐹

 ln�
𝛾𝛾Ox(𝑚𝑚)

𝛾𝛾Ox�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 
𝛾𝛾Red�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
𝛾𝛾Red(𝑚𝑚) � 

        +
−𝑅𝑅𝑅𝑅
𝐹𝐹

��
𝑤𝑤𝑑𝑑
𝑧𝑧𝑑𝑑

 d ln 𝑎𝑎𝑑𝑑
𝑚𝑚

𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑

                                    𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 25 

Evidently, with this in mind, difficulties in accurately measuring single ion activities of 

species in solutions can be foreseen, as discussed below.  

 

II.C. Effect of salt molality on the OCV shift for different cations 

The OCV values using a Li+-ISE were first measured as a function of LiCl and LiTFSI salt 

concentration, from diluted to highly concentrated electrolytes. The equilibrium potentials, 

plotted in Fig. II-4a, shifts from ≈150 mV vs SCE in 1m solution to ≈375 mV vs SCE in highly 

concentrated solutions. In Fig. II-4b and 4c are plotted, respectively for LiCl and LiTFSI, the Δ𝐸𝐸 
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values extrapolated between given molalities 𝑚𝑚 and the reference molality 𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓 = 1m. The 

Nernstian part associated to the change in Li+ concentration Δ𝐸𝐸𝑁𝑁𝑐𝑐  was calculated and plotted, 

before to be subtracted from the potential shift to give the corresponding values of Δ𝐸𝐸 −

Δ𝐸𝐸𝑁𝑁𝑐𝑐 = Δ𝐸𝐸𝑁𝑁
𝛾𝛾 + Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇. Doing so, Δ𝐸𝐸 − Δ𝐸𝐸𝑁𝑁𝑐𝑐  values close to each others are obtained for LiCl 

and LiTFSI (Fig. II-4b and 4c). This observation suggests that the nature of the anion (organic 

or inorganic) has no drastic impact on the measured shift in potential, despite LiCl and LiTFSI 

aqueous solutions showing very different solvation structures as well as physical properties.33 

 

To understand such trend, similar measurements were then performed in Zn2+-containing 

electrolytes using a Zn2+-ISE. Two cases were considered, one similar to the previous 

measurement in which the concentration and the molality are simultaneously increased by 

adding a Zn2+-salt ZnCl2 and a second one in which the concentration of Zn2+ is fixed while the 

overall molality of the solution is increased by increasing the LiTFSI concentration. Doing so, 

pure ZnCl2 solutions ranging from 1m to 20m were compared to a fixed concentration of 10 

mmol.L-1 (mM) of Zn(TFSI)2, which solubility is limited in water, dissolved in different LiTFSI 

solutions. As the concentration of Zn2+ at 𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓 is 0.87 mol.L-1 for ZnCl2 while it is only of 10 

mM for Zn(TFSI)2:LiTFSI, a ≈50 mV difference in the absolutes values of OCVs at 𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓 is 

observed (Fig. II-5a). Nevertheless, when plotting Δ𝐸𝐸 − Δ𝐸𝐸𝑁𝑁𝑐𝑐  (Fig. II-5c), shifts of ≈250 mV are 

found from 1m to 20m salt molalities for both ZnCl2 and Zn(TFSI)2:LiTFSI solutions with only a 

slight deviation being observed at very large concentrations. Surprisingly, this result suggests 

that the shift in OCV, linked to both the junction potential and the activity coefficient, is 

independent i) on the concentration of the ion probed, it being the main salt or added in small 

 
Fig. II-4. Values of �𝚫𝚫𝐄𝐄𝐋𝐋𝐋𝐋𝐋𝐋 + 𝚫𝚫𝐄𝐄𝐍𝐍

𝛄𝛄� extracted from the OCV measured with a Li+-ISE in LiCl and 
LiTFSI solutions. a, OCV values of the ISE-Li+ in LiCl (blue) and LiTFSI (red) solutions. b-c, Values of 
ΔE, calculated values of ΔENC  and values of (ΔE − ΔENc ) for LiCl (b) and for LiTFSI (c) solutions. 
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quantities in a concentrated solution, and ii) on the ion environment which is presumably very 

different between ZnCl2 and LiTFSI solutions. Even more troubling, the shifts measured as a 

function of salt molality are close to the ones previously observed for LiTFSI and LiCl solutions 

using a Li+-ISE (Fig. II-4), despite obvious differences in solvation structures existing between 

mono- and divalent cations.33,130 

 

Startled by this observation, shifts in potential from diluted to highly concentrated LiCl and 

LiTFSI solutions in which 10 mM of HClO4 is added were measured for a third cation, protons, 

using a H+-ISE (Fig. II-6). For both series the concentration of protons is fixed to 10 mM by 

addition of HClO4, thus the concentration term between two given Li-salt concentrations Δ𝐸𝐸𝑁𝑁𝑐𝑐  

is null (eq. II-S14). Similar shifts of ≈200 mV are measured from 1m to 15m for both LiCl and 

LiTFSI solutions with a deviation observed for LiCl near the saturation limit (Fig. II-6c).  

 
Fig. II-5. Potential shift measured for a Zn2+-ISE as a function of salt molalities. a, OCV values of 
the Zn2+-ISE in ZnCl2 solutions (blue) and LiTFSI solutions with 10 mM of added Zn(TFSI)2 (red). b, 
Extracted values of 𝛥𝛥𝐸𝐸 and calculated values of 𝛥𝛥𝐸𝐸𝑁𝑁𝐶𝐶  in ZnCl2 solutions (blue) and LiTFSI solutions 
with 10 mM of added Zn(TFSI)2 (red). c, (ΔE − ΔENc ) values of a Zn2+-ISE in ZnCl2 solutions (blue) 
and (ΔE − ΔENc ) values of a Zn2+-ISE in LiTFSI solutions with 10 mM of added Zn(TFSI)2 (red). 
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Furthermore, when compared to the results previously obtained for Li+ and Zn2+, fairly 

comparable values for H+ are measured (Fig. II-7). These results thus lead to the conclusion 

that, for either inorganic (Cl-) or organic (TFSI-) anions, the shifts in potential measured for Li+, 

Zn2+ or H+ cations are fairly comparable when subtracting for the concentration term (Fig. II-

7a and 7b, respectively). Thus, we demonstrate that neither the nature nor the concentration 

of the cation or the environment around the cation drastically impacts Δ𝐸𝐸𝑁𝑁
𝛾𝛾 + Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇, term 

which is directly accessible by electrochemical means. These observations raise obvious 

questions, owing to the very different chemistries involved and for which one would expect 

single ion activity coefficients to drastically differ in all the cases studied in this work.  

 

 
Fig. II-6. Potential shift measured for a H+-ISE as a function of salt molalities. a, OCV values of the 
H+-ISE in LiCl solutions with 10 mM of added HClO4 (blue) and in LiTFSI solutions with 10 mM of 
added HClO4 (red). b, Extracted values of 𝛥𝛥𝐸𝐸 and calculated values of 𝛥𝛥𝐸𝐸𝑁𝑁𝐶𝐶  in LiCl solutions with 10 
mM of added HClO4 (blue) and LiTFSI solutions with 10 mM of added HClO4 (red). c, (𝛥𝛥𝐸𝐸 − 𝛥𝛥𝐸𝐸𝑁𝑁𝑐𝑐 ) 
values of a H+-ISE in LiCl solutions with 10 mM of added HClO4 (blue) and (𝛥𝛥𝐸𝐸 − 𝛥𝛥𝐸𝐸𝑁𝑁𝑐𝑐 ) values of a 
H+-ISE  in a LiTFSI solution with 10 mM of added HClO4 (red). 

 

 
Fig. II-7. (𝚫𝚫𝐄𝐄 − 𝚫𝚫𝐄𝐄𝐍𝐍𝐜𝐜 ) values measured with a Li+-ISE compared to that measured with an H+-ISE 
and a Zn2+-ISE. a, Comparison of LiCl, LiCl + 10 mM HClO4 and ZnCl2 solutions studied respectively 
with a Li+-ISE, H+-ISE and Zn2+-ISE. b, LiTFSI, LiTFSI + 10 mM HClO4 and LiTFSI + 10 mM Zn(TFSI)2 
solutions studied respectively with a Li+-ISE, H+-ISE and Zn2+-ISE. 
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II.D. Effect of salt molality on the junction potential 

To access the shift in potential arising from a change in activity coefficients Δ𝐸𝐸𝑁𝑁
𝛾𝛾 , the 

junction potential Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇 must be precisely known. Unfortunately, the activity of ions and thus 

the activity coefficients of individual ions are intrinsically correlated to the liquid junction 

potential (eq. II-24), making the exact determination of junction potentials mathematically 

irresolvable without approximations.39 Several approximations were thus previously 

proposed, one of the most acclaimed ones being the Henderson equation which can be 

applied to any type of liquid junctions:  

Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇 = (𝜙𝜙𝑚𝑚 − 𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊) − (𝜙𝜙𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅 − 𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊)                                                                                

 = �
∑ |𝑧𝑧𝑑𝑑|𝑜𝑜𝑑𝑑
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∑ |𝑧𝑧𝑑𝑑|𝑜𝑜𝑑𝑑�𝑐𝑐𝑑𝑑(𝑚𝑚) − 𝑐𝑐𝑑𝑑𝑆𝑆𝐶𝐶𝑊𝑊�𝑑𝑑

𝑅𝑅𝑅𝑅
𝐹𝐹

ln
∑ |𝑧𝑧𝑑𝑑|𝑜𝑜𝑑𝑑 𝑐𝑐𝑑𝑑𝑆𝑆𝐶𝐶𝑊𝑊𝑑𝑑
∑ |𝑧𝑧𝑑𝑑|𝑜𝑜𝑑𝑑  𝑐𝑐𝑑𝑑(𝑚𝑚)𝑑𝑑

�                                      

                         −�
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𝑧𝑧𝐿𝐿 �𝑐𝑐𝑑𝑑�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓� − 𝑐𝑐𝑑𝑑𝑆𝑆𝐶𝐶𝑊𝑊�𝑑𝑑

∑ |𝑧𝑧𝑑𝑑|𝑜𝑜𝑑𝑑�𝑐𝑐𝑑𝑑�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓� − 𝑐𝑐𝑑𝑑𝑆𝑆𝐶𝐶𝑊𝑊�𝑑𝑑
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𝐹𝐹

ln
∑ |𝑧𝑧𝑑𝑑|𝑜𝑜𝑑𝑑 𝑐𝑐𝑑𝑑𝑆𝑆𝐶𝐶𝑊𝑊𝑑𝑑

∑ |𝑧𝑧𝑑𝑑|𝑜𝑜𝑑𝑑 𝑐𝑐𝑑𝑑�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�𝑑𝑑
� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 26 

with 𝑐𝑐𝑑𝑑(𝑚𝑚) the concentration of the ion 𝐿𝐿 at molality 𝑚𝑚, 𝑐𝑐𝑑𝑑𝑆𝑆𝐶𝐶𝑊𝑊 the concentration of the ion i in 

the KClsat solution of the SCE, 𝑜𝑜i the mobility of the ion 𝐿𝐿 in infinitely diluted regimes and 𝑧𝑧𝑑𝑑 

the charge of the ion 𝐿𝐿.39 

To apply the Henderson equation, two assumptions are made: i) the activities of ions are 

approximated to be equal to the concentration of ions in solution at each point of the junction 

and ii) the mobility of ions in solutions is independent of the molality and equal to the mobility 

measured in infinitely diluted regimes.39 Doing so, the liquid junction potentials calculated 

with the Henderson equation are negligible, in the order of few millivolts (Fig. II-8a). However, 

both assumptions regarding the activity and the mobility of ions are certainly not valid in 

highly concentrated solutions. Indeed, theoretical studies recently pointed out that the 

activity coefficient largely deviates from unity in highly concentrated regimes126 while both 

theoretical and experimental results have shown that diffusion coefficients are greatly 

dependent on the salt concentration for ions such as Li+ for instance.110,131 
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Evidently, measuring the difference in potentials between the solutions considered in this 

work and a saturated calomel reference electrode, a Type 3 liquid junction potential is formed 

for which different ions cross the junction in both ways (Fig. II-8b) and for which the best 

approximation is the Henderson equation.39 Nevertheless, having established earlier the 

equivalence between our measurements and a concentration cell (Fig. II-3), one can 

tentatively approximate the liquid junction potential to a Type 1 liquid junction potential, i.e. 

a junction between two solutions of common ions but different concentrations and where 

ions cross the junction to move to the lower concentration (Fig. II-8c)39, which is expressed as: 

Δ𝐸𝐸𝐿𝐿𝐽𝐽𝑃𝑃 = (𝑤𝑤− − 𝑤𝑤+)
𝑅𝑅𝑅𝑅
𝐹𝐹

ln�
𝛾𝛾salt(𝑚𝑚)

𝛾𝛾salt�𝑚𝑚𝑅𝑅𝑒𝑒𝑅𝑅�
 
𝑐𝑐(𝑚𝑚) 
𝑐𝑐�𝑚𝑚𝑅𝑅𝑒𝑒𝑅𝑅�

� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 27 

with 𝑤𝑤i the transport number of the ion 𝐿𝐿, 𝑐𝑐(𝑚𝑚) the concentration of salt at molality 𝑚𝑚 and 

𝛾𝛾(𝑚𝑚) the mean activity coefficient of the salt at molality 𝑚𝑚.39 Doing so, two assumptions must 

once again be made: i) the activity of ions are approximated to be equal to the mean activity 

of the salt given by the product 𝑐𝑐(𝑚𝑚) 𝛾𝛾(𝑚𝑚) and ii) transport numbers for cations and anions 

are considered independent of the molality. Considering LiCl solutions with constant transport 

numbers (𝑤𝑤+ = 0.2 and 𝑤𝑤− = 0.8)132 and 𝛾𝛾(𝑚𝑚) values previously reported127 and summarized 

in Table II-1, non-negligible values ranging between 40 mV and 100 mV are estimated for the 

Type 1 junction approximation (Fig. II-8a). Observing this, one could conclude that the junction 

potential accounts for a large part of the shift in potential observed in this work as well as in 

previous studies switching from diluted to highly concentrated solutions. 

 
Fig. II-8. Approximations and illustrations of Type 3 and Type 1 liquid junction potential. a, 
Comparison of (ΔE− ΔENc ) values measured with a Li+-ISE in LiCl with estimation of the liquid 
junction potential made using the Henderson equation and Type 1 approximations. b, Scheme of a 
Type 3 liquid junction. c, Scheme of a Type 1 liquid junction. 
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Nevertheless, the second assumption necessary to apply the Type 1 junction approximation 

can once again be challenged. Indeed, as previously reported110,132 and shown in Fig. II-9, the 

transport numbers for both cations and anions do not remain constant across the 

concentration range studied in this work. Furthermore, mean activity coefficients are used to 

estimate the junction potentials for a Type 1 junction, rather than single ions activity 

coefficients theoretically obtained when using ion selective electrodes. 

 

Overall, and similarly to the activity of ions, no good approximation currently exists for 

treating the junction potential in such highly concentrated solutions. Despite such limitations, 

one can suggest that values close to or greater than 100 mV are found when forming a junction 

between a 1m solution and a highly concentrated solutions. Such conclusion is further re-

enforced by observing that very similar potential shifts are measured for three very different 

chemistries – a monovalent alkali-cation Li+, a divalent transition metal Zn2+ and protons – 

both when the cations studied is diluted in a highly concentrated environment, such as for 

Zn2+ and protons in LiTFSI, and when the cations of interest are the main cation forming the 

highly concentrated solutions, as for Li+ in LiTFSI solution or Zn2+ in ZnCl2. A common pitfall 

would thus be to completely neglect the junction potential when studying shift in redox 

potentials in highly concentrated solutions, or to use a glass electrode pH-meter as previously 

𝛾𝛾salt 1m 5m 10m 15m 18m 
LiCl 0.775 2.000 9.600 30.9 50.3 

Table II-1. Mean activity coefficients of LiCl solutions from 1m to 15m. Data from Hamer et al.127. 

 

 
Fig. II-9. Transport numbers for cations (dotted lines) and anions (solid lines) for LiCl (blue), LiTFSI 
(red) and HCl (cyan). Data from Li et al.110 and Chapman et al.132. 
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done to estimate the pH in LiTFSI solutions as a function of salt molality.39 We should rather 

conclude that, using electrochemical cells in which a liquid junction is formed, the activity 

coefficients and thus the activity of ions can hardly be extracted in highly concentrated 

solutions owing to a very large junction potential. This conclusion holds true when using a 

reference electrode alike the SCE used in this work, as well as when building its equivalent 

concentration cell (Fig. II-3). 

To be free of any junction potential, potentials can be measured between two ISEs, one 

being selective to the cation (Li+) and the other one to the anion (Cl- for instance), in the same 

solution to avoid inducing a junction potential: 

Li+ − ISE /LiCl(𝑚𝑚)/ Cl− − ISE 

OCV(𝑚𝑚) = 𝐸𝐸°Li+−ISE − 𝐸𝐸°Cl−−ISE +
2𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�𝑐𝑐(𝑚𝑚)� + 
2𝑅𝑅𝑅𝑅
𝐹𝐹

 ln ��𝛾𝛾Li+(𝑚𝑚) 𝛾𝛾Cl−(𝑚𝑚)� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 28 

While being experimentally convenient, such measurement only gives access to the mean 

activity coefficients of ions defined as follow: 

𝛾𝛾LiCl(𝑚𝑚) = �γLi+(𝑚𝑚) γCl−(𝑚𝑚) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 29 

and which are commonly obtained by osmotic measurements.133 Hence, in Fig. II-10, the 

activity of Cl- was studied using a Cl--ISE in LiCl solutions. 

 

 
Fig. II-10. Potential shift measured for a Cl--ISE as function of LiCl molality. a, OCV values in LiCl 
solutions against a SCE reference electrode. b, Extracted values of 𝛥𝛥𝐸𝐸 and calculated values of 𝛥𝛥𝐸𝐸𝑁𝑁𝐶𝐶. 
c, (𝛥𝛥𝐸𝐸 − 𝛥𝛥𝐸𝐸𝑁𝑁𝑐𝑐 ) values in LiCl solutions. 
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In Fig. II-11b are plotted the (Δ𝐸𝐸 − Δ𝐸𝐸𝑁𝑁𝑐𝑐 ) values for the Cl--ISE and Li+-ISE measured 

independently against a SCE reference electrode, and their difference is reported in Fig. II-11c. 

The difference between the Cl--ISE and Li+-ISE measured independently against a SCE 

(configuration a1 in Fig. II-11a) provides similar values that those obtained in a single solution 

(configuration a2 in Fig. II-11a), thus confirming that the electrode potential of the SCE (𝐸𝐸𝑆𝑆𝐶𝐶𝑊𝑊) 

and the electric potential of the KCl saturated solution of the SCE (𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊) can be cancelled, as 

previously stated in eq. II-17. Moreover, in configuration a1 (Fig. II-11a), the electrical 

potential of the LiCl solution at molality 𝑚𝑚 (𝜙𝜙𝑚𝑚) is also expected to cancel, the liquid junction 

potentials is thus completely cancelled as following: 

(Δ𝐸𝐸 − Δ𝐸𝐸𝑁𝑁𝑐𝑐 )Li+ −  (Δ𝐸𝐸 − Δ𝐸𝐸𝑁𝑁𝑐𝑐 )Cl− =  �Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇 + Δ𝐸𝐸𝑁𝑁
𝛾𝛾(Li+)� −  �Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇 + Δ𝐸𝐸𝑁𝑁

𝛾𝛾(Cl−)�  

                     = �(𝜙𝜙𝑚𝑚 − 𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊)− (𝜙𝜙𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅 − 𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊) + Δ𝐸𝐸𝑁𝑁
𝛾𝛾(Li+)�  

− �(𝜙𝜙𝑚𝑚 − 𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊)− (𝜙𝜙𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅 − 𝜙𝜙𝑆𝑆𝐶𝐶𝑊𝑊) + Δ𝐸𝐸𝑁𝑁
𝛾𝛾(Cl−)� 

                                         = �(𝜙𝜙𝑚𝑚 − 𝜙𝜙𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅) + Δ𝐸𝐸𝑁𝑁
𝛾𝛾(Li+)� − �(𝜙𝜙𝑚𝑚 − 𝜙𝜙𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅) + Δ𝐸𝐸𝑁𝑁

𝛾𝛾(Cl−)� 

                                     = Δ𝐸𝐸𝑁𝑁
𝛾𝛾(Li+)− Δ𝐸𝐸𝑁𝑁

𝛾𝛾(Cl−)                                                𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 30 

We therefore demonstrate with these measurements that configurations a1 and a2 (Fig. II-

11a) are equivalent. Moreover, the results of both configurations overlap with the potential 

shifts calculated with the following equation and using the average activity coefficients for LiCl 

solution already reported16: 

Δ𝐸𝐸𝑁𝑁
𝛾𝛾 (Li+) − Δ𝐸𝐸𝑁𝑁

𝛾𝛾 (Cl−) =
2𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝛾𝛾LiCl(𝑚𝑚)

𝛾𝛾LiCl�𝑚𝑚𝑅𝑅𝑒𝑒𝑅𝑅�
� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 31 

 

 
Fig. II-11. Schemes and comparison of the cell configurations with or without liquid junction. a, 
Cell without liquid junction using a Li+-ISE and a Cl--ISE (a2) and the equivalent configuration using 
an SCE (a1). b, Potential of the Li+-ISE and a Cl--ISE in the a1 configuration. c, Comparison between 
the calculated shift from Lide et al.16 with the potential shifts in the a1 and a2 configurations. 
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Overall, we demonstrate that electrochemical measurements can reliably provide mean 

activity coefficients, using two different configurations. Even though mean activity coefficients 

are useful for certain applications, activity coefficients of single ions are the values of interest 

to comprehend interfacial redox reactions relevant to electrochemical devices. Unfortunately, 

they cannot be extrapolated directly from mean activity coefficients. To measure single ion 

activity coefficient free of any liquid junction potential, quasi-reference electrode such as a 

Platinum wire calibrated via an internal reference such as the Ferrocenium/Ferrocene couple 

(Fc+/Fc) could be used.39 However, doing so the OCV is then expressed as the product of the 

activities coefficients between the two redox couples:  

Li+ − ISE /LiCl(𝑚𝑚)/Pt 

OCV(𝑚𝑚) = 𝐸𝐸°Li+−ISE − 𝐸𝐸°Fc+/Fc +
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�𝑐𝑐Li+(𝑚𝑚)� + 
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝛾𝛾Li+(𝑚𝑚) 𝛾𝛾Fc(𝑚𝑚)

𝛾𝛾Fc+(𝑚𝑚) � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 32 

Hence, such measurement gives access to the product of activity coefficients, alike the 

combined Li+-ISE and Cl--ISE discussed above (eq. II-28). To access single ion activity 

coefficients for Li+ �𝛾𝛾Li+(𝑚𝑚)� in such configuration, the following must be met: 𝛾𝛾Fc(𝑚𝑚) =

𝛾𝛾Fc+(𝑚𝑚), implying that the formal potential of the Ferrocenium/Ferrocene couple is 

independent on the solution. However, this assumption seems fallacious since the formal 

potential of Ferrocenium/Ferrocene redox couple is modified by both the nature and the 

concentration of the salt.134 Combined with the low solubility of Ferrocene in aqueous 

solutions (≈10-5 mol.L-1),135 its use or the use of any other ferrocene derivatives as a proper 

internal reference should thus be considered with extreme care. Similarly, the use of non-

electrochemical means such as molecular probes or pH paper136 does not lead to the 

formation of a liquid junction. However, once again, this approach only gives access to a 

product of activity coefficients between the molecular probes and the ion of interest. 
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II.E. Effect of the salt molality on proton concentration 

Finally, despite difficulties in extracting the activity for single ions using electrochemical 

methods, such approach reveals useful to probe changes in concentration of ions in solution. 

Indeed, while 10 mM of HClO4 was added in the previous experiments to fix the concentration 

of protons, we demonstrate that in the absence of added HClO4, protons concentration is 

increased from diluted to highly concentrated aqueous solutions.  

 

For that, we first compared the OCV and Δ𝐸𝐸 values measured with 1 mM, 10 mM and 100 

mM added protons (HClO4) in LiCl and 1 mM and 10 mM added protons (HClO4) in LiTFSI 

electrolytes using H+-ISE (Fig. II-12) (due to solubility issues, the measurements with 100 mM 

of added protons in LiTFSI electrolytes could not be performed across the whole molality 

range). For Δ𝐸𝐸 values (Fig. II-12b and 2d) when protons are added, aside from the shift of ≈150 

mV measured from 1m to highly concentrated solutions discussed previously, no significant 

 
Fig. II-12. Potential shifts in highly concentrated LiCl and LiTFSI solutions via the use of a H+-ISE 
against a SCE reference electrode. a-b, OCV (a) and ΔE (b) values of the H+-ISE in LiCl solutions with 
1mM, 10mM, 100mM or without added HClO4. c-d, OCV (c) and ΔE (d) values of the H+-ISE in LiTFSI 
solution with 1 mM, 10mM or without added HClO4. 
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changes are observed between 1 mM, 10 mM and 100 mM of added protons for LiCl or 

between 1 mM and 10 mM of added protons in LiTFSI. One can thus estimate that the proton 

concentration is fixed by the addition of HClO4. Thus, the Δ𝐸𝐸𝑁𝑁𝑐𝑐  term is null and Δ𝐸𝐸 = Δ𝐸𝐸𝑁𝑁
𝛾𝛾 +

Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇, with Δ𝐸𝐸𝑁𝑁
𝛾𝛾 + Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇 independent on the addition of HClO4. This experimental result is 

rationalized as both the proton activity coefficients and the junction potentials are not 

expected to drastically change with the addition of small quantities of HClO4 relative to the 

lithium salt molality. This conclusion is further confirmed by the similar values of Δ𝐸𝐸 − Δ𝐸𝐸𝑁𝑁𝑐𝑐  

obtained with and without added HClO4 using the Li+-ISE (Fig. II-13). 

 

Building upon this result, potentials measured with and without added HClO4 were then 

compared for LiCl and LiTFSI solutions (Fig. II-12b and 2d, respectively). Doing so, without 

added protons, an additional shift of ≈100 mV is observed compared to the Δ𝐸𝐸 values 

obtained with added protons. It is to be noted that, without the addition of protons and 

especially at low salt concentration, LiCl and LiTFSI electrolytes are unbuffered media and thus 

OCV values could vary of a few dozen millivolts rendering any quantitative analysis difficult. 

However, as previously discussed, Δ𝐸𝐸 = Δ𝐸𝐸𝑁𝑁
𝛾𝛾 + Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇 with added protons, thus this 

additional shift originates from a change in the concentration part of the Nernstian 

potential Δ𝐸𝐸𝑁𝑁𝑐𝑐  as a function of salt concentration when no protons are added. Thus, to account 

for the additional ≈100 mV shift in potential, an increase from one to two orders of magnitude 

 
Fig. II-13. Comparison of the results between a Li+-ISE in LiCl solutions with or without added 10 
mM of HClO4. a, OCV values of the Li+-ISE from LiCl solutions (cyan) and LiCl solutions with 10 mM 
of added HClO4 (blue). b, Extracted values of ΔE in LiCl solutions (cyan) and LiCl with 10 mM of 
added HClO4 (blue). 
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of the proton concentration going from diluted to highly concentrated LiCl and LiTFSI solutions 

must be invoked. 

In definitive, we confirm that WiSE are more acidic than classical diluted solutions. 

Nevertheless, as the addition of 1 mM of HClO4 in WiSEs is sufficient to fix the concentration 

of protons (i.e. no difference is found between 1, 10 and 100 mM added protons), one can 

conclude that the concentration of protons in WiSEs is lower than 10-3 mol.L-1. Hence, the shift 

from pH 7 to pH 2 (corresponding to a shift of about 300 mV) previously reported using a glass 

pH-meter does not reflect a change in concentration by 5 orders of magnitude of the proton 

concentration. Moreover, it certainly does not mean that the concentration of protons is 

equal to 10-2 mol.L-1 (pH 2 in a diluted regime) in highly concentrated aqueous electrolytes. 

Hence, adopting this electrochemical approach, we highlight that any shift in reversible 

potential measured with a protons selective electrode in WiSEs should not be discussed with 

regard to a change of pH, often implicitly understood as a change of proton concentration, 

but rather be discussed with regards to a change in activity of protons. Furthermore, while we 

confirm that the activity of protons is increased in WiSEs compared to diluted solutions, this 

increase originates from both a change in concentration and a change in activity coefficient. 

Finally, as demonstrated above, an increase of the liquid junction potential contributes to a 

non-negligible portion of the measured shift in potential and must be considered for any 

activity measurement in highly concentrated solutions. Unfortunately, this prevents us from 

gaining quantitative values for activity coefficients in highly concentrated solutions as they are 

correlated with the junction potential. 

 

 

II.F. Chapter Conclusions 

In conclusion, we have established that shift in redox potentials as a function of salt 

concentration from diluted to highly concentrated regimes measured using ion selective 

electrodes originates in large from an increased junction potential. This is not to say that the 

activity coefficients of single ions do not increase as a function of salt concentration, as it 

certainly does, but that such increase cannot be captured by a simple electrochemical method 

in which a liquid/liquid junction is formed. Such limitation is nested in the dependence of the 
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junction potential on the activity of ions. Furthermore, while electrochemical methods exist 

to avoid the formation of such junction, they only allow for accessing the mean activity 

coefficients, alike the ones obtained by osmotic pressure measurements.  

While unfortunate for a broad range of fields from bio-electrochemistry to batteries, such 

conclusion renders futile the search for any electrochemical means to extract activities and/or 

activity coefficients for individual ions, even though such data is cruelly lacking to validate 

recent theoretical studies.126 Nevertheless, the comparison of potential shifts for a fixed 

junction potential enable to partially avoid this issue. Doing so, we could demonstrate that 

protons are indeed created when switching from a diluted to a highly concentrated aqueous 

electrolytes. Even though quantitative values cannot be estimated, in part owing to the limited 

stability of these solutions136, our results suggest that the proton concentration changes by 

almost two orders of magnitude from 1m to 18m for LiCl or 20m for LiTFSI solutions. Finally, 

this effect will add to the increased activity coefficient for protons and shift the HER towards 

more positive potentials, counter-balancing the shift towards more positive potentials 

expected for Li+-based intercalation processes when increasing the Li-salt concentration (Fig. 

II-1b). Thus, for practical applications, the use of highly concentrated Li-based electrolytes 

does not prevent water reduction, from a thermodynamics point of view, which correlates 

with previous self-discharge experiments for WiSE batteries.31 However, the increased activity 

coefficient for Li+ does displace the solubility equilibrium for solid electrolyte interphase (SEI) 

inorganic components such as LiF,137 and thus slows down interfacial reactivity. Similarly, such 

shifts in activity coefficients explain the limited solubility of transition metal halides in 

superconcentrated electrolytes that were recently uncovered as novel Li+-intercalation 

compounds.138 Overall, such study highlights the difficulties in accurately measuring physical 

properties of prime importance for assessing the competition existing at the 

electrode/electrolyte interface both at the negative electrode, as highlighted in this chapter, 

as well as at the positive electrode as we will see in the next chapter.  
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Chapter III – Halogen intercalation into 

graphite using ABS 

 

This chapter is based on the following article that I co-authored: 

Degoulange D., Rousse G. and Grimaud A., “Two-Step Mechanism for Halogen Intercalation 

in Graphite Enabled by Aqueous Biphasic Systems”, ACS Energy Letters 8, 4397-4405 (2023) 

 

III.A. Introduction 

As stated in Chapter I, beside their interest for separation or recycling, ABS recently showed 

interest for battery applications, enabling the use of distinct aqueous electrolytes and thus 

distinct chemistries at the positive and at the negative electrodes. This is made possible by the 

formation of a liquid/liquid interface selective to dissolved ionic species, thus preventing 

cross-talking events in lithium-sulfur or redox-flow batteries.76,78 As presented in Chapter I, 

Yang et al.7 used an ABS based on LiTFSI, LiCl and LiBr to design a so called “dual-ion" battery 

relying on the reversible intercalation of lithium cations from the TFSI-rich phase at the 

negative electrode and the reversible conversion/intercalation of halide anions from the 

halide-rich phase into graphite at the positive electrode (Fig. III-1a). This halide 

conversion/intercalation mechanism enables a transition metal free aqueous battery with a 

reversible capacity of 243 mAh.g-1, for > 200 cycles with 80% capacity retention at 

200 mA.g-1graphite.  
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Halogens conversion/intercalation into graphite was reported to occur at high potentials, 

following two sequential reactions (eq. III-1): first bromide (Br-) is intercalated at 3.95 V vs. 

Li+/Li to form C6[Br2] followed by chloride (Cl-) intercalation at 4.25 V vs. Li+/Li to form C6[BrCl] 

(Fig. III-1b). Both reactions are associated with the oxidation of halide anions, but differ from 

direct halides oxidation into either halogen gases (eq. III-2) or soluble polyhalides (eq. III-3).  

2𝑋𝑋−(𝑠𝑠𝑠𝑠𝑠𝑠) + 𝐶𝐶6(𝑠𝑠) = 𝐶𝐶6[𝑋𝑋2](𝑠𝑠)  + 2𝑒𝑒−   (𝑋𝑋 = 𝐵𝐵𝑜𝑜,𝐶𝐶𝑙𝑙) 𝑒𝑒𝑞𝑞. III − 1 

2𝑋𝑋−(𝑠𝑠𝑠𝑠𝑠𝑠) =  𝑋𝑋2(𝑎𝑎) + 2𝑒𝑒−    (𝑋𝑋 = 𝐵𝐵𝑜𝑜,𝐶𝐶𝑙𝑙) 𝑒𝑒𝑞𝑞. III − 2 

3𝑋𝑋−(𝑠𝑠𝑠𝑠𝑠𝑠) =  𝑋𝑋3−(𝑠𝑠𝑠𝑠𝑠𝑠) + 2𝑒𝑒−    (𝑋𝑋 = 𝐵𝐵𝑜𝑜,𝐶𝐶𝑙𝑙) 𝑒𝑒𝑞𝑞. III − 3 

While X-ray diffraction and X-ray absorption measurements have revealed this 

conversion/intercalation of halides into graphite7, the exact role played by the ABS in enabling 

the intercalation of halogens while preventing competing oxidative reactions remains elusive. 

More precisely, past studies and Chapter II have revealed effects of high salt 

concentrations25,27,139 on redox potentials for reactions involving cations such as Li+, H+ or Zn2+, 

but our current understanding of concentration-dependence of anions redox is still limited.140–

 
Fig. III-1. Schematics and cyclic voltammogram of the aqueous battery using ABS forming at high 
concentration. a, Schematics of a battery based on halogen conversion/intercalation at the positive 
electrode and Li-ion intercalation at the negative electrode, using an ABS as electrolyte having a 
TFSI-rich phase in contact with the negative electrode and a halide-rich phase in contact with the 
positive electrode. b, Three-electrodes cycling voltammetry recorded for the intercalation of 
halides into graphite, with first the intercalation of bromide (red) then followed by the intercalation 
of chloride (green). 
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142 Furthermore, ABS are known for their ability to partition ions, more precisely anions, as 

previously demonstrated for TFSI- 33,107,143,7,139 or for soluble polysulfides76. Nevertheless, very 

little is known regarding solvation properties and speciation of halide anions in ABS. 

Developing further multiphasic (ABS) electrolytes for dual-ion, lithium-sulfur, redox flow or 

beyond Li-ion battery technologies thus relies on gaining a deeper understanding of the role 

played by ABS. Hence, we studied the effect of ABS high salt concentrations and liquid/liquid 

interface in i) modulating redox potentials for halide oxidation and ii) changing the chemical 

nature and solvation properties of soluble halides in each aqueous phase. 

 

III.B. Trihalides formation 

The main difficulty in assessing the redox potentials for Br- oxidation (or Cl- oxidation, see 

below) originates from the co-existence of three reactions (eqs. III-4, III-6, III-8), depending 

on Br- concentration and pH, following Nernst potentials (eqs. III-5, III-7, III-9): 

𝐵𝐵𝑜𝑜2(𝑎𝑎𝑎𝑎) + 2𝑒𝑒− = 2𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎) 𝑒𝑒𝑞𝑞. III −  4 

𝐸𝐸 = 𝐸𝐸°𝑇𝑇𝑎𝑎2/𝑇𝑇𝑎𝑎− +
𝑅𝑅𝑅𝑅
2𝐹𝐹

𝑙𝑙𝑙𝑙�
𝑎𝑎 �𝐵𝐵𝑜𝑜2(𝑎𝑎𝑎𝑎)�

𝑎𝑎�𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎)�
2�  𝑒𝑒𝑞𝑞. III − 5 

𝐵𝐵𝑜𝑜3−(𝑎𝑎𝑎𝑎) + 2𝑒𝑒− = 3𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎) 𝑒𝑒𝑞𝑞. III − 6 

𝐸𝐸 = 𝐸𝐸°𝑇𝑇𝑎𝑎3−/𝑇𝑇𝑎𝑎− +
𝑅𝑅𝑅𝑅
2𝐹𝐹

𝑙𝑙𝑙𝑙 �
𝑎𝑎 �𝐵𝐵𝑜𝑜3−(𝑎𝑎𝑎𝑎)�

𝑎𝑎�𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎)�
3� 𝑒𝑒𝑞𝑞. III − 7 

𝐵𝐵𝑜𝑜𝑂𝑂3−(𝑎𝑎𝑎𝑎) + 6𝐻𝐻+
(𝑎𝑎𝑎𝑎) + 6𝑒𝑒− = 𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎) + 3𝐻𝐻2𝑂𝑂(𝑠𝑠) 𝑒𝑒𝑞𝑞. III − 8 

𝐸𝐸 = 𝐸𝐸°𝑇𝑇𝑎𝑎𝑂𝑂3−/𝑇𝑇𝑎𝑎− +
𝑅𝑅𝑅𝑅
6𝐹𝐹

𝑙𝑙𝑙𝑙 �
𝑎𝑎 �𝐵𝐵𝑜𝑜𝑂𝑂3−(𝑎𝑎𝑎𝑎)� .𝑎𝑎�𝐻𝐻+

(𝑎𝑎𝑎𝑎)�
6

𝑎𝑎�𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎)�.  𝑎𝑎�𝐻𝐻2𝑂𝑂(𝑠𝑠)�
3 � 𝑒𝑒𝑞𝑞. III − 9 

with 𝐸𝐸° the standard potentials, 𝑅𝑅 the molar gas constant, 𝑅𝑅 the temperature, 𝐹𝐹 the Faraday 

constant, 𝑎𝑎�𝐻𝐻2𝑂𝑂(𝑠𝑠)� the water activity (see details in S-III: Supplementary Discussion)144 and 

𝑎𝑎�𝑋𝑋−(𝑎𝑎𝑎𝑎)� the activities of the different ions linked to the concentrations, 𝑐𝑐�𝑋𝑋−(𝑎𝑎𝑎𝑎)�, and 

activity coefficients, 𝛾𝛾�𝑋𝑋−(𝑎𝑎𝑎𝑎)�, of the different ions with 𝑎𝑎�𝑋𝑋−(𝑎𝑎𝑎𝑎)� = 𝑐𝑐�𝑋𝑋−(𝑎𝑎𝑎𝑎)�. 𝛾𝛾�𝑋𝑋−(𝑎𝑎𝑎𝑎)�.  
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Calculating the Pourbaix diagram (E = f(pH)) for the bromide-water system145 as function of 

Br- concentration (see details in S-III: Materials and Methods), a three-dimensional Pourbaix 

diagram is obtained (Fig. III-2). For pH above 7, Br- oxidation to bromate (BrO3-) is 

thermodynamically favoured at all concentrations. However, for pH below 7, two oxidation 

products can exist depending on the Br- concentration. At concentrations below 0.1m, Br- is 

oxidized to bromine (Br2). Instead, at concentration above 0.1m, Br- is oxidized to tribromide 

(Br3-). As previously demonstrated (Chapter II), highly concentrated aqueous solutions are 

slightly acidic117,139, hence oxidation of Br- to Br3- is thermodynamically favoured in conditions 

pertinent to ABS. 

 

Knowing that Br3- is the thermodynamically favored oxidation product at high 

concentration, a cubic dependence of Br- oxidation potential on LiBr concentration is expected 

following eq. III-7 and 𝑎𝑎�𝑋𝑋−(𝑎𝑎𝑎𝑎)� = 𝑐𝑐�𝑋𝑋−(𝑎𝑎𝑎𝑎)�. 𝛾𝛾�𝑋𝑋−(𝑎𝑎𝑎𝑎)�. Hence, we studied the Br- oxidation 

by cyclic voltammetry (CV) on glassy carbon rotating disk electrodes (GC-RDE) in electrolytes 

containing lithium Br- in concentration ranging from 0.1m to 15m (Fig. III-3a). Increasing the 

concentration was found to shift the oxidation toward less positive potentials (Fig. III-3a), 

from 1.05 V vs the standard hydrogen electrode (SHE) at 0.1m to 0.85 V vs SHE at 15m.  

 
Fig. III-2. Three-dimensional graph obtained by plotting the Pourbaix diagram of bromide (E = 
f(pH)) as function of the lithium bromide concentration. 
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As the reversible potential of Br-/Br3- has a cubic dependence on Br- concentration 

(−𝑅𝑅𝑇𝑇
2𝐹𝐹
𝑙𝑙𝑙𝑙 �𝑐𝑐�𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎)�

3
�), potentials were converted into Br3- corrected potential (𝜂𝜂𝑇𝑇𝑎𝑎3−) (eq. 

III-10, derived from eq. III-7) by taking into consideration such cubic Br- concentration 

dependence. Alternatively, potentials can be converted to Br2 or BrO3- corrected potential 

(𝜂𝜂𝑇𝑇𝑎𝑎2 or 𝜂𝜂𝑇𝑇𝑎𝑎𝑂𝑂3−) (eq. III-11 or eq. III-12, both derived from eq. III-5 and eq. III-9) by taking into 

consideration, respectively, a square or linear Br- concentration dependence as well as the pH 

dependence of eq. III-9. Potentials are corrected for the liquid junction potential (LJP) and 

potential shift due to ions’ activity coefficient as estimated in Fig. III-S1 following the 

procedure established in Chapter II by calculating values of Δ𝐸𝐸 − Δ𝐸𝐸𝑁𝑁𝑐𝑐 = Δ𝐸𝐸𝑁𝑁
𝛾𝛾 + Δ𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇, simply 

written 𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇/𝛾𝛾 in the following. 

𝜂𝜂𝑇𝑇𝑎𝑎3− = 𝐸𝐸 − �𝐸𝐸°𝑇𝑇𝑎𝑎3−/𝑇𝑇𝑎𝑎− −
𝑅𝑅𝑅𝑅
2𝐹𝐹

𝑙𝑙𝑙𝑙 �𝑐𝑐�𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎)�
3�� − 𝐿𝐿𝑅𝑅 − 𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇/𝛾𝛾 𝑒𝑒𝑞𝑞. III− 10 

𝜂𝜂𝑇𝑇𝑎𝑎2 = 𝐸𝐸 − �𝐸𝐸°𝑇𝑇𝑎𝑎2/𝑇𝑇𝑎𝑎− −
𝑅𝑅𝑅𝑅
2𝐹𝐹

𝑙𝑙𝑙𝑙 �𝑐𝑐�𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎)�
2�� − 𝐿𝐿𝑅𝑅 − 𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇/𝛾𝛾 𝑒𝑒𝑞𝑞. III− 11 

𝜂𝜂𝑇𝑇𝑎𝑎𝑂𝑂3− = 𝐸𝐸 − �𝐸𝐸°𝑇𝑇𝑎𝑎𝑂𝑂3−/𝑇𝑇𝑎𝑎− −
𝑅𝑅𝑅𝑅
6𝐹𝐹

𝑙𝑙𝑙𝑙 �𝑐𝑐�𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎)�� +
𝑅𝑅𝑅𝑅
𝐹𝐹
𝑙𝑙𝑙𝑙 �𝑎𝑎�𝐻𝐻+

(𝑎𝑎𝑎𝑎)���

 −𝐿𝐿𝑅𝑅 − 𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇/𝛾𝛾                                      𝑒𝑒𝑞𝑞. III− 12
 

 
Fig. III-3. Halogens oxidation in highly concentrated LiBr solutions. a, Cyclic voltammograms of the 
bromide oxidation recorded on Glassy Carbon rotating disk electrodes at 1600 rpm for LiBr 
solutions of concentration between 0.1m and 15m plotted as function of the ohmic drop 
compensated potential. b-d, Cyclic voltammograms described in (a) with potentials corrected for 
the oxidation of bromide to tribromide (b), bromine (c) or bromate assuming pH=7 in Nernst 
equation (d). 
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After conversion, CVs recorded do not overlap at all concentrations for 𝜂𝜂𝑇𝑇𝑎𝑎2 (Fig. III-3c) nor 

for 𝜂𝜂𝑇𝑇𝑎𝑎𝑂𝑂3− (Fig. III-3d). However, all concentrations overlap for 𝜂𝜂𝑇𝑇𝑎𝑎3−  (Fig. III-3b), which 

coincides with Br- oxidation following a cubic dependence on Br- concentration alike what was 

expected for the Br3- formation. Hence, we conclude that Br- is oxidized to Br3- at any 

concentration tested in this study. Furthermore, we note that negative values of 𝜂𝜂𝑇𝑇𝑎𝑎3− are 

measured at all concentrations (Fig. III-3b), which is expected for a Nernstian reaction with 

fast kinetics and in the initial absence of the oxidized formed of the redox couple, i.e. absence 

of Br3- in solution.16,39 Indeed, the potential deviates from the standard potential following39: 

𝐸𝐸 = 𝐸𝐸°𝑂𝑂𝑥𝑥/𝑅𝑅𝑎𝑎𝑑𝑑 −
𝑅𝑅𝑇𝑇
𝑟𝑟𝐹𝐹
𝑙𝑙𝑙𝑙 �𝑗𝑗𝑙𝑙−𝑗𝑗

𝑗𝑗
� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼𝐼𝐼 − 13

with 𝑗𝑗 the measured current density and 𝑗𝑗𝑠𝑠 the limiting current density as expressed following 

Levich equation39: 

𝑗𝑗𝑠𝑠 = 0.62𝑙𝑙𝐹𝐹𝐷𝐷𝑅𝑅𝑎𝑎𝑑𝑑3/2𝜔𝜔1/2𝜈𝜈−1/6𝑐𝑐𝑅𝑅𝑎𝑎𝑑𝑑 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼𝐼𝐼 − 14 

Hence, for 𝑙𝑙=2, 𝐹𝐹=96485 C.mol-1, 𝐷𝐷𝑅𝑅𝑎𝑎𝑑𝑑=2.080.10-5 cm2.s-1, 𝜔𝜔=167 rad.s-1 (1600rpm), 𝜈𝜈=10-

2 cm2.s-1 and 𝑐𝑐𝑅𝑅𝑎𝑎𝑑𝑑=𝑐𝑐0=1 mol.L-1, corresponding to the case of Br- oxidation to Br3-, eq. III-14 

gives an approximation of 𝑗𝑗𝑠𝑠=316 mA.cm-2.16 Applying eq. III-13 for 𝑗𝑗=1 mA.cm-2 gives 

−𝑅𝑅𝑇𝑇
2𝐹𝐹
𝑙𝑙𝑙𝑙 �𝑗𝑗𝑙𝑙−𝑗𝑗

𝑗𝑗
�= -74 mV. Hence at current density of 1 mA.cm-2, the deviation from the standard 

potential is ≈ -74 mV. Data reported in Fig. III-3b are in agreement with such approximation, 

with a potential lower than the reversible potential by ≈ -50 mV at 1 mA.cm-2. 

The same methodology was applied to the oxidation reactions of Cl- (eqs. III-15 to III-26). 

The theoretical three-dimensional graph obtained by plotting the Pourbaix diagram of the 

chloride-water system145 as a function of the Cl- concentration is shown in Fig. III-4a. 

𝐶𝐶𝑙𝑙2(𝑎𝑎𝑎𝑎) + 2𝑒𝑒− = 2𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎) 𝑒𝑒𝑞𝑞.  𝐼𝐼𝐼𝐼𝐼𝐼 − 15 
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𝑎𝑎�𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎)�
2� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼𝐼𝐼 − 16 

𝜂𝜂𝐶𝐶𝑠𝑠2 = 𝐸𝐸 − �𝐸𝐸°𝐶𝐶𝑠𝑠2/𝐶𝐶𝑠𝑠− −
𝑅𝑅𝑅𝑅
2𝐹𝐹
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2�� − 𝐿𝐿𝑅𝑅 − 𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇/𝛾𝛾 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼𝐼𝐼 − 17 

𝐶𝐶𝑙𝑙3
−

(𝑎𝑎𝑎𝑎) + 2𝑒𝑒− = 3𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼𝐼𝐼 − 18 
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𝐸𝐸 = 𝐸𝐸°𝐶𝐶𝑠𝑠3−/𝐶𝐶𝑠𝑠− +
𝑅𝑅𝑅𝑅
2𝐹𝐹

𝑙𝑙𝑙𝑙 �
𝑎𝑎 �𝐶𝐶𝑙𝑙3

−
(𝑎𝑎𝑎𝑎)�

𝑎𝑎�𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎)�
3�  𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼𝐼𝐼 − 19 

𝜂𝜂𝐶𝐶𝑠𝑠3− = 𝐸𝐸 − �𝐸𝐸°𝐶𝐶𝑠𝑠3−/𝐶𝐶𝑠𝑠− −
𝑅𝑅𝑅𝑅
2𝐹𝐹
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(𝑎𝑎𝑎𝑎)�
2

𝑎𝑎�𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎)�.𝑎𝑎�𝐻𝐻2𝑂𝑂(𝑠𝑠)�
�  𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼𝐼𝐼 − 25 

𝜂𝜂𝐶𝐶𝑠𝑠𝑂𝑂− = 𝐸𝐸 − �𝐸𝐸°𝐶𝐶𝑠𝑠𝑂𝑂−/𝐶𝐶𝑠𝑠− −
𝑅𝑅𝑅𝑅
2𝐹𝐹

𝑙𝑙𝑙𝑙 �𝑐𝑐�𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎)�� +
𝑅𝑅𝑅𝑅
𝐹𝐹
𝑙𝑙𝑙𝑙 �𝑎𝑎�𝐻𝐻+

(𝑎𝑎𝑎𝑎)��� − 𝐿𝐿𝑅𝑅 − 𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇/𝛾𝛾 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼𝐼𝐼 − 26 

 

At pH above 7.5, hypochlorite anions (ClO-) are formed, while for 6.5 < pH < 7.5, 

hypochlorous acid (HOCl) is preferentially formed. At lower pH, Cl- is oxidized into chlorine 

(Cl2) for concentrations below 3m or to trichloride (Cl3-) above 3m. Thus, similarly to the Br- 

 
Fig. III-4. Chloride oxidation in highly concentrated LiCl solutions. a, Three-dimensional graph 
obtained by plotting the Pourbaix diagram of chloride (E = f(pH)) as function of the lithium chloride 
concentration. b, Cyclic voltammograms of the chloride oxidation recorded on Glassy Carbon 
rotating disk electrodes at 1600 rpm for LiCl solutions of concentration between 0.1m and 15m 
plotted as function of the ohmic drop compensated potential. 
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oxidation, the formation of Cl3- is expected to be thermodynamically favoured in concentrated 

solutions that are slightly acidic.117,139 However, for concentrations of Cl- below 3m, Cl2 or HOCl 

formation are expected to be thermodynamically favourable. The experimental CVs recorded 

as function of LiCl concentration (Fig. III-4b) show decreasing oxidation potentials with 

increasing concentrations, in accordance with Nernst equations (eqs. III-16, III-19, III-22, III-

25). 

 

Using the 𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇/𝛾𝛾 values obtained in Chapter II (Fig. II-10c) for Cl- in LiCl, the corrected 

potentials (Fig. III-5a, 5b, 5c, 5d) of the four Cl- oxidations reactions (eqs. III-17, III-20, III-23, 

III-26) were plotted. The corrected potentials are positive, suggesting an overpotential due to 

slower kinetics than for the Br- oxidation. More importantly, none of the corrected potentials 

overlap at all concentrations (Fig. III-5a, 5b, 5c, 5d), suggesting that a unique reaction cannot 

explain the potential shifts in the whole concentration range. Nevertheless, 𝜂𝜂𝐶𝐶𝑠𝑠3−  are found 

to overlap for concentrations from 15m down to 5m, while 𝜂𝜂𝐶𝐶𝑠𝑠2, 𝜂𝜂𝐻𝐻𝐶𝐶𝑠𝑠𝑂𝑂 or 𝜂𝜂𝐶𝐶𝑠𝑠𝑂𝑂− overlap for 

concentrations below 1m (Fig. III-5e). Overall, concordant with the three-dimensional 

Pourbaix diagram, we can expect that the oxidation of Cl- below 3m leads to the formation of 

Cl2 or HOCl while in regimes pertinent to ABS, i.e. above 3m, Cl3- is formed. 

Extending our study to iodide (eqs. III-27 to III-32), the theoretical three-dimensional graph 

obtained by plotting the Pourbaix diagram of the iodide-water system145 as a function of the 

I- concentration is shown in Fig. III-6. 

 
Fig. III-5. Halogens oxidation in highly concentrated LiCl solutions. a-d, Cyclic voltammograms 
described in (Fig. III-4b) with potentials corrected for the oxidation of chloride to trichloride (a), 
chlorine (b), hypochlorous acid (c) or hypochlorite (d) assuming pH=7 in Nernst equation. e, 
potentials corrected for the oxidation of chloride to chlorine for concentrations of 0.1m and 1m 
and corrected for the oxidation of chloride to trichloride for concentrations between 5m and 15m. 
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𝐼𝐼2(𝑎𝑎𝑎𝑎) + 2𝑒𝑒− = 2𝐼𝐼−(𝑎𝑎𝑎𝑎) 𝑒𝑒𝑞𝑞. III− 27 

𝐸𝐸 = 𝐸𝐸°𝐼𝐼2/𝐼𝐼− +
𝑅𝑅𝑅𝑅
2𝐹𝐹

𝑙𝑙𝑙𝑙 �
𝑎𝑎 �𝐼𝐼2(𝑎𝑎𝑎𝑎)�

𝑎𝑎�𝐼𝐼−(𝑎𝑎𝑎𝑎)�
2�  𝑒𝑒𝑞𝑞. III− 28 

𝐼𝐼3−(𝑎𝑎𝑎𝑎) + 2𝑒𝑒− = 3𝐼𝐼−(𝑎𝑎𝑎𝑎) 𝑒𝑒𝑞𝑞. III− 29 

𝐸𝐸 = 𝐸𝐸°𝐼𝐼3−/𝐼𝐼− +
𝑅𝑅𝑅𝑅
2𝐹𝐹

𝑙𝑙𝑙𝑙�
𝑎𝑎 �𝐼𝐼3−(𝑎𝑎𝑎𝑎)�

𝑎𝑎�𝐼𝐼−(𝑎𝑎𝑎𝑎)�
3� 𝑒𝑒𝑞𝑞. III− 30 

𝐼𝐼𝑂𝑂3−(𝑎𝑎𝑎𝑎) + 6𝐻𝐻+
(𝑎𝑎𝑎𝑎) + 6𝑒𝑒− = 𝐼𝐼−(𝑎𝑎𝑎𝑎) + 3𝐻𝐻2𝑂𝑂(𝑠𝑠) 𝑒𝑒𝑞𝑞. III− 31 

𝐸𝐸 = 𝐸𝐸°𝐼𝐼𝑂𝑂3−/𝐼𝐼− +
𝑅𝑅𝑅𝑅
6𝐹𝐹

𝑙𝑙𝑙𝑙 �
𝑎𝑎 �𝐼𝐼𝑂𝑂3−(𝑎𝑎𝑎𝑎)� .𝑎𝑎�𝐻𝐻+

(𝑎𝑎𝑎𝑎)�
6

𝑎𝑎�𝐼𝐼−(𝑎𝑎𝑎𝑎)�
� 𝑒𝑒𝑞𝑞. III− 32 

At pH above 12, iodate anions (IO3-) are formed. At lower pH, iodide is oxidized to iodine 

(I2) only below 10-3 m while above 10-3 m iodine is oxidized to triiodide (I3-). Thus, at high 

concentration, i.e. in regimes pertinent to ABS, iodide, bromide and chloride are all oxidized 

to trihalides. 

The recent studies on ABS by Dubouis et al.33,107 show that the halogen-rich (top) phase 

contains small amount of LITFSI, and vice versa. To evaluate the potential impact of LiTFSI and 

LiCl on Br- oxidation, mix solutions containing both lithium halides (LiBr and LiCl) or LiBr with 

LiTFSI were studied. Addition of large amount of LiCl (5m to 8m, Fig. III-7a) or small amount 

of LiTFSI (0.1 mol.L-1, Fig. III-7b) in concentrated LiBr solutions does not lead to substantial 

 
Fig. III-6. Iodide oxidation in highly concentrated solutions. Three-dimensional graph obtained by 
plotting the Pourbaix diagram of iodide (E = f(pH)) as function of the lithium iodide concentration. 
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changes in Br- oxidation. Instead, we reveal that by adding large amount of LiTFSI (1m to 15m) 

in diluted LiBr solutions, Br- oxidation is facilitated (Fig. III-7c) due to LJP and potential shift 

due to ions’ activity coefficient in concentrated LiTFSI solutions (estimated in Fig. III-S2) as 

shown with the overlapping 𝜂𝜂𝑇𝑇𝑎𝑎3− corrected potentials in Fig. III-7d. 

 

To confirm that trihalides are formed, the equilibrium in concentrated solutions between 

Br2 and Br3- (eq III-33) was assessed: 

𝐵𝐵𝑜𝑜2(𝑎𝑎𝑎𝑎) + 𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎) = 𝐵𝐵𝑜𝑜3−(𝑎𝑎𝑎𝑎) 𝑒𝑒𝑞𝑞. III− 33 

For this, Ultraviolet-Visible (UV-Vis) measurements were carried out for 1m and 15m LiBr 

solutions with added Br2 (Fig. III-8a and 8b in red). Absorption maxima and absorption 

coefficient of halogens and trihalides are given in Table III-S1 and Table III-S2.146–150 Solely the 

absorption band of Br3- was observed for 1m LiBr (Fig. III-8a in red, at 266 nm) as well as for 

15m LiBr (Fig. III-8b in red, at 277nm), confirming that Br3- is favorably formed over Br2 at LiBr 

concentration above 1m and up to 15m. The absorption band of Br3- in 15m LiBr is found 

slightly red shifted compare to 1m LiBr which could be linked to solvatochromism effect 

resulting from the high LiBr concentration. Nevertheless, with the Br2/Br3- equilibrium being 

 
Fig. III-7. Bromide oxidation in mixed LiBr, LiCl and LiTFSI solutions. a, Cyclic voltammograms of 
the bromide oxidation on Glassy Carbon rotating disk electrodes at 1600 rpm for 5m LiBr solution 
compared to 5m LiBr + 5m LiCl solution and 8m LiBr solution compared to 8m LiBr + 8m LiCl solution. 
b, Cyclic voltammograms of the bromide oxidation on Glassy Carbon rotating disk electrodes at 
1600 rpm for LiBr solutions between 0.1m and 8m without (solid lines) and with 0.1 mol.L-1 LiTFSI 
(dotted lines). c, Cyclic voltammograms of the bromide oxidation on Glassy Carbon rotating disk 
electrodes at 1600 rpm for 0.1 mol.L-1 LiBr with added LiTFSI from 0.1m to 15m. d, Potentials 
corrected for oxidation on Glassy Carbon rotating disk electrodes at 1600 rpm for 0.1 mol.L-1 LiBr 
with added LiTFSI from 0.1m to 15m. 
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displaced toward the formation of Br3-, Br2 is found highly soluble in LiBr concentrated 

solutions, as show in Fig. III-8c where a 15m LiBr3 solution was formed by adding equimolar 

quantities of Br2 in a 15m LiBr solution. On the contrary, solubility of Br2 as estimated from 

Beer-Lambert law at 407 nm is found limited in 20m LiTFSI (Br2 solubility in 20m LiTFSI ≈0.03 

mol.L-1 compared to ≈0.21 mol.L-1 in pure water151), and no Br3- was observed as Br- is absent 

for eq. III-33 to take place (Fig. III-8a in orange and III-8d).  

 

For mixed LiBr-LiCl solutions, Br3- is in equilibrium with Br2Cl- (eq. III-34), however Br3- is 

thermodynamically more favorable hence the first oxidation in Fig. III-1b is expected to be 

mainly the oxidation of Br- to Br3- (eq. III-6) while Br2Cl- could be formed at the end of the first 

oxidation when all Br- anions in solutions have been oxidized to trihalides in the remaining LiCl 

solution (eq. III-34 and Fig. III-8b in green).141,150 

𝐵𝐵𝑜𝑜3−(𝑎𝑎𝑎𝑎) + 𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎)     
        
�⎯�    

�⎯⎯⎯� 𝐵𝐵𝑜𝑜2𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎) + 𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎)   ;    𝐾𝐾 = 8. 10−2 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼𝐼𝐼 − 34 

 
𝐶𝐶𝑙𝑙3

−
(𝑎𝑎𝑎𝑎) + 𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎)    

         
�⎯�   
�⎯⎯⎯� 𝐵𝐵𝑜𝑜𝐶𝐶𝑙𝑙2

−
(𝑎𝑎𝑎𝑎) + 𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎)   ;    𝐾𝐾 = 33.3 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼𝐼𝐼 − 35 

 

 
Fig. III-8. UV-Vis detection and pictures of Br3

- and Br2 in LiBr and LiTFSI, respectively. a, UV-Vis 
spectra of diluted Br2 in 1m LiBr forming Br3

- (red) with a maximum at 266 nm and UV-Vis spectra 
recorded for Br2 saturated in 20m LiTFSI (orange) with a maximum at 407 nm. b, UV-Vis spectra of 
diluted Br2 in 15m LiBr forming Br3

- (red) with a maximum at 277 nm and diluted Br2 in 15m LiCl 
forming Br2Cl- (green) with a maximum at 235 nm. c, Picture of equimolar quantities of Br2 in 15m 
LiBr forming a 15m LiBr3 solution. d, Picture of the 20m LiTFSI solution saturated in Br2 (drops of 
liquid Br2 are in the solution as it is saturated). 
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Similarly, Cl3- is in equilibrium with BrCl2- (eq. III-35), with BrCl2- being more stable,141,145,150 

thus the second peak in Fig. III-1b is expected to be mainly the oxidation of Cl- to BrCl2- (eq. 

III-36): 

𝐵𝐵𝑜𝑜2𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎) + 3𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎) = 2𝐵𝐵𝑜𝑜𝐶𝐶𝑙𝑙2
−

(𝑎𝑎𝑎𝑎) + 2𝑒𝑒− 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼𝐼𝐼 − 36 

 

III.C. Two-step halogen intercalation 

We have demonstrated that monophasic solutions at high concentration such as those 

encountered in ABS do not prevent halides oxidation, and instead push the oxidation reaction 

toward the formation of trihalides (Br3-, Br2Cl-, BrCl2-, Cl3-). Thus, our attention then turned to 

biphasic systems and understanding the selectivity toward trihalide anions of the liquid/liquid 

interface formed for the LiTFSi-LiCl/LiBr-water system. For that, Br3- was formed in a 5m LiTFSI 

- 10m LiBr ABS by addition of Br2 (Fig. III-9a and 9b). Doing so, we observed the characteristic 

color (Fig. III-9b) and UV-Vis absorption peak (Fig. III-9c) associated with Br3- only in the halide-

rich phase (top phase), while the TFSI-rich phase (bottom phase) remains colorless. This 

finding indicates that Br3- spontaneously separates from the TFSI-rich phase. 

 

To confirm this assertion, the phase diagram for the LiTFSI-LiBr3-water system was 

determined by cloud point titration and compared with that of LiTFSI-LiBr-water ABS33,107,143 

(Fig. III-9d). Both phase diagrams are found very similar, with only a slight increase of the 

miscible domain at large concentration of Br3- along with a slight decrease of the miscible 

 
Fig. III-9. ABS confines Br3

- in the Br-rich phase. a-b, Pictures of a 5m LiTFSI - 10m LiBr ABS without 
(a) and with added LiBr3 (b). c, UV-Vis of Br-rich phase (top phase) of ABS with added bromine, 
showing the formation of tribromide. d, Comparison of the phase diagram of the LiTFSI-LiBr3-water 
system (dark blue) with the phase diagram of the LiTFSI-LiBr-water system (black). 
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domain at large concentration of LiTFSI when compared to LiBr. We thus conclude that 

trihalides behave similarly to halides and thus will mostly not mix into the TFSI-rich phase. This 

finding has a major implication for the electrochemical device, as trihalides electrochemically 

generated during battery operation will mainly stay confined in the halide-rich phase at the 

positive electrode. Hence, the liquid/liquid interface plays a confinement role, avoiding cross-

diffusion of the oxidation products toward the negative electrode. 

Thus far, our study revealed that at high concentration, halides are oxidized to trihalides at 

≈0.85 V vs SHE for Br- (Fig. III-2, Fig. III-3 and eq. III-6) and at ≈1.25 V vs SHE for Cl- (Fig. III-4, 

Fig. III-5 and eq. III-18), i.e. at potentials similar to those recorded for the 

conversion/intercalation of halogens into graphite (Fig. III-1b). Such finding suggests that 

either trihalides are a side product of the conversion/intercalation reaction which is confined 

at the positive electrode in the halide-rich phase, the ABS thus inhibiting the cross-diffusion 

to the negative electrode and ensuring that trihalides can be reduced back during discharge, 

or that trihalides are involved into the conversion/intercalation mechanism. To probe if 

trihalides are involved into the conversion/intercalation mechanism, graphite electrodes were 

exposed to trihalide solutions, before to be analyzed by X-ray powder diffraction (Fig. III-10a 

and 10b). A Rietveld refinement152 confirms that pristine graphite presents an interlayer 

spacing of 6.716(2) Å, in line with previous reports153 (Fig. III-10a). However, when graphite is 

exposed to 10m LiBr + 5m LiBr3, the (002) and (004) diffraction peaks shift to lower angles (Fig. 

III-10b), indicating an interlayer spacing of graphite increase to 6.811(2) Å, as deduced from 

the Rietveld refinement (Fig. III-10a). The increase of interlayer distance concurs with the 

intercalation of Br2 into graphite, as previously reported7,153, hence proving that trihalides are 

involved in the halogen intercalation mechanism following a chemical equilibrium (eq. III-37): 

𝑋𝑋3−(𝑠𝑠𝑠𝑠𝑠𝑠) + 𝐶𝐶6(𝑠𝑠) = 𝐶𝐶6[𝑋𝑋2](𝑠𝑠)  + 𝑋𝑋−(𝑠𝑠𝑠𝑠𝑠𝑠)   (𝑋𝑋 = 𝐵𝐵𝑜𝑜,𝐶𝐶𝑙𝑙) 𝑒𝑒𝑞𝑞. III− 37 
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Experimental results thus suggest that intercalation of halogen can follow a two-step 

reaction, with first the electrochemical oxidation of halides to trihalides (eq. III-3) followed by 

chemical intercalation of halogens into graphite (eq. III-37), as illustrated with Fig. III-10c. To 

assess the equilibrium between trihalides in solution and halogens intercalated in graphite, 

quantitative UV-Vis spectroscopy was conducted after electrolysis of halide solutions using 

graphite electrodes (Fig. III-11). Potentials of 0.9 V vs SHE and 1.3 V vs SHE are respectively 

measured for the electrolysis of 15m LiBr (Fig. III-11a in red) and 15m LiCl (Fig. III-11a in green) 

solutions (1.2 mA for 8 min, charged passed of 0.576 C), similar to the potentials of both 

halogens conversion/intercalation (Fig. III-1b) and halides oxidation to trihalides (Fig. III-3 and 

Fig. III-4b). UV-Vis conducted after the electrolysis of 15m LiBr shows the characteristic 

spectra of Br3- (Fig. III-11b) while for the electrolysis of 15m LiCl, spectra is characteristic of 

BrCl2- or Br2Cl- (Fig. III-11c), most probably due to Br- impurities coming from commercial LiCl 

salt (eq. III-35 and eq. III-38). 

𝐵𝐵𝑜𝑜𝐶𝐶𝑙𝑙2
−

(𝑎𝑎𝑎𝑎) + 𝐵𝐵𝑜𝑜−(𝑎𝑎𝑎𝑎) = 𝐵𝐵𝑜𝑜2𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎) + 𝐶𝐶𝑙𝑙−(𝑎𝑎𝑎𝑎)   ;    𝐾𝐾 = 3. 103 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼𝐼𝐼 − 38 

More importantly, theoretical concentrations calculated from the charge passed during the 

electrolysis (Qelectrolysis; Fig. III-11a in blue) using Faraday law (Fig. III-11d in blue) were then 

compared with absorption maximums (Fig. III-11b and 11c) and experimental concentrations 

 
Fig. III-10. Br3

- in the Br-rich phase enables the chemical intercalation of Br2 into graphite. a-b, 
Rietveld refinement (a) of the pristine graphite (top) and of graphite in contact with LiBr3 (bottom).  
The red circles, black continuous line and bottom blue line represent the observed, calculated, and 
difference patterns respectively. Vertical green tick bars are the Bragg positions. A zoom on the 
(002) and (004) reflections is shown in (b). c, Scheme of the two-step halides intercalation 
mechanism. 
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calculated using Beer-Lambert law (Fig. III-11d in red and green). We found that ≈63% of the 

Br3- generated during the electrolysis of 15m LiBr stays in the electrolyte, the rest being 

intercalated as Br2 into graphite (≈37%). Similarly, ≈89% of BrCl2- generated by the electrolysis 

of 15m LiCl stays in the electrolyte while only ≈11% are intercalated as bromine monochloride 

(BrCl).7 Our results thus demonstrate that a large part of the charged passed can be stored as 

trihalides in the electrolyte instead of intercalated halogens in graphite. 

 

Nevertheless, one as to keep in mind that such intercalation percentages are highly 

dependent on the electrode/electrolyte ratio, with here a large excess of electrolyte (≈2 

g.mg-1graphite) leading to lower intercalation percentage compared to cells reported by Yang C. 

et al.7 for instance (≈0.01 g.mg-1graphite).7 Bearing this in mind, we tried to reduce the 

electrode/electrolyte ratio by using Swagelok cells, similarly to Yang C. et al.7, however cycling 

performances both two- and three-electrodes cells where found limited (Fig. III-12). Knowing 

that we could never reproduce the artificial SEI nor the jellified WiSE reported previously7,32, 

such poor performance can arise from the lack of electrolyte viscosity and coating at the anode 

material which could both prevent self-discharge and improve the cycling behavior. 

 
Fig. III-11. Electrolysis of LiBr and LiCl solutions along with quantitative UV-Vis to detect oxidation 
products. a, Chronopotentiometry at 1.2 mA for 8 minutes recorded for electrolysis of 15m LiBr 
(red) and 15m LiCl (green) solutions. In blue is plotted the charge passed during the electrolysis. b-
c, UV-Vis spectra of the 15m LiBr (b) and 15m LiCl (c) electrolytes after electrolysis. d, Efficiency of 
the electrolysis calculated by comparing the ideal Faraday law of electrolysis with the concentration 
detected via Beer-Lambert law. 
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III.D. Chapter conclusions 

Overall, we proved that high concentrations of halide salts, as the ones find in ABS, enable 

the oxidation of halides to trihalides at potentials similar to the ones previously reported for 

conversion/intercalation of halides into graphite. Moreover, the spontaneous intercalation of 

Br2 into graphite via Br3- was proved to be possible. Hence, our electrochemical and 

spectroscopic results demonstrate that the intercalation of halogen into graphite can follow a 

two-step intercalation with first the oxidation of halides to trihalides (eq. III-3) followed by 

chemical intercalation of halogens (eq. III-37). Such two-step intercalation concurs with a 

recent study from Xu et al. using quasi-ionic liquid electrolyte154 where halides are first 

oxidized to liquid halogens and then intercalated in graphite. An important implication of our 

finding is that, alike halogens and intercalated halogens155,156, trihalides in solution and the 

 
Fig. III-12. Galvanostatic charge/discharge performances of the halogens intercalation chemistry 
in two or three electrodes Swagelok cells. a, Galvanostatic charge/discharge cycles at C/10 in three 
electrodes Swagelok cells with Graphite/LiBr/LiCl/SP positive electrodes, YP-50F negative electrode 
and half-charge LFP reference.  b, Capacity fraction and Coulombic efficiency for the cycles in (a). 
c, Galvanostatic charge/discharge cycles at C/5 in two electrodes Swagelok cells with 
Graphite/LiBr/LiCl/SP positive electrodes, YP-50F negative electrode.  d, Capacity fraction and 
Coulombic efficiency for the cycles in (c). 
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intercalated halogens are in dynamic equilibrium (eq. III-37). As a consequence, this battery is 

not truly a “dual-ion battery” but more a redox “static” battery similar to a non-flowing zinc-

bromide hybrid redox battery157, where the zinc negative electrode is replaced by the negative 

graphite Li+ intercalation electrode while the positive electrode graphite intercalation plays 

the role of complexing agent replacing the quaternary ammonium bromides usually used in 

zinc-bromide batteries.157 Quantitative UV-Vis analysis proved that for the equilibrium 

between trihalides and intercalated halogens (eq. III-33), a non-negligible part of the capacity 

is carried by trihalides in solution, increasing the risk of self-discharge via the diffusion of 

trihalides to the negative electrode. However, our work unambiguously demonstrates that 

trihalides are highly soluble in the halide-rich phase, i.e. the phase in contact with the positive 

electrode, while trihalides are poorly soluble in the TFSI-rich phase, i.e. the phase in contact 

with the negative electrode, demonstrating ABS to be the cornerstone in reaching good 

coulombic efficiencies by thermodynamically preventing the diffusion of trihalides to the 

negative electrode. Even though the use of ABS would most probably limit such device to 

stationary applications in order to have a proper layering of the ABS, the development of ABS 

could be key to improve efficiencies and cost of other batteries such as redox “static” zinc-

halogen,35–38 or redox flow batteries. Indeed, by spontaneously separating the positive and 

negative electrolytes without the use of expensive and fragile membranes, ABS can be further 

used to develop membrane-less redox batteries. Importantly, our work put forward the 

possibility to use as redox species the salts forming the ABS, such as the halides/trihalides 

redox, reaching higher concentration and thus higher capacities than previous work based on 

the addition of organic redox species to an already formed ABS.56,77,78 Nevertheless, to 

optimize cost, LiTFSI quantities have to be minimized thus aiming at the top-left part of the 

ABS diagram (Fig. III-9d), e.g. 2m LiTFSI – 10m LiBr ABS, while future work will have to find 

cheaper and safer alternatives to LiTFSI that would still form an ABS with lithium 

halides/trihalides. Moreover, moving from a redox “static”77,56,158 to a redox “flow”78 

membrane-less battery brings the challenge of maintaining a proper layering of ABS with the 

need to design suitable flow-cells with an optimal flow of the positive and negative 

electrolytes. Finally, the use of ABS in electrochemical devices is still in its infancy, and further 

work is needed to improve our understanding of the electrochemistry of the ABS, especially 

concerning the selectivity and kinetics of ion transfer at liquid-liquid interface which will be 

critical for achieving both good coulombic efficiency and high power density.  





Chapter IV – ABS liquid-liquid interface  

77 

Chapter IV – ABS liquid-liquid interface 

 

This chapter is based on the following article that I co-authored: 

Degoulange D., Pandya R., Deschamps M., Skiba D.A., Gallant B.M., Gigan S., de Aguiar H.B. 

and Grimaud A., “Direct imaging of micrometer-thick interfaces in salt–salt aqueous 

biphasic systems”, Proceedings of the National Academy Of Sciences 120, e2220662120 

(2023). 

 

IV.A. Introduction 

As described in Chapter I and further investigated in Chapter III, the development of 

membrane-less electrochemical devices heavily relies on finding systems preventing the 

crossover of redox active ions, e.g. trihalides. However, it is nonetheless crucial for the liquid-

liquid interface to enable the ion transfer and ensure the electroneutrality during battery 

operation. Furthermore, the kinetics for ion transfer must be fast enough not to introduce 

overpotential. Thus, for salt-salt ABSs to be efficiently implemented in electrochemical 

devices, mastering the ion transfer at liquid-liquid interface is critical as it directly controls the 

(dis)charging rate by inducing an interfacial overpotential if too slow or can induce self-

discharge when not selective. Despite this key role, interfaces of ABSs are poorly understood, 

almost entirely via surface tension measurements.159–162 Classically, the surface tension 

between two phases α and β is captured by the Gibbs adsorption equation:  

d𝛾𝛾 = −�𝛤𝛤Jd𝜇𝜇J
J

 𝑒𝑒𝑞𝑞. IV − 1 

with 𝛾𝛾 being the surface tension between the two phases, 𝛤𝛤J the surface excess concentration 

compared to the Gibbs dividing surface and 𝜇𝜇J the chemical potential of the different species 

J in solution.163 Noting that 𝜇𝜇J = 𝜇𝜇𝐿𝐿0 + 𝑅𝑅𝑅𝑅 ln(𝑎𝑎𝐿𝐿), the surface excess concentration can be 

expressed as:  
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𝛤𝛤S = −
𝑎𝑎𝑆𝑆
𝑅𝑅𝑅𝑅

 �
𝜕𝜕𝛾𝛾
𝜕𝜕𝑎𝑎𝑆𝑆

�
𝑇𝑇,𝐿𝐿≠𝑆𝑆

 𝑒𝑒𝑞𝑞. IV −  2 

linking the surface tension to the adsorption of species at the interface.163 If by increasing the 

activity of species S the surface tension decreases (i.e. � 𝜕𝜕𝛾𝛾
𝜕𝜕𝑎𝑎𝑆𝑆

� < 0), then 𝛤𝛤S > 0 and the species 

S is accumulated at the interface (positive adsorption – Fig. IV-1a). However, if by increasing 

the activity of species S the surface tension increases (i.e. � 𝜕𝜕𝛾𝛾
𝜕𝜕𝑎𝑎𝑆𝑆

� > 0), then 𝛤𝛤S < 0 and the 

species S is depleted at the interface (negative adsorption – Fig. IV-1b).163 The thickness of the 

interface can be defined as the length across which the negative (or positive) adsorption takes 

place. 

 

In contrast to ABSs, interfaces between two immiscible electrolyte solutions (ITIES), such 

as between water and nitrobenzene or other polar solvents, have been widely studied. They 

are known to be molecularly sharp with a positive adsorption of ions over only a few 

nanometers at the interface (Fig. IV-1c), as demonstrated by a combination of surface tension, 

capacitance and surface-sensitive spectroscopic methods.164,70,60,68 This picture of the ITIES 

was essential towards developing new applications based on ion72,73 or electron transfer165,166 

such as coupling reactions167 or electrosynthesis168 at the interface. Thus, for ABSs to reach 

their full potential, a deeper understanding of their interfaces is critical (Fig. IV-1d). Yet the 

requirement of nanoscale chemical sensitivity means, to the best of our knowledge, that no 

experimental visualization of any aqueous-aqueous interfaces has yet been reported, with 

information regarding their composition remaining generally sparse. In this work, we use a 

 
Fig. IV-1. Description of the different types of liquid-liquid interfaces. a-b, Schematic depicting the 
concentration profile of a solute (S) from phase α (Csα) to phase β (Csβ) across an interface for 
positive (a) and negative (b) adsorption. Green and red represent, respectively, positive and 
negative integrals when compared to a step change of concentration. c-d, Cartoons of ITIES (c) and 
ABSs (d) interfaces. 
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unique combination of variable temperature nuclear magnetic resonance (VT-NMR) and high-

spatial-resolution Raman imaging to resolve and understand the interface of salt-salt ABSs. 

Studying the LiTFSI-LiCl-water and the LiTFSI-HCl-water systems, we provide the 

demonstration for a negative adsorption of ions and water at the interface. Strikingly, we 

reveal a continuous, microscale change of chemical environment, fundamentally different 

from the nanoscale, molecularly sharp ITIES. Our results call for the reinvestigation of 

previously known ABSs using chemically sensitive imaging/spectroscopic methods and to, 

more broadly, study the structure and dynamics of liquid-liquid interfaces. 

 

IV.B. Characterization of the LiTFSI-LiCl-water system 

To first understand the composition demixing for the LiTFSI-LiCl-water system, the phase 

diagram was obtained via the cloud point titration technique (see details in S-IV: Materials 

and Methods). As shown in Fig. IV-2a, the phase diagram shows a binodal curve separating 

the monophasic region (purple) from the biphasic one (red).33,107 The interfacial tension for 

the LiTFSI-LiCl-water systems were measured from the drop-weight method (see details in S-

IV: Materials and Methods) using Tate’s law with Harkins and Brown correction169 (Fig. IV-

2b). For the 5m LiTFSI – 10m LiCl biphasic system, the interfacial tension is estimated as ≈3 

mN.m-1. This value is similar to IL-salt ABSs (0.4 to 2.3 mN.m-1)162 but ten times lower than 

values reported for ITIES (20 to 30 mN.m-1)164 and higher than that reported for polymer-

polymer ABSs (0.01 to 500 μN.m-1)159,170. Decreasing the molalities to 3m LiTFSI – 6m LiCl, the 

interfacial tension decreases down to values ≈200 μN.m-1. When plotting the interfacial 

tension as a function of the difference between salts total molality from these systems and 

the binodal curve at 2.6m LiTFSI – 5.2m LiCl (Δm, Fig. IV-2b), the surface tension tends to zero 

when reaching the binodal curve, i.e. for Δm = 0. This result agrees with the system becoming 

monophasic on crossing the binodal curve, hence having no interfacial tension. According to 

eq. IV-2, this increasing interfacial tension with increasing molality suggests either that salts 

have a negative adsorption at the interface, as schematized in Fig. IV-1b, or that water has a 

positive adsorption, as schematized in Fig. IV-1a, or both. 
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The top and bottom phases collected from the 5m LiTFSI – 10m LiCl biphasic system were 

characterized by infrared spectroscopy (Fig. IV-2c and 2d). By looking at the TFSI- peaks at 

1340, 1190, 1125 and 1050 cm-1 (Fig. IV-2c), the top phase is found to be nearly depleted in 

TFSI- anions while the bottom phase is rich in TFSI-33. In Fig. IV-2d, the peak at 3365 cm-1 and 

the shoulder at 3230 cm-1 corresponding to OH vibrations for water molecules with strong 

hydrogen bonding network (OHstrong-HB) are only observed for the top phase.171,172 In contrast, 

the bottom phase shows a band at 3570 cm-1 previously ascribed to OH vibrations for water 

with weaker hydrogen bonding network resembling that of the so-called water-in-salt 

systems, i.e. a TFSI-rich environment (OHweak-HB).172,173 The bottom phase is thus richer in TFSI- 

when compared to the top one, indicating a high ion partition coefficient. By decreasing the 

concentration close to the binodal curve and studying the 2.6m LiTFSI – 5.2m LiCl system (Fig. 

IV-2e and 2f), vibrations associated with the top and the bottom phases are found 

qualitatively similar, however with the intensities of the TFSI- peaks still being modestly higher 

in the bottom phase, thus resulting in a low ion partition coefficient (Fig. IV-2e). Moreover, 

Fig. IV-2f shows that the intensity of the shoulder in the region of the OHweak-HB vibration is 

constant for both phases. Only a slight decrease in the region corresponding to OHstrong-HB 

vibrations intensity, linked to a weakening of the water-water hydrogen bonding network, is 

found in the bottom phase. Overall, IR spectroscopy indicates that when moving away from 

 
Fig. IV-2. LiTFSI-LiCl-water system description. a, Phase diagram of the LiTFSI-LiCl-water system 
with the monophasic region in purple and the biphasic region in red. Xm LiTFSI - Ym LiCl systems 
are studied along the line 2X=Y, as indicated with light to dark blue dots. Along this line, the binodal 
curve is crossed at 2.6m LiTFSI – 5.2m LiCl. b, Interfacial tensions for the LiTFSI-LiCl-water system 
as function of the salts total molality differential to the binodal curve in moles per kg (Δm) i.e. 
Δm=(X+Y)-(2.6+5.2). c-d, Infra-red spectra recorded for the 5m LiTFSI - 10m LiCl system for TFSI- 
vibrations (c) and OH vibrations (d) with top phase in green and the bottom phase in orange. e-f, 
Infra-red spectra for the 2.6m LiTFSI - 5.2m LiCl system for TFSI- vibrations (e) and OH vibrations (f) 
with the top phase in green and the bottom phase in orange. 
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the binodal curve, i.e. as the interfacial tension increases, there is greater ion partition 

between the two immiscible phases. 

To probe the influence of temperature on salt-salt ABSs interface, the 2.6m LiTFSI – 5.2m 

LiCl system was studied between 0°C and 35°C. Upon cooling from room temperature to a 

temperature close to 0°C, the system reversibly switches from biphasic to monophasic, 

forming a so-called lower critical temperature (TLC) system. This is confirmed by reaction 

microcalorimetry163,174. Indeed, TLC systems, as the LiTFSI-LiCl-water system, have a negative 

Gibbs free energy of mixing (∆𝑚𝑚𝑑𝑑𝑥𝑥𝐺𝐺 < 0) for temperatures below TLC, enabling mixing at low 

temperature, and a positive Gibbs free energy of mixing (∆𝐺𝐺𝑚𝑚𝑑𝑑𝑥𝑥 > 0) for temperature above 

TLC. As discussed in the field, since ∆𝐺𝐺𝑚𝑚𝑑𝑑𝑥𝑥 = ∆𝐻𝐻𝑚𝑚𝑑𝑑𝑥𝑥 − 𝑅𝑅∆𝑆𝑆𝑚𝑚𝑑𝑑𝑥𝑥, having a TLC implies that both 

the enthalpy and entropy of mixing for the LiTFSI-LiCl-water system are negative (∆𝐻𝐻𝑚𝑚𝑑𝑑𝑥𝑥 < 0 

and ∆𝑆𝑆𝑚𝑚𝑑𝑑𝑥𝑥 < 0). To probe the enthalpy of mixing, titration calorimetry was carried out. The 

enthalpy of mixing ∆𝑚𝑚𝑑𝑑𝑥𝑥𝐻𝐻 is given by: 

∆𝑚𝑚𝑑𝑑𝑥𝑥𝐻𝐻 = 𝐻𝐻 −�𝑥𝑥𝑑𝑑𝐻𝐻𝑑𝑑
𝑑𝑑

𝑒𝑒𝑞𝑞. 𝐼𝐼𝑉𝑉 −  3 

with H being the enthalpy of the mixture and Hi the enthalpy of the pure substances. However, 

the enthalpy measured during the titration calorimetry as carried out in this work differs from 

the enthalpy of mixing as pure substances are not injected into the solvent. Rather, biphasic 

systems were first prepared at the temperature at which the system is immiscible (at 25°C for 

LiTFSI-LiCl-water system) and then separated. Following this, during the titration calorimetry, 

one phase was injected into the second one at a temperature at which these two solutions 

are miscible (at 2°C for LiTFSI-LiCl-water system) giving access to an enthalpy that can be 

described as a partial mixing enthalpy ∆𝑚𝑚𝑑𝑑𝑥𝑥𝐻𝐻′ with: 

∆𝑚𝑚𝑑𝑑𝑥𝑥𝐻𝐻′ = 𝐻𝐻 −�𝑥𝑥𝐿𝐿𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠(𝐿𝐿)
𝐿𝐿

𝑒𝑒𝑞𝑞. 𝐼𝐼𝑉𝑉 −  4 

with 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠(𝐿𝐿) the enthalpy of the solutions after equilibration. For the LiTFSI-LiCl-water system, 

the heat measured by calorimetry for a reference experiment reveals no heat exchange when 

the biphasic system is separated at 25°C and mixed at the same temperature of 25°C (Fig. IV-

3a). However, an exothermic reaction is measured for the biphasic system separated at 25°C 
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and mixed at 2°C (Fig. IV-3b), hence revealing a negative partial mixing enthalpy ∆𝑚𝑚𝑑𝑑𝑥𝑥𝐻𝐻′ 

confirming that the LiTFSI-LiCl-water system is a TLC system. 

 

Next, VT-NMR was used to provide spatially resolved information across the ABS interface 

and to assess the ion partition as function of temperature (Fig. IV-4 and z-axis calibration in S-

IV: Fig. IV-S1). At 35°C, the intensity profile for 19F shows a sharp difference across the 

interface, with more TFSI- found in the bottom phase than in the top phase (Fig. IV-4 - right 

panels in red), in agreement with the infrared spectroscopy data (Fig. IV-2e and 2f). Similarly, 

the intensity profiles for 7Li and 1H show the top phase, i.e. the TFSI-poor one, to be richer in 

lithium and protons. By lowering the temperature to 20°C, the partitions for Li+ and TFSI- ions 

and for water decrease (Fig. IV-4 - middle panels in yellow). Finally, at 1°C, the system is 

monophasic and the solution is found to be homogeneous (Fig. IV-4 - left panels in blue). 

Therefore, the ion partition decreases when decreasing the temperature, eventually crossing 

the binodal curve and forming a monophasic system at low temperature. For systems far from 

the binodal curve, i.e. 5m LiTFSI – 10m LiCl, much larger ion and water partitions are recorded 

at room temperature, as seen in Fig. IV-2c and 2d, and no transition from biphasic to 

monophasic was observed between -15°C and 80°C. 

 
Fig. IV-3. Calorimetry measurements and partial mixing enthalpy for the 2.6m LiTFSI – 5.2m LiCl 
system. a, TFSI-rich and TFSI-poor phases are collected at 25°C and titrated at 25°C at which both 
solutions are immiscible. b, TFSI-rich and TFSI-poor phases are collected at 25°C and titrated at 2°C 
at which both solutions are miscible. 
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IV.C. Physical properties of the LiTFSI-LiCl-water system interface 

In order to gain a microscopic understanding of the interface composition, Raman imaging 

was performed (lateral resolution ≈300 nm; axial resolution ≈800 nm, spectral resolution ≈15 

cm-1), taking advantage of the different phase-dependent vibrations for TFSI- anions and 

water. Fig. IV-5a shows the heat map of the integrated intensity of the TFSI- peak at ≈740 cm-

1 for the 2.6m LiTFSI – 5.2m LiCl system, with increasing TFSI- concentration shown from blue 

to red. Comparing the Raman spectra collected across the interface (Fig. IV-5b) reveals a 

continuous change of the spectra, indicating a gradient of chemical compositions and 

solvation environments (behavior also seen in Fig. IV-5c for OH vibrations). 

 
Fig. IV-4. Variable temperature nuclear magnetic resonance analysis of the 2.6m LiTFSI - 5.2m LiCl 
system at 1°C (blue), 20°C (yellow) and 35°C (red) for the nucleus 19F (top), 7Li (middle) and 1H 
(bottom) along the height of the NMR tube from left (top of the tube) to right (bottom of the tube). 
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Fig. IV-5. Raman imaging across the interface of the 2.6m LiTFSI – 5.2m LiCl system. a, Raman 
imaging of the 2.6m LiTFSI – 5.2m LiCl system generated by integration of the TFSI- vibrations. A 
slight movement of the liquid during imaging results in a partial shift in the image (≈50 μm from 
bottom); the top and bottom parts of the image are hence not compared. b-c, Raman spectra 
collected across the interface for TFSI- vibrations (b) and for OH vibrations (c) of the 2.6m LiTFSI – 
5.2m LiCl system. The color of plots matches that in (a). d-e, Peak decomposition of the TFSI- 
vibrations in the TFSI-rich phase (d) and TFSI-poor phase (e) of the 2.6m LiTFSI – 5.2m LiCl system. 
f-g, Peak decomposition of the OH vibrations in the TFSI-rich phase (f) and TFSI-poor phase (g) of 
the 2.6m LiTFSI – 5.2m LiCl system. 

 

 
Fig. IV-6. Cartoon of the spectral components for the TFSI- vibrations (left) and OH vibrations 
(right). a, TFSI- vibrations in the case of the “free” TFSI- (725 cm-1). b, TFSI- vibrations in the case of 
mono-coordinated TFSI- i.e. contact ion pair (738 cm-1). c, TFSI- vibrations in the case of bi-
coordinated TFSI- i.e. aggregate (743 cm-1). d, OH vibrations of water molecules in a strong 
hydrogen bonding network (3365 and 3230 cm-1). e, OH vibration of water molecules in a weak 
hydrogen bonding environment (3570 cm-1).  
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The Raman spectra were deconvoluted into their respective components to obtain 

qualitative chemical insight into the changes occurring across the interface. Based on previous 

studies173,175,176, the TFSI- band can be decomposed into three components: free, mono- or bi-

coordinated TFSI- ions as schematized in Fig. IV-6a, 6b and 6c respectively. The TFSI-rich phase 

is mostly composed of components corresponding to mono- (contact ion pairs (CIP), 738 cm-

1) and bi-coordinated (aggregates (Agg), 743 cm-1) TFSI- ions with a limited contribution from 

“free” TFSI- ions (725 cm-1) (Fig. IV-5d and in S-IV: Fig. IV-S2). Moving from the TFSI-rich phase 

(Fig. IV-5d) to the TFSI-poor phase (Fig. IV-5e), the intensity of the bi-coordinated component 

gradually drops alongside that of the free TFSI- component, while the intensity of the mono-

coordinated TFSI- component is still present but at a lower intensity (Fig. IV-5e and in S-IV: Fig. 

IV-S2). 

Similarly, the OH band can be decomposed into several components171–173,177–179. Using the 

simplest model that fits our data (in S-IV: Fig. IV-S3), the water spectra were fitted with three 

components (Fig. IV-5f and 5g). Two components at 3270 cm-1 and at 3430 cm-1 corresponding 

to the OHstrong-HB interactions from the water hydrogen bonding network (Fig. IV-6d), 

described in the literature as ice-like and ice-like liquid components177,178 or as double and 

single H-bounded water molecules179. The last component at 3560 cm-1 is referred to in the 

literature as a liquid-like amorphous phase components177,178 or water molecules without H-

bound,179 thus corresponding to OHweak-HB interactions (Fig. IV-6e) from a TFSI-rich 

environment. When crossing from the TFSI-rich (Fig. IV-5f) to the TFSI-poor phase (Fig. IV-5g), 

the intensity of the components associated with a strong hydrogen bonding between water 

molecules increases (OHstrong-HB, low wavenumber components), while the intensity of the 

component associated with weaker water interactions remains approximately constant 

(OHweak-HB, high wavenumber component) (in S-IV: Fig. IV-S2). Together, the Raman peak 

deconvolutions reveal that the interface is composed of a continuum of solvation 

environments gradually switching from a solvation structure previously ascribed to water-in-

salt electrolytes (TFSI-rich phase with weak hydrogen bonding between water molecules and 

with TFSI- aggregates) to that of a more classical salt-in-water electrolyte (TFSI-poor phase 

with a stronger hydrogen bonding network between water molecules and without TFSI- 

aggregates). We note that as the polarization of our pump and detected Raman light is poorly 
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defined (owing to imaging with high numerical apertures) we refrain from more quantitative 

analysis. 

By plotting the normalized integrated Raman intensity variation and peak decomposition 

parameters across the interface for TFSI- and OH vibrations, a sigmoidal curve is obtained (Fig. 

IV-7b and in S-IV: Fig. IV-S2). This observation suggests that both the solvent, i.e. water, and 

one of the solutes, i.e. TFSI- anions, have a negative adsorption at salt-salt ABSs interface (eq. 

IV-2 and Fig. IV-1b). More importantly, the thickness of the ABS interface is deduced by 

measuring the length over which the negative adsorption takes place, which is estimated by 

the distance necessary to increase from 10% to 90% of the normalized integrated Raman 

intensity. For the 2.6m LiTFSI – 5.2m LiCl system, the thickness is estimated to be 9.1 μm and 

11.3 μm from the OH and the TFSI- vibrations, respectively.  

 

The estimated thickness was found to be stable over hours and between multiple samples, 

reflecting a steady state (in S-IV: Fig. IV-S4). Such a large thickness cannot be explained by the 

existence of thermal capillary waves whose height we estimate to be of only several 

nanometers66 (in S-IV: Fig. IV-S5). Nor can such a large thickness be a result of droplet 

curvature, refractive index mismatches180 or limitations in our lateral resolution (≈800 nm). 

Indeed, we are able to measure molecularly sharp ITIES such as water-hexanone181 (Fig. IV-8) 

or water-dichloroethane60,68,70,164 (in S-IV: Fig. IV-S6) down to a size of ≈1 μm. Furthermore, 

the curvature of the interfaces is far larger (ten times) than the axial resolution of our laser 

 
Fig. IV-7. Raman imaging across the interface of the 2.6m LiTFSI – 5.2m LiCl  and 3m LiTFSI – 6m 
LiCl systems. a, Raman imaging of the 2.6m LiTFSI – 5.2m LiCl system generated by integration of 
the TFSI- vibrations. A slight movement of the liquid during imaging results in a partial shift in the 
image (≈50 μm from bottom); the top and bottom parts of the image are hence not compared 
(same as in Fig. IV-5a). b, The normalized intensity of OH  (green) and TFSI- (orange) vibrations 
across the interface of the 2.6m LiTFSI – 5.2m LiCl system following the black arrow in (a). 
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system (≈800 nm) as shown in S-IV: Fig. IV-S7 where a 3D reconstruction of the different phase 

regions is built.182 Consequently, the interfaces can be approximated as a vertical slab with 

thickness effects ignored. 

 

Having postulated the negative adsorption of TFSI- anions and water molecules at the 

interface of a system close to the binodal curve, similar studies were carried out for systems 

with greater concentrations. For a 3m LiTFSI – 6m LiCl system (Fig. IV-9), a gradual change in 

solvation environment is observed when crossing the interface, similar to that of the 2.6m 

LiTFSI – 5.2m LiCl system. The sigmoidal curve observed for the integrated intensity (Fig. IV-

9d) again suggests the negative adsorption of both TFSI- and water even at higher molalities. 

The thickness of the interface was estimated to be 2.7 μm and 4.3 μm from the OH and the 

TFSI- vibrations, respectively, smaller than previously measured for the 2.6m LiTFSI – 5.2m LiCl 

system (Fig. IV-7b). Systems with greater concentrations are reported in S-IV: Fig. IV-S8, 

showing an interface of about 3 μm and 2.5 μm for the 4m LiTFSI – 8m LiCl system and 5m 

LiTFSI – 10m LiCl system, respectively. Overall, we establish that for a system with a TLC, by 

increasing salt molalities, i.e. moving away from the binodal curve, the interface gets thinner 

from about 10 μm down to the resolution of our measurement of a few microns. 

 
Fig. IV-8. Raman imaging across the heptanone-water interface. a, Raman imaging of a system 
composed by 50wt% of heptanone and 50wt% of Milli-Q water generated by integration of the OH 
vibrations. b-c, Raman spectra collected across the interface for the heptanone C-H stretching (b) 
and for OH vibrations (c). The color of plots matches that in (a). d, The normalized intensity of OH 
(green) and DCE (orange) vibrations across the interface. The size of the measured interface for the 
above mixtures is ≈1 µm. In light of our axial resolution (800 nm), lateral resolution (300 nm), the 
droplet curvature and small (< 1%) refractive index variations between the phases, we believe ≈1 
µm represents the minimum extractable thickness from our approach. 
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IV.D. Interface for upper critical solution temperature: the LiTFSI-

HCl-water system 

 

The results from the LiTFSI-LiCl-water system were then compared with those for LiTFSI-

HCl-water system (Fig. IV-10a and 10b) where VT-NMR (in S-IV: Fig. IV-S9) and reaction 

microcalorimetry (Fig. IV-10c) measurements reveal an upper critical temperature (TUC)163,174, 

i.e. the system becomes miscible upon heating with the mixing being endothermic thus having 

 
Fig. IV-9. Raman imaging across the interface of the 3m LiTFSI – 6m LiCl system. a, Raman imaging 
of the 3m LiTFSI – 6m LiCl system generated by integration of the TFSI- vibrations. b-c, Raman 
spectra collected across the interface for the TFSI- vibration (b) and for OH vibrations (c) of the 3m 
LiTFSI – 6m LiCl system. The color of plots matches that in (a). d, The normalized intensity of OH 
(green) and TFSI- (orange) vibrations across the interface of the 3m LiTFSI – 6m LiCl system. 

 
Fig. IV-10. LiTFSI-HCl-water system description. a, Phase diagram of the LiTFSI-HCl-water system 
with in purple the monophasic region and in red the biphasic region. Xm LiTFSI - Ym HCl systems 
are studied along the line 2X=Y, as indicated with black, red and dark red dots. Along this line, the 
binodal curve is crossed at 4.5m LiTFSI – 9m HCl. b, Interfacial tensions for the LiTFSI-HCl-water 
system as function of the salts total molality differential to the binodal curve in moles per kg (Δm) 
i.e. Δm=(X+Y)-(4.5+9). c, Calorimetry measurement and partial mixing enthalpy for the 4.5m LiTFSI 
– 9m HCl system with the TFSI-rich and TFSI-poor phases being collected at 5°C and titrated at 35°C 
at which both solutions are miscible. 
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a positive partial mixing enthalpy. Intermolecular interactions, and especially differences in 

hydrogen bounding network, are believed to explain the TLC or TUC behavior.183 However, more 

precise understanding is lacking to directly relate TLC or a TUC behavior with the hydrogen 

bounding network. Thus, to date, it is not clear why switching from alkali cation (Li+) to protons 

triggers a change from TLC to TUC in our systems while other systems keep a TLC for both alkali 

cation (Na+) and protons.184 

As for the LiTFSI-LiCl-water systems, Raman imaging carried out on flat interfaces reveals 

that the solvation environment changes gradually over a few microns from one phase to the 

other (Fig. IV-11). Going from the TFSI-rich to the TFSI-poor phase, the spectral components 

at lower frequency, corresponding to strong hydrogen bonding, are found to increase for OH 

vibrations (Fig. IV-11c and in S-IV: Fig. IV-S10) along with an increase of the high frequency 

components corresponding to mono- and bi-coordinated TFSI- anions (Fig. IV-11b and in S-IV: 

Fig. IV-S10). The concentration-position profile for TFSI- anions and water across the interface 

are both found to be sigmoidal in shape (Fig. IV-11d). Hence, independent of whether a given 

system has a TLC or a TUC, a negative adsorption is suggested for the solute and the solvent. 

Repeating measurements at different concentrations, it is found that the interfacial thickness 

decreases with increasing molality from ≈5 μm for 5m LiTFSI – 10m HCl system (Fig. IV-11d) 

down to ≈2 μm for 6m LiTFSI – 12m HCl system (in S-IV: Fig. IV-S11) alike for the LiTFSI-LiCl-

water system. 

 

 
Fig. IV-11. Raman imaging across the interface of the 5m LiTFSI – 10m HCl system. a, Raman 
imaging of the 5m LiTFSI – 10m HCl system generated by integration of the TFSI- vibrations. b-c, 
Raman spectra collected across the interface for the TFSI- vibrations (b) and for OH vibrations (c) 
The color of plots matches that in (a). d, The normalized intensity of OH (green) and TFSI- (orange) 
vibrations across the interface. 
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Our results show that, unlike ITIES, salt-salt ABSs interfaces cannot be considered as 

molecularly sharp interface. Rather, they are microns-thick interphases forming a continuous 

gradient between both liquid phases. Given that the interfacial tension of salt-salt ABSs (about 

few mN.m-1) lies between that of ITIES (tens of mN.m-1) and polymer-polymer ABSs interfaces 

(hundreds of μN.m-1) which both have interfaces on the sub-300 nm scale, our results show 

that salt-salt ABSs are outliers. Based on our findings, models that have been developed for 

ITIES using molecular isotherms, which link molecular interactions, surface tension and 

interfacial thickness hence do not appear appropriate for describing ABS. One way to 

qualitatively reconcile our observations is via the Gibbs adsorption equation (eq. IV-1) which 

does not take interfacial thickness or molecular interactions into account. Thus, when 

transitioning from a dilute regime to a concentrated regime, as it is the case for both the LiTFSI 

and LiCl solutions studied in Chapter II and in this chapter, the activity of water decreases 

unlike the activities of ions that are increasing, as previously shown for Li+ activity in both 

LiTFSI and LiCl solutions139 and for LiTFSI/LiBETI solutions,27 as well as plotted for LiCl144,185,186 

in Fig. IV-12. Furthermore, the increase of the salt activity with concentration is much greater 

than the decrease of the activity of water. Hence, according to the Gibbs adsorption equation 

(eq. IV-1), and bearing in mind that our results suggest a negative adsorption of species at the 

interface (𝛤𝛤S< 0) and that the surface tension increases with the salt concentration, one can 

thus conclude that the change in surface tension is dominated by the increase of the activity 

of ions rather than by the decrease of the activity of water. 

 

 
Fig. IV-12. Comparison of the activities in concentrated LiCl solutions. Activity changes of water 
from Robinson et al.143 ; activity changes of (Li+ ; Cl-) salt dissolved with mean activity coefficient 
from Hamer et al.184 ; densities from Abdulagatov et al.185. Similar trends are observed 
independently of the salt anion, and LiTFSI solutions show similar increase in salt activity 
concomitant with a decrease in water activity. 



Chapter IV – ABS liquid-liquid interface  

91 

However, such conclusion should be used with care as information below the micrometer 

scale cannot be accessed with our Raman imaging (Fig. IV-8 and in S-IV: Fig. IV-S6). More 

precisely, a very thin adsorption layer can still exist at the nanometer scale within the sigmoid 

observed by Raman imaging. In fact, such discrepancy was previously observed for the double 

layer formed between a conductive electrode and ionic liquids.187,188 Further studies are thus 

necessary to understand the exact nature of the electrochemical double layer at the 

liquid/liquid interface formed in ABS. 

 

Summarizing the different systems studied in this work, we find that the thickness of the 

interface is decreasing with both total molality (Fig. IV-13a and 13b) and surface tension (Fig. 

IV-13c). For large molality, i.e. for high surface tension (Fig. IV-13d), we observe large ion 

partitioning while Raman imaging reveals thin interfaces. Decreasing the molality, i.e. for 

lower surface tension, the ion partitioning is smaller but the thickness of the interface 

increases (Fig. IV-13e). However, a more quantitative interpretation of the Gibbs adsorption 

equation, relating surface excess to surface tension, requires a simultaneous knowledge of 

 
Fig. IV-13. Evolution of interfacial thickness as function of molality and surface tension. a-b, 
Comparison of the integrated intensity for TFSI- vibrations for different LiTFSI-LiCl-water systems 
(a) and LiTFSI-HCl-water systems (b). c, Interfacial thickness as function of the interfacial tension 
for the LiTFSI-LiCl-water and LiTFSI-HCl-water systems studied in this work. The green line is only a 
guide to the eye. d-e, Schematic depicting the concentration profile of solutes across an interface 
for high (d) and low (e) surface tension. Green and red represent, respectively, positive and 
negative integrals when compared to a step change of concentration. 
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the concentration profiles for all species, currently out of reach for ions such as Cl- or Li+ using 

Raman imaging. 

 

IV.E. Chapter conclusions 

In summary, with microscopic chemical resolution, we have directly imaged the interface 

formed for salt-salt ABSs as a function of concentration. Our study reveals, unlike for ITIES or 

polymer ABSs, very large interfacial thicknesses up to 10 μm. The thickness correlates 

inversely with the salts concentration and the interfacial tension. Using Raman spectroscopy, 

the molecular bonding environment across the interfaces was probed, demonstrating a 

gradual change in water structure from an environment in which the hydrogen bonding 

network is weak and anions aggregates exist (TFSI-rich phase) to an environment resembling 

more of a dilute aqueous solution (Cl-rich phase). This result highlights that both LiCl and LiTFSI 

are important to generate different environments resulting in the phase separation. In 

addition, using NMR and calorimetry methods, we dynamically probed the effect of 

temperature on the miscibility of salt-salt ABSs. Comparing LiTFSI-LiCl-water and LiTFSI-HCl-

water systems, we find that changing the cation from Li+ to H+ inverts the temperature-

dependence, with the former becoming miscible upon cooling below room temperature while 

the latter becomes immiscible. Nevertheless, such opposing behavior does not dramatically 

change the thickness of the interface, which remains in the 1-10 μm range. Considering a 

negative adsorption for both water and solutes at the interface, we find that ion partitioning 

increases with salt concentration. We postulate that the formation of the interface is dictated 

by the increased activity of solute ions with concentration. One important question 

nevertheless remaining relates to how the nature of the cations influences temperature 

dependence of the phase diagram for salt-salt ABSs. Hence, following the insights provided by 

our findings, better theoretical understanding of ABSs is still needed. Indeed, the surface 

tension of salt-salt ABSs lies between that of ITIES and of polymer-polymer systems, yet they 

show much larger interfaces, beyond access for classical molecular dynamics simulations. 

Understanding further how the properties and size of the interfaces can be tuned is not only 

of fundamental interest but crucial if ABSs systems are to be used for electrochemical 
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devices7,52,76,77,158, chemical separation/purification steps189, carbon capture190 or in 

multiphase catalytic applications191. 

Generally, probing liquid-liquid interfaces in systems—be they electrochemical, biological 

or otherwise—has remained challenging. Our results demonstrate the power of Raman 

imaging, particularly over other popular optical imaging methods such as reflection/scattering 

microscopy, for providing label-free microscopic chemical information especially in material 

science applications. Combining such techniques with super-resolution192 or tip-enhanced193 

approaches will allow access to the sub-100 nm resolution limit and broaden the set of 

systems that can be examined, e.g. polymer ABSs and phase separations at electrified 

interfaces. Combining more advanced Raman schemes (triple grating spectrometers, 

heterodyne optical Kerr effect194) with other techniques such as neutron reflectometry 

(especially deep inelastic neutron scattering)195,196 and sum frequency generation197,198 will be 

useful to gain an improved understanding of critical low-energy interactions such as hydrogen-

bonds.  

In parallel and complementary to spectroscopic studies, ABS interface should be studied 

with electrochemical tools. Taking inspiration from the work done for ITIES, capacitance 

measurement will help to better understand the distribution of ions at the aqueous-aqueous 

interface while studies of the polarization window and the kinetics of ions transfer will clarify 

the presence of eventual overpotential linked to ion transfer. The combination of these 

characterization techniques with novel chemistries will help unravel the structure, selectivity 

and ion transport properties of ABS interfaces, leading to new discoveries in the design of 

complex liquid electrolytes for membrane-less electrochemical devices. 
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Chapter V – Electrochemistry at ABS liquid-

liquid interface 

V.A. Introduction 

Fundamental electrochemistry at liquid-liquid interface has been an essential tool when 

investigating ITIES, both to understand the composition of the interface, e.g. by using 

capacitance measurements, or to study the ion transfer via kinetics measurement. Thus the 

study of ABS can greatly benefit from adopting such measurements, where key knowledge on 

the structure and ion transfer kinetics of aqueous-aqueous interfaces can potentially be 

reached. Furthermore, such fundamental study of ion transfer at ABS interfaces is crucially 

lacking for the design of more efficient immiscible aqueous-based electrolytes for 

electrochemical devices. Hence, this chapter is dedicated to the study of liquid-liquid 

interfaces by electrochemistry.  

Electrochemistry at liquid-liquid interfaces has classically been carried out either at 

macroscopic (mm- to cm-sized, Fig. V-1a) ITIES in four electrodes measurements, or 

alternatively in two electrodes setups at micro- (or even nano-) sized ITIES (Fig. V-1b).199 

 

 
Fig. V-1. Schematics of the four electrodes and two electrodes cells commonly employed for 
electrochemical study at liquid-liquid interfaces. a, Schematic of the liquid-liquid electrochemistry 
at macroscopic interfaces using four electrodes, having in each phase, one reference electrode in 
a Luggin capillary and one counter electrode. b, Schematic of the liquid-liquid electrochemistry at 
microscopic interfaces using two electrodes, having in each phase, only one reference electrode 
also acting as counter electrode. Adapted from Liu et al.199. 
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Macro-ITIES were used in pioneering works by Gavach et al.61 and are still employed for 

electrosynthesis168,200 at liquid-liquid interfaces. Besides the precision needed to design four 

electrode glass cells with precise positioning for reference electrodes, several groups also 

reported that two electrode measurements at micro-ITIES are more sensitive than four 

electrode measurements at macroscopic interfaces, thus being advantageous for analytical 

electrochemistry.199,164,69,201 Indeed, the substantial resistance originating from the limited 

conductivity of the organic phases associated to the high current coming from the large 

surface of macroscopic interfaces lead to large ohmic drop, which is difficult to properly 

compensate.199,201 Moreover, similarly to ultramicroelectrode (UME) at solid-liquid interfaces, 

micro-ITIES can have a spherical diffusion of species enabling to reach steady state currents 

which are easier to interpret compared to the peak of a linear diffusion such as that obtained 

with macro-ITIES.164 Hence, following these previous reports and our goal to study the 

structure and ion transfer kinetics at liquid-liquid interface, our efforts were paid at studying 

microscopic interfaces in two electrodes setup. 

 

To form micro-ITIES, two main strategies were developed, with either the use of micro-

pipettes (Fig. V-2a) or of micro-holes formed in inert films (Fig. V-2c).199,202 The use of micro-

pipette was first proposed by Girault et al.203 who highlighted the interest of having linear and 

spherical diffusion regimes, respectively from the inside or the outside of the micro-pipette. 

Indeed, the walls of the pipette dictate a linear regime for species diffusing from the inside to 

 
Fig. V-2. Schematics and illustration of the liquid-liquid electrochemistry in micro-pipettes and 
micro-holes. a-b, Schematic of the spherical diffusion outside of the micro-pipette and linear 
diffusion inside a micro-pipette (a) along with the corresponding cyclic voltammetry showing 
negative peak for the transfer of ion from the organic phase in the micro-pipette to the aqueous 
phase while a positive steady-state diffusion limited current is obtained for the transfer of ion from 
the aqueous phase outside of the micro-pipette to the organic phase (b). c-d, Schematic of the 
spherical diffusion on both sides of a micro-hole (c) along with the corresponding cyclic 
voltammetry showing both positive and negative steady-state diffusion limited currents for the 
transfer of ion from the organic phase to the aqueous phase, and vice versa (d). Adapted from Liu 
et al.199. 
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the outside, leading to a current peak (Fig. V-2b – negative peak) dependent on the scan rate 

of the cyclic voltammetry and described by the Randles-Ševčík equation, similarly to 

macroscopic solid-liquid interfaces: 

𝐿𝐿𝑝𝑝 = 0.4463�
𝐹𝐹3

𝑅𝑅𝑅𝑅�
1/2

 𝑧𝑧3/2 (𝑣𝑣𝐷𝐷𝑋𝑋)1/2 𝐶𝐶𝑋𝑋𝜋𝜋𝑜𝑜2 𝑒𝑒𝑞𝑞.𝑉𝑉 − 1 

with 𝑧𝑧 the charge of ion 𝑋𝑋, 𝐷𝐷𝑋𝑋 the diffusion coefficient of ion 𝑋𝑋 and 𝐶𝐶𝑋𝑋 the concentration of 

ion 𝑋𝑋, 𝑅𝑅 the molar gas constant, 𝑅𝑅 the temperature, 𝐹𝐹 the faraday constant and 𝑜𝑜 the inner 

radius of the micro-pipette.39 

On the contrary, species diffusing from the outside to the inside of the micro-pipette have 

a spherical diffusion, leading to a steady-state diffusion limited current (Fig. V-2b – positive 

plateau) according to the following equation202: 

𝐿𝐿𝑑𝑑 = 4𝑧𝑧𝐹𝐹𝐷𝐷𝑋𝑋𝐶𝐶𝑋𝑋𝑜𝑜 𝑒𝑒𝑞𝑞.𝑉𝑉 − 2 

Thus, it is possible to distinguish by the shape of CVs if species are diffusing from the 

aqueous to the organic phase or, on the contrary, from the organic to the aqueous phase (Fig. 

V-2b). However, short shank micro-pipettes are necessary in order to minimize the length 𝑙𝑙 of 

low radius (𝑜𝑜) section of the pipette so that lower resistance (𝑅𝑅) can be achieved following the 

equation:39 

𝑅𝑅 =
𝑙𝑙

𝜅𝜅𝜋𝜋𝑜𝑜2
𝑒𝑒𝑞𝑞.𝑉𝑉 − 3 

Indeed, taking a section of 10 μm in radius and 1 mm in length with an electrolyte having a 

100 mS.cm-1 conductivity, such as the aqueous electrolytes typically studied in this work, we 

estimate a resistance of ≈106 Ω, leading to ≈1 mV ohmic drop with currents as low as 1 nA. 

The fabrication of appropriate micro-pipettes can be realized by glass pipette pulling 

according to carefully adjusted pulling parameters199 or by machining low diameter 

polyetheretherketone (PEEK) capillaries to enlarge the diameter of the capillary on most of its 

length leaving only a short end of the low diameter section (Fig. V-3). However, in both cases, 

it is challenging to achieve a low diameter section that is short enough to minimize the 

resistance while being repeatable. Owing to our lack of access to the proper tools to 

performed glass pipette pulling or machining PEEK capillaries, attempts at making such 

devices were not successful. 
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With this limitations in mind, our efforts were thus paid on developing a two electrodes 

cell using micro-holes made in Kapton polyimide films via laser ablation, as previously 

reported.69 Doing so, the resistance is minimized by having a low radius (10 μm) section of 

only the Kapton film thickness, e.g. ≈10 μm in length, leading to a resistance of about ≈104 Ω 

according to eq. V-3. However, as the length of the hole has typically a similar or smaller size 

than the hole radius that is in the order of few dozens of microns (see next section), linear 

diffusion does not take place anymore and a spherical diffusion occurs on both sides of the 

micro-hole (Fig. V-2c). This leads to a steady-state current for both ions transferring from the 

aqueous to the organic phase, or vice versa (Fig. V-2d). Nevertheless, the micro-hole 

configuration turns out to be more convenient, as repeatable size of holes and thickness of 

Kapton film can be easily achieved (see below). Thus, the following part describes in details 

the cell developed in this work, as well as benchmark electrochemical measurements carried 

out at micro-hole supported liquid-liquid interfaces using well-known ITIES. 

 

V.B. Description of the Liquid-Liquid electrochemical cell 

Based on the cell reported by Girault and co-workers69, and in collaboration with Romain 

Dugas, we designed a horizontal PEEK cell with two symmetrical compartments (Fig. V-4a, 4b 

and 4c) separated by a ring holding a Kapton film in which a micro-hole was made by laser 

ablation (Fig. V-4d, 4e and 4f). Each compartment contains one phase of the biphasic system 

 
Fig. V-3. Description of the micro-pipette liquid-liquid electrochemical cell using a capillary. a, 
Picture of the assembled liquid-liquid cell from the side. b, Scheme of the 25 μm diameter capillary 
machined to enlarge to 500 μm most of its length leaving only a short length at 25 μm. 
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and an AgCl/Ag wire electrode, which is placed close to the Kapton film (Fig. V-4c), forming a 

two electrodes configuration.  

 

To confirm the reliability of our setup, we carried out measurements using the well-known 

ITIES formed between LiCl in water and TBATPB in DCE already taken as an example in Chapter 

I, part I.C. By increasing the hole diameters from 28 μm to 55 μm and 100 μm (Fig. V-4d, 4e 

and 4f), we observe a proportional increase in the steady-state diffusion limited current of the 

TPB- transfer from the organic to the aqueous phase at Δ𝜙𝜙𝑎𝑎𝑞𝑞→𝑜𝑜𝑜𝑜𝑜𝑜 ≈0.5 V, from 6.1 nA to 11.6 

nA and 21.5 nA, respectively (Fig. V-5a). This confirms the proportional scaling of the limiting 

current with the radius with a slope of 0.21 nA.μm-1 (Fig. V-5b), in agreement with eq. V-2 

having a coefficient of 2𝑧𝑧𝐹𝐹𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇−𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇− = 0.135 nA.μm-1, taking 𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇−  = 0.7 10-9 m2.s-1 and 

𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇− = 1 mM.204  

By increasing the scan rate from 10 mV.s-1 to 50 mV.s-1 (Fig. V-5c), the CVs for the 55 μm 

and 100 μm holes do not present a steady-state diffusion limited current (eq. V-2), but rather 

 
Fig. V-4. Description of the micro-hole liquid-liquid electrochemical cell and microscope images 
of holes made by laser ablation. a, Three-dimensional drawing of the liquid-liquid cell. A cut of the 
front compartment was made to show the path of the AgCl/Ag wire electrode. b, Picture of the 
assembled liquid-liquid cell from the top. c, Picture of the assembled liquid-liquid cell from the side 
showing the AgCl/Ag wire near the Kapton film through the cell window. d-f, Measurement of the 
28 μm (d), 55 μm (e) and 100 μm (f) holes made by laser ablation in Kapton film. 
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a current peak (eq. V-1). This means that at 50 mV.s-1, the measurements carried with the 55 

μm and 100 μm holes tend to have linear diffusion. To keep a spherical diffusion, the following 

condition on the scan rate needs to be met: 

𝑣𝑣 ≪
𝑅𝑅𝑅𝑅𝐷𝐷𝑋𝑋
𝑧𝑧𝐹𝐹𝑜𝑜2

𝑒𝑒𝑞𝑞.𝑉𝑉 − 4 

To match this condition, the scan rate needs to be kept lower than 24 mV.s-1 and 7 mV.s-1 

for the 55 μm and 100 μm holes, respectively, thus explaining the current peaks observed at 

50 mV.s-1. For the 28 μm hole, the condition for steady-state diffusion limited current is met 

up to 92 mV.s-1, thus explaining that even at 50 mV.s-1, the CV for the 28 μm present a steady-

state diffusion limited current (Fig. V-5c). Thus, to match the condition of eq. V-4, the 

following experiments were performed at 10 mV.s-1 with the 28 μm hole. 

 

Next, we confirm the relationship existing between the limiting current and the TPB- 

concentration (eq. V-2) by varying the TPB- concentration from 1 mM to 10 mM (Fig. V-6a) 

and observing the current to increase from 6.1 nA to 43 nA. This increase does not exactly 

match the proportionality, but exhibits an increase of the right order of magnitude. Then, as 

expected, when changing the LiCl concertation from 10 mM to 1 mM (Fig. V-6b), the steady-

state diffusion limited current of the TPB- transfer is not impacted and remains steady at about 

6 nA. Similar results are obtained with the negative currents associated with the transfer of 

 
Fig. V-5. CVs for ITIES between LiCl in water and TBATPB in DCE. a, CVs at 10 mV.s-1 for ITIES 
supported by different hole sizes (28 μm in green, 55 μm in blue and 100 μm in red) between 10 
mM LiCl in water and 1 mM TBATPB in DCE. b, Correlation curve between hole diameters and the 
steady-state diffusion limited current. c, CVs at 50 mV.s-1 for ITIES supported at different hole sizes 
between 10 mM LiCl in water and 1 mM TBATPB in DCE. 



Chapter V – Electrochemistry at ABS liquid-liquid interface  

101 

TBA+ from the organic to the aqueous phase at Δ𝜙𝜙𝑎𝑎𝑞𝑞→𝑜𝑜𝑜𝑜𝑜𝑜 ≈ -0.3 V. However, the overlapping 

transfer of Cl- from the aqueous to the organic phase at Δ𝜙𝜙𝑎𝑎𝑞𝑞→𝑜𝑜𝑜𝑜𝑜𝑜 ≈ -0.5 V makes this 

phenomenon more difficult to quantify. Finally, in Fig. V-6c for tetramethylammonium 

chloride (TMACl) cation, we observe a positive current (in blue) with an onset at Δ𝜙𝜙𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 

≈0.1 V, i.e. at lower voltage than the transfer of TPB- previously observed for LiCl at Δ𝜙𝜙𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 

≈0.3 V. This current can be attributed to the transfer of TMA+ from the aqueous phase to the 

organic phase which matches both the standard ion-transfer potential of TMA+ (Δ𝜙𝜙°𝑋𝑋
𝑎𝑎𝑎𝑎→𝑠𝑠𝑎𝑎𝑎𝑎 = 

160 mV)64 and the magnitude order of the steady-state diffusion limited current estimated 

from eq. V-2 to be 4𝑧𝑧𝐹𝐹𝐷𝐷𝑋𝑋𝐶𝐶𝑋𝑋𝑜𝑜 = 70 nA with 𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇+ = 1.2 10-9 m2.s-1 and  𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇+ = 10 mM.16 

Overall, these measurements confirm the reliability of our micro-hole supported liquid-liquid 

electrochemical cell which was a crucial step toward studying ABS interfaces. 

 

 

V.C. Future directions for Liquid-Liquid electrochemistry at ABS 

interfaces 

Having proved the reliability of our cell, the next step is to use the setup to study the ion 

transfer in ABS. Nevertheless, due to the lack of time, only very preliminary results were 

gathered thus far on ABS. Nevertheless, we aim at studying in the future the following. First, 

the study of the transfer of Li+ across the liquid-liquid interface is necessary to understand the 

 
Fig. V-6. CVs at 10 mV.s-1 for ITIES supported by a 28 μm hole between LiCl in water and TBATPB 
in DCE. a, CVs for ITIES between 10 mM LiCl in water and either 1 mM (in green) or 10 mM (in red) 
TBATPB in DCE. b, CVs for ITIES between 1 mM TBATPB in DCE and either 10 mM (in green) or 1 
mM (in red) LiCl in water. c, CVs for ITIES between 1 mM TBATPB in DCE and either 10 mM LiCl (in 
green) or 10 mM TEACl (in blue) in water. 
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electrochemical behavior of ABS electrolytes when used in Li-based batteries. Indeed, Li+ 

transfer from one liquid phase to the other is necessary during battery operation to ensure 

the electroneutrality of both phases of the ABS, as illustrated in Fig. III-1. Especially, with the 

aim of developing ABS membrane-less devices, one should clarify if the ion transfer at ABS 

interface is associated with an overpotential and an added resistance compared to a device 

using a membrane, e.g. Nafion. As Li+ is common to both phases for LiTFSI-LiCl-water ABS, we 

can expect the interface of the ABS to be non-polarizable and thus having no overpotential for 

the transfer of Li+. Preliminary results in Fig. V-7 show the ABS interface does not present any 

polarization window and behaves as a resistance (R = 2.2 104 Ω) with similar value than 

expected from eq. V-3 (R = 1 104 Ω). Thus, this current could correspond to the transfer of Li+ 

from the Cl-rich phase to the TFSI-rich phase for positive current and vice versa for negative 

currents. The steady-state diffusion limited current can be estimated from eq. V-2 to be 

4𝑧𝑧𝐹𝐹𝐷𝐷𝐿𝐿𝑑𝑑+𝐶𝐶𝐿𝐿𝑑𝑑+𝑜𝑜 ≈ 10 μA for a 28 μm hole and with estimations of 𝐷𝐷𝐿𝐿𝑑𝑑+ ≈ 5.10-10 m2.s-1 from Liu 

et al.110 and 𝐶𝐶𝐿𝐿𝑑𝑑+  ≈ 5 mol.L-1. However, we could not see any limiting current in Fig. V-7 up to 

50 μA, highlighting the difficulties of studying ABS interface due to the incompatibility of a 

high resistance and a high concentration leading to high limiting currents. 

 

Concerning anions transfer, as the phase separation is driven by anions, we expect an 

overpotential for the transfer of halides from the halide-rich phase to the TFSI-rich phase, and 

similarly, for the transfer of TFSI- from the TFSI-rich phase to the halide-rich phase. 

Unfortunately, the anions transfer at the interface of ABS will probably be hidden by the 

current associated with Li+ transfer, as previously mentioned. Moreover, the steady-state 

diffusion limited current for anions transfer as estimated from eq. V-2 for a 28 μm hole and 

 
Fig. V-7. CVs at 50 mV.s-1 for the 5m LiTFSI - 10m LiCl ABS interface supported by a 28 μm hole. 
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with estimations of 𝐷𝐷𝑇𝑇𝐹𝐹𝑆𝑆𝐼𝐼− ≈ 1.10-10 m2.s-1 from Liu et al.110 and 𝐶𝐶𝑇𝑇𝐹𝐹𝑆𝑆𝐼𝐼− ≈ 5 mol.L-1 is ≈1 μA. 

Hence for both anions and cations transfer, the high current driven due to the high salts 

concentrations combined with the resistance of the cell makes analytical studies of ion 

transfer at ABS interface challenging. 

Thus, other means need to be found to study ion transfer. Coming back to ITIES, one way 

envisioned in the future is to study the transfer of TFSI- anions from an organic phase, such as 

TBATFSI in DCE, to an aqueous phase with increasing LiCl concentrations. Thanks to previous 

studies of the LiTFSI-LiCl-water ABS, an increased TFSI- transfer potential can be foreseen, 

linked to the difficulty of mixing TFSI- with Cl- when increasing the LiCl concentration. A 

symmetric study by having TBACl in DCE and transferring Cl- anions to an aqueous LiTFSI phase 

would be a good complementary study. However, it will not be possible in practice as ion 

exchange between TFSI- and Cl- will certainly take place, leading back to the speciation of 

TBATFSI in DCE and LiCl in water. 

Expending our study beyond the LiTFSI-LiCl-water ABS, the next step will be to study the 

transfer of TFSI- from DCE to other lithium halides aqueous solutions such as LiBr or LiI, also 

known to form ABS with LiTFSI.107 LiTFSI-LiX-water ABS with X = I, Br or Cl have similar phase 

diagrams, thus we expect the transfer of TFSI- from DCE to LiX aqueous solutions to be similar. 

More interestingly, on the one hand, TFSI- can be substituted by the larger anion 

Bis(pentafluoroethanesulfonyl)imide (BETI-) for which the immiscible regime in the LiBETI-LiX-

water phase diagram is formed at lower concentrations than with LiTFSI. Hence, transfer of 

BETI- from a TBABETI DCE phase to an aqueous LiX phase should in theory be more difficult 

than the transfer of TFSI-. One the other hand, TFSI- can be replaced by the smaller anion 

bis(fluorosulfonyl)imide (FSI-). In this case, no ABS is formed for the LiFSI-LiX-water system, 

thus one can expect an easier transfer of FSI- from a LiFSI DCE phase to an aqueous LiX phase 

compared to TFSI-. 

Pushing one step further, similar studies could be carried out to investigate the effect of 

cations, more specifically by changing lithium to other cations such as protons and studying 

the transfer of TFSI- from a TBATFSI in DCE phase to an aqueous HCl phase. Such study leans 

toward a better understanding of the cation effect responsible for both i) the difference of the 

phase diagram between the LiTFSI-HCl-water and the LiTFSI-LiCl-water and ii) the separation 
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of cations within an ABS. Indeed, despite our attempts at understanding any effects related 

to differences in solvation structure by Raman spectroscopy, calorimetry and NMR (see 

Chapter IV), we could not explain the change from a TLC to a TUC when changing cations from 

a LiTFSI-LiCl-water to a LiTFSI-HCl-water system. 

Overall, comparing anions transfer between DCE and aqueous phases could clarify the 

(in)compatibility of halides with FSI-, TFSI- and BETI-, and explain the formation of salt-salt ABS 

for which the phase separation is driven by anions but for which cations also influence the 

phase separation. Finally, liquid-liquid electrochemistry should not be limited to studying salt-

salt ABS and should be extended to ionic liquid-salt ABS, polymer-salt ABS from which a global 

understanding of the compatibility of ions with salt, ionic liquid and polymer could help 

rationalizing the driving force for the formation of ABS. 
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General Conclusion and Perspectives 

General Conclusion 

Throughout this thesis, highly concentrated aqueous solutions were studied in order to 

expand the understanding of this new class of liquid electrolytes for which the 

(electro)chemistry is radically different when compared to diluted aqueous solutions. By 

increasing the concentration from diluted regimes to high concentrations, we highlighted 

large changes in redox potentials associated with reactions involving both cations (Li+, H+, Zn2+) 

and anions (Cl-, Br-) as a results of changes in both ion activities and liquid junction potential. 

Unfortunately, liquid junction potential and individual ion activity coefficients are entangled 

when performing electrochemical measurements and they cannot be obtained 

independently, preventing the accurate calculation of ion-associated Nernst potentials. Most 

of the results in the literature swept this issue under the rug and the liquid junction potential 

is often, if not always, simply ignored. However, based on reasonable approximations, we 

unravel a non-negligible liquid junction potential. This result emphasizes how misleading can 

be the electrochemistry of highly concentrated solutions and thus extra care should be taken 

when performing and more importantly analyzing electrochemical measurements in highly 

concentrated solutions.  

Being aware of the non-negligible liquid junction potential, we could nonetheless 

demonstrate that when moving from diluted regimes to highly concentrated electrolytes, the 

proton concentration increases by almost two orders of magnitude, thus making highly 

concentrated electrolytes slightly acidic. Such results regarding pH and activity of ions help to 

rationalize the competition between the hydrogen evolution reaction, dependent on the pH, 

and the intercalation of Li+, dependent on the activity of Li+, in aqueous battery based on 

highly concentrated electrolytes. We found that even for batteries using WiSE, water 

reduction is still thermodynamically favored compared to Li+ intercalation in anode materials 

(e.g. graphite, lithium titanate oxide or Mo6S8 chevrel phase), explaining previous 

observations of hydrogen being evolved at the negative electrode during rest, inducing 

copious self-discharge.31 Hence, the cyclability of batteries utilizing WiSE is not 

thermodynamically but rather kinetically allowed, as the high concentration of LiTFSI salts 
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allows the formation of a SEI, which is however not stable on the long term, thus leading to 

self-discharge through the evolution of hydrogen.30 Artificial SEI was proposed as providing 

more stability, nevertheless, the industrial relevance of this technology needs to be 

demonstrated, bearing in mind that we could never achieve artificial gel SEI with similar 

quality as previously reported in the literature7,32. Moreover, one of the major benefits of 

switching from organic to aqueous batteries is, in principle, to avoid the use of expensive dry 

rooms, which will not be avoided as the formation of the artificial SEI would probably need to 

be performed in dry rooms. Eventually, one can raise the question as to which extent this 

battery is still an aqueous one? Indeed, by having an artificial organic SEI and an electrolyte 

composed of 85 w% of an expensive organic salt and only 15 w% of water (for 20m LiTFSI), 

this battery can be considered as an organic battery with a hydrated ionic liquid electrolyte.27 

Thus, effort must still be paid at either developing diluted aqueous solutions or replacing LiTFSI 

by fluorine-free cheaper salts, or both. Overall, the right balance still needs to be found to 

have acceptable low voltage negative electrodes while still having the economic and safety 

advantages of truly aqueous batteries. 

Turning to the positive electrode of aqueous batteries, we studied in this thesis the role of 

a LiTFSI-LiX-water ABS (with X = Br, Cl) toward the electrochemical intercalation of halogens 

into graphite. Building from the knowledge gathered from the activity of ions and liquid 

junction potential, we aimed at first understanding the competition between the different 

oxidation reactions of halogens, i.e. the halogens intercalation in graphite, the halogen gas 

evolution or also the formation of soluble species such as trihalides or halogen oxyanions. 

According to both thermodynamics and electrochemistry, the oxidation of halides at high 

concentration leads to the formation of trihalides in solution. However, we could prove that 

the intercalation of halogens into graphite takes place spontaneously in presence of trihalides, 

thus demonstrating a two-step intercalation of halogens into graphite through a trihalide 

intermediate in solution. More than just an intermediate, trihalides are very soluble in lithium 

halide solutions and thus participate to the total capacity of the battery by storing charges in 

the electrolyte, similarly to a redox flow battery. However, in a redox flow battery, expensive 

Nafion membranes are used to prevent self-discharge. We discovered that the ABS prevent 

self-discharge without the use of membranes, by forming two phases, one TFSI-rich phase in 

contact with the negative electrode, and one halide rich phase in contact with the positive 
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electrode. Indeed, trihalides are found to be confined in the halide rich phase and immiscible 

in the TFSI-rich phase which, as a consequence, prevents the self-discharge via the crossing of 

trihalides to the negative electrode. Nevertheless, the ABS top phase being in contact with the 

positive electrode while the ABS bottom phase is in contact with the negative electrode, this 

system is easily disturbed by any movements, rendering this technology uniquely applicable 

to stationary application.  

Hence, ABS are highly relevant to electrochemical devices such as redox flow batteries or 

even electrolysers. Indeed, these devices use expensive Nafion membranes to separate the 

electrolytes in contact with the positive and negative electrodes while, on the contrary ABS 

spontaneously forms two phases providing different chemical environments at the positive 

and negative electrodes. Having two environments provides ion partitioning, as illustrated 

with the tribromide being confined in the halide rich phase and immiscible in the TFSI-rich 

phase, which will limit the crossing of ions that often limits the efficiency of such devices. The 

use of LiTFSI-LiX-water ABS (with X = Cl, Br, I) is thus promising as highly concentrated LiX is 

not only the supporting salt forming the ABS but also the positive redox active species. 

However, designing a system using the LiTFSI-LiX-water ABS requires the use of Li+-based 

redox reaction at the negative electrode, which as discussed above will be subject to 

competing hydrogen evolution reaction. Hence, by turning to LiTFSI-ZnX2-water ABS, this issue 

could be solved by doing zinc plating at the negative electrode. Overall, the wide variety of 

ABS provides a plethora of opportunities to design new electrochemical devices for which 

knowledge concerning ion partitions of each phase can be drawn from separation and 

purification studies based on ABS. 

The exciting new opportunities provided by the use of ABS in electrochemical devices ask 

for a better fundamental understanding of ABS, specifically of the liquid-liquid interface. 

Taking inspiration from fundamental studies at the water-oil interface between two 

immiscible electrolytes (ITIES), the first step is to better understand the structure of the 

interface. For this the LiTFSI-LiCl-water ABS was studied in details, providing the phase 

diagram, the surface tension and the temperature behavior. Raman imaging was then used to 

characterize the liquid-liquid interface, showing a continuous change of the TFSI- intensity and 

water hydrogen bounding network between the TFSI-rich and the Cl-rich phases. Surprisingly, 
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the continuous change is measured along several micrometers, forming interfaces up to 10 

μm thick, very large when compared to molecularly sharp, nanometer-thick ITIES. The 

thickness of the interface is found to be concentration dependent, observing smaller 

interfaces with higher concentration, until the limitation of the Raman imaging is reached, i.e. 

below 1 μm. Switching from LiCl to HCl, the temperature behavior is inversed from a lower 

critical temperature for the LiTFSI-LiCl-water ABS, to an upper critical temperature for the 

LiTFSI-HCl-water ABS. Nevertheless, the interfacial thickness of LiTFSI-HCl-water ABS follows 

the same trend, being micrometer-sized with similar concentration dependence. Unlike salt-

salt ABS, similar Raman imaging technique showed sharp interfaces forming for salt-polymer 

ABS and for an ITIES (1mM TBATPB in DCE and 10mM LiCl in water). To further comprehend 

the micrometer thick salt-salt ABS interfaces, ellipsometry measurements were attempted. 

However, it was found challenging when performed at the liquid-liquid interface. Other 

techniques specific to interfaces such as neutron reflectometry or sum frequency generation 

can be used to gain deeper knowledge on the hydrogen bounding network. Indeed, as 

previously suggested but never demonstrated, the hydrogen bounding network which is 

highly sensitive to ions in solution is certainly responsible both for the formation of the ABS 

and for forming such large interfaces.  

Toward the application of ABS in redox flow batteries or electrolysers, ABS need to be 

studied in greater details, more specifically their ion partition and the crossing of ions at the 

interface. Selectivity of ions crossing at the interface is cornerstone to ensure low self-

discharge. Indeed, in redox flow batteries, if the redox active molecules from the positive and 

negative electrolyte are in contact, self-discharge will occur. Thus, redox active molecules 

from the positive electrolyte should not cross to the negative electrolyte and vice versa, the 

redox active molecules from the negative electrolyte should not cross to the positive 

electrolyte. Hence, redox active molecules should have the highest possible ion partition to 

obtain low self-discharge. At the same time, selectivity of ions crossing at the interface is also 

cornerstone to ensure good energy efficiencies. Indeed, ions responsible for maintaining the 

charge balance between the positive and negative electrolytes must efficiently cross the 

interface, i.e. without overpotential and while minimizing the resistance of ion transfer. Being 

aware of these key points regarding the ion transfer, we developed an electrochemical cell to 

study liquid-liquid interfaces which was successfully tested on ITIES. Preliminary results show 
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how this cell can be used to study ions crossing at ABS interfaces and now will be further used 

to bring an understanding of the effects of salt concentrations and the effect of solvation 

structure on ion transfer mechanism and kinetics. 

 

Perspectives 

To bring some perspectives on this work, highly concentrated aqueous solutions can be 

used to design high voltage aqueous Li-ion battery. However, aqueous batteries are still far 

behind their organic counterpart in terms of energy capacity and shelf-life, while being barely 

competitive with already commercialized Ni-MH batteries, leaving a long way before 

commercializing high voltage aqueous Li-ion battery. Nevertheless, highly concentrated 

aqueous solutions where found to form ABS when mixing salts with different solvation 

properties, which brings many new opportunities regarding membrane-less electrochemical 

devices. With these opportunities come challenges concerning both the physics of the 

interface, particularly in addressing how to circulate the electrolytes without disrupting the 

ABS interface, and the chemistry of the interface, i.e. tackling self-discharge issues. By 

developing the use of new tools such as Raman imaging or electrochemistry in the context of 

ABS liquid-liquid interfaces, this thesis contributes in laying the foundation toward 

electrochemical devices based on ABS but also toward a renewal of ABS studies using Raman 

imaging and electrochemistry not only for salt-salt ABS but also to polymer, salt and ionic 

liquid containing ABS. 

More broadly, electrochemistry has been largely focused in the past decades on the solid-

liquid interface, largely due to the advent of rechargeable Li-ion batteries and electrocatalytic 

reactions such as water splitting. More specifically, research efforts were dedicated to 

developing new electrode materials, either to reach larger capacity in batteries or to obtain 

lower overpotential and better selectivity in electrocatalysis. On the contrary, with the 

unusual chemistry of highly concentrated aqueous electrolytes, this thesis brings back the 

light on electrolytes, where novel design principles are now available to improve 

electrochemical devices. For example, highly concentrated organic electrolytes are envisioned 

to prevent detrimental dissolution of positive electrodes in batteries138,205 while a fine tuning 

of hybrid organic-aqueous electrolytes is expected to bring selectivity to reactions such as the 
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hydrogen evolution206, CO2 reduction207–209 or next generation electro-synthesis210,211. 

Considering more complex multiphasic electrolytes such as ABS or immiscible liquids, new 

membrane-less redox flow batteries52 can be expected along with the development of 

(photo)electrocatalysis at liquid-liquid interface.52,212 Hence, we believe that the development 

of innovative electrolytes will open novel avenues to electrochemical devices, in particular 

benefiting to the energy field where a breakthrough is needed in order to shift from a society 

based on fossil fuels to a society relying on intermittent electricity stored at a large scale, both 

in batteries and via the reduction of small molecules (H2O, CO2, N2) to form synthetic fuels. 
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Supplementary information and Methods 

S-II. Supplementary information for Chapter II 

Material and Methods for Chapter II 

General procedures. The electrolytes were prepared by weighting anhydrous salts (LiCl 

anhydrous, Alfa Aesar, 99%; ZnCl2 anhydrous, Alfa Aesar, 98%; LiTFSI extra dry, Solvionic, 

99.9%) in an Argon filled glovebox (MBraun, O2 < 0.1 ppm, H2O < 0.1 ppm) and by adding the 

right weight of HClO4 (Sigma-Aldrich, 99.999%) or Zn(TFSI)2 (anhydrous, Solvionic, 99.5%) 

concentrated aqueous solutions and/or Milli-Q water to reach targeted final compositions. 

Densities were measured using density meter (Anton Paar, DMA 35). All chemicals were used 

as received without further purification.  

Cleaning procedures. All experiments were carried out in electrochemical glass cells at 

room temperature (≈20 °C). Prior to any series of experiments, all glassware was cleaned 

overnight in 0.5 mol.L-1 H2S04 (Sigma-Aldrich, 95-98%) and 1 g.L-1 KMnO4 (Alfa Aesar, 98%), 

followed by rinsing with a dilute (≈0.01 mol.L-1) solution of H2SO4 (Sigma-Aldrich, 95-98%) and 

H2O2 (Sigma-Aldrich, 30% w/w) to remove any traces of KMnO4 and MnO2. Finally, the 

glassware was rinsed three times and boiled using Milli-Q water. The rinsing-boiling procedure 

was repeated two times. 

Electrodes preparation. The Li+-ISE was prepared by pressing on a titanium mesh a mix of 

carbon coated LiFePO4 (Umicore) and Polytetrafluoroethylene (PTFE, Sigma-Aldrich, 60 wt% 

dispersion in water) with a weight ratio of 9:1 which had been dried overnight at 80°C under 

vacuum. The as-prepared electrode was then half charged in a three-electrode cell in a 1 

mol.L-1 Li2SO4 aqueous solution in order to reach a stable potential plateau. The Zn2+-ISE 

consisted of a zinc foil (Alfa Aesar, 99.98%) polished with three polishing slurries (6 μm 

diamond on nylon polishing disk, followed by 0.3 μm and then 0.04 μm aluminium oxide on 

microcloth polishing disk) using a polishing machine (Presi, Le Cube). The H+-ISE was a 

polycrystalline platinum disk of 5 mm diameter at 1600rpm (Pine Research, 0.196 cm2 

geometrical surface area) in solutions continuously bubbled with H2 (Linde, purity 5.5). Prior 

to any series of measurement, the platinum disk was treated with concentrated nitric acid 
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(VWR, 69%), then extensively rinsed with Milli-Q water before to be electro-polished in three 

electrode configuration by scanning between -0.35 V vs SCE and 1.45 V vs SCE at 500 mV.s-1 

for 30 scans at 1600 rpm (Pine Research, MSR Rotator) in 0.5 mol.L-1 H2SO4 (Sigma-Aldrich, 

99.999%). The Cl--ISE was purchased from Edaq (ET1602 Chloride ions electrode) and used as 

received. Alternatively, halide ISEs were prepared by oxidizing a silver wire (Ag, Alfa Aesar, 

99.9%, 0.5mm diameter) at constant current (i = 100 μA) for 1 hour in 1 mol.L-1 hydrobromic 

acid (HBr, Sigma-Aldrich, 48%, ACS reagent) for the Br-ISE, or in 1 mol.L-1 hydrochloric acid 

(HCl, Sigma-Aldrich, 30%, Suprapur) for the Cl-ISE, using a three-electrode setup with a SCE as 

RE and a Pt gauze in a fritted isolation compartment as CE. 

Data acquisition. Data were acquired on a Biologic VSP potentiostat in solutions with a 

volume of 10 mL and de-aerated with Ar (Linde, purity 5.0) during at least 15 min prior to any 

measures. The reference electrode was a saturated calomel electrode (OrigaLys, XR110) 

regularly calibrated and with a potential of 241 ± 0.5 mV vs RHE (Gaskatel, HydroFlex) in 1 

mol.L-1 H2SO4 (Sigma-Aldrich, 99.999%). The concentration cell was composed of two 

compartment separated by a frit. No counter electrode was needed since only OCV were 

measured. OCV values were determined after waiting up to several hours in order to reach a 

stable plateau. 

 

Supplementary Equations for Chapter II 

The Nernstian potential shift associated to ion-selective electrodes (ISEs) is described in 

part II.B. with the following equation:  

Δ𝐸𝐸𝑁𝑁 = 𝐸𝐸𝑁𝑁(𝑚𝑚)− 𝐸𝐸𝑁𝑁�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − 19 

The Li+-ISE is based on the reversible intercalation of Li+ into FePO4/LiFePO4. Hence, the 

redox couple and the Nernstian potential shift for Li+ can be expressed as: 

𝑥𝑥Li+(aq) + 𝑥𝑥e− + (1 − 𝑥𝑥)LiFePO4(s) + 𝑥𝑥FePO4(s) = LiFePO4(s) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S1 
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Considering that LiFePO4(s) and FePO4(s) form a two-phase system128, according to Gibbs’ 

phase rule their activities are constant213,214, thus: 

Δ𝐸𝐸𝑁𝑁 = Δ𝐸𝐸𝑁𝑁𝑐𝑐 + Δ𝐸𝐸𝑁𝑁
𝛾𝛾 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S3 

Δ𝐸𝐸𝑁𝑁𝑐𝑐 =
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝑐𝑐Li+(𝑚𝑚)

𝑐𝑐Li+�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S4 
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 � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S5 

The Zn2+-ISE is based on the Zn2+/Zn(s) reversible couple. Hence, the redox couple and the 

Nernstian potential shift for Zn2+ can be expressed as: 

Zn2+(aq) + 2e− = Zn(s) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S6 

Δ𝐸𝐸𝑁𝑁 =
𝑅𝑅𝑅𝑅
2𝐹𝐹

 ln�
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 � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S7 

Considering that Zn(s) is a pure solid, its activity is unity, thus: 

Δ𝐸𝐸𝑁𝑁 = Δ𝐸𝐸𝑁𝑁𝑐𝑐 + Δ𝐸𝐸𝑁𝑁
𝛾𝛾 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S8 
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2𝐹𝐹
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 � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S9 

Δ𝐸𝐸𝑁𝑁
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 � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S10 

The H+-ISE is based on the RHE. Hence, the redox couple and the Nernstian potential shift 

for H+ can be expressed as: 

2H+
(aq) + 2e− = H2(g) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S11 

Δ𝐸𝐸𝑁𝑁 =
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝑎𝑎H+(𝑚𝑚)

𝑎𝑎H+�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 � −

𝑅𝑅𝑅𝑅
𝐹𝐹

 ln��
𝑎𝑎H2(𝑚𝑚)

𝑎𝑎H2�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S12 

Considering that the electrolyte and the electrochemical cell are purged with dihydrogen, 

one can assume that for every molality: 𝑎𝑎H2(𝑚𝑚)  ≈ 𝑎𝑎H2�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓� thus: 
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Δ𝐸𝐸𝑁𝑁 = Δ𝐸𝐸𝑁𝑁𝑐𝑐 + Δ𝐸𝐸𝑁𝑁
𝛾𝛾 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S13 

Δ𝐸𝐸𝑁𝑁𝑐𝑐 =
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝑐𝑐H+(𝑚𝑚)

𝑐𝑐H+�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S14 

Δ𝐸𝐸𝑁𝑁
𝛾𝛾 =

𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝛾𝛾H+(𝑚𝑚)

𝛾𝛾H+�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S15 

The Cl--ISE is based on the AgCl(s)/Ag(s) reversible couple. Hence, the redox couple and the 

Nernstian potential shift for Cl- can be expressed as: 

AgCl(s) + e− = Cl−(aq) + Ag(s) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S16 

Δ𝐸𝐸𝑁𝑁 = −
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝑎𝑎Cl−(𝑚𝑚)

𝑎𝑎Cl−�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 � +

𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝑎𝑎AgCl(𝑚𝑚)

𝑎𝑎AgCl�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
� −

𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝑎𝑎Ag(𝑚𝑚)

𝑎𝑎Ag�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S17 

Considering that AgCl(s) and Ag(s) are pure solids, their activities are unity, thus:  

Δ𝐸𝐸𝑁𝑁 = Δ𝐸𝐸𝑁𝑁𝑐𝑐 + Δ𝐸𝐸𝑁𝑁
𝛾𝛾 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S18 

Δ𝐸𝐸𝑁𝑁𝑐𝑐 = −
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝑐𝑐Cl−(𝑚𝑚)

𝑐𝑐Cl−�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S19 

Δ𝐸𝐸𝑁𝑁
𝛾𝛾 = −

𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝛾𝛾Cl−(𝑚𝑚)

𝛾𝛾Cl−�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S20 

The Br--ISE is based on the AgBr(s)/Ag(s) reversible couple. Hence, the redox couple and the 

Nernstian potential shift for Br- can be expressed as: 

AgBr(s) + e− = Br−(aq) + Ag(s) 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S21 

Δ𝐸𝐸𝑁𝑁 = −
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝑎𝑎Br−(𝑚𝑚)

𝑎𝑎Br−�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 � +

𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝑎𝑎AgBr(𝑚𝑚)

𝑎𝑎AgBr�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
� −

𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝑎𝑎Ag(𝑚𝑚)

𝑎𝑎Ag�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
� 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S22 

Considering that AgBr(s) and Ag(s) are pure solids, their activities are unity, thus:  

Δ𝐸𝐸𝑁𝑁 = Δ𝐸𝐸𝑁𝑁𝑐𝑐 + Δ𝐸𝐸𝑁𝑁
𝛾𝛾 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S23 

Δ𝐸𝐸𝑁𝑁𝑐𝑐 = −
𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝑐𝑐𝑇𝑇𝑎𝑎−(𝑚𝑚)

𝑐𝑐Br−�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S24 

Δ𝐸𝐸𝑁𝑁
𝛾𝛾 = −

𝑅𝑅𝑅𝑅
𝐹𝐹

 ln�
𝛾𝛾Br−(𝑚𝑚)

𝛾𝛾𝑇𝑇𝑎𝑎−�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓�
 � 𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S25 
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Supplementary Data for Chapter II 

In order to convert molalities to concentrations, and vice versa the following equation was 

used: 

𝑐𝑐 =
𝑚𝑚 ∗ 𝜌𝜌𝑠𝑠𝑜𝑜𝑙𝑙

𝑚𝑚 ∗𝐿𝐿(salt)
1000 + 1

𝑒𝑒𝑞𝑞. 𝐼𝐼𝐼𝐼 − S25 

with 𝑐𝑐 the concentration (mol.L-1), 𝑚𝑚 the molality (mol.kg-1), 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠  the volumetric mass of the 

solution (kg.L-1) and 𝐿𝐿(salt) is the molar mass of the salt (g.mol-1). Molalities and 

corresponding densities and concentrations are reported in the following tables: 

𝝆𝝆𝒔𝒔𝒐𝒐𝒍𝒍 (kg.L-1) 1 mol.kg-1 5 mol.kg-1 10 mol.kg-1 15 mol.kg-1 18 mol.kg-1 20 mol.kg-1 
LiCl 1.02 1.10 1.18 1.24 1.28  

LiTFSI 1.13 1.42 1.57 1.66  1.71 
ZnCl2 1.11 1.42 1.68 1.86  1.98 

Table II-S1. Measured densities for LiCl, LiTFSI and ZnCl2 electrolytes. 

 

𝒄𝒄 (mol.L-1) 1 mol.kg-1 5 mol.kg-1 10 mol.kg-1 15 mol.kg-1 18 mol.kg-1 20 mol.kg-1 
LiCl 0.98 4.53 8.25 11.4 13.0  

LiTFSI 0.87 2.91 4.06 4.69  5.07 
ZnCl2 0.97 4.22 7.10 9.16  10.6 

Table II-S2. Conversion between concentration and molality for LiCl, LiTFSI and ZnCl2 electrolytes. 
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S-III. Supplementary information for Chapter III 

Materials and Methods for Chapter III 

Materials. Lithium bis(trifluoromethanesulfonyl)imide salt (LiTFSI Extra dry, Solvionic, 

99.9%), lithium chloride salt (LiCl anhydrous, Alfa Aesar, 99%), lithium bromide salt (LiBr 

anhydrous, Alfa Aesar, 99%), Bromine liquid (Br2, Sigma-Aldrich, 99%) were weighted and 

Milli-Q water was added to reach the desired molalities. LiBr3 solutions were obtained by 

adding equimolar quantities of Br2 to LiBr solutions. Graphite (KS4, Imerys), activated carbon 

(YP-50F, Kuraray), Carbon black (Super P, Alfa Aesar) were used as received while 

Polytetrafluoroethylene (PTFE, Sigma-Aldrich, 60wt% dispersion in H2O) was dried under 

vacuum overnight.  

Batteries cycling. Self-standing electrodes were prepared in argon-filled glovebox 

(MBraun, O2 < 0.1 ppm, H2O < 0.1 ppm). Self-standing working electrodes (WE) were obtained 

by hand grinding LiBr/LiCl/KS4/SP with mass ratio of 2/1/6/3 before to be laminated with 

10wt% of dried PTFE. Similarly, self-standing counter electrodes (CE) were obtained by 

laminating YP-50F with 10wt% of dried PTFE. Reference electrode (RE) was a leakless AgCl/Ag 

(ET069, eDAQ, 0.197 V vs SHE) regularly calibrated against RHE (HydroFlex, Gaskatel) in 1 

mol.L-1 H2SO4. Swagelok-type three-electrode cells were assembled with the self-standing WE 

(6 mg) pressed on a titanium gauze (Ti, Alfa Aesar, 99.5%, 40 mesh, 0.127mm diameter wire) 

separated from the self-standing CE and the RE by glass fibers sheets (GF/D, Whatman) soaked 

in 20m LiTFSI before to be cycled on a potentiostat (VSP, Biologic) at 0.05 mV.s-1. 

Three-dimensional Pourbaix diagrams. The three-dimensional Pourbaix diagrams were 

obtained by plotting the lowest potential according to the following equations, applying the 

condition of concentration equality in element and assuming water activity to be unity (S-III: 

Supplementary Discussion and Fig. III-S3)144: 

For bromide oxidation: 

𝐸𝐸 = 𝐸𝐸°𝑇𝑇𝑎𝑎2/𝑇𝑇𝑎𝑎− + 𝑅𝑅𝑇𝑇
2𝐹𝐹
𝑙𝑙𝑙𝑙 �

𝑐𝑐�𝑇𝑇𝑎𝑎2(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝑇𝑇𝑎𝑎−(𝑎𝑎𝑎𝑎)�
2� with 

𝑐𝑐�𝑇𝑇𝑎𝑎2(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝑇𝑇𝑎𝑎−(𝑎𝑎𝑎𝑎)�
= 1

2
 and 𝐸𝐸°𝑇𝑇𝑎𝑎2/𝑇𝑇𝑎𝑎− = 1.08 V vs SHE 

𝐸𝐸 = 𝐸𝐸°𝑇𝑇𝑎𝑎3−/𝑇𝑇𝑎𝑎− + 𝑅𝑅𝑇𝑇
2𝐹𝐹
𝑙𝑙𝑙𝑙 �

𝑐𝑐�𝑇𝑇𝑎𝑎3−(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝑇𝑇𝑎𝑎−(𝑎𝑎𝑎𝑎)�
3� with 

𝑐𝑐�𝑇𝑇𝑎𝑎3−(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝑇𝑇𝑎𝑎−(𝑎𝑎𝑎𝑎)�
= 1

3
 and 𝐸𝐸°𝑇𝑇𝑎𝑎3−/𝑇𝑇𝑎𝑎−  = 1.06 V vs SHE 
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𝐸𝐸 = 𝐸𝐸°𝑇𝑇𝑎𝑎𝑂𝑂3−/𝑇𝑇𝑎𝑎− + 𝑅𝑅𝑇𝑇
6𝐹𝐹
𝑙𝑙𝑙𝑙 �

𝑐𝑐�𝑇𝑇𝑎𝑎𝑂𝑂3−(𝑎𝑎𝑎𝑎)�.𝑎𝑎�𝐻𝐻+
(𝑎𝑎𝑎𝑎)�

6

𝑐𝑐�𝑇𝑇𝑎𝑎−(𝑎𝑎𝑎𝑎)�. 𝑎𝑎�𝐻𝐻2𝑂𝑂(𝑙𝑙)�
3 � with 

𝑐𝑐�𝑇𝑇𝑎𝑎𝑂𝑂3−(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝑇𝑇𝑎𝑎−(𝑎𝑎𝑎𝑎)�
= 1 and 𝐸𝐸°𝑇𝑇𝑎𝑎𝑂𝑂3−/𝑇𝑇𝑎𝑎− = 

1.41 V vs SHE 

 

For chloride oxidation: 

𝐸𝐸 = 𝐸𝐸°𝐶𝐶𝑠𝑠2/𝐶𝐶𝑠𝑠− + 𝑅𝑅𝑇𝑇
2𝐹𝐹
𝑙𝑙𝑙𝑙 �

𝑐𝑐�𝐶𝐶𝑠𝑠2(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝐶𝐶𝑠𝑠−(𝑎𝑎𝑎𝑎)�
2� with 

𝑐𝑐�𝐶𝐶𝑠𝑠2(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝐶𝐶𝑠𝑠−(𝑎𝑎𝑎𝑎)�
= 1

2
 and 𝐸𝐸°𝐶𝐶𝑠𝑠2/𝐶𝐶𝑠𝑠− = 1.36 V vs SHE 

𝐸𝐸 = 𝐸𝐸°𝐶𝐶𝑠𝑠3−/𝐶𝐶𝑠𝑠− + 𝑅𝑅𝑇𝑇
2𝐹𝐹
𝑙𝑙𝑙𝑙 �

𝑐𝑐�𝐶𝐶𝑠𝑠3−(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝐶𝐶𝑠𝑠−(𝑎𝑎𝑎𝑎)�
3� with 

𝑐𝑐�𝐶𝐶𝑠𝑠3−(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝐶𝐶𝑠𝑠−(𝑎𝑎𝑎𝑎)�
= 1

3
 and 𝐸𝐸°𝐶𝐶𝑠𝑠3−/𝐶𝐶𝑠𝑠−  = 1.38 V vs SHE 

𝐸𝐸 = 𝐸𝐸°𝐻𝐻𝐶𝐶𝑠𝑠𝑂𝑂/𝐶𝐶𝑠𝑠− + 𝑅𝑅𝑇𝑇
2𝐹𝐹
𝑙𝑙𝑙𝑙 �

𝑐𝑐�𝐻𝐻𝐶𝐶𝑠𝑠𝑂𝑂(𝑎𝑎𝑎𝑎)�.𝑎𝑎�𝐻𝐻+
(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝐶𝐶𝑠𝑠−(𝑎𝑎𝑎𝑎)�.𝑎𝑎�𝐻𝐻2𝑂𝑂(𝑙𝑙)�
� with 

𝑐𝑐�𝐻𝐻𝐶𝐶𝑠𝑠𝑂𝑂(𝑎𝑎𝑎𝑎)�
𝑐𝑐�𝐶𝐶𝑠𝑠−(𝑎𝑎𝑎𝑎)�

= 1 and 𝐸𝐸°𝐻𝐻𝐶𝐶𝑠𝑠𝑂𝑂/𝐶𝐶𝑠𝑠−  = 1.49 V vs 

SHE 

𝐸𝐸 = 𝐸𝐸°𝐶𝐶𝑠𝑠𝑂𝑂−/𝐶𝐶𝑠𝑠− + 𝑅𝑅𝑇𝑇
2𝐹𝐹
𝑙𝑙𝑙𝑙 �

𝑐𝑐�𝐶𝐶𝑠𝑠𝑂𝑂−(𝑎𝑎𝑎𝑎)�.𝑎𝑎�𝐻𝐻+
(𝑎𝑎𝑎𝑎)�

2

𝑐𝑐�𝐶𝐶𝑠𝑠−(𝑎𝑎𝑎𝑎)�.𝑎𝑎�𝐻𝐻2𝑂𝑂(𝑙𝑙)�
� with 

𝑐𝑐�𝐶𝐶𝑠𝑠𝑂𝑂−(𝑎𝑎𝑎𝑎)�
𝑐𝑐�𝐶𝐶𝑠𝑠−(𝑎𝑎𝑎𝑎)�

= 1 and 𝐸𝐸°𝐶𝐶𝑠𝑠𝑂𝑂−/𝐶𝐶𝑠𝑠− = 1.72 V vs 

SHE 

 

For iodide oxidation: 

𝐸𝐸 = 𝐸𝐸°𝐼𝐼2/𝐼𝐼− + 𝑅𝑅𝑇𝑇
2𝐹𝐹
𝑙𝑙𝑙𝑙 �

𝑐𝑐�𝐼𝐼2(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝐼𝐼−(𝑎𝑎𝑎𝑎)�
2� with 

𝑐𝑐�𝐼𝐼2(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝐼𝐼−(𝑎𝑎𝑎𝑎)�
= 1

2
 and 𝐸𝐸°𝐼𝐼2/𝐼𝐼−  = 0.53 V vs SHE 

𝐸𝐸 = 𝐸𝐸°𝐼𝐼3−/𝐼𝐼− + 𝑅𝑅𝑇𝑇
2𝐹𝐹
𝑙𝑙𝑙𝑙 �

𝑎𝑎�𝐼𝐼3−(𝑎𝑎𝑎𝑎)�

𝑎𝑎�𝐼𝐼−(𝑎𝑎𝑎𝑎)�
3� with 

𝑐𝑐�𝐼𝐼3−(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝐼𝐼−(𝑎𝑎𝑎𝑎)�
3 = 1

2
 and 𝐸𝐸°𝐼𝐼3−/𝐼𝐼− = 0.45 V vs SHE 

𝐸𝐸 = 𝐸𝐸°𝐼𝐼𝑂𝑂3−/𝐼𝐼− + 𝑅𝑅𝑇𝑇
6𝐹𝐹
𝑙𝑙𝑙𝑙 �

𝑐𝑐�𝐼𝐼𝑂𝑂3−(𝑎𝑎𝑎𝑎)�.𝑎𝑎�𝐻𝐻+
(𝑎𝑎𝑎𝑎)�

6

𝑐𝑐�𝐼𝐼−(𝑎𝑎𝑎𝑎)�. 𝑎𝑎�𝐻𝐻2𝑂𝑂(𝑙𝑙)�
3 � with 

𝑐𝑐�𝐼𝐼𝑂𝑂3−(𝑎𝑎𝑎𝑎)�

𝑐𝑐�𝐼𝐼−(𝑎𝑎𝑎𝑎)�
= 1 and 𝐸𝐸°𝐼𝐼𝑂𝑂3−/𝐼𝐼− = 1.08 V vs 

SHE 
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Halides oxidation on rotating disk electrode. Halides oxidation experiments were 

performed in three-electrode glass cell with about 10 mL of electrolyte degassed for 15 min 

with argon (Linde, HiQ 5.0). A saturated calomel electrode (SCE, OrigaLys, 0.242 V vs SHE) was 

used as RE, a flamed-annealed platinum gauze (Pt, Alfa Aesar, 99.9%, 100 mesh, 0.0762mm 

diameter wire) in a fritted isolation compartment was used as CE, and a glassy carbon (GC, 

Pine Research, 0.196 cm2geom) on a rotating disk electrode setup (RDE, Pine Research, 

1600rpm) as WE. Prior to any measurement, the GC electrode was sequentially polished with 

three slurries (6 μm diamond, 0.3 and 0.04 μm aluminium oxide, Presi) using a polishing 

machine (Le Cube, Presi) before to remove any residual traces of slurries by sonicating the 

electrodes three times in water/ethanol 50/50 (5 min each). All measurements were 

performed using a potentiostat (VSP, Biologic) and ohmic drop was measured after the 

electrochemical measurements via electrochemical impedance spectroscopy (EIS) and 

corrected manually during data treatment. Typical resistance between 5-15 Ω were measured. 

Estimation of the potential shift due to activity changes and the liquid junction potential 

(LJP). Open circuit voltage (OCV) at different molalities were measured with a potentiostat 

(VSP, Biologic) in a two-electrode configuration between a SCE as RE and an ion selective 

electrode (ISE) to chloride (Cl-ISE) or bromide (Br-ISE), similarly to previously reported.139 

Halides ISE were prepared by oxidizing a silver wire (Ag, Alfa Aesar, 99.9%, 0.5mm diameter) 

at constant current (i = 100 μA) for 1 hour in 1 mol.L-1 hydrobromic acid (HBr, Sigma-Aldrich, 

48%, ACS reagent) for the Br-ISE, or in 1 mol.L-1 hydrochloric acid (HCl, Sigma-Aldrich, 30%, 

Suprapur) for the Cl-ISE using a three-electrode setup with a SCE as RE and a Pt gauze in a 

fritted isolation compartment as CE. Data analysis was performed according to the method 

previously describe (Degoulange et al.139) by calculating Δ𝐸𝐸 = OCV(𝑚𝑚) − OCV�𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓� and 

Δ𝐸𝐸𝑁𝑁𝑐𝑐 = 𝑅𝑅𝑇𝑇
2𝐹𝐹

 ln � 𝑐𝑐ℎ𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎𝑅𝑅�𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅�
𝑐𝑐halide(𝑚𝑚) � with 𝑚𝑚𝑅𝑅𝑎𝑎𝑓𝑓 = 1m. 

UV-Vis spectroscopy. UV-Vis spectra were recorded on a Mettler Toledo UV5bio 

spectrometer using an absorption quartz cell (Hellma analytics, Quartz Glass High 

Performance 200 nm – 2500 nm, 1mm optical path length). For UV-Vis spectra of Br3- and Br2, 

Br2 was added to a 15m LiBr or a 20m LiTFSI solution, respectively, making the background 

subtraction with respective solutions before addition of Br2. From the spectra of the Br2 

saturated 20m LiTFSI solution, the solubility of Br2 was estimated using Beer-Lambert law 𝐴𝐴 =
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𝜀𝜀. 𝑙𝑙.𝐶𝐶 with a molar extinction coefficient 𝜀𝜀420(𝐵𝐵𝑜𝑜2) = 165 mol-1.L.cm-1 (in S-III: Table III-S2). For 

UV-Vis spectra of Br3- in the Br-rich phase of the ABS, Br2 was added to the ABS before to be 

vortexed for 1 min and then centrifuged at 6000rpm for 10 min, making the background 

subtraction from the centrifuged ABS before Br2 addition. Centrifugation was key to properly 

separate the ABS and thus to limit Rayleigh scattering from emulsion of the ABS phases.  

ABS phase diagram. Phase diagrams were measured at room temperature using the cloud 

point titration method previously described.33,107,143 Briefly, starting from a known mass of a 

concentrated solution of one component (LiBr3 or LiTFSI), a concentrated solution of the 

second component is weighed while being added dropwise and vortexed until the solution 

turns cloudy. Then, Milli-Q water is weighed while being added dropwise and vortexed until 

the solution turns clear again (even though still showing the red color). These steps are 

repeated for each point of the diagram.  

XRD diffraction and Rietveld refinement. Powder X-ray diffraction (XRD) patterns were 

taken in Bragg−Brentano geometry (Bruker D8 Advance, Cu Kα X-ray source, λ1 = 1.5406 Å, λ2 

= 1.5444 Å, LYNXEYE XE detector). Graphite was put in contact with 10m LiBr + 5m LiBr3 in a 

sealed capillary (Capillary Tube Supplies Ltd, borosilicate glass, 0.6 mm outside diameter, 0.01 

mm wall thickness) while pristine graphite was put alone in the sealed capillary. Both 

diffraction patterns were refined using the FullProf program.152 

Quantitative electrolysis. Electrolysis measurements were performed in three-electrode 

glass cell with 10 mL of electrolyte degassed for 15 min with Ar. A SCE was used as RE, a 

flamed-annealed Pt gauze in a fritted isolation compartment was used as CE and self-standing 

obtained by laminating KS4 with 10wt% of dried PTFE before to be pressed on a Ti gauze used 

as WE. Electrolysis was performed (VSP, Biologic) at constant current of i = 1.2 mA (equivalent 

to 200 mA.g-1ks4 with 6mg KS4 and equivalent to 80 mA.g-1LBC-G as reported by Yang et al.7) for 

t = 8 min leading to a charge 𝑄𝑄𝑎𝑎𝑠𝑠𝑎𝑎𝑐𝑐𝑟𝑟𝑎𝑎𝑠𝑠𝑠𝑠𝑦𝑦𝑠𝑠𝑑𝑑𝑠𝑠 = 𝐿𝐿.∆𝑤𝑤 equivalent to a concentration through the 

faraday law of electrolysis 𝐶𝐶𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑎𝑎𝑦𝑦 = 𝑄𝑄𝑅𝑅𝑙𝑙𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑙𝑙𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒
𝑟𝑟.𝐹𝐹.𝑉𝑉

 with n = 2 and V = 10 mL. This concentration 

is compared to the concentration estimated using Beer-Lambert law with 𝜀𝜀272(𝐵𝐵𝑜𝑜3−) = 46600 

mol-1.L.cm-1 for the electrolysis of 15m LiBr and 𝜀𝜀232(𝐵𝐵𝑜𝑜𝐶𝐶𝑙𝑙2
−) = 32700 mol-1.L.cm-1 for the 

electrolysis of 15m LiCl (in S-III: Table III-S2). 
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Supplementary Discussion for Chapter III 

For the sake of simplification, we have assumed water activity to be 1 when calculating the 

three-dimensional Pourbaix diagrams. Water activity does not deviate much from unity for 

concentration below 1 mol.L-1, making our assumption correct for concentrations tested 

below that threshold. For concentrations above 1 mol.L-1, water activity  decreases with 

concentration144 (Fig. III-S3). This drops leads to a potential shift according to 𝑅𝑅𝑇𝑇
2𝐹𝐹
𝑙𝑙𝑙𝑙 � 1

𝑎𝑎�𝐻𝐻2𝑂𝑂(𝑙𝑙)�
� 

for the redox couples 𝐵𝐵𝑜𝑜𝑂𝑂3−/𝐵𝐵𝑜𝑜−, 𝐻𝐻𝐶𝐶𝑙𝑙𝑂𝑂/𝐶𝐶𝑙𝑙−, 𝐶𝐶𝑙𝑙𝑂𝑂−/𝐶𝐶𝑙𝑙− and 𝐼𝐼𝑂𝑂3−/𝐼𝐼−. In Fig. III-S3, for the 

greatest concentration tested in our work, i.e. 15m LiCl, 𝑎𝑎�𝐻𝐻2𝑂𝑂(𝑠𝑠)� = 0.2 and the potential shift 

is calculated to be ≈20 mV. Hence, our approximation is acceptable as the potential shift due 

to water activity is negligible compared to the change in potential of the three-dimensional 

Pourbaix diagrams (Fig. III-2, Fig. III-4, Fig. III-6). 

 

Supplementary Tables for Chapter III 

Species Wavelength (nm) Molar Extinction coefficient (mol-1.L.cm-1) 
I2 460146 975146 
 270146 17200146 
Br2 390150 ; 420148 186150 ; 165148 
Cl2 325150 ; 330148 70150 ; 67148 
BrCl 343150 ; 370148 70150 ; 107148 
ICl 240148 115148 
 470148 111148 
IBr 270148 60148 
 500148 318148 

Table III-S1. Table of the maximum absorption wavelengths and corresponding molar absorption 
coefficients for the halogen species. From refs146–150 
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Species Wavelength (nm) Molar Extinction coefficient (mol-1.L.cm-1) 
I3- 364149 ; 360147 ; 353146 25250149 ; 25500147 ; 26400146 
 294149 ; 291147 ; 287146 43320149 ; 38800147 ; 40000146 
 440149 3000149 
 565149 250149 
Br3- 272149 ; 266150 ; 269147 46600149 ; 40900150 ; 55000147 
 405149 ; 362150 1000149 ; 850150 
Cl3- 220150 10400150 
 325150 180150 
I2Br- 351147 11600147 
 280147 40600147 
I2Cl- 232149 51620149 
 347149 290149 
 455149 30149 
IBr2- 260149 ; 256147 50020149 ; 54000147 
 380149 ; 370147 330149 ; 606147 
 485149 20149 
Br2Cl- 381150 288150 
 245150 24900150 
ICl2- 336147 310147 
 227147 54500147 
BrCl2- 242149 ; 232150 37300149 ; 32700150 
 346149 ; 343150 310149 ; 312150 
IBrCl- 356147 413147 
 237147 38700147 

Table III-S2. Table of the maximum absorption wavelengths and corresponding molar absorption 
coefficients for the trihalides species. From refs146–150 

 

Supplementary Figures for Chapter III 

 

 
Fig. III-S1. Potential shift measured for a Br--ISE as function of LiBr molalities. a, OCV values of the 
Br--ISE in LiBr solutions against a SCE reference electrode. b, Extracted values of 𝛥𝛥𝐸𝐸 and calculated 
values of 𝛥𝛥𝐸𝐸𝑁𝑁𝐶𝐶. c, (𝛥𝛥𝐸𝐸 − 𝛥𝛥𝐸𝐸𝑁𝑁𝑐𝑐 ) = 𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇/𝛾𝛾 values of a Br--ISE in LiBr solutions. 
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Fig. III-S2. Potential shift measured for a Br--ISE as function of LiTFSI molalities with 0.1 mol.L-1 
LiBr. a, OCV values of the Br--ISE in LiTFSI solutions with 0.1 mol.L-1 added LiBr against a SCE 
reference electrode. b, Extracted values of 𝛥𝛥𝐸𝐸 and calculated values of 𝛥𝛥𝐸𝐸𝑁𝑁𝐶𝐶. c, (𝛥𝛥𝐸𝐸 − 𝛥𝛥𝐸𝐸𝑁𝑁𝑐𝑐 ) =
𝐸𝐸𝐿𝐿𝐿𝐿𝑇𝑇/𝛾𝛾 values. 

 
Fig. III-S3. Activity changes of water in concentrated LiCl. Adapted from Robinson et al.143 
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S-IV. Supplementary information for Chapter IV 

Materials and Methods for Chapter IV 

Materials. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI Extra dry, Solvionic, 99.9%), 

Lithium chloride (LiCl anhydrous, Alfa Aesar, 99%), Hydrochloric acid (HCl 30%, Sigma-Aldrich 

Suprapur) were weighted and Milli-Q water was added to reach the desired molalities. 

Tetrabutylammonium tetraphenylborate (TBATPB, 99% Sigma-Aldrich) was weighted to reach 

the desired concentration in Dichloroethane (DCE, 99%, Alfa Aesar). 2-Heptanone (99%, Alfa 

Aesar) was used as received. 

Phase diagram construction. Phase diagrams were measured at room temperature using 

the cloud point titration method previously described33,107. Briefly, starting from a known 

mass of a concentrated solution of one component, an aqueous solution of the second 

component is weighted while being added dropwise and vortexed until the solution turns 

cloudy. Then water is weighted while being added dropwise and vortexed until the solution 

turns clear again. These steps are repeated for each point of the diagram. The diagrams were 

made starting from different initial LiCl, LiTFSI and HCl concentrations especially for the LiTFSI-

HCl-water system in order to prevent imprecision due to HCl evaporation. 

Interfacial tension. Interfacial tensions were measured at room temperature from the 

drop-weight method using Tate’s law with Harkins and Brown correction169. Briefly, using a 

peristaltic pump (Watson-Marlow, 120U-DM2), drops of the highest density phase are slowly 

let fall into the lowest density phase. The average weighted of a drop is deduced and the 

surface tension is calculated according to Harkins and Brown correction. Densities were 

measured using an electronic density meter (Anton Paar, DMA 35 Basic). 

Infra-Red Spectra. The IR spectra for LiTFSI-LiCl-water system were taken using a Nicolet 

iS5 FTIR spectrometer, mounted with a diamond Attenuated Total Reflectance accessory (iD1 

ATR). The background correction was performed by measuring the ambient atmosphere and 

each spectra was acquired from 16 scans with a 4 cm-1 resolution from 4 000 to 500 cm-1. 

Variable temperature nuclear magnetic resonance. Pulse-field gradient stimulated echo 

(PFG-STE) diffusion measurements were realized on a Bruker 200 MHz wide bore 

spectrometer, equipped with a Diff50 gradient system and a 19F-7Li 8 mm insert inside a liquid-
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state Bruker probe. 1D profiles were recorded using the improf Bruker sequence (90°-

gradient-180°-gradient-acquisition), with maximum field gradient strengths of 27, 29 and 30 

G/cm respectively. The signals were acquired as full echoes (1-1.5 ms echo times) to avoid 

antiphase components and make the phasing easier. The maximum theoretical resolution was 

around 10-20 μm. Recycling delays of 7, 9 and 17 seconds were used, with 96, 16 and 16 

transients acquired for 1H, 19F and 7Li respectively. 

Raman imaging. The microscope was a standard layout of an epi-detected Raman 

microscope. A pump laser beam (wavelength = 532 nm, Newport Millenia eV) was spectrally 

cleaned up by a bandpass filter (FLH05532-4, Thor Labs), and its beam width was expanded to 

7.2 mm before entering a home built inverted microscope. Additional waveplates (half-

waveplate and quarter-waveplate for 532 nm, Foctek Photonics) precompensated the 

ellipticity introduced by the dichroic filter (F38-532_T1, AHF) and also generated circularly 

polarized light to alleviate effects due to molecular orientation. We used high numerical 

aperture (NA) oil-immersion objectives (Nikon 60X/1.4NA oil) to ensure high-resolution 

imaging and increase collection efficiency. Pump power before the objective was 150 mW, a 

power level that ensured no degradation of domains within the scanned region. The samples 

were scanned/descanned with a set of galvanometric mirrors (Thor Labs). The Raman inelastic 

backscattered light was collected by the same objective and focused with the microscope tube 

lens on the entrance slit of the detector which acted as the effective pinhole for confocal 

detection. A notch filter blocked residual pump light (NF533-17, Thor Labs) before guiding the 

signal to the spectrometer (Andor, Shamrock 303i, grating 300 l/mm), equipped with a high-

sensitivity charge-coupled camera (Andor, iXon 897). All images presented were taken with 

integration times/pixel in the 0.1 to 0.3 s settings range. Background subtraction of Raman 

spectra was performed using a modified iterative polynomial smoothing method. Peak 

decomposition was performed using a custom Python code and the lmfit toolbox.  

Titration Microcalorimetry. The calorimetric titration measurements were completed 

isothermally using a power compensation microcalorimeter (Thermal Hazard Technology, 

µRC). Each injection was performed using an automated syringe pump tower attachment. The 

reference samples were 1 mL of the respective ABSs solutions, and samples were stirred to 
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allow for uniform mixing. The partial enthalpy of mixing was found by integrating the resulting 

power spike upon injection of one phase into the second phase. 

Supplementary Figures for Chapter IV 

 

 

 
Fig. IV-S1. Calibration of the z-axis for the VT-NMR measurements. a, NMR for the 6m LiTFSI - 12m 
HCl biphasic system before (in green) and after (in red) shifting the NMR tube 1mm higher for z-
axis calibration. b, Confirmation of the z-axis calibration doing NMR for the 6m LiTFSI - 12m HCl 
biphasic system before (in green) and after (in red) shifting the NMR tube 5mm higher. 

 
Fig. IV-S2. Peak decomposition for OH and TFSI- vibrations at 2.6m LiTFSI – 5.2m LiCl along the 
interface. a, TFSI- components wavenumbers along the interface for free TFSI- in purple, contact 
ion pair in orange and aggregate in yellow. b, TFSI- components integrated intensities along the 
interface. The colors matches that in (a). c, OH components wavenumbers along the interface for 
OHstrong-HB in light and dark green and OHweak-HB in brown. d, OH components integrated intensities 
along the interface. The colors matches that in (c). 
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Fig. IV-S3. Fits with 2 to 4 components for the water spectrum of the TFSI-poor phase of the 2.6m 
LiTFSI – 5.2m LiCl system. For the 2 components the low-wavenumber shoulder is not well 
captured, whilst 3 and 4 components both fit. 

               
                  

       

 
Fig. IV-S4. Evolution of the interfacial profile for TFSI- with time. Different spectra were recorded 
after 0, 2 and 4 hours for the 2.6m LiTFSI – 5.2m LiCl systems. Comparing them shows that the 
interface is stable over time, thus reflecting a stable system. 

 
Fig. IV-S5. Estimation of the interface roughness �𝒌𝒌𝑩𝑩𝑻𝑻 𝜸𝜸 ⁄  due to thermal capillary waves for the 
different ABSs studied. 𝑘𝑘𝑇𝑇 is the Boltzmann constant, 𝑅𝑅 the temperature taken to be 298 K and 𝛾𝛾 
is the surface tension of the LiTFSI-LiCl-water and LiTFSI-HCl-water ABSs taken from Fig. IV-2b and 
Fig. IV-10 respectively. 
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Fig. IV-S6. Raman imaging across the interface between DCE and water. a, Raman imaging of a 
system composed by 50wt% of 1mM TBATPB in DCE and 50wt% of 10mM LiCl in water generated 
by integration of the OH vibrations. b-c, Raman spectra collected across the interface for the DCE 
vibrations (b) and for OH vibrations (c). The color of plots matches that in (a). d, The normalized 
intensity of OH (green) and DCE (orange) vibrations across the interface. 

 
Fig. IV-S7. 3D reconstruction at 2.6m LiTFSI – 5.2m LiCl. Confocal Raman z-stack of approximately 
≈20 μm through a region of sample showing phase separation. Taking cuts along the yz plane shows 
that over 20 μm the interface is approximately flat in the largest phase separated ‘droplets’. 
Consequently, the effects of curvature influencing our results can be ignored. Note that the 
apparent width in the z-direction is due to motion artifacts as each x-y plane takes is not perfectly 
commensurate with another (due to the translation stage position accuracy). 
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Fig. IV-S8. Raman imaging across the interface for different LiTFSI-LiCl-water systems. a, Raman 
imaging of the 4m LiTFSI – 8m LiCl system generated by integration of the TFSI- vibrations. b-c, 
Raman spectra collected across the interface for the TFSI- vibrations (b) and for OH vibrations (c) of 
the 4m LiTFSI – 8m LiCl system. The color of plots matches that in (a). d, The normalized intensity 
of OH (green) and TFSI- (orange) vibrations across the interface of the 4m LiTFSI – 8m LiCl system. 
e, Raman imaging of the 5m LiTFSI – 10m LiCl system generated by integration of the TFSI- 
vibrations. f-g, Raman spectra collected across the interface for the TFSI- vibrations (f) and for OH 
vibrations (g) of the 5m LiTFSI – 10m LiCl system. The color of plots matches that in (e). h, The 
normalized intensity of OH (green) and TFSI- (orange) vibrations across the interface of the 5m 
LiTFSI – 10m LiCl system. 
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Fig. IV-S9. Variable temperature nuclear magnetic resonance analysis of the 4.5m LiTFSI - 9m HCl 
systems at 3°C (blue), 20°C (yellow) and 35°C (red) for the nucleus 19F (top), 7Li (middle) and 1H 
(bottom) along the height of the NMR tube from left (top of the tube) to right (bottom of the tube). 
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Fig. IV-S10. Peak decomposition for OH and TFSI- vibrations at 5m LiTFSI – 10m HCl along the 
interface. a, TFSI- components wavenumbers along the interface for free TFSI- in purple, contact 
ion pair in orange and aggregate in yellow. b, TFSI- components integrated intensities along the 
interface. The colors matches that in (a). c, OH components wavenumbers along the interface for 
OHstrong-HB in light and dark green and OHweak-HB in brown. d, OH components integrated intensities 
along the interface. The colors matches that in (c). 

 
Fig. IV-S11. Raman imaging across the interface of the 6m LiTFSI – 12m HCl system. a, Raman 
imaging of the 6m LiTFSI – 12m HCl system generated by integration of the TFSI- vibrations. b-c, 
Raman spectra collected across the interface for the TFSI- vibrations (b) and for OH vibrations (c) 
The color of plots matches that in (a). d, The normalized intensity of OH (green) and TFSI- (orange) 
vibrations across the interface. 
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S-V. Supplementary information for Chapter V 

Materials and Methods for Chapter V 

Materials. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI Extra dry, Solvionic, 99.9%), 

Lithium chloride (LiCl anhydrous, Alfa Aesar, 99%), were weighted and Milli-Q water was 

added to reach the desired concentrations. Tetrabutylammonium tetraphenylborate 

(TBATPB, 99% Sigma-Aldrich) was weighted to reach the desired concentration in 

Dichloroethane (DCE, 99%, Alfa Aesar). 

Design and machining of the liquid-liquid electrochemical cell. The design of the cell was 

inspired by the work of Girault et al.69 and drawn with the Salome 9.9.0 software.215 The cell 

was machined out of PEEK and Stainless-steel 316 at the machine shop of College de France 

and completed with fluorocarbon rubber (FKM) O-rings to ensure a leak-proof and chemical 

resistant device. 

Kapton film laser ablation. Laser ablation micro-hole on polyimide film (Kapton, 8 μm) 

were made using a 193 nm excimer laser (Applied Spectra, Resolution-SE) with 50 laser pulses 

of 5 ns width at a fluence of 15 J.cm-2 and a frequency of 15 Hz, selecting the aimed round 

shaped hole diameter. The holes where then controlled and measured with a microscope 

(Swift, SW380B, objective lenses 4X/0.10) and micrometer calibration slide (MUHWA, MH-

SM05). 

AgCl/Ag wire electrodes. AgCl/Ag wire electrodes were prepared by oxidizing a silver wire 

(Ag, Alfa Aesar, 99.9%, 0.5mm diameter) at constant current (i = 100 μA) for 1 hour in 1 mol.L-

1 hydrochloric acid (HCl, Sigma-Aldrich, 30%, Suprapur) using a three-electrode setup with a 

SCE as RE and a Pt gauze in a fritted isolation compartment as CE. 

Cyclic voltammetry. Data were acquired on a Biologic VSP potentiostat at scan rates 

between 10 mV.s-1 and 50 mV.s-1 using a two electrode configuration with AgCl/Ag wire 

electrodes. The potential are corrected according to the TPAsTPB assumption as stated in 

Chapter I, part I.C, assuming an ion transfer from the aqueous phase to the organic phase of 

-230 mV and 365 mV for TBA+ and TPB- respectively. 
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Résumé 

Étude de l'électrochimie des solutions aqueuses fortement 

concentrées formant des systèmes biphasiques 

L'un des principaux objectifs du XXIème siècle est de s'éloigner des combustibles fossiles 

pour favoriser les énergies renouvelables. Dans ce contexte, les batteries sont et seront clé 

pour le stockage de l'électricité renouvelable, à condition que la technologie soit sûre et qu’un 

faible coût soit atteint, encourageant ainsi les batteries aqueuses. Dans cette thèse, 

l'électrochimie de solutions aqueuses fortement concentrées est étudiée, en mettant l'accent 

sur les systèmes biphasiques aqueux (SBA) sel-sel. Ces systèmes se caractérisent par deux 

phases immiscibles composées d'un seul solvant (l’eau) pour lesquelles la séparation de phase 

est induite par la présence de deux sels fortement concentrés, tels que LiTFSI et LiCl. L'intérêt 

de ces systèmes réside dans leur capacité à permettre différentes réactions électrochimiques 

dans chaque phase liquide, offrant de nouvelles opportunités pour les batteries 

d’intercalation double-ion ou flux redox sans membrane. Dans ce contexte, nous avons étudié 

le système LiTFSI-LiCl-eau et mis en avant un mécanisme d'intercalation en oxydation des 

halogénures dans le graphite via deux étapes successives, impliquant un équilibre avec les 

trihalogénures en solution. De plus, il a été constaté que le SBA empêche l'auto-décharge en 

inhibant la traversée des ions trihalogénures jusqu’à l’électrode négative, ce qui se traduit par 

de meilleures efficacités. Nous avons ensuite étudié les SBA d'un point de vue fondamental. 

Ainsi, l'imagerie Raman a révélé que l'interface liquide-liquide des SBA a une épaisseur de 

plusieurs micromètres, ce qui diffère considérablement des interfaces eau-huile connues pour 

être nanométriques. Enfin, une cellule pour effectuer des expériences d'électrochimie à 

l'interface liquide-liquide a été conçue et utilisée pour obtenir des résultats préliminaires sur 

le transfert d'ions à l'interface SBA. Ce travail ouvre donc la voie à l'étude de différents types 

de SBA en utilisant l'imagerie Raman et l'électrochimie, ainsi qu'à une utilisation plus étendue 

des SBA dans les dispositifs électrochimiques. 

Mots clés: Electrochimie, Systèmes Biphasiques Aqueux, Interfaces Liquide-Liquide, 

électrolytes aqueux 
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Abstract 

Understanding the electrochemistry of highly concentrated 

aqueous solutions forming biphasic systems 

One of the biggest objectives of the 21st century is to move away from fossil fuels and favor 

renewable resources. In this context, batteries are envisioned to be central for the storage of 

renewable electricity if intrinsic safety and low cost can be achieved, thus encouraging the 

development of aqueous batteries. In this thesis, the electrochemistry of highly concentrated 

aqueous solutions is studied with a focus on salt-salt aqueous biphasic systems (ABS), i.e. 

systems consisting of two coexisting immiscible phases composed of only one solvent (water) 

with the phase separation driven by two salts at high concentration such as LiTFSI and LiCl. 

The interest of these systems lies in their capacity to allow different electrochemical reactions 

in their top and bottom phases, giving new opportunities for dual-ion intercalation batteries 

and membrane-less redox flow batteries. In this context, using a LiTFSI-LiCl-water ABS as 

electrolyte, the oxidative intercalation of halides into graphite was shown to follow a two-step 

mechanism, involving an equilibrium with trihalides in solutions. Importantly, the ABS was 

found to prevent self-discharge by inhibiting the crossover of trihalides to the negative 

electrode, thus leading to improved efficiencies. We then investigated the physical/chemical 

properties of ABS using Raman imaging to reveal that the liquid-liquid interface of ABS is 

several micrometers thick, drastically different from nanometer-thick water-oil interfaces 

between two immiscible electrolytes (ITIES). Finally, a dedicated electrochemical cell was 

designed for performing electrochemistry at liquid-liquid interfaces and use to obtain 

preliminary results on ion transfer at ABS interfaces. This work paves the way for the studies 

of ABS using Raman imaging and electrochemistry as well as a wider use of ABS in 

electrochemical devices. 

Keywords: Electrochemistry, Aqueous biphasic systems, Liquid-Liquid interfaces, aqueous 

electrolytes 
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