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Abstract 
Ionic liquids (IL) are increasingly used in electrochemical and battery applications due to 

their physicochemical properties, high conductivity, and large electrochemical windows 

compared to commonly used solvents. In this doctoral thesis the synthesis and characterization 

of the halidometallate anion and polyhalogen monoanion based ILs, the theoretical basis for 

the melt state of ILs, ion diffusion, and the practical electrochemical properties and 

considerations of ILs necessary for electrochemical applications have been explored. Specific 

attention was given to trihalogen monoanion based ILs (THMIL) of the type [X3]– or [XY2]– 

(X, Y = Cl, Br, I) for their oxidative strength and use in metal recycling, and the halidometallate 

anion based ILs [SnBr3]–, [SnBr5]–, [MnCl4]2–, and [MnCl5]2– as the electroactive species. 

Together with ammonium, imidazolium, and pyrrolidinium ([R1R2Pyrr]+ = alkylpyrrolidinium) 

based cations they were used in the development of a new competitive style of hybrid redox-

flow battery . The conductivity, viscosity, as well as the redox potentials of the above species 

were determined. Raman and UV-vis spectroelectrochemistry techniques identified the 

electrochemically reduced and oxidized THMILs and halidometallate species. Using this 

information, THMILs were shown to be useful in a cyclical metal recycling process via the 

dissolution of metallic Sn, producing [SnBr3]– and the subsequent reversible electroreduction 

of [SnBr3]– to Sn and [Br3]–. Further, analysis of the relevant electrochemical and 

physicochemical characteristics of the various halidometallate based ILs showed that 

[C4C1Pyrr]2[MnCl4] in γ-butyrolactone had the best physicochemical properties. It was 

subsequently used to make the all manganese redox-flow battery, consisting of the 

Mn0|[MnCl4]2–||[MnCl4]2–|[MnCl5]2– couple.  
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Kurzzusammenfassung 
Ionische Flüssigkeiten (ILs) werden aufgrund ihrer physikochemischen Eigenschaften, 

ihrer hohen Leitfähigkeit und ihrer großen elektrochemischen Fenster im Vergleich zu den 

üblicherweise verwendeten Lösungsmitteln zunehmend in elektrochemischen und 

Batterieanwendungen eingesetzt. Diese Doktorarbeit befasst sich mit der Synthese und 

Charakterisierung von ILs auf Halidometallat-Anion- und Polyhalogen-Monoanion-Basis, die 

Untersuchung von den theoretischen Grundlagen für den Schmelzzustand von ILs, der 

Ionendiffusion, sowie den notwendigen elektrochemischen Eigenschaften für eine 

elektrochemische Anwendung von ILs. Aus großen Interesse wurden die 

Trihalogenmonoanionen-basierten ILs (THMIL) des Typs [X3]– oder [XY2]– (X, Y = Cl, Br, I) 

wegen ihrer Oxidationsstärke und ihrer Verwendung im Metallrecycling untersucht, sowie die 

Halidometallatanionen-basierten ILs [SnBr3]–, [SnBr5]–, [MnCl4]2– und [MnCl5]2– als 

elektroaktive Spezies. In Verbindung mit Kationen auf Ammonium-, Imidazolium- und 

Pyrrolidiniumbasis ([R1R2Pyrr]+ = Alkylpyrrolidinium) wurden sie für die Entwicklung einer 

neuen wettbewerbsfähigen Art von Hybrid-Redox-Flow-Batterie eingesetzt. Die Leitfähigkeit, 

die Viskosität und die Redoxpotentiale der oben genannten Spezies wurden bestimmt. Durch 

Raman- und UV/Vis-Spektroelektrochemie wurden die elektrochemisch reduzierten und 

oxidierten THMILs und Halidometallat-Spezies identifiziert. Anhand dieser Informationen 

konnte gezeigt werden, dass die THMILs in einem zyklischen Metallrecyclingprozess durch 

die Auflösung von metallischem Sn und die anschließende reversible Elektroreduktion von 

[SnBr3]– zu Sn und [Br3]– nützlich sind. Bei der Analyse der relevanten elektrochemischen und 

physikalisch-chemischen Eigenschaften der verschiedenen ILs auf Halidometallatbasis zeigte 

[C4C1Pyrr]2[MnCl4] in γ-Butyrolacton die besten physikochemischen Eigenschaften. Sie 

wurde anschließend für die Herstellung der All-Mangan-Redox-Flow-Batterieverwendet, die 

aus dem Mn0|[MnCl4]2–||[MnCl4]2–|[MnCl5]2– System besteht. 

 

 



Abbreviations  
 

 
VI 

 

Abbreviations 

List of Abbreviations 
ABB   Aluminum-bromide redox-flow battery 

Ag/Ag+   Silver-silver chloride electrode 

aSSB   All-solid-state battery 

C   Chemical mechanism 

CA   Chronoamperometry 

CCDC   Cambridge Crystallographic Data Centre 

CE   Counter electrode 

CHE   Computational hydrogen electrode 

CHN   Elemental analysis 

CPCA   Controlled-potential chronoamperometry 

Cu/Cu2+   Copper-copper sulfate electrode 

CV   Cyclic voltammetry 

DSC   Differential scanning calorimetry 

DSSC   Dye-sensitized solar cell 

E   Electrochemical mechanism 

ECF   Electrochemical fluorination 

ESI-MS   Electrospray ionization mass spectroscopy 

Fc/Fc+   Ferrocene-ferrocenium internal reference electrode 

HRFB   Hybrid redox-flow battery 

IL   Ionic liquid 

IR   Infrared spectroscopy 

LCO   LiCoO2; positive electrode material in a Li-ion battery 

LIB   Li-ion battery 

Li-NMC   LiNiMnCoO2
; positive electrode material in a Li-ion battery 

LSV   Linear sweep voltammetry 

MSBR   Molten salt fast breeder reactor 

NARFB   Non-aqueous redox-flow battery 

NE   Nernst-Einstein 

NMR   Nuclear magnetic resonance  

OTTL   Optically transparent thin-layer cell 

qSSB   Quasi-solid-state battery 

r.t.   Room temperature 

RE   Reference electrode 

RFB   Redox-flow battery 

RTIL    Room temperature ionic liquid 

SCE   Saturated calomel electrode 

SERS   Surface enhanced Raman spectroscopy 



Abbreviations  
 

 
VII 

 

SHE   Standard hydrogen electrode 

SSB   Solid-state battery 

WE   Working electrode 

VFT   Vogel-Fulcher-Tamman equation 

VRFB   Vanadium redox-flow battery 

UV-vis   Ultraviolet-visible spectroscopy 

ZBB   Zinc-bromide redox-flow battery 

 

List of Equation Variables 
B   The thermodynamic probability of an ion moving into an unoccupied  

“hole” or interstitial void 

c   Concentration of the electroactive species 

ci   Concentration of a given ion 

C   Constant 

D   Linear diffusion 

Di   Diffusion of ions 

E°   Cell potential 

f   Slipperiness of an ion 

F   Faraday constant 

�⃗�   Frictional force of molecules upon each other in a liquid 

G   (Gibbs) free energy 

Gfus   (Gibbs) free energy of fusion 

Glatt   (Gibbs) free energy of lattice formation 

Gsolv   (Gibbs) free energy of solvation 

H   Enthalpy 

i   Current 

ji   Flux density of a particle 

kB   Boltzmann constant 

n   Moles of electrons transferred 

Q   Reaction quotient 

r   Radius of an ion 

R   Gas constant 

S   Entropy 

SA   Surface area of a planar electrode 

t   Time 

T   Temperature 

Tg   Glassy transition temperature 

Y   Ionicity 

z   Directional axis on the xyz coordinate plane 



Abbreviations  
 

 
VIII 

 

α   Ion decoupling factor 

αox   Chemical activity of the oxidized species 

αred   Chemical activity of the reduced species 

K   Dynamic viscosity 

Λm   Molar conductivity 

ΛNE   Equivalent molar conductivity 

μi   Ion mobility 

σ   Conductivity 

νi   Ion stoichiometry 

 

List of Chemical Abbreviations 
aHF   Anhydrous hydrogen fluoride 

[AlCl4]–   Tetrachloridoaluminate(III) 

AlF3   Aluminum(III) fluoride 

[AsPh4]+   Tetraphenylarsonium(I) 

[AuCl4]–   Tetrachloridoaurate(III) 

[BF4]–   Tetrafluoridoborate 

Br–   Bromide 

[Br3]–   Tribromine monoanion 

[Cat.]+   Cation 

Cl–   Chloride 

C#   Alkyl chain length of “#” number of carbon atoms 

[C4C1C1IM]+  1-butyl-(2,)3-(di)methylimidazolium) 

[Cl3]–   Trichlorine monoanion 

[C12SO3]–  Dodecal sulfonate 

Fc   Ferrocene 

[FeCl4]–   Tetrachloridoferrate(III) 

[FSA]–   Bis(fluorosulfonyl)amide 

GBA   Gamma-butyrolactone 

I–   Iodide 

[I3]–   Triiodine monoanion 

Li   Lithium 

[MBr6]–·(Br2)  Bromine-rich halidometallates 

M   Metal 

MeCN   Acetonitrile 

Mg   Magnesium 

Mn   Manganese 

[MnBr4]2–  Tetrabromidomanganate(II) 

[Mn(btc)]–  Benzene-1,3,5-tricaboxilic acid manganate(II) 



Abbreviations  
 

 
IX 

 

[MnCl4]2–  Tetrachloridomanganate(II) 

[MnCl5]2–  Pentachloridomanganate(III) 

[Mn(NCO)4]2–  Cyanatidomanganate(II) 

[Mn(NCS)4]2–  Thiocyanidomanganate(II) 

[Mn4(OCOCH3)10]2– Acidomanganate(II) 

MXn   Metal halide 

[MXn]–   Halidometallate 

Na   Sodium 

NaCl   Sodium chloride 

NaF   Sodium fluoride 

[NTf2]–   Bis(trifluoromethanesulfonyl)amide 

[NR1R2R3R4]+  Quaternary alkylammonium 

[N2221]+   Triethylmethyl ammonium 

[N22.(3O1)2]+  N,N-diethyl-3-di(methoxypropyl) ammonium 

[OTf]–   Trifluoromethanesulfonate 

PHM   Polyhalogen monoanion 

PHMIL   Polyhalogen monoanion ionic liquid 

[PF6]–   Hexafluoridophosphate 

[PPh4]+   Tetraphenylphosphonium 

[PNP]+   Tetraphenylphosphonium undecachloride 

[PR1R2R3R4]+  Quaternary alkylphoshonium 

[R1R2IM]+  1,3-alkylimidazolium  

ROTf   alkyltriflate 

[R1R2Pyrr]+   N,N-alkylpyrrolidinium 

Sn   Tin 

[SnBr3]–   Tribromidostannate(II) 

[SnBr6]2–  Hexabromidostannate(IV) 

[SnCl3]–   Trichloridostannate(II) 

[SnCl4]2–  Tetrachloridostannate(II) 

[Sn2Cl5]–  Pentachloridostannate(II) 

[SnCl6]2–  Hexachloridostannate(IV) 

[SR1R2R3]+   Tertiary alkylsulfonium 

[Sn(NTf2)3]–  Bis(trifluoromethanesulfonyl)amidostannate 

THM   Trihalogen monoanion 

THMIL   Trihalogen monoanion ionic liquid 

V   Vanadium 

X–   Halide 

[Xn]–   Polyhalogen monoanion 

[X3]–    Trihalogen monoanion 

[XF4]–   Tetrafluoridohalogenate(III) monoanions 



Abbreviations  
 

 
X 

 

[XY2]–   Tri-interhalogen monoanion 



Table of Contents  
 

 
XI 

 

Table of Contents 

 

Acknowledgements ............................................................................................................... I 

Abstract .............................................................................................................................. IV 

Kurzzusammenfassung ....................................................................................................... V 

Abbreviations ..................................................................................................................... VI 

List of Abbreviations ................................................................................................... VI 

List of Equation Variables ........................................................................................ VII 

List of Chemical Abbreviations .............................................................................. VIII 

Table of Contents ............................................................................................................... XI 

1. Introduction ...................................................................................................................... 1 

1.1 Molten salt chemistry: A precursor to ionic liquids ........................................... 2 

1.2 What are ionic liquids? ........................................................................................... 5 

1.3 Synthesis of common ionic liquids ....................................................................... 7 

1.3.1 Inorganic anions ............................................................................................... 9 

1.3.1.2 Halidometallates and their speciation, [MXn]– (M = Metal,  

                   X = Cl, Br, I) ............................................................................................. 10 

1.3.1.5.1 Vibrational spectroscopy .................................................................... 11 

1.3.1.5.2 NMR spectroscopy of metal species .................................................. 12 

1.3.1.5.3 UV-vis spectroscopy ........................................................................... 13 

1.3.1.5.4 Thermal properties and differential scanning calorimetry ................. 13 

1.3.1.5.5 The influence of the cation upon the anion ........................................ 14 

1.3.1.5.6 Analysis of the solid, solvated, and gas states .................................... 14 

1.3.1.3 The polyhalogen monoanion, [Xn]– (n = odd, X = F, Cl, Br, I) ................. 15 

1.3.1.3.1 Trihalogen monoanions, [X3]– (X = Cl, Br, I) .................................... 15 

1.3.1.3.2 Interhalogen tetrafluoridohalogenate(III) monoanions, [XF4]–  

                      (X = Cl, Br, I) .................................................................................... 16 



Table of Contents  
 

 
XII 

 

1.3.3 Halogen-rich halidometallates: Combining halidometallates anions  

               and halogen networks, [MX6]–·X2 (X = Cl, Br) ........................................... 16 

1.3.2 Organic anions ................................................................................................ 17 

1.3.2.1 Trifluoromethanesulfonate, triflate anion, [OTf]– ..................................... 17 

1.3.2.2 Bis(trifluoromethanesulfonyl)amide anion, [NTf2]– .................................. 18 

1.3.3 Synthesis of cations ........................................................................................ 18 

1.3.3.1 Inorganic cations ........................................................................................ 19 

1.3.3.2 Organic cations .......................................................................................... 19 

1.3.3.2.1 1,3-Dialkylimidazolium cation, [R1R2IM]+ ........................................ 19 

1.3.3.2.1 1,1-Dialkylpyrrolidinium cation, [R1R2Pyrr]+ .................................... 20 

1.4 Thermodynamics, diffusion, Walden’s rule, and cyclic voltammetry .......... 20 

1.4.1 Walden’s rule .................................................................................................. 23 

1.4.2 Non-Stokesian charge transport, Grotthuss mechanism, and 

polyhalogen monoanion ionic liquids ....................................................................... 26 

1.4.3 The basics of cyclic voltammetry in conjunction with ionic liquids ....... 28 

1.4.3.1 Reference Electrodes ................................................................................. 29 

1.4.3.2 Electrochemical stability and diffusion ..................................................... 30 

1.4.3.3 Spectroelectrochemistry ............................................................................. 31 

1.5 Modern electrochemical applications of ionic liquids ..................................... 32 

1.5.1 Green chemistry and ionic liquids............................................................... 33 

1.5.2 Constant current techniques: Electrodeposition and Electrolysis .......... 34 

1.5.2.1 Metal recycling and electrodeposition ....................................................... 34 

1.5.2 Energy storage and conversion systems – Batteries and  

                photovoltaics .................................................................................................. 36 

1.5.2.1 Redox-flow batteries .................................................................................. 38 

1.5.2.2 Lithium-ion batteries .................................................................................. 40 



Table of Contents  
 

 
XIII 

 

1.5.2.3 Solid-state batteries .................................................................................... 41 

1.5.2.4 Dye-Sensitized Solar Cells ........................................................................ 42 

1.6 Outlook ................................................................................................................... 43 

References ..................................................................................................................... 44 

2. Objective ........................................................................................................................ 57 

3. Publications .................................................................................................................... 58 

3.1. Conductivity and Redox Potentials of Ionic Liquid Trihalogen  

              Monoanions [X3]–, [XY2]–, and [BrF4]– (X=Cl, Br, I and Y=Cl, Br) .................. 59 

3.2. Synthesis, Crystallization, and Electrochemical Characterization of  

             Room Temperature Ionic Liquid Bromidostannates(II/IV) ............................ 71 

3.3. Investigations Towards a Non-Aqueous Hybrid Redox-Flow Battery  

              with a Manganese Based Anolyte and Catholyte ........................................... 83 

4. Conclusion ................................................................................................................... 106 

Appendix .......................................................................................................................... 108 

A. Publications and Conference Contributions .................................................... 108 

A.1 Publications ..................................................................................................... 108 

A.2 Conference Contributions ............................................................................. 108 

B. Curriculum Vitae .................................................................................................. 109 

C. Publications – Supporting Information ............................................................. 110 

C.1 Supporting Information – Conductivity and Redox Potentials of  

             Ionic Liquid Trihalogen Monoanions [X3]–, [XY2]–, and [BrF4]–  

             (X=Cl, Br, I and Y=Cl, Br) .............................................................................. 110 

C.2 Supporting Information – Synthesis, Crystallization, and  

             Electrochemical Characterization of Room Temperature Ionic  

             Liquid Bromidostannates(II/IV) ................................................................... 134 



Table of Contents  
 

 
XIV 

 

C.3 Supporting Information – Investigations Towards a Non-Aqueous 

             Hybrid Redox-Flow Battery with a Manganese Based Anolyte and  

             Catholyte ......................................................................................................... 182 

D. Unpublished Compounds and Cyclic Voltammograms ................................ 246 

D.1 N,N-diethyl-di(3-methoxypropyl)ammonium  bromide, [N22.(3O1)2]Br ... 246 

D.2 Tetraphenylphosphonium (acetonitrile)tetrachloridomanganate(III),  

              [PPh4][MnCl4(MeCN)] .................................................................................. 249 

D.3 Cyclic voltammograms of [N2221][ClF4], [N2221][BrF4], and [N2221][IF6] .... 252 

 

 

  



  
 

 
XV 

 

 

 



1. Introduction  
 

 
1 

 

1. Introduction 
In 2019, the Swedish Royal Academy of Sciences granted the Nobel Prize in chemistry to 

Goodenough, Whittingham, and Yoshino for their work on Li-ion batteries (LIBs). The 

reasoning behind the decision was the widespread use of Li-ion batteries (LIBs) in consumer 

electronics, especially electronic vehicles,[1] and the hope for solving  future energy and 

environmental problems. The development of LIBs will not only help to store the excess energy 

from wind and solar energy sources but will also support a “fossil fuel-free society.”[1]  

As early as the 1950’s various effects on the environment, due to the then acceptable 

chemical practices from industry and government, resulted in a variety of disasters in local 

environments and made the public consciousness aware to problems caused by poor industrial 

practices, resulting in various environmental regulations.[2] In 1982 the company Exxon[3] and 

later in 1988 the company Shell,[4] both fossil fuel companies, had commissioned studies 

documenting and predicting the negative consequences of climate change due to carbon based 

fossil fuel sources and CO2 release. The results indicated a variety of detrimental environmental 

effects and the studies were first distributed publicly in 2018.[3,4] Despite this knowledge, many 

companies engaged and still to this day engage in misleading information campaigns and 

continued economic practices regarding chemical processes and fuel sources that lead to 

ineffectual climate policy.[5,6] Positively, the damages caused by chemical industrial processes 

enabling climate change and the necessary changes required to stabilize the climate are 

becoming common knowledge due to the publication of international reports such as that of 

the International Panel on Climate Change’s recent Sixth Assessment Report.[7] Innovative 

research, design, and implementation of new and existing technologies in combination with 

social change will help to stabilize and repair previous harmful changes to the environment.[6,8] 

Scientists occupy a key position of power and authority in “the how and the why” of climate 

change and its stabilization. On an individual level, an average scientist can rely on the 

principles of green chemistry to produce new technologies, materials, and synthesis routes or 

identify new power sources less harmful to the environment. On a communal level as a group, 

influence could be used to drive decision making and best practices in the private sector, public 

sector with legislation similar to “The Green New Deal” in the United States of America[9] or 

international agreements such as “The Paris Agreement.”[10] Public outreach can be advocated 

for programs that model the “Fridays for Future”[11] movement to focus on transparency 

concerning chemical and energy sustainability. 
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As part of the transition towards climate stability, non-carbon based fuel sources have been 

suggested, hydrogen,[12] nuclear fusion and fission,[13] wind,[14] solar photovoltaics,[15] 

geothermal,[16] or wave energy.[17] In order to utilize all the excess or intermittent energy 

produced by alternate fuel sources, batteries present themselves as part of the solution. 

Implementing redox-flow batteries, such as the all-vanadium battery,[18] zinc-bromide 

battery,[19] or recently non-aqueous versions based on V, Mn, Fe, or Al IL batteries that can 

store the excess energy in electricity grids for cities and industrial use is a productive step 

towards integrating alternative energy sources into everyday life. Mobile batteries such as Li-

ion, Mg-ion, Na-ion,[20] or inorganic solid-state batteries[21] could be used in mobile consumer 

electronics or in electronic vehicles.  

As a byproduct of a changing climate the search for cleaner, better synthesis routes, new 

materials, energy sources, and green chemicals has fueled the growth of ionic liquids research 

in the past two decades. Ionic liquids (ILs) stem from molten salt chemistry and are defined as 

salt melt below 100 °C.[22] Often called designer chemicals, ILs are very appealing because 

their properties can be easily modified in the initial synthesis to be matched to the necessary 

requirements and applications. Over the past decade ILs have been increasingly used by 

chemists and material scientists in electrochemical applications[23] for their low vapor pressure 

and desirable electrochemical properties in regards to diffusion and charge transport 

phenomena. 

The following body of work aims to highlight ionic liquids, especially ILs based on 

inorganic halidometallates and polyhalogen monoanions, and guides the reader through their 

initial discovery, synthesis, defining physical and electrochemical characteristics, and finally 

how to apply the given knowledge about ILs in electrochemical applications, such as metal 

recycling or battery technologies. 

 

1.1 Molten salt chemistry: A precursor to ionic liquids 
Derived from traditional molten salt chemistry, ionic liquids are molten salts or ionic media 

in the liquid state, with melting temperatures below 100 °C.[22] Given that molten salts and 

ionic liquids are the same from a physical perspective, except for the lowered melting point, it 

is therefore of some small interest to look at several examples of prior and modern molten salt 

chemistry, before investigating ILs further.  
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Traditional molten salt chemistry is difficult to perform and energy intensive due to the 

relatively high temperatures necessary to facilitate reactions. Take the example of sodium 

chloride, NaCl, simple to dissolve in an aqueous solution and seen in every first-year chemistry 

curriculum from testing the solubility of ions in water to separating halogens. However, when 

heated to its melting point of 801 °C[24] a variety of new properties occur: for instance, due to 

the ionic bonds that held the solid together being disrupted, the specific conductance of the 

melt increases significantly to 3.09 S·cm–1 at 802.3 °C.[25] The conductance is utilized in an 

industrial process known as the Downs’ Process, see Figure 1, whereby a 1:2 mixture of NaCl 

and CaCl2 (to reduce the melting point temperature) is heated to 600 °C and subsequent 

electrolysis at 10 – 125 mA·cm–2 generates liquid sodium metal at the iron cathode and 

chlorine gas at the carbon anode.[26,27] The calcium has a significantly lower anodic potential 

(E° = –3.8 V)[28] than sodium (E° = –2.71 V),[28] therefore no liquid calcium is generated. The 

liquid sodium is less dense than the surrounding electrolyte solution and is collected at the 

surface in a separate reservoir. The process generates the majority of high purity sodium metal 

used around the world.[26] The entire reason for performing the reduction process as a molten 

salt as opposed to in aqueous solution stems from the large reduction potential of Na metal 

being greater than the electrochemical window of water, whereby the hydrogen evolution 

reaction would occur.[28] Additionally, the viscosity of molten NaCl (1.029 mPa·s, 

1082.3 °C)[29] is similar to water (0.89 mPa·s, 25 °C).[30] 

 

Figure 1. Representation of a Downs’ Cell for the electrolysis of molten NaCl to produce Na(l) and Cl(g), including 

the half-cell and cell potentials.[28] Picture made by author. 

A second example of molten salts used to procure pure metals due to the large negative 

potential of metal reduction in aqueous solutions is the electrolysis of alumina, Al2O3, to 
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metallic Al. The industrial process is two-fold: first the synthesis of Al2O3 from bauxite ore 

and caustic soda, NaOH, via the Bayer process,[31] and subsequent reduction thereof to Al in 

the Hall-Héroult process or more commonly referred to as the Cryolite process.[32,33] The reason 

for the name Cryolite process is due to the additive electrolyte salt cryolite, which is a complex 

salt of sodium hexafluoridoaluminate, Na3[AlF6]. When combined with alumina or bauxite in 

an 85 % to 15 % ratio, a eutectic mixture forms lowering the total melting temperature to 

935 °C which can save significant amounts of energy when compared to the melting point of 

the pure substance at 2054 °C.[32] The anode is constructed from pure carbon and is oxidized 

in the presence of freed oxygen from the alumina, resulting in carbon dioxide as driving force 

of the reaction. The cathode material is similar to the anode, but contains a larger amount of 

ash, and is built directly into the bottom and sides of the cell housing, such that liquid 

aluminum, being denser (Al, 2.39 g·mL–1 at 950 °C)[32] than the cryolite mixture, is reduced at 

the electrode surface producing Al with purities greater than 99.5 % and CO2, see  

Equation (1).  

 (1) 

Modern facilities have an energy usage of 14 – 15 kW·h·kg–1 Al produced[32,33] with 

theoretical thermodynamic minima being obtained without inefficiencies at 6.232 kW·h·(kg 

Al)–1.[34] The total environmental costs of using the Hall-Héroult process are rather large and 

result in a total exergy equivalent of 152.05 MJ and 6.96 kg of CO2 all in respect to 1 kg of Al 

produced.[34] The energy expenditure in this industrial process and other electrolytic smelting 

processes is one reason why alternatives are being sought in ionic liquids that have 

considerably lower energy demands.  

A final example of molten salt chemistry is the formation of useful materials in Li-ion 

batteries. By mixing LiCl and Mn2O3 at 900 °C for 7 h results in the formation of LiMn2O4 

nanoparticles.[35] LiMn2O4 is a common cathode material in LIBs with a discharge specific 

capacity of 123 mA·h·g–1[36] and can be increased by doping with Na and Mg and adding a 

graphene sheet layer to 146 mA·h·g–1 (Li0.94Na0.06Mg0.08Mn1.92O4).[37] For the anode materials, 

SnO2 nanorods can be synthesized by heating Sn nanoparticles with NaCl and KCl in air at 

720 °C for 1 d.[38] The SnO2 nanorods are then intercalated with Li during discharge to LiSnO2 

and have a higher theoretical energy density (782 mA·h·g–1)[38] than intercalated graphite 

electrodes (372 mA·h·g–1).[39] Despite the high theoretical energy density, the downside to 

using SnO2 electrodes is their increase in volume during delithiation as opposed to graphite 
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electrodes. As an alternative, SnS2 retains the high theoretical energy density and has a 

comparably limited volume change.[40] 

 

1.2 What are ionic liquids? 
The first characterized ionic liquids were ethanolammonium nitrate from Gabriel in 1888[41] 

and ethylammonium nitrate from Walden in 1914.[42] These simple molten salts were some of 

the first low melting or ambient temperature ionic liquid compounds, but only later received 

the moniker ‘ionic liquid’ near the 1970’s with the term molten salt being reserved for salts 

with higher temperature melting points. During the 1970’s the true advancement and popularity 

in the field of ILs started and was broadened by expanding upon the organic cation and use of 

a chloridometallate anion in basic research performed by Osteryoung,[43] and Wilkes and 

Hussey.[44] In the 1990’s and 2000’s interest was further increased with common discussions 

of organic anions, and catalysis and synthesis by Fuller et al.[45,46] and Bonhôte,[47] which led 

to further research by Wasserscheid[48–50] and expanding the theoretical and experimental 

understanding by Abbott et al.[51,52] The last decade also had several advancements in the 

application of ILs towards energy storage systems[19,53,54] and green chemistry,[55–59] and will 

likely remain of scientific interest in industrial and scientific applications in the coming decade. 

Based on the previous introduction to molten salts the usefulness of ionic liquids becomes 

apparent. Why wouldn’t the average chemist want to have access to a high thermally[60] and 

electrically conductive,[61,62] moderately viscous,[63] robust ionic compound that can be a 

substitute solvents,[51,64] engage in synthesis,[65,66] exhibits a large energy density,[54] and has a 

variety of applications without the large energy and safety demands imposed by traditional 

molten salt chemistry?[26,67] ILs are often referred to as designer chemicals,[68] due to the rather 

large amount of physical properties that can be easily altered given a change in cation or anion, 

and can be used in many applications. Arguably the first of the modern ILs was the organic 

cation – inorganic anion combination with the tetrachloridoaluminate anion or historically 

called tetrachloroaluminate, [AlCl4]–.[43,44] In 1951 this compound was of great interest to 

Hurley and Wler[69] as an alternative to the Hall-Héroult aluminum smelting technique, and 

will be discussed further in a later section, see Section 1.5.2.1 Metal recycling and 

electrodeposition. 

When developing, characterizing, or applying ILs there is typically a wide variation in the 

cation, with specifics aimed towards analyzing the anion.[44,46,70–72] Several common classes of 
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cations have emerged in the literature based on ammonium cations:[63] quaternary ammonium 

([NR1R2R3R4]+)[73,74] (Rn = length of carbon chain, periods in between numbers indicate an 

independent chain) and more recently amphiphilic compounds with two charge centers,[74] 

imidazolium ([R1R2IM]+),[44,71,75] (Rn = length of a carbon chain), piperidinium ([R1R2Pip]+),[76] 

pyrrolidinium ([R1R2Pyrr]+),[77] or partial perfluorinated triazolium cations,[78,79] see Figure 2. 

Other common cations are the quaternary phosphonium ([PR1R2R3R4]+)[80] or tertiary sulfonium 

cations ([SR1R2R3]+).[81] The size of the alkyl chains can change the density, miscibility in water, 

or lower the melting temperature;[51,82,83] additionally, the electrochemical window can be 

adjusted to the active species.[82,84] By changing the alkyl chain length a destabilization of the 

Coulomb packing occurs, resulting in lowering the energy necessary to melt, despite the 

increase in stability via increased van der Waals forces in chains of n > 7.[85] 

 

Figure 2. Commonly used cations and anions in ionic liquids. 

The commonly used anions include [NO3]–,[42] halidometallates of similar form to 

[M(X)Clx+1]– (X  = II, III, IV) for but not limited to the following metals AlIII,[43] GaIII,[86] InIII,[86] 

FeIII,[87] CoII,[87] ZnII,[86,88] MnII,[89] SnII and SnIV,[90] and HfIV.[86] Changing the anion is useful 
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to adjust the density, conductivity, or viscosity of the IL,[83] and can play a role as the active 

species in electrochemical or catalytic reactions.[68] Polyhalogen monoanions [Xn]– (n = odd) 

or halides X–, where X = Cl, Br, I, are also used often to increase conductivity,[61,73,91] as 

sequestering agent for dihalogen gases,[92,93] and in energy producing systems.[59,93,94] 

Perfluorinated species like [BF4]–[83] or [PF6]–,[83] organic (compounds containing carbon) 

perfluorinated trifluoromethanesulfonate ([OTf]–, [SO3CF3]–),[74,95,96] bis(fluorosulfonyl)amide 

([FSA]–, [N(SO2F)2]–),[74] or bis(trifluoromethanesulfonyl)amide ([NTf2]–, [N(SO2CF3)2]–) [74] 

are, due to the non-polarizability of fluorine electrons, especially valued for their viscosity 

lowering effects via the van der Waals interactions, and destabilization effects towards the solid 

state lattice.[97] Additionally, [NTf2]– has two isoenergetic forms that increase the number of 

modes of configurational entropy and thus stabilization of the liquid state, or stated differently, 

destabilization of the packing structure.[98] 

 

1.3 Synthesis of common ionic liquids 
There is large variety in ionic liquids and they can be tailor synthesized for the required 

chemical property. However, many syntheses can be broadly grouped into categories. Of 

particular interest for all ILs is the resulting purity after synthesis, because the physicochemical 

characteristics can vary significantly based on the contaminant. It has been suggested that 

without a proper water or contaminant analysis, that collected data can be deemed unreliable.[66] 

The water content can for some ILs be determined by Karl-Fischer titration.[80] However, it is 

to be noted that the majority of current studies do not specify water content or impurities, rather 

they list one of the following purification methods.[66]  

To reduce the impurity levels within ILs, several methods of purification exist. Starting 

with synthesis, the precursors should be properly distilled or purified,[99] the product should be 

preferentially recrystallized from an organic solvent, e.g., hexane, methanol, or ethanol.[74] To 

remove the water impurity and to some extent remaining organic impurities, the IL is subjected 

to vacuum, 10–3 – 10–6 mbar, at temperatures between 50 – 110 °C for a period of 3 h to several 

days.[44,80,100] The compound is analyzed for impurities via 1H and 13C NMR analysis and 

Raman spectroscopy or mass spectroscopy (MS). Another method to remove contaminants, 

especially the halides from n-RX or MgRX (X = Cl, Br, I) precursors in the synthesis of organic 

cations, is addition of A3 size molecular sieves. A3 size molecular sieves have been shown to 

reduce the impurity concentration within [C4C1IM][PF6] ([C4C1IM] = 1-butyl-3-methyl-
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imidazolium) leading to greater electrochemical windows, whereas as A4 increased 

contamination.[100] 

Given that the purity of commercially available ionic liquids typically ranges from 

97 to 99 % and their availability has increased in the last 15 years, it is reasonable to purchase 

a variety of commonly available ILs. The purchase of ILs instead of synthesizing can save time 

and provides the chemist with a catalogue of readily accessible ILs with varied chemical 

properties. The purity of these ILs should still be strictly controlled before reporting in any 

literature. For more unique ILs that are not commercially available, they can be synthesized in 

the laboratory.[101,102] 

Another interesting use of ILs is in ionothermal synthesis, where the cation and anion act 

simultaneously as the solvent and act as the framework for further synthesis products.[103] 

Ionothermal synthesis can be used to generate polycationic and polyanionic species, zeolites, 

and metal organic frameworks.[103,104] The synthesis method can be used to dissolve metals 

within [Cl3]– or [Br3]– based ILs,[57] but during the synthesis process the original 

physicochemical properties of the IL change, e.g., conductivity, viscosity, dissolving capacity, 

and diffusion rates.[105,106] 

While not many studies on the detailed mechanism of ionothermal synthesis exist,[107] one 

that is being currently investigated is that of fluorination with [BF4]– and [PF6]– anion based 

ILs. An example of an ionothermal fluorination synthesis is that of MnF2 nanoparticles. By 

adding the IL [C4C1IM][BF4] to Mn(CH3COO)2 at 150 °C for 35 h, MnF2 nanoparticles were 

synthesized.[108] The proposed fluorination mechanism involves residual H2O within the IL 

hydrolyzing the [BF4]– anion upon heating into BF3·H2O and F–.[108,109] The F– acts as the 

fluorinating agent, and the method is proposed to be less dangerous than direct fluorination via 

HF or F2.[109] The resulting MnF2 is useful as an anode material in Li-ion batteries and has 

shown to have reversible electrochemical activity with Li, resulting in a specific capacity of 

237 mA·h·g–1 at 10 °C over a period of 5000 cycles.[108] 

A final example of ionothermal synthesis is in the formation of large discrete anionic 

species, for instance [PNP][Cl13]–[110] ([PNP]+ = tetraphenylphosphonium undecachloride) or 

[AsPh4][Cl(BrCl)6].[111] At the time of writing, the largest known discrete polyanionic species 

are the spherical shaped zeolites [C4C1C1IM]24[Sn36Ge24Se132] ([C4C1C1IM]+ = 1-butyl-(2,)3-

(di)methylimidazolium) and [C4C1IM]24[Sn32.5Ge27.5Se132] with an outer diameter of 2.83 nm 

and inner diameter of 1.16 nm.[112] They are synthesized by the synthesized using the ILs 
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[C4C1C1IM][BF4] and [C4C1IM][BF4], respectively, and reacting with [K4(H2O)3][Ge4Se10] 

and SnCl4·5 H2O with a small amount of 2,6-dimethylmorpholine.[112] Of interest is the 

interaction between the cations as a stabilizing forces for the polyanionic species.[112] 

The following section will briefly describe a general synthesis and the relevance of the 

most commonly used ions in recent years. The primary emphasis is placed on inorganic anions 

but should not detract the reader from the usefulness or attempting to study the other ionic 

species in the current literature. 

1.3.1 Inorganic anions 

Ionic liquids, as are currently known, follow one of three systems: organic-inorganic, 

organic-organic, or inorganic-inorganic salts. The first salts of interest were organic-inorganic 

systems of the chloridometallates and remain the most prevalent. With time additional anions 

were introduced for different chemical properties. The perfluorinated anions [PF6]– and [BF4]– 

were important as their chemical properties made use of biphasic systems.[83] Later, 

polyhalogen monoanion ionic liquids (PHMIL) became the focus of anionic research in the 

2010’s for their relatively large conductivities,[61] sequestering properties,[93] and metal 

dissolution properties.[56–58] 

Metal-ligand anion based ILs are a subgroup of ILs and have recently received an increase 

in attention within literature due to their luminescence, catalytic, and magnetic properties.[113] 

These properties stem from the liquid phase and the unique influence on chemical and 

physicochemical characteristics granted by the metal.[106] Within this body of work the 

halidometallate anion based ILs ([MXn]–, M = metal, X = Cl, Br, or I) with the metals 

manganese and tin were of great importance due to their relative natural abundance,[24] 

electrochemical properties,[114,115] and similarity in redox chemistry to the zinc-bromide redox-

flow battery[115,116] A variety of Mn and Sn anion based ionic liquids are found in the 

literature[90,117–129] and are a small listing is presented in Table 1. 
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Table 1. Manganese and tin-ligand anion based ionic liquids. 

Mn based Ionic Liquid Refs. Sn based ionic liquids Refs. 

[C4C1IM]2[MnCl4] [117] [C8C1IM][SnCl3] [118,119] 

[C6C1IM]3[MnCl4][C12SO3] [120] [C2C11IM][SnCl3][AuCl4] [121] 

[C2C1]3[MnCl4][AlCl4] [122] [C4C1Pyrr]2[SnCl3][NTf2] [123] 

[C4C1IM]2[MnBr4] [124] [C8C1IM]2[SnCl4] [118] 

[N4222]2[Mn(NCS)4] [125] [C8C1IM][Sn2Cl5] [118] 

[N(PPh3)2]2[Mn(NCO)4] [125] [C8C1IM]2[SnCl6] [118] 

[C2C1IM]2[Mn4(OCOCH3)10] [126] [PPh4][SnBr3] [127] 

[C2C1IM][Mn(btc)] [128] [C4C1IM]2[SnBr6]·Br2 [90] 

  [C4C1Pyrr][Sn(NTf2)3] [129] 
1) btc = benzene-1,3,5-tricarboxylic acid 

The synthesis of different halidometallate anion based ILs and an in depth discussion of 

their analysis is presented in the next section, followed by a look at polyhalogen anion based 

ILs, and finally, how the two merge in the formation of halogen-rich halidometallates anions. 

1.3.1.2 Halidometallates and their speciation, [MXn]– (M = Metal, X = Cl, Br, I) 

For a long time, ionic liquids were akin to ambient or near ambient temperature 

chloridoaluminate salt melts. This perception was to first change in literature around the 2000’s 

when perfluorinated anions became more prevalent,[49,68,130] and electrochemical application of 

ILs utilized more non-metallic supporting electrolytes.[67,131] While a wealth of study has been 

performed with halidometallate ILs, there is still room for innovation. Typically, 

halidometallate salts are synthesized by dissolving the metal halide, MXn, in the halide ionic 

liquid, [Cat.]Y. The coordination sphere of the metal envelops the additional ligand and can 

form an equilibrium of multiple metallate anions, see Equation (2). 

 (2) 

The speciation of metallates into distinct binary ILs was observed by Welton et al. by 

dissolving a metal salt in [C4MPy]I and subsequent dissociation into two distinct cations and 

anions.[132] By changing the metal, metal salt concentration, and Cl to Br or I the chemical 

properties can be altered.[118,133] For instance, in halidoaluminate(III) salts ([AlX4]–) the melting 

temperature increases going from Cl,[43] Br,[134] to I.[43] 
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Complete speciation studies are rather limited and typically require multiple methods of 

analysis across multiple scientific publications. Currently, the following species may be 

considered relatively well studied based on the amount of literature available: 

bromidoaluminate(III),[54,134] chloridoaluminate(III),[44,135] chloridogallate(III),[119,136] 

chloridoindate(III),[119,137] chloridostannate(II),[118] and chloridozincate(II).[138] Current 

literature is still developing evidence for speciation in the many IL species including 

chloridoferrate(III) or chloridocobaltate(II), or ILs with Br and I based ligands, for instance 

bromidostannate(II/IV).[139]  

Given the importance of speciation in understanding halidometallate synthesis, it is 

important to acquire the proper tools of analysis. Due to the ionic state the following basic 

methods of analysis are mandatory: vibrational and UV-vis spectroscopy, NMR analysis of the 

metal species, and thermodynamic and electrochemical analysis. Some other techniques that 

are helpful, but not necessary include: electron paramagnetic resonance spectroscopy or X-ray 

photoelectron spectroscopy. 

1.3.1.5.1 Vibrational spectroscopy 

Both IR and Raman spectroscopy are important techniques in determining the primary 

species in the halidometallates and examining the M–X vibrational modes. Primarily Raman 

spectroscopy is used to monitor metal ligand vibrational modes between 600 – 100 cm–

1.[118,138,140,141] A simple method to demonstrate speciation is to analyze the vibrational intensity 

at varying amounts of metal halide salts. By utilizing Raman spectroscopy on [AlX4]– (X = Cl, 

Br, or I) systems the formation and equilibrium between [AlX4]– and [Al2X7]– could be 

confirmed for varying amounts of χAlX3, see Table 2. 

Table 2. Raman frequencies of [AlX4]–/[Al2X7]– systems (X = Cl, Br, or I) at varying amounts of AlX3. 

Halide, X– Refs. χAlX3 [AlX4]– / cm–1 [Al2X7]– / cm–1 

Cl– [43] 0.50 351 - 

  0.60 351 315 

  0.67 - 315 

Br– [134] 0.50 211 - 

  0.60 211 200 

  0.67 - 200 

I– [142] 0.50 146 140 
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Mixed-halide systems are rather rare, but have been studied for [N111.16][InBrxCl(4-x)] 

systems. The resulting vibrational bands were in agreement with the statistical variation for 

χInCl3 = 0.50 and could be assigned to previous literature values.  

One downside to Raman spectroscopy is that it cannot or only with difficulty resolve 

spectra of species with concentrations less than 5 – 10 mol%. Therefore, the dominant species 

in the ionic phase is identifiable, but non-dominant species will be less likely registered.[68] 

Another problem that may occur is fluorescence caused by organic impurities or increasing 

χMXY concentrations.[141,143] It was suggested for the [FeCl4]– system to use a Nd:YAG laser 

(1064 nm) excitation source instead of a 785 nm excitation source to reduce fluorescence 

caused by impurities.[144]  

Overall, Raman spectroscopy is a valuable tool to identify the primary species of a given 

melt and can be used in a variety of halidometallate systems. 

1.3.1.5.2 NMR spectroscopy of metal species 

NMR spectroscopy is a good complementary analysis method to vibrational spectroscopy 

because it can help identify secondary species. Due to the liquid nature of the IL they can be 

measured directly without dilution in a deuterated solvent, rather an external deuterium lock is 

used for 1H and 13C NMR analysis. Additionally, and more importantly for halidometallate 

systems, NMR spectroscopy of metals has been used successfully to track speciation in IL 

systems. However, the observed chemical shift in neat ionic media may differ markedly from 

their solution counterpart.[145]  

Minor shifts in speciation around the metal nuclei can result in significant variation to NMR 

signals and can be observed in the width and shape of the signal. The NMR signals and their 

full width at half maximum (Δν1/2) can be dependent on a variety of factors including the 

sample viscosity, molecular symmetry of the metal species, temperature, or a dynamic 

equilibrium between multiple species.[68] Samples with high viscosities, quite common 

amongst ILs, require longer reorientation correlation times, which reduces the quadrupolar 

relaxation rate and results in broad NMR signals.[145] The lower the symmetry around the metal 

center, the broader are the signals.[68,145]  

The [C4C1IM][SnCl3][146] and [C8C1IM][SnCl3][118] systems and their speciation were 

analyzed by 119Sn NMR spectroscopy. Originally based on 119Sn NMR chemical shifts and 

varying χSnCl2, three different stannate species were proposed, [SnCl3]–, [SnCl4]2–,  
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and [Sn2Cl5]–.[146] However, a later more comprehensive study utilized Raman spectroscopy, 

XPS, and viscometric data in tandem with 119Sn NMR to identify only two species, [SnCl3]– 

(δ = –68 pPHM) and [Sn2Cl5]– (δ = –245 pPHM).[118] The [SnCl3]– speciation could only be 

determined in combination with other techniques as the 119Sn NMR was not sufficient. This 

system of investigation can be further applied to [SnBr3]– or [SnI3]– in the future. 

Thus, NMR analysis helped determine the speciation of [C8C1IM][SnCl3]. However, it is 

best used together with vibrational spectroscopy to help determine the dominant species in 

phase equilibrium. 

1.3.1.5.3 UV-vis spectroscopy 

UV-vis spectroscopy can be useful for halidometallates that absorb ultraviolet or visible 

light. The measurement times are fast and useful for testing larger amounts of samples. The 

limiting factor in UV-vis spectroscopy are the high extinction coefficients for neat systems. 

ILs, such as [C2C1IM][AlCl4],[147] reach the extinction coefficient in larger cuvettes due to their 

concentration resulting in detector saturation. Therefore, to reduce the extinction coefficient 

cuvettes with a path length less than 0.1 mm should be used and dilution should be considered, 

although a change in speciation may occur, due to the cuvette geometry.[148] 

Recently, Lahiri, and Das performed a series of electrodeposition experiments of aluminum 

and aluminum-titanium alloy with a [C2C1IM][AlCl4] electrolyte and a sacrificial titanium 

anode.[147] The speciation within the electrolyte was analyzed via UV-vis spectroscopy and 

NMR analysis, indicating formation of a titanium-aluminum complex within the IL electrolyte. 

A couple other chloridometallates have been analyzed via UV-vis spectroscopy including 

[C4C1IM][FeCl4] after exposure to γ radiation,[149] [P666.14]2[CoCl4] in the selective extraction 

of Co and Ni from 8 M HCl solutions between the aqueous and ionic liquid phase,[150] or a 

mixture of d-block metals in the form of [C4Py][M1M2Cl4] (M = Co, Cu, Mn; χM = 0.25, 0.50, 

0.75) in combination with their electrochemical conductance (10–1 – 10–4 mS·cm–1) and 

stability windows (2.5 – 3 V).[151] 

1.3.1.5.4 Thermal properties and differential scanning calorimetry 

Other defining physical characteristics of ILs are their melting, solidification, and glassy 

transition temperatures. By using differential scanning calorimetry (DSC) the key physical 

characteristics can be determined.[68,138] The thermal properties can be compiled into a phase 

diagram to confirm the IL species and whether it has contaminants, changing its overall 
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chemical composition. However, as a reference method, this only works if the IL has been 

previously identified and catalogued.[68] 

1.3.1.5.5 The influence of the cation upon the anion 

Until this point the differing spectroscopic techniques have been discussed in the 

determination of anionic speciation without consideration towards the cation. However, the 

cation by way of functionalizing groups, hydrogen bonding, and steric can affect the formation 

of the anion.[118,152] 

One example of the cation effecting the anion are the chloridoplumbate(II) ILs. Given 

[P666.14][PbCl3] a slightly distorted trigonal planar structure (D3h) was proposed for [PbCl3]– 

based on Raman spectroscopy and 207Pb NMR analysis. However, with the counter ion 

[C2C1IM]+, [PbCl3]– has a pseudo-tetrahedral configuration (C3v).[152] The proposed difference 

is attributed to the stereochemically active lone pair electrons on Pb, comparable to 

[C2C1IM][SnCl3].[118,152] 

1.3.1.5.6 Analysis of the solid, solvated, and gas states 

Ionic liquids are salts in the liquid state. Methods of analysis in the gas phase, solid state, 

or in solvent are useful, but do not always represent a complete chemical analysis of the neat 

liquid phase. Analysis techniques that observe the solid state via X-ray diffraction analysis, the 

gas phase via mass spectroscopy, or ILs dissolved in solvent can lead to misleading results, and 

the analysis techniques have been corrected multiple times years after initial publication.[68] 

1.3.1.5.6.1 X-ray diffraction analysis and the solid state 

X-ray diffraction analysis (XRD) can help identify species in the ionic phase. However, 

single crystals cannot be assumed to represent the constitution of the ionic liquid. One example 

is of [C4C1IM][AuCl4], where several examples exist of crystallography confirming the 

structure of square planar for [AuCl4]–,[153,154] but was further confirmed with additional Raman 

spectroscopy and ab initio calculations.[68] 

[C4C1IM][SnCl3] ILs and their anion speciation as neat ILs were only found to exist as 

[SnCl3]– or [Sn2Cl5]2–
 via Raman spectroscopy and 119Sn NMR analysis. However, the 

structural evidence suggested single crystal of [SnCl3]– or [SnCl4]2–.[117] Furthermore, crystals 

grown from MeCN produced [SnCl4]2– moieties and those grown directly from the melt 

[SnCl3]–. Therefore, for the [SnCl3]– system, XRD analysis while helpful, did not properly 

identify the speciation within the neat melt.[117] 
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1.3.1.3 The polyhalogen monoanion, [Xn]– (n = odd, X = F, Cl, Br, I) 

Within the last 10 years a significant amount of fundamental discovery occurred within the 

field of polyhalogen monoanion (PHM) chemistry. The fundamental areas of study elucidated 

the very interesting structural diversity of PHMs of the form [X2n+1]– (X = F, Cl, Br, I; n = 1, 

3, 5, 7) based on a synthesis of X2 and [Cat.]X,[91,111,155,156–158] see Equation (3). The formation 

of these PHMs benefitted by using larger organic cations, as opposed to alkali salts, to form 

ionic liquids (PHMIL). These PHMILs have subsequently been characterization via Raman 

spectroscopy, XRD analysis, or electrochemical analysis.[61,73,115,159,160] Based on the 

fundamental chemistry, an increasing number of applications are being found for PHMILs 

including metal dissolution and recycling experiments,[55,57] gas sequestration,[93,161] battery 

applications,[19,93,162] and halogenation reactions in organic systems.[158] 

 (3) 

At the time of writing, the most highly coordinated discrete PHMs that have been 

experimentally obtained are [F5]–,[157,163] in a 4 K argon matrix-isolation experiments,  

[Br11]–[156] or [Cl13]–,[110] being determined in the solid state, and [I15]–,[164] suggested with ESI-

MS data, and the interhalogen species [Cl(BrCl)6]– [111] in the solid state. Halogen bonding has 

differing bond strengths depending on the complex (5 – 180 kJ·mol–1)[165] and can be primarily 

attributed to the σ-hole effect. The σ-hole effect is possible to calculate via the electrostatic 

potential of polyhalogen species, and is defined in a recent review on polyhalogen chemistry: 

“A belt of charge accumulation perpendicular to the molecule’s main axis is observed, and a 

region of more positive electrostatic potential on the bonding axis is revealed.”[91] Whereby, 

the σ-hole is smallest in fluorine and increases to iodine by F < Cl < Br < I.[91] 

The above PHMs have been examined primarily outside of ionic liquids. However, many 

polychlorine and polybromine monoanion RTILs can be synthesized given the correct organic 

cation. The most commonly discussed PHMIL is the trihalogen monoanion,[91] and it will be 

discussed in the next section. 

1.3.1.3.1 Trihalogen monoanions, [X3]– (X = Cl, Br, I) 

The most commonly studied PHMILs are the trihalogen monoanions (THM), with 

Chattaway and Hoyle analyzing the first interhalogen THMs in 1923.[166] THM based ionic 

liquids (THMIL) come in two distinct forms, as the homonuclear species, [X3]– (X = Cl, Br, I), 
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and the interhalogen species [XY2]– (X, Y = Cl, Br, I). For triinterhalogen monoanions the 

preferred central atom is typically the more electropositive halogen atom surrounded by the 

more electronegative halogen atoms, e.g., [ICl2]–.[167,168] However, when the halogen ratio is 

reversed, e.g., more I than Cl, then the central atom is the more electronegative species (Cl) 

surrounded by more electropositive species (I), e.g., [ClI2]–.[167,169] In solution, currently not 

known in ionic media, the preferred structure for THMs with a single heavier atom is  

[Y–X–Y]– and with a lighter single atom is [Y–X–X]–.[170,171] 

Useful methods of analyzing THMILs include Raman spectroscopy, UV-vis spectroscopy, 

conductometry, viscometry, X-ray diffraction analysis or electrochemical analysis.[91] NMR 

analysis can be used to observe the cation component in THMILs, but 35/37Cl, 79/81Br, and 127I 

NMR spectroscopy has not been useful in identifying the anionic species, due to quadrupolar 

effects yielding broad signals and unresolved spectra for all but the simplest of haloorganic 

molecules.[172] 

1.3.1.3.2 Interhalogen tetrafluoridohalogenate(III) monoanions, [XF4]– (X = Cl, Br, I) 

While not yet ionic liquids, the interhalogen tetrafluoridochlorate(III) monoanions  

([ClF4]–) have recently been prepared with the organic cation [N2221]+[173] in acetonitrile and 

propionitrile. Previously, alkali salts were used in the synthesis of [ClF4]–, due to the high 

reactivity of the reactant ClF3. However, the alkali cation can be exchanged for an ammonium 

cation by addition of fluorine in argon to the [N2221]Cl salt in acetonitrile at –40 °C. Via 19F 

NMR analysis of [N2221]+ at 0 °C the cation stability was demonstrated at room temperature for 

one month before fluorination of the alkyl groups.[173] Utilization of the organic cation is an 

important step closer to a neat IL. Future research could then make use of the IL and the 

oxidizing strength of the fluoridohalogenate(III) species based on Cl, Br or I. 

1.3.3 Halogen-rich halidometallates: Combining halidometallates anions and halogen 

networks, [MX6]–·X2 (X = Cl, Br) 

The current trend in recent literature concerning PHMILs is to dissolve metals in them[55–

58] thus forming halidometallates, or the synthesis of bromine-rich halidometallates of the 

general form [Cat.][MBr6]·Br2 by Adonin et al.[174–181] and Feldmann et al.[88,90,182] 

Binnemans et al. demonstrated that [Cl3]–[55,57,58] and [Br3]–[55] PHMILs could dissolve 

metals for possible recycling purposes. However, within their studies no characterization of the 

products was obtained, but a halidometallate species was likely produced.  
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In the solid state, polyhalogen monoanions of type [Br2n+1]–[181,183] or [Cl2n+1]–[110,184]  

(n = 1 – 6) form networks of 1-, 2-, and 3-D structures. By combining polyhalogen monoanions 

in slight excess with various halidometallate ionic liquids, networks between the 

halidometallates and polyhalogen monoanions are formed. Several known species include 

[Pt2Br10]–,[182] [SbBr6]3–,[175–177] [BiBr5]2–,[178] or [TeBr6]2–[180,185] and are connected via [Br3]– 

or Br2 units to form 3-D networks. In [C4C1IM]2[SnBr6]·Br2, discrete [SnBr6]2– units form a 

series of 3-D networks connected by Br2 units,[90] and are similar to those in [ZnBr5]·Br2.[88] 

The compound was highlighted for its stability: Br2 was only released at 250 °C.[90] 

Additionally, interhalogen networks between [TeCl6]2– and Br2 were demonstrated to be 

feasible.[179,185] 

The current halide-rich systems have been primarily analyzed the solid state, and it would 

be interesting to see such systems extended to the liquid state. The combination of properties 

from halidometallate ILs and PHMILs would be beneficial, as the polyhalogen component 

could provide increased specific conductivity,[61,73] and benefit from the energy density with 

an active metal species[54] in electrochemical applications.  

1.3.2 Organic anions 

Organic anions, anions that contain carbon components within IL ion pairs, are useful 

alternatives to the chloride salts, as they are not as reactive, do not absorb as much water, and 

can be dried to a relatively low water content.[59,83] The organic anion when paired with an 

organic cation in an IL has an electrochemical window between 4 and 6 V[186,187] but can be 

significantly larger given certain ILs, e.g., [C4C1IM][OTf] (9.0 V),[158] being significantly 

larger to water, making electrochemical applications more feasible.[188] The commonly 

occurring anions [OTf]– and [NTf2]– typically find use in lithium ion batteries with or without 

carbonate solvents as additional conductive supporting electrolytes for the transport of 

ions.[131,186] 

1.3.2.1 Trifluoromethanesulfonate, triflate anion, [OTf]– 

The synthesis of trifluoromethanesulfonate or its common name triflate anions ([OTf]– or 

[CF3SO3]–) proceeds by mixing trifluoromethanesulfonic acid (triflic acid) and a metal 

chloride,[96,189] typically Ag.[190] The reaction is strongly exothermic and produces HCl(g). 

Subsequently, through alkylation via alkyliodide and triflic acid the alkyltriflate (CF3SO2OR 

or ROTf) is synthesized. Mixing CF3SO2OCH3 and methylimidazol results in the IL 

[RC1IM][OTf], see Scheme 1.[95] In order to avoid contaminants in the precursors an 



1. Introduction 1.3 Synthesis of common ionic liquids 
 

 
18 

 

alternative halide and metal free synthesis of CF3SO2OCH3 was developed via mixing triflic 

anhydride and dimethylcarbonate, with CO2 as the byproduct.[95,191]   

 

Scheme 1. Preparation of [RC1IM][OTf] starting from triflic acid via the metal triflate.[190,191] 

1.3.2.2 Bis(trifluoromethanesulfonyl)amide anion, [NTf2]– 

Bis(trifluoromethanesulfonyl)amide ([NTf2]– or [(CF3SO2)2N]–) is a commonly occurring 

anion in the literature and is especially desirable for its electrochemical stability and aprotic 

nature caused by the CF3 groups and their polarizability.[83] The IL, [IM][NTf2], is therefore 

often used in non-aqueous systems for battery applications.[67,131,192] Typically, [NTf2]– is 

purchased as an alkali metal[193] or Ag salt[47,193] and an ion exchange reaction is performed. 

The synthesis of [NTf2]–, similar to [OTf]–, requiring multiple steps and specialized 

knowledge and equipment that can be used with anhydrous HF (aHF). By mixing CH3SO2Cl 

and KF an exothermic reaction occurs and produces CH3SO2F. Subsequently, via the Simons 

process,[194] selective electrochemically fluorinated (ECF) CF3SO2F is formed by dissolving 

CH3SO2F in aHF and applying a voltage of 4 – 6 V and 6 – 9 A for 46 h, see Scheme 2.[195,196] 

After several steps and heating to 110 °C the alkali salt precursor Na[NTf2] is formed.[195] 

 

Scheme 2. Synthesis of Na[NTf2] from CH3SO2Cl.[195,196] With Tf = CF3SO2. 

1.3.3 Synthesis of cations 

The research on cations in ILs is more prolific than that of anions in ILs and is centered 

around organic rather than inorganic cations. Variation of organic cations typically occurs in 

the alkyl tail length, with more asymmetric cations such as [N3221]+, while good at lowering the 
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melting point, hinder crystallization leading to a larger glass phase. Whereas more symmetric 

cations such [N2222]+ typically generate solid state structures.[66,197] 

1.3.3.1 Inorganic cations 

Inorganic cations, within IL systems, are not as well researched in current scientific 

literature compared to organic cations in ILs. Additionally, most inorganic cations within ILs 

are found in inorganic-inorganic systems. However, when inorganic cations are used they 

typically consist of an alkali salt and a relatively large inorganic anion with a large ionic radius 

and low charge density, for example, Na13[La(TiW11O39)2].[198] The lanthanide (Ln) based ILs 

(Na13[Ln(TiW11O39)2]) were synthesized for biphasic catalysis and separation techniques.[198] 

By varying the lanthanide species within Na13[Ln(TiW11O39)2] the conductivity ranged from 

1.1 – 2.0 mS·cm–1.[170] 

The synthesis of Na13[Ln(TiW11O39)2] was carried out by mixing sodium tungstate with 

TiCl4 in glacial acetic acid, before adding LnNO3 and heating for 3 h at 75 °C.[198] Another 

recently determined RTIL with an inorganic cation system was [PBr4][Al2Br7] and the 

compound’s ionicity was confirmed via the Walden plot.[199] Some other cations include 

[PCl4]+,[200] [SCl3]+,[201] or [ClSO2NH3]+ when paired with a weakly basic anion.[97] 

1.3.3.2 Organic cations 

Arguably the most commonly used cations for ILs in the current literature are ammonium 

based. Of the multitude of ammonium based organic cations the  

1,3-dialkylammonium[50,90,130,202] and 1,1-dialkylpyrrolidinium[59,60,67,73] salts appear 

significantly more than other salts. The reason for their desirability is a well-known 

synthesis,[47,130] and a wide variety of chemical characteristics can be changed by increasing 

the alkyl chain length, or by adding alkyl groups with additional substituents such as ether 

groups[102] or perfluorinated alkyl chains.[78,79] 

1.3.3.2.1 1,3-Dialkylimidazolium cation, [R1R2IM]+ 

The synthesis of 1,3-dialkylimidazolium ([R1R2IM]+) salts is common in the literature. 

Bonhôte proposed a synthesis by using methylimidazole and adding an equivalent of n-BuCl, 

forming [C4C1IM]Cl,[47] see Scheme 3. After synthesis of the halide salt, it can be further 

reacted with X2 or MX3 to form PHMILs or halidometallate salts as previously described. The 

halide salt can then undergo an anion exchange reaction via silver halide.[47]  
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Scheme 3. Synthesis of [C4C1IM]Cl and subsequent anion exchange reaction to [C4C1IM][PF6].[47,130] 

One downside to Bonhôte’s synthesis is the potential contamination of halides during or 

after the ion exchange.[203] An IL can be checked for halide impurities via an AgNO3 test or X-

ray fluorescence spectroscopy.[193] To reduce the amount of contamination, halide free 

syntheses with non-halide counterions have been proposed by Dupont et al. with [OTf]–.[130] 

Alternatively, phase separation can be used another form of ion exchange instead of AgX, for 

example with Li[OTf] or Na[PF6].[47,102,130]  

1.3.3.2.1 1,1-Dialkylpyrrolidinium cation, [R1R2Pyrr]+ 

One of the benefits of the pyrrolidinium salts ([R1R2Pyrr]+) in comparison to the 

imidazolium salts is their greater chemical stability against halogenation reactions[73,204] and on 

average larger electrochemical windows.[67,205] Forsyth and MacFarlane first proposed the 

synthesis of pyrrolidinium salts [R1R2Pyrr]+ (R1 = Me, Et, Pr, Bu) from the quaternization 

reaction of methylpyrrolidine with an [OTf]– counterion, see Scheme 4.[77] The 

methylpyrrolidinium precursor is very common in literature and can be synthesized from 

butanediol and methylamine with a Cu/Ni catalyst.[206] Further they determined typical 

physicochemical characteristics with the conductivity being 1.4 mS·cm–1 for [C3C1Pyrr][OTf] 

and 2.2 mS·cm–1 for [C4C1Pyrr][OTf].[77] Since then, a variety of synthesis alterations have 

been performed for electrochemical applications.[205,207] 

 

Scheme 4. Synthesis of [C4C1Pyrr]I and subsequent anion exchange reaction to [C4C1Pyrr][OTf].[77] 

 

1.4 Thermodynamics, diffusion, Walden’s rule, and cyclic voltammetry 
Ionic liquids have a variety of desirable chemical and physical characteristics due to their 

ionic media and chemical composition. However, the most widely discussed points for 

comprehension are the liquid state,[51,52] ion migration and its influence upon viscosity,[97,208] 

and electrochemical conductance.[67,209]  

Thermodynamically, the process of a solid melting into a liquid is called fusion. The energy 

required for this process at any given temperature (T) results from changes to enthalpy (H) and 
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entropy (S) resulting in the Gibbs free energy of fusion (G), see Equation (4). At the melting 

temperature the value of G is zero, negative values correspond to the liquid state, and positive 

values to the solid state.[82] 

ΔG = ΔH – TΔS  (4) 

For ILs, ΔGfus has been calculated via volume-based thermodynamics.[82,210] Whereby 

utilizing a Born-Fajans-Haber cycle the energy of fusion for a given temperature is equivalent 

to the difference between the lattice energy (ΔGlatt) and the solvation energy (ΔGsolv) of a 

system, see Equation (5).[82] 

ΔGfus
T  = ΔGlatt

T  – ΔGsolv
T   (5) 

The diffusion of individual ions within ILs is related to charge transfer and the conductivity 

within the ionic liquid. Abbott modified Hole theory to explain the ion mobility, not just for 

dilute solutions, but also aptly to ILs.[51,52,211,212] Hole theory postulates that ion migration 

through a melt occurs via a set probability of individual ions entering into an interstitial void 

as a result of the thermal fluctuations. The “holes” or interstitial voids and ions, their locations 

and size are considered random and constantly changing.[51]  

In experimental terms, Hole theory can help explain the temperature dependent conductivity 

and viscosity. The Vogel-Fulcher-Tamman equation (VFT) is a semi-empirical derivative of 

the Arrhenius equation used to predict the temperature dependent dynamic viscosity (K), which 

is the viscosity developed by an external force acting on particles in a fluid, and the specific 

conductivity (σ), see Equations (6) and (7).[51,52,213] 

 K(T)=K0exp (
B

(T–Tg))
) 

 

(6) 

  

 V(T)=V0exp (–
B'

(T–Tg'))
) 

 

(7) 

The terms K0 and σ0 are the dynamic viscosity and specific conductivity at infinite 

temperature, respectively, B and B’ are related to the thermodynamic probability of an ion 

moving into an unoccupied “hole” or interstitial void, and Tg and Tg’ are the glassy transition 

temperatures. The VFT equation describes ILs, however, it can be expanded to use when the 

ILs are diluted as well. The difference in Tg and Tg’ as well as B and B’ stems from conductivity 
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measurements containing a measure of temperature-dependent ion association that is lacking 

in viscosity measurements.[214]  

The movement of ions through the various holes leads to a local change in concentration. 

The translational movement and diffusion of ions (Di), given isothermal and isobaric systems, 

result in a local concentration gradient that can be explained by Fick’s first and second laws, 

see Equations (8) and (10), respectively.[215] Fick’s first law relates the flux density of the 

particle (ji) to the proportionality of the diffusion constant and concentration gradient for some 

concentration (ci) and along a one-dimensional directional axis (z):[215] 

ji ⃗⃗⃗= –Di
δci

δzi
 

 
(8) 

Combining the first law, Equation (8), with the law of mass conservation with a given 

change in concentration over time (t), 

 
δci

δt
+

δ(Diδci/δzi)
δzi

= 0 
 

(9) 

 

then results in Fick’s second law.[215] 

δci

δt
 = Di

δ2ci

δzi
2  

 
(10) 

When considering a fluid under an applied force, the diffusion of ILs can be determined by 

the Stokes-Einstein equation. Stokes recognized the relation between the internal frictional 

force enacted upon the migration of spherical particles in liquids (�⃗�). The force is proportional 

to the volume of a sphere with radius (r), but is also influenced by the “slipperiness” of ions to 

pass one another ( f ) ( f = 6 for perfect stick or f = 4 for perfect slip), the viscosity, and the 

velocity of the sphere within the fluid (�⃗�),[216] see Equation (11). The relation bears his name, 

Stokes’ law. 

F⃗⃗⃗ = fπηrv⃗  (11) 

In 1905, Einstein proposed what is now known as the Einstein relation, based upon 

Brownian motion, or the random movement of particles. The diffusion of a particle is 

proportional to ion mobility under a force (μi), and the temperature (T), with kB being the 

Boltzmann constant,[217] see Equation (12). 
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Di = μikBT  (12) 

The general ion mobility can be replaced with the internal frictional force. The Stokes-

Einstein equation follows for the diffusion of a particle through a liquid, see Equation (13).[209] 

Di = 
kBT
fπηr

 
 

(13) 

The ion migration and therefore diffusion properties of ILs can be represented by the 

Stokes-Einstein equation.[51,52] If Dη/T is constant for all T, then the liquid may be considered 

to have Stokesian behavior, and if not, then non-Stokesian behavior is said to occur. The case 

of non-Stokesian behavior in ILs will be examined in more detail for PHMILs in a following 

section, see Section 1.4.2.  

1.4.1 Walden’s rule 

As first noted by Walden in 1906 in his empirical study of [N2222]I[218] and subsequent work 

on binary salts in 1920,[219] the dynamic viscosity, and the equivalent molar conductivity (ΛNE) 

of salts are proportional to a constant at all temperatures (C). The mathematical result of the 

empirical relation is Walden’s rule.  

Through further empiricism the early German school of electrochemists (1890 – 1930) soon 

realized that Walden’s rule was non-ideal for certain silver iodide salts and thus modified it to 

become the fractional Walden’s rule.[220] The discrepancy stems from cation-anion size 

differences and diffusion in relation to one another, thus a decoupling factor, α, was added to 

the viscosity term, see Equation (14) and (15).[97,213,214,220,221] The result is typically plotted on 

a logarithmic scale in the Walden plot. 

Λ𝑁𝐸ηα = C = constant  (14) 

logΛ𝑁𝐸 = logC + α logη–1  (15) 

The ideal solution for a Walden plot is a 1 M KCl aqueous solution resulting in a slope of 

1 and y-intercept of 0. ILs follow non-ideal behavior and thus obey the fractional Walden rule. 

Angell[222,223] was one of the first to compare IL ionicity based on the Walden plot, see 

Figure 3. Typically, values that are above the ideal KCl line indicate a fluid with 

“superionicity,” dissociated ion pairs that follows the Grotthuss mechanism; those directly 

below the ideal KCl line are considered to be “good” ILs with minor ion association; or even 
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lower as “poor” ILs with aggregates of ions.[214] The Walden plot has become a common base 

of comparison between ILs to quickly screen for their electrochemical applicability.[224] 

However, it is important to note that Schreiner et al.[214] in 2009 and Harris[225] in 2020 have 

criticized the Angell-Walden analysis for molten media based upon high temperature melts of 

alkali chlorides and of various ionic liquids and the resulting inaccuracies in determining 

whether a substance is superionic or not. The primary critiques correspond to the decoupling 

factor yielding varying slopes in ILs.[214] Primarily, as a failure of the Nernst-Einstein equation 

being valid for infinitely dilute electrolyte solutions,[225] system size, and the previously 

unrecognized consequences of viscosity.[226] The proposed alternative is to utilize non-

equilibrium thermodynamic quantities called Laity resistance coefficients, with the base 

assumption that the substance is a salt melt.[225]  

 

Figure 3. Classification diagram of a Walden plot for ionic liquids. The ideal KCl line is an 1 M KCl aqueous 

solution represented by a solid line with a slope of 1, and the dashed line is an arbitrary delimiter between “good” 

and “poor” ionic liquids. Picture made by author, adapted from literature[222,223] 

To address Harris’ criticism it is important to understand the Nernst equation and its 

limitations. The Gibbs Free energy (G°) is related to the cell potential (E°), and energy per 

charge transferred, with moles of electrons transferred (n), and Faraday’s constant, (F),  

see Equation (16).[28]  

ΔG° = –nFE°  (16) 



1. Introduction 1.4 Thermodynamics, diffusion, Walden’s rule, and cyclic voltammetry 
 

 
25 

 

Given a chemical reaction there exists an equilibrium between species yielding the reaction 

quotient (Q). The Gibbs Free energy of a chemical system with the gas constant (R) can be 

written as follows.[28]  

ΔG° = RTlnQ  (17) 

Then inserting the cell potential and replacing the reaction quotient with the chemical 

activities of the electrochemically oxidized species, αox, and the reduced species, αred, yields 

the Nernst equation, see Equation (18).[28] 

E = E° – 
𝑅𝑇
𝑛𝐹

ln
𝛼𝑟𝑒𝑑

𝛼𝑜𝑥
 

 
(18) 

The Nernst equation is valid for all concentration ranges. However, in a laboratory setting 

it is difficult or unpractical to determine the activity coefficients. Therefore, for dilute solutions, 

experimentally (10–4 – 10–5 M), or preferably for infinitely dilute solutions, the activity 

coefficients can be approximated for the reduced and oxidized species to be the same, resulting 

in unity.[220]  

In comparison, as the concentration increases and for purely ionic substances the chemical 

activity coefficients start to differ from one another and reduce the usefulness of the Nernst 

equation, as the experimental chemical activity cannot be easily obtained. While Debye and 

Hückel proposed a theory for dealing with semi-dilute solutions,[227] the activity coefficients of 

pure molten salts cannot currently be accurately determined.[228] Therefore, in practical, 

experimental terms the Nernst equation applies to dilute solutions, but fails for concentrated 

solutions or for ILs.[225] 

By combining the Nernst equation and the Einstein relation the Nernst-Einstein equation is 

formed, see Equation (19). It relates the self-diffusion coefficient to the individual ionic 

species (DSi), based on individual ion stoichiometries (νi), and the species charge (zi) to the 

equivalent molar conductivity (ΛNE). Furthermore, the equivalent molar conductivity is equal 

to the specific conductivity (σ) divided by the concentration of the electroactive species (c) and 

species’ charge.[225] 

ΛNE = 
σ

czi
 = (

F2

RT
) (ν+z+

2DS+ + ν–z–
2DS–) 

 
(19) 

The ionicity of the ionic liquid (Y) is the ratio between the molar conductivity (Λm) and 

equivalent molar conductivity, see Equation (20). If the ionicity is unity, 1, then perfect 
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ionicity occurs and an equal distribution of anions and cations is present in the system. If  

Y < 1 then aggregates of cation-anion pairs form, and if Y > 1 then non-Stokesian behavior 

occurs.[225]  

Y = 
Λm

ΛNE
 

 
(20) 

The Nernst-Einstein equation, as a result of being formulated for one extreme (infinitely 

dilute solutions), cannot adequately describe the other extreme (pure substances).[229] ILs are 

pure substances, the extreme, and are not properly described via electrochemical laboratory 

experiments. Furthermore, Watanabe et al. demonstrated that the path length of finite particles 

and friction caused via dynamic viscosity required for ion migration was the key physical 

discrepancy.[226] They found a correlation was demonstrated between low viscosity ILs 

deviating more significantly and high viscosity ILs deviating less from the Nernst-Einstein 

equation.[226]  

At this current point in time more studies are required to provoke thought, create new 

hypothesis, and provide a clear theoretical and experimental framework for ionic movement 

within pure electrolyte systems. Overall, the Walden plot has been and will likely remain an 

extremely important factor for scientists screening certain ILs over others for battery 

applications based solely on the conductivity and diffusion properties.[59,97,229,230] 

1.4.2 Non-Stokesian charge transport, Grotthuss mechanism, and polyhalogen 

monoanion ionic liquids 

The Stokesian case of diffusion has been thoroughly explored within IL systems, and 

describes ion diffusion related to the viscosity and conductivity of an IL in conjunction with 

Walden’s rule. Deviation from Stokesian behavior was first reported by Grotthuss in his study 

of the high mobility of protons in water.[231] The protons simultaneously make and break 

hydrogen bonds with oxygen atoms, resulting in the rapid diffusion of protons.[231] For most 

ILs, the ions diffuse past one another according to Stokesian behavior, but in PHMILs non-

Stokesian diffusion is postulated.[94,159,231–234] 

Watanabe and Kawano had investigated mixtures of [C2C1IM][BF4] and [C3C1IM]I/[I3] ILs 

in dye-sensitized solar cells (DSSC) and came to the conclusion that the higher conductivity 

and lower viscosity values were directly caused by the higher concentration and diffusion of 

[I3]– moieties.[94,234] They postulated a Grotthuss style mechanism of diffusion for the  

I–/[I3]– system, based on the dissociation equilibrium of [I3]–. Generally, the diffusion of 
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PHMILs and the Grotthuss mechanism depends upon the formation of an intermediate [Xn]– (n 

= odd) and its dissociation into Xn–1 and [X–· · ·  Xn–1]–, see Scheme 5. The Grotthuss mechanism 

can also be further extended to interhalogen systems such as [ICl2]–.[71] 

 

Scheme 5. Proposed Grotthuss mechanism via bond dissociation and formation in halide-trihalogen monoanion 

X–/[X3]– systems.  

The apparent diffusion (Dapp) of the system is represented by a combination of Grotthuss 

style diffusion with the exchange reaction of halogen atoms (Dex) contributing the most and 

diffusion consistent with Stokesian behavior regarding the physical transport of ions (Dphys) as 

per the Dahms-Ruff equation, see Equation (21). The exchange reaction term can be broken 

down into the rate constant of the exchange reaction (kex), the center-to-center intersite distance 

(δ), and the concentration of the electroactive species. Zhang and Bentley et al. recently 

determined the apparent diffusion of several dual salt RTILs of I–/[I3]– (6 – 15 mM I–) with a 

Dapp ranging between 0.7 and 4.4·10–7 cm2·s–1.[72,159] The range in diffusion coefficients can be 

attributed to the varying concentration of I– and the choice of IL solvent. The diffusion is 

relatively high compared to other ILs due to the Grotthuss style mechanism. In comparison, 

the diffusion of I– in common molecular solvents was two orders of magnitude greater in water 

(1.6·10–5 cm2·s–1) or in acetonitrile (2.1·10–5 cm2·s–1).[72] 

Dapp = Dex + Dphys= 
1
6

kexδ2c + Dphys  (21) 

Grossi et al. performed solid state electrochemical and computational studies of 

[C2C1IM]I/[I3] and proposed the formation of [I3]–· · · I· · · I· · ·[I3]–, or formally [I8]2– as an 

octaiodine dianion, chains that transfer charge via a Grotthuss mechanism.[235] The formation 

of [X8]2– for Cl,[236] Br,[171] and I[237] is well known and further PHMILs can form 2-D or 3-D 

networks in the solid state. The studies by Grossi and others demonstrated that the equilibrium 

of the Grotthuss mechanism in the solid state is uncertain.[231,235] Furthermore, in the liquid 

phase ion dissociation energies,[238] Coulombic effects,[212] ion transport,[94,232,235,239] Stokesian 

diffusion[159,235] and the Grotthuss mechanism[94,234] within PHMILs make it difficult to 

precisely determine the species equilibrium. Given the current knowledge of the solid and 

liquid state of PHMs, determining the actual species equilibrium in the liquid phase is currently 

non-trivial.  
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1.4.3 The basics of cyclic voltammetry in conjunction with ionic liquids 

Typically, when ILs are investigated in terms of electrochemical characteristics their 

diffusivity, conductivity and ionicity, as described above, and their window of electrochemical 

stability are of importance. Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and 

other electrochemical scanning techniques can determine the diffusion constants, specific 

conductivity of ILs, and the region of electrochemical stability.  

The cyclic voltammetry experiment is particularly important as the redox potentials of a 

given substance can be confirmed. The resulting redox activity obeys the Nernst 

equation,[240,241] see Equation (18), and the oxidative potential of a substance in a given solvent 

is quantified. Additionally, the electronic energy required of a single electron related to the 

thermal energy of an oxidation or reduction is called the thermal voltage (25.693 mV at 

25.0 °C).[28] It is derived from (kbT/q) within the Nernst-Einstein equation, with q being the 

charge of a species. To perform CV measurements, typically a three-electrode set-up consisting 

of a working electrode (WE) and counter or “auxiliary” electrode (CE) made out of an inert 

material such as Pt, Au, Ni, carbon or glassy carbon (GC), and a reference electrode (RE) is 

used, see Figure 4. For electroanalytic measurements the WE and CE are typically planar 

electrodes, with the surface area of the CE being slightly larger to enable greater current 

changes. Additionally, the RE is typically located physically closer to the WE than the CE.[28,67] 
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Figure 4. Three-electrode cell designed for inert electrochemical measurements. Picture made by author. 

In regards to the electrolyte solution, RTILs can be measured directly as neat substances 

without further treatment. However, they can be diluted with a supporting electrolyte such as 

another IL with lower viscosity to assist in transporting the electroactive species.[72] 

Additionally, in cases where organic molecular solvents such as acetonitrile (MeCN) or 

tetrahydrofuran (THF) have high vapor pressures or are inflammable and they can be replaced 

with an ionic solvent, e.g., [C4C1Pyrr][NTf2], to negate these effects.[209,242] 

1.4.3.1 Reference Electrodes 

The potential of redox reactions should be reported against a stable reference electrode. In 

aqueous systems the standard hydrogen electrode (SHE) is the standard with [Pt-Pd||H+||H2] at 

E = 0 V, but other REs are commonly used, such as the saturated calomel electrode (SCE) 

([Hg|Hg2Cl2|KCl], E = +0.242 V vs SHE), the silver–silver chloride (Ag/Ag+) 

([Ag|AgCl|KCl], E = +0.197 V vs SHE), or the copper–copper(II) sulfate (Cu/Cu2+) 

([Cu|CuSO4], E = +0.314 V vs SHE).[28] 

Typically, the reference electrode solution is separated from the bulk electrolyte solution 

via a frit, leading to a liquid-junction potential in the tens of millivolts. The fill solution in the 

RE could also leak into the IL, this can occur in non-aqueous electrodes such as with Ag/Ag+ 

in acetonitrile.[243] To avoid the problem it is preferred to use an RE of Ag wire in the desired 

IL separated by a glass housing and frit.[71–73,159] For instance, an Ag wire in 10 mM Ag[OTf] 

in [C3C1Pyrr][NTf2] during electrochemical studies of [NTf2]– based ILs has been shown to 

reduce the liquid-junction potential due to the similarity between the electrolyte and the fill 

solution.[244]  

Two general alternatives exist for REs: ferrocene and metallocene derivatives as an internal 

standard or the pseudo- or quasi-reference electrode. The use of ferrocene (Fc) as an internal 

standard with its single electron reduction-oxidation step to ferrocenium (Fc+/Fc) was first 

reported by Gagne, Koval, and Lisensky for non-aqueous acetonitrile solutions.[245] Other 

metallocenes such as decamethyl ferrocene and ferrocene derivatives,[246] ruthenocene,[247] or 

cobaltocene[248] are used to determine the redox potential, if the redox waves of Fc and the 

active species overlap. Thus, the off-shifted potential of the other metallocenes does not 

interfere with interpretation of the redox potential. The problem with metallocenes is their poor 

solubility in ILs[249] and possible shift in redox potential of the active species IL.[250] The 

resulting redox potential can then be referenced based on ferrocene back to aqueous systems 
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via indirect means,[251] and thus the redox potential of any measured electrolyte species can be 

compared to one another. 

The quasi-reference electrode is to be used when the above methods fail. Typically, a wire 

of chemically inert metal, Ag, Au, or Pt is chosen and a one-electrode reaction occurs resulting 

in M+/M, but the thermodynamics of the system are not well defined. Therefore, the current is 

referenced and the potential at the CE properly adjusted to manipulate the WE voltage or 

current, but the redox potential cannot be referenced to any chemical reaction.[67] 

1.4.3.2 Electrochemical stability and diffusion 

The CV can be especially important in determining the purity of known ILs and the stability 

of newly synthesized ones. Typically ILs vary in their electrochemical stability with their 

electrochemical windows between 2 and 5.5 V,[67,100,242,252] for instance, [C2C1IM][NTf2] has 

an electrochemical window of 4.5 V.[47] CV is also good at identifying trace impurities within 

the known IL, especially halides (> 10–5 M).[100]  

As an example, for this dissertation, of displaying impurities in a known IL, Figure 5 

displays unpublished results produced of a CV of [C4C1Pyrr][OTf] that was vacuum dried for 

12 h (10–3 mbar, 100 °C) with no further purification after purchase from the manufacturer (Pt 

planar 1 mm diameter WE and CE; Fc+/Fc internal RE; scan rate 100 mV·s–1). The reduction 

and oxidation waves between –1 and 2 V are indications of impurities, probably from chloride 

impurities caused by synthesis, see Section 1.3.3.2 Organic cations. The chloride is oxidized 

in two steps from Cl– to [Cl3]– followed by subsequent oxidation to Cl2.[253,254] If the impurities 

are removed, then the electrochemical window is between –1.5 and 2.5 V. 
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Figure 5. Cyclic voltammogram of [C4C1Pyrr][OTf] after drying under vacuum. Impurities are probably halides 

from synthesis. Scan rate of 100 mV·s–1. Cyclic voltammogram recorded by author. 

As previously discussed, the diffusion in ILs is a very important factor in their 

electrochemical applicability. The diffusion coefficient of a substance can be determined via 

chronoamperometric (CA) measurements and the Cottrell equation, as mentioned earlier with 

I–/[I3]–.[72,159] Whereby, the current varies based upon stepwise changes in the applied WE 

potential, and drops over time (t) once the concentration (c) through diffusion of the 

electroactive species reaches equilibrium between the WE and the bulk solution. The current 

(i) is proportional to the square root of linear diffusion (D) between planar electrodes with a 

surface area (SA). This results in the Cottrell equation,[28] see Equation (22). 

 i = 
nFSAc√D

√πt
 

 
(22) 

1.4.3.3 Spectroelectrochemistry 

By combining electrochemical and spectroscopy techniques a greater degree of information 

can be won than from the individual techniques. Typically, a CV or linear sweep 

voltammogram (LSV) scan determines the point of electrochemical activity and subsequently 

a CA at the relevant potential reduces or oxidizes the electroactive species; this procedure is 

called controlled-potential chronoamperometry (CPCA).[255] During the electrochemical 

reduction-oxidation process (mostly in the CA, but also sometimes during the CV) Raman or 

UV-vis spectroscopy is employed to determine, in situ, the change in the vibrational or 

electronic structure of the electroactive species at the surface of the working electrode.[255,256] 
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The standard procedure is to use an optically transparent thin-layer cell (OTTL cell) to 

perform Raman,[255,256] IR,[256] or UV-vis[255,257] spectroscopy in tandem with CPCA. The WE 

is positioned in the middle and close to the cell windows. During UV-vis spectroscopy, the WE 

is typically a fine mesh electrode so that the light source is unhindered in passing through the 

OTTL cell into the detector. In comparison, the set-up for Raman spectroscopy uses a solid 

mirror electrode made of Pt, Ag, or Au to reflect light into the detector, and can take advantage 

of the surface enhanced Raman spectroscopy effect (SERS) to increase the signal intensity 

fourfold.[258]  

The cell configuration inhibits diffusion past the diffusion layer from the WE to the bulk 

solution, thus creating a region of near complete electrolyte electrolysis near the WE. The drop 

in current on the current-potential plot is indicative of complete electrolysis in OTTL cells. The 

increase in local concentration is beneficial for Raman spectroscopy to identify the main 

species but may result in a molar extinction coefficient too large for a UV-vis spectrometer. 

Due to limited diffusion, scan rates should be lowered (1 – 5 mV·s–1) to allow for electrolyte 

homogenization within the bulk solution. As a final consideration to diffusion properties and 

cell design, the scanning techniques may be either galvanostatic or potentiostat, but the 

diffusion remains quantitively the same.[255] 

Spectroelectrochemistry does not need to be only in dilute solutions but has been used in 

combination with molten salt chemistry. For instance, the molten salts of K2TaF7-LiF-NaF-

Na2O were melted and electrolysis was performed with varying Ta/O ratios to synthesize 

various oxide salts.[259] Due to the chemical reactivity of evolved fluorine gas, the molten salt 

had to be cooled to a solid before ex-situ Raman spectroelectrochemical measurements. 

Unfortunately, due to speciation effects within the molten salt the ex-situ measurements lacked 

information concerning the liquid phase that in-situ measurements would have recorded, and 

possibly were missed during the experiment.[256] 

 

1.5 Modern electrochemical applications of ionic liquids 
Due to the unique chemical properties of ionic liquids and their “designer” qualities, they 

have found prevalent use in a variety of chemical applications. The IL mostly does not act 

alone but performs a supporting role to a known process and increases efficiency. The 

following is a non-exhaustive list of various applications that ILs have been used for: supported 

IL gel polymer membranes,[205,260] magnetic liquids,[261,262] bi-phasic separation and 
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extraction,[76,263] increasing material resistance towards radiation,[149,264] catalysis,[154,265] 

coupling reactions such as Diels-Alder cycloaddition[266] or Friedel-Crafts alkylation,[158,261] 

biocatalytic processes,[267] pharmaceuticals,[268] or gas separation.[269] There is a wealth of 

literature on various applications which is worth reading to understand the scope and relevance 

of ionic liquids. Rather than discussing the myriad of applications, the following section 

focuses on the current standing of ILs in regard to the electrochemical applications of metal 

recycling, electrosynthesis, and energy storage and collection systems. 

1.5.1 Green chemistry and ionic liquids 

Before the applications can be discussed in full, it is important to recognize that up to this 

day, ionic liquids are often described and marketed as “green” solvents. Their introduction as 

such was due to their low vapor pressure, relative non-flammability, and large temperature 

range compared to molecular solvents.[270,271,272,273] The classification of ILs as a green solvent 

creates an important relation to their application in catalysis, as a supporting electrolyte in 

battery or other electrochemical technologies, because the implication is that the application 

becomes “greener” by association to the IL. 

Ironically, due to the designer nature of ILs, they can be produced to have properties that 

are inflammable[274] or toxic.[273,275] Additionally, the purification and extraction processes to 

remove contaminants from the IL can result in the use of additional solvents. In light of 

environmental concerns, Anastas and Warner developed the “twelve principles of green 

chemistry” to evaluate the greenness of a chemical process.[276] For ILs typically two relevant 

rules are applied: number 5, the use of benign solvents and auxiliaries; and number 12, use of 

inherently benign chemistry to prevent accidents. However, this should be relativized for each 

individual IL and its properties. Deetlefs and Seddon critically evaluated the synthesis of 

[CnC1IM][X]/[NTf] (X = Cl, Br, I) and its purification process based on total laboratory 

synthesis.[270] Their conclusions indicate more focus should be given on an individual basis to 

each IL based on the twelve principles of green chemistry, and a good synthesis will have an 

E-factor, the ratio between waste and product produced, close to zero.  

In 2011, the editorial to the journal Green Chemistry announced that they would no longer 

continue publishing any synthesis of new ionic liquids, unless specific insights were gained 

about cleaner methodologies.[272] The paradigm shift towards greener IL synthesis also changes 

how some researchers view ILs as solvents. A current trend in research is to move away from 

ILs and towards using deep eutectic solvents.[277] 
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Overall, ILs have beneficial physicochemical characteristics making them ideal in various 

applications. Caution is advised when making blanket statements about ILs and their processes 

becoming more environmentally friendly as a result of their use. Rather, an individual 

assessment based on the total experimental design should determine how green a process is. 

1.5.2 Constant current techniques: Electrodeposition and Electrolysis 

Controlled potential chronoamperometry is useful in the production of metals and plated 

materials through electrochemical deposition. Additionally, electrosynthesis of organic and 

inorganic species can be performed with the CPCA technique.[67,209] The large electrochemical 

window of ILs is of great benefit here in addition to their conductive properties, allowing for a 

wide range of reductive and oxidative reactions. Not only the electrochemical properties are 

desirable, but the reusability of ILs is of great importance in developing a more sustainable or 

energy efficient process. The use of ILs should enhance current electrosynthesis techniques 

and be made viable for larger industrial application.[209] 

1.5.2.1 Metal recycling and electrodeposition 

As discussed in the opening material on molten salt chemistry, a large amount of resources 

is expended every year towards the production of pure metals such as aluminum or sodium via 

electrodeposition from molten salt baths. A large portion of the energy requirement stems from 

the heat necessary to raise the salt temperature to the melting point during the electroreduction 

process.[34] Additionally, with an increased demand for Li-ion batteries for electronic vehicles, 

methods to reuse or recycle rare metals from the batteries including Li, Ni, Mn, and Co are 

highly sought after.[278,279] 

The most studied IL system for electroreduction is that of [AlCl4]– melts based on [IM]+ 

and [Pyrr]+ cations as an alternative to the Halt-Héroult process.[280] The use of low temperature 

melts in aluminum production would significantly lessen the overall cost and energy 

expenditures. Another benefit of electroreduction in ILs is the high active species concentration 

(c > 1 M), contributing to a greater amount of recoverable material. Typically, a buffer using 

NaCl is used to maintain the 1:1 ratio between AlCl3 and Cl–, resulting in a neutral solution. 

When the solution is more Lewis acidic the equilibrium shifts towards [Al2Cl7]2– and if the 

cathodic current is shifted to more positive currents, then alloying occurs.[281] 

Metal deposition from ILs has been observed for Li,[282] Na,[283] Ga,[284] Sn,[284] or Te.[285] 

Pt is very interesting for recycling purposes, due to its relative chemical inertness. Recently, a 

biphasic extraction and electrodeposition process was developed using the binary salt 
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[C14C3IM]Br/[C8C1IM][PF6] and [PtCl6]2– in HCl(aq.). The report indicated a 97 % yield of 

electroreduced Pt(IV) to Pt(0) and that Pt was selectively separated from Fe, Ni, Cu, and Zn.[286] 

Typically, the electroreduction process assumes the synthesis of the halidometallate via 

mixture of the halide IL and a metal halide MXn. This implies that the MXn species must first 

be synthesized from the metal and the respective halide species, or more rarely from the metal 

oxide.[287] A better method for metal recycling would be to use an RTIL to dissolve the metal 

into the melt and subsequent formation of [MXn+1]–. 

One of the first mentions of ILs dissolving metals is the anodic dissolution of Ag, Au, Cu, 

Fe, Co, Sn, Zn, Ni, and Pb in a mixture of [C4C1IM]Cl and the deep eutectic solvent choline 

chloride and ethylene glycol (1:2 molar ratio choline chloride to ethylene glycol).[288] The 

natural progression was the work of Binnemans et al. and their use of THMILs [Cat.][Cl3] and 

[Cat.][Br3] ([Cat.]+ = imidazolium and pyrrolidinium) to dissolve a variety of precious 

metals.[55–58] The idea generated from this is metal recycling involving the redox couple 

between metal, polyhalogen monoanion, and halidometallate (M/[X3]–/[MX4]–). 

Metal recycling is a two-step process. The metal reacts with [Cat.][X3] and forms the 

respective halidometallate IL [Cat.][MXn] (n = 3 – 5). The second step is the electroreduction 

of the active species, [MXn]–, into metal (M) at the cathode and electrooxidation of [X3]– at the 

anode to higher order PHMILs or X2 that would coordinate to the [Cat.]X salt, thus replenishing 

the original [X3]– stock. 

The goal and the hope of metal recycling with ILs is to create a circular process. Whereby 

PHMILs leach metals from waste electronics or other materials and form halidometallates, 

followed by a selective electroreduction of the metal species produces the desired metal and 

the PHMILs are regenerated, see Scheme 6. 
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Scheme 6. Proposed metal recycling based upon the electrodeposition process for various metals using 

polyhalogen monoanions. Scheme made by author. 

The electrodes would constantly be exposed to the corrosive environment of the PHMIL, 

therefore the proper electrode material should be used. The suggestion for the anode would be 

a carbon graphite based electrode, because the intercalation of halides into the electrode would 

not drastically hinder the formation of X2 or [Xn]–, similar to a Downs cell.[26,27] The use of a 

metal sacrificial electrode of Zn[289] or Fe[290] could be considered, but advised against as the 

anode material. The cathode material does not have the same constraint as the anode and will 

be under constant negative and therefore reductive potential. Using an inexpensive metal 

electrode made from Fe, Ni, or Zn, similar to metal deposition in aqueous solution,[291] should 

suffice. 

However, future endeavors should focus on the selective electrodeposition of lanthanide[83] 

and transition metal halidometallates,[68] as there is already plentiful literature on their 

preparation and properties, and comparison to current aqueous methods. The use of ILs in metal 

recycling is a promising alternative to the current molten salt electrochemistry. 

1.5.2 Energy storage and conversion systems – Batteries and photovoltaics 

Ionic liquids are playing an ever-increasing role in energy based applications. The increase 

to conductivity and therefore current flow is especially useful in energy storage systems such 

as batteries to facilitate the movement of ions and electrons. An increase in the reaction and 

diffusion speed positively influences the charge and discharge cycling rate in batteries.[230]  
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Generally speaking, batteries are two thermodynamic systems separated by a membrane 

interacting via an exchange of ions trying to reach chemical equilibrium. Two redox systems 

are governed by the Nernst equation and are separated by a membrane that allows the transfer 

of protons or other ions depending upon the system, forming a Galvanic cell, see 

Figure 6.[18,53,116] As the system exchanges ions through the membrane, an electric gradient 

forms between the half-cells and the drawn current can be used for a variety of mechanical 

applications, from powering a cell phone or a car to other household appliances. Depending on 

battery type their voltage range is anywhere from 2.1 to 5.5 V.[18,53] On a theoretical basis a 

higher voltage of Ecell = 7.15 V could yet still be obtained if using Sr+|Sr(s) (E° = –4.10 V)[24] 

and H+, F2(g)|HF(s) (E° = +3.05 V)[28] although the result would be very difficult to control from 

a safety perspective. 

 

Figure 6. Diagram of a typical battery. Picture made by author. 

In comparison to electrolysis where the electroreduction-oxidation process is defined for 

the electrodes, the anode and cathode of a battery change based upon the charge or discharge 

cycle. Therefore, a convention has been set. During the spontaneous discharge of a system, the 

reduction at the cathode indicates the positive side, and the oxidation at the anode indicates the 

negative side. Then when the non-spontaneous charging of a system occurs, the pole flips and 

reduction occurs at the negative side and oxidation at the positive side.[292] 
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The use of ionic liquids in DSSCs and the most common battery systems (redox-flow, Li-

ion, solid state batteries) and their effects on these systems will be discussed briefly in the next 

section. 

1.5.2.1 Redox-flow batteries 

Redox flow batteries (RFBs) are an increasingly viable option for the storage of intermittent 

renewable energy in medium to large-scale applications. Compared to other batteries, RFBs 

contain a distinct advantage to decoupling energy and power densities via the scaling of 

electrolyte. Liquid electrolyte is stored in external tanks and flows through the cell stack, 

resulting in reversible redox reactions between the electroactive species and converting 

chemical energy into electricity, see Figure 7. Currently, RFBs are just starting to be 

commercialized.[116] Therefore, a variety of improvements to the electrolyte and the active 

species are underway. ILs are versatile due to their “designer” properties and can be readily 

used in RFBs. The application of IL materials in RFBs falls into two general categories: 

supporting electrolytes and additives, or the redox-active species and media.[230] 

The current standard for RFBs is the vanadium RFB (VRFB). The vanadium electrolyte is 

typically 1.6 M with the positive side electrolyte consisting of a V+II/V+III and the negative side 

V+IVO2/V+VO2+ aqueous solution in 2.5 – 5 M sulfuric acid.[293] Typically the operating 

voltages are between 1.1 and 1.6 V[294] with a theoretical energy density of 25 to  

35 W·h·L–1.[116] Current trends in VRFB research produce non-aqueous redox-flow batteries 

(NARFB) that incorporate organic solvents and RTILs to benefit from the increased 

electrochemical window potentials. [116,230] 

An example of vanadium as the electroactive species in a non-aqueous RFB (NARFB) with 

ILs as supporting electrolytes is the redox media vanadyl(III)acetylacetonate (V(acac)3). 

[C4C1IM][NTf2] and [C4C1Pyrr][NTf2] act as the supporting electrolyte, leading to an increase 

in the operating voltage to 2.2 V and increased the diffusion rates.[295] Additionally, the 

negative couple was changed to V+III/V+IV, but was only quasi-reversible with an 88 % 

coulombic efficiency.[296] A further alteration to the system was later undertaken to the active 

species instead utilizing Cr(acac)3 and Mn(acac)3 and full system reversibility was 

observed.[297] 

A current alternative to the VRFB is the zinc-bromide battery (ZBB) which is classified as 

a hybrid redox-flow battery (HRFB) because Zn deposition occurs at the positive electrode and 

a semi-flow state is achieved upon discharge. In comparison to the VRFB, the ZBB has a larger 
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operating voltage (1.85 V) with a theoretical capacity of 60 to 85 mA·h·g–1.[116] IL additives 

have found use in the ZBB in the form of ammonium bromide salts to form [Brn]– (n = 3 – 9) 

species that sequester the evolving Br2 gas.[19,93,298] 

 

Figure 7. Picture of laboratory test set-ups for an all-manganese redox-flow battery within an inert gas 

temperature regulated chamber. Photo taken by author. 

When examining the active species, recent research has turned to halidometallate based 

ionic liquids. A recent example is the aluminum-bromide[54] HRFB (ABB) with the 

electrochemical cell Al0/[Al+IIIBr4]–||Br–/Br2 and is similar to the ZBB.[116] The ABB had an 

operating voltage of 1.9 V and theoretical specific capacity of 22 mA·h·g–1.[54] The benefit of 

the ABB and future IL-based NARFBs is the use of other metal centers, Mn or Cr, so that the 

variable concentration of the active species in the electrolyte can be increased significantly 

(>1 M) to further increase the specific capacity. 

Overall, the inclusion of ILs into RFB systems in the last four years has started to shift 

focus away from aqueous systems towards non-aqueous ones.[230] Further, ILs as the active 

species have proven to increase the operating voltage and the specific capacity.[116] The new 

NARFBs based on ILs are state of the art, but still need further development and research to 
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be competitive. NARFBs based on ILs can become a serious contender to the standard VRFB 

in the future. 

1.5.2.2 Lithium-ion batteries 

Lithium-ion batteries (LIB) are high-performance rechargeable batteries that found use in 

a variety of consumer electronics and more recently electronic vehicles. The predecessors of 

the LIB were Ni metal hydride or lead-acid batteries, both having comparatively low energy 

densities and a smaller electrochemical window due to using an aqueous electrolyte.[53] LIBs 

have larger voltage windows due to the organic electrolyte such as carbonates, the reductive 

potential of Li/Li+ (–3.04 V vs SHE),[28] and the small atomic radius and atomic mass, resulting 

in higher energy densities. LIBs are composed of four primary components: a positive electrode 

containing Li typically intercalated in an oxide, a negative electrode such as carbon/graphite, a 

membrane, and an organic solvent with dissolved Li electrolyte.[53] ILs are used in LIBs 

primarily as an additive to help in the intercalation process during charge-discharge, or as a 

supporting electrolyte to increase the conductivity and diffusion of Li+ in the electrolyte 

solution.[59] 

The positive electrode material is typically a high voltage metal oxide such as LiCoO2 

(LCO)[53] or in newer models a mixed oxide containing LiNiMnCoO2 (Li-NMC).[278,279] LCO 

has a theoretical capacity of 274 mA·h·g–1 and requires 5 V vs Li/Li+ for complete delithiation 

of the electrode.[299] An alternative system is that of lithium-sulfur batteries that have a high 

theoretical capacity of 1672 mA·h·g–1.[300] During the discharge process, deintercalation of Li 

occurs at the negative carbon electrode, the Li+ carries current and Li is intercalated into the 

LCO or Li-NMC positive electrode.[53] Three primary problems can occur during the charge-

discharge process: firstly, inhomogeneous Li intercalation at the positive electrode can occur 

after complete delithiation during the prior discharge;[53] secondly, high reductive current at the 

negative electrode can lead to Li-platting and dendrite growth;[53] and thirdly, the high voltages 

required lead to oxidation of the organic electrolyte.[59] Each of these effects can lead to 

irreversible capacity losses of up to 5 % in the case of dendrite growth,[301] or physical 

catastrophic failure due to a dendrite burr puncturing the membrane separator.[53] 

The organic cation and perfluorinated organic anion style ILs are commonly used in LIBs. 

This is due to their large electrochemical windows. Of the perfluorinated anions, [FSA]– and 

[NTf2]– are frequently used due to anodic stability and weak interactions in the liquid.[302,303] 

Li salt/IL electrolytes are known to have intercalation of the IL-cation[302] or organic solvent[304] 
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into the graphite electrode and its destruction via physical peeling or exfoliation. By using 

[FSA]– based ILs the reversible intercalation of Li is unhindered by the organic cation and 

facilitates charge transfer at the electrode-electrolyte interface.[303] 

Dendrite formation has been shown to be dependent upon the Li salt cathode material and 

IL additive. Basile, Bhatt, and O’Mullane observed the changes in anodic surface morphology 

for several systems of Li salts and ILs, Li[FePO4]/[C3C1Pyrr][NTf2],  

Li[PF6]/[C3C1Pyrr][ NTf2], and Li[AsF6]/[C3C1Pyrr][NTf2].[305] They determined the topology 

of the anode to remain relatively unchanged using Li[FePO4]/[C3C1Pyrr][NTf2] after 1000 

cycles, whereas with the other Li salts, Li-platting occurred within 225 cycles. 

While ILs have helped increase LIB stability and performance, liquid electrolytes do 

however have their limitations, being less energy dense than solids and the inclusion of organic 

solvents allows for inflammability. Further developments in LIBs move away from liquid 

electrolytes and towards solid polymer electrolytes and the creation of a solid-state battery. 

1.5.2.3 Solid-state batteries 

Solid-state batteries (SSB) are currently being researched intensely to use the fledgling 

technology in electronic vehicles, utilizing considerably higher energy densities, and longer 

overall lifetimes,[306] and increased safety due to the lack of inflammable solvents,[307] 

compared to liquid electrolyte based LIBs. SSBs are inorganic in their chemistry using either 

Li+, Na+, or Mg2+ as their primary energy source with operating voltages over 5 V and 

capacities over 120 mA·h·g–1.[21,306,308] The primary downsides to this technology are 

irregularities or cracks in the electrode/electrolyte formation caused by physical stresses 

leading to contact gaps or dendrite growth resulting in gas evolution of CO2 or O2 at the 

cathode.[309] However, the ease of modelling and designing solid electrolytes is beneficial in 

future battery design. 

There are two types of SSBs, the all-solid-state battery (aSSB) and the quasi-solid-state 

battery (qSSB). ILs have been used in aSSBs to increase the ion diffusion and create a Li-IL 

conductive network. The aSSBs with a mixture containing Li[NTf2], and [C2C1IM][NTf2] and 

polyethylene reached energy capacities of 136.2 mA·h·g–1.[310] Whereas qSSBs reach a middle 

ground between aSSBs and LIBs, with ILs featuring comparatively prominently in the qSSB. 

Forsyth et al. demonstrated the usefulness of a carbon-coated sodium vanadium phosphate gel 

Na3[V2(PO4)3] as a catholyte and membrane, in a Na-based qSSB reaching specific capacity 

(117 mA·h·g–1) retentions of 92 % after 150 cycles.[260]  
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Additionally, within SSBs supported gel ionic liquid membranes can be used as conductive 

physically resilient membranes. The supported gel ionic liquid membrane is composed of long 

alkyl chains and mixtures of various ILs, e.g., Na[OTf] with [C2C1IM][OTf] immobilized in 

poly(vinylidene) fluoride-co-hexafluoropropylene.[311] 

Overall, SSBs benefit from the use of ILs and research in this field has been limited due to 

the newness of the technology. Again, due to ILs being so versatile, they will likely find use in 

SSB technology and their presence will advance with time. 

1.5.2.4 Dye-Sensitized Solar Cells 

Based on photovoltaics, dye-sensitized solar cells (DSSC) utilize the p-n gap of solid semi-

conductors to harness UV light from the sun and produce electricity through subsequent redox 

reactions in the liquid electrolyte. DSSCs are constructed from four components: the working 

electrode, photosensitizer (dye), redox-mediator (electrolyte), and the counter electrode.[15] 

The WE is a semi-conductor metal oxide compound such as TiO2, Nb2O, ZnO, SnO2 (n-

Type) or NiO (p-type).[15] These materials typically have relatively high band gaps of 3.0 – 

3.2 V.[312] Additionally, they are attached to a UV light transparent glass. The photosensitizer 

or dye, e.g., zinc porphyrin,[313] is placed on the WE on the opposite side of the glass and the 

primary function is to absorb the incidence light, resulting in an electron excitation from the 

highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO). The dye should have a similar HOMO to the metal oxide and a LUMO slightly lower 

than the electrolyte.[15] 

The most commonly used electrolyte is the triiodine monoanion ([I3]–) ionic liquid. The 

reasons for this are its well-known redox chemistry, relatively low reduction potential in the  

I–/[I3]– redox couple, and the high conductivity of polyhalogen monoanions caused by the 

Grotthuss mechanism, see Section 1.4.2 Non-Stokesian charge transport, Grotthuss 

mechanism, and polyhalogen monoanion ionic liquids. In 1958, Popov and Geske determined 

the electrochemical redox system for [X3]– systems having two individual redox couples: X–

/[X3]– and [X3]/X2.[253,254] The redox potentials of I–/[I3]– ILs were determined against Fc+/Fc 

for the IL [C2C1IM]I in MeCN/[C2C1IM][NTf2] (0.2 M I–, T = 25 °C, E1/2 = –0.32 V).[72] This 

information is valuable in determining which IL mixture given common solvents produces the 

lowest reductive potential. 
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The CE is typically made of platinum or of carbon. Pt currently demonstrates the best 

efficiencies over other electrode materials, because Pt catalyzes the I–/[I3]– reduction via the 

surface-electrolyte interface inducing formation of conductive holes at the electrode surface.[15] 

The physical deformation of the electrode allows for [I3]– molecules to orient themselves 

optimally in relation to other I atoms and engage more efficiently in the Grotthuss based charge 

transfer.[235] The downside to [I3]– ILs is their corrosiveness leading to battery leakage.[314] 

Alternative electrolytes such as the pseudohalogen [SCN]–/(SCN)2
[315] or Co(II)/Co(III),[316] 

and the CE materials carbon,[317] carbonylsulfide,[314] or alloys of FeSe[313] have been proposed 

to deal with the corrosiveness of the electrolyte. 

Instead of the I–/[I3]– redox mediator, two halogen based redox couple alternatives are 

currently being investigated in the literature, Br–/[Br3]–[318,319] and the binary system I–,Br–/ 

[BrI2]–,[320,321] with the system Cl–,Br–/[ClBr2]– being theoretically possible based on 

equilibrium constants obtained through pulse radiolysis experiments.[322] The alternative 

combinations of Cl–/[Cl3]– and I–,Cl–/[ClI2]– are unfeasible, due to the facile irreversible 

electrooxidation of Cl– to Cl2 in aqueous solution.[323] The first benefit of using Br–/[Br3]– and 

the binary I–,Br–/[BrI2]– include a decrease in the absorption of visible light, leading to more 

effective dye regeneration.[320,323] The second benefit is in the increased redox potential 

difference between species from 0.54 V (I–/[I3]–)[324] to 0.64 V and 0.81 V for I–,Br–/[BrI2]–[320] 

and Br–/[Br3]–,[318] respectively. 

1.6 Outlook 
As discussed in this introduction, ionic liquids are valuable due to their unique chemical 

characteristics that can be tuned during synthesis in either the cation or anion for the desired 

chemical property. While much variation is typically focused on organic cations,[240] by 

expanding upon trihalogen monoanion and halidometallate RTILs instead, a variety of useful 

electrochemical applications including metal recycling of rare metals or higher voltage 

batteries can be developed. The benefit of using trihalogen monoanion RTILs is their 

conductivity, due to non-Stokesian diffusion properties,[234] and their oxidative potential,[57] 

which can be combined for more efficient metal recycling. Whereas halidometallates can find 

use in redox-flow batteries making use of cheaper metals, such as Mn,[297] and demonstrate 

larger potential ranges than aqueous vanadium RFBs. Overall, the investigation and synthesis 

of new and existing trihalogen monoanion and halidometallate RTILs leads to the improvement 

of current electrochemical technologies. 
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2. Objective 
The current energy transition from fossil fuels to alternative energy sources has created a 

demand from public, government, and industrial interests to invent and refine technologies that 

will aid in the energy transition. A key component of this change, as highlighted by the Nobel 

Prize in chemistry in 2019, is the use of batteries as a form of saving excess energy. The most 

common batteries are the Li-ion battery and the vanadium redox-flow battery. Ionic liquids are 

often seen in the current scientific literature as additives or electroactive components in battery 

technologies. 

The Li-ion battery utilizes a variety of rare metals including Li and Co, and with increasing 

demand, new chemical methods are being researched to recycle these precious metals. 

Recently, the trihalogen monoanion ionic liquids [Cat.][Cl3] and [Cat.][Br3]  

([Cat.]+= imidazolium or pyrrolidinium) have been demonstrated to dissolve a variety of 

precious metals. To demonstrate the applicability of metal dissolution, the synthesis products 

and electrochemical characterization need to be analyzed.  

In this work, the trihalogen monoanion based ionic liquids [N2221][X3] and [N2221][XY2]  

(X = Cl, Br, I, Y = Cl, Br) will have their physicochemical and electrochemical properties 

analyzed, and oxidative strength quantified. Further, the chemistry of chloridometallate anion 

based room temperature ionic liquids [SnCl3]– and other [MCln]– (M = metals) are well known, 

but not that of the [C8C1IM][SnBr3] or [C8C1IM][SnBr5] ([IM]+ = imidazolium). Therefore, the 

potential of the trihalogen monoanion ionic liquids as metal recycling agents will be tested by 

dissolving Sn in [C8C1IM][Br3] to synthesize [C8C1IM][SnBr3] and performing cyclic 

voltammetry experiments to analyze the active species bromidostannate anions ([SnBr3]– and 

[SnBr5]–) as a first principles approach towards metal recycling in a closed system. 

In regard to vanadium redox-flow batteries, they have been proposed to service electrical 

grids in the storage and distribution of electricity from intermittent energy sources. The 

downside is that vanadium is costly, toxic, and the potential output is limited due to the 

electrochemical window of water. Alternatives are metal halide and halidometallate based ionic 

liquids as the electroactive species, because they are non-aqueous, have larger potential 

windows and theoretical energy densities. An all-manganese non-aqueous redox-flow battery 

with the electrolyte [C4C1Pyrr][MnCl4] ([Pyrr]+ = pyrrolidinium) is considered. The proposed 

benefits to the battery stem from manganese being rather common and economical, having a 

large potential window, and Mn-crossover through the membrane is non-disruptive to battery 

performance. 
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3. Publications 
The scientific publications are presented in first author and second author contributions and 

represent the tangible scientific progress achieved during the doctoral candidacy phase.  

Each scientific entry is precluded by the table of contents graphic, list of authors, the digital 

object identifier (DOI), copyright permissions, and author contributions. The supporting 

information of each article as well as any full characterization of unpublished compounds are 

located in the appendix sections D and E, respectively. 
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Conductivity and Redox Potentials of Ionic Liquid
Trihalogen Monoanions [X3]�, [XY2]�, and [BrF4]� (X=Cl, Br,
I and Y=Cl, Br)
Tyler A. Gully, Patrick Voßnacker, Jonas R. Schmid, Helmut Beckers, and Sebastian Riedel*[a]

The ionic liquid (IL) trihalogen monoanions [N2221][X3]� and
[N2221][XY2]� ([N2221]+ = triethylmethylammonium, X=Cl, Br, I,
Y=Cl, Br) were investigated electrochemically via temperature
dependent conductance and cyclic voltammetry (CV) measure-
ments. The polyhalogen monoanions were measured both as
neat salts and as double salts in 1-butyl-1-methyl-pyrrolidinium
trifluoromethane-sulfonate ([BMP][OTf], [X3]�/[XY2]� 0.5 M).
Lighter IL trihalogen monoanions displayed higher conductiv-
ities than their heavier homologues, with [Cl3]� being 1.1 and

3.7 times greater than [Br3]� and [I3]�, respectively. The addition
of [BMP][OTf] reduced the conductivity significantly. Within the
group of polyhalogen monoanions, the oxidation potential
develops in the series [Cl3]�> [BrCl2]�> [Br3]�> [IBr2]�> [ICl2]�>
[I3]�. The redox potential of the interhalogen monoanions was
found to be primarily determined by the central halogen, I in
[ICl2]� and [IBr2]�, and Br in [BrCl2]�. Additionally, tetrafluoro-
bromate(III) ([N2221]+[BrF4]�) was analyzed via CV in MeCN at
0 °C, yielding a single reversible redox process ([BrF2]�/[BrF4]�).

1. Introduction

In 1923 Chattaway and Hoyle performed the first thorough
characterization of polybromides and polychlorides
monoanions.[1] Since then, the trihalogen monoanions of the
general form [X3]�[2,3,4] and [XY2]�[4–9] (X=Cl, Br, I, Y=F, Cl, Br,
and I) have been extensively studied, and higher polyhalogen
monoanions such as [Cl13]�[10] or [Cl(BrCl)6]�[11] have become well
established. Amongst the existing interhalogen monoanions
two classifications exist, the classical and non-classical variety.[12]

Classical interhalogens have a more electropositive center being
surrounded by electronegative halogen atoms as found in
[ICl2]�.[9,13] In comparison, in non-classical interhalogens an
electronegative center is surrounded by more electropositive
dihalogen molecules such as in [Cl(I2)4]�, or [ClI2]�.[9,14] Another
point of comparison between the homonuclear [X3]� and
interhalogen monoanions [XY2]� is the solution equilibrium.
Due to the variety in halogen atoms, a more complex
equilibrium in solution for [XY2]� exists compared to that of the
homonuclear species.[15–18]

In the solid state, polyhalogens of type [Brx]�[19] or [Clx]�[20]

(x=3–5) are known to form network structures joined by
halogen bonds through a so-called sigma-hole.[11] The sigma
hole is a region of greater electron density and more positive
electrostatic potential located perpendicular to the bonding
axis. The use of halogen bonding can be extended to hybrid
polyhalogen-halometalete networks. Whereby halometalates,
such as [SbBr6]2�,[21] [BiBr5]2�,[22] or [TeBr6]2�[23] are coordinated
via [Br3]� or Br2 units. Additionally, interhalogen networks can
form between [TeCl6]2� and Br2.[24]

The recent advancements in the polyhalogen monoanion
structural characterization were due to stabilization of the anion
in the solid state by using more bulky organic cations such as
[NR4]+ (R=methyl, ethyl, propyl)[25] [PPh2Cl2]+,[2] or [HMIM]+ (1-
methyl-1-hexylimadazolium).[26] As a consequence of using
these cations to stabilize the polyhalogen anions, ionic liquids
(IL) and sometimes room temperature ionic liquids (RT-IL) were
formed.[20,26,27] In addition to forming larger polyhalogen mono-
anions, their conductivity, melting points, and electrochemical
properties can be selectively tuned by variation of the
cation.[25,28,29] Some typical cations in IL synthesis are the
imidazolium,[26,29–31] pyrrolidinium,[31] and alkyl ammonium[27,31]

cations, for a list of ions depicted in this work see Scheme 1.
Within the last 10 years a variety of uses concerning

polyhalogens were established. For instance, the interhalogen
anion in the non-classical salt [N2221][Cl(BrCl)2] ([N2221]+ =

triethylmethyl-ammonium) acts as a halogenating reagent
towards alkenes, alkynes, and Michael systems.[32] It was
demonstrated that by using [N2221]+Cl� gaseous Cl2 could be
sequestered in the salt as a liquid, making it safer and easier to
use in the laboratory as a chlorinating agent compared to Cl2.[27]

Very recently, the bonding situation of symmetrical and asym-
metrical [Cl3]� has been investigated by experimental and
computed electron density experiments.[33] In the case of liquid
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Freie Universität Berlin
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Br2, a solid, [NBu4][Br3] or [NPr3][Br9],[34] was synthesized to
directly perform halogenation reactions.

A significant portion of modern polyhalogen IL applications
are based around their electrochemistry, primarily battery
technologies. The primary examples are the zinc bromide
battery[35,36] and in dye sensitized solar cells.[37,38] In the zinc
bromide battery, the purpose of [Cat]+Br�/[Br3]� is to react with
Br2 and form higher order polyhalogen monoanions that will
not gas out of the cell, and as an added benefit increase the
conductivity of the electrolyte.[35,36] In dye sensitized solar cells,
[Cat][I3] monoanions act as charge transfer agents.[37,38]

The use of polyhalogens in batteries as charge carriers can
be related to their conductance and relationship to the
Grotthuss mechanism.[37,39,40] The Grotthuss-like hopping mecha-
nism shuttles X� moieties within the polyhalogens enabling
higher conductivity values in contrast to traditional diffusion
based ion transport.[16,38,39,41–43]

The reactive IL can also be further used for the dissolution
of UO2 in [Cl3]�,[44] recycling of nickel hydride batteries,[45] and
the dissolution of rare metals such as Au[11,46,47], Ga,[48] or
magnets made of Sm[49] with [Cl3]� and [Br3]� ILs. Whereby, the
determination of the polyhalogen standard potentials could
lead to an expedited screening process of determining which
metals could be selectively dissolved or chemicals that are
readily oxidized into their respective halogenation product.

The electrochemistry of the trihalogen monoanions in non-
aqueous media was well studied by Popov in 1958, who did
experiments to determine the electrochemical mechanisms of
[I3]�,[50] [Br3]�[51] and [ICl2]�[51] and [IBr2]�[51] in acetonitrile (MeCN)
solutions. The other trihalogen monoanions have since been
thoroughly characterized in a variety of solvents.[16,18,30,40,52–54]

The electrochemistry of molten halogen anions is limited to
GaI/[ICl2], which was investigated at 300 °C.[53]

Bentley et al. reexamined the redox chemistry of trihalogen
monoanions ILs as double salt ionic liquids (DSIL) via cyclic
voltammetry (CV).[15,30] Their purpose was to describe how traces
of I� in ILs were able to etch and dissolve gold electrode
surfaces by providing the potentials and redox mechanism of
[I3]� IL monoanions.[30] By using 1-ethyl-1-methyl-imadazolium
bis(trifluoromethanesulfonyl)imide, [EMIM][NTf2], or trifluorome-
thanesulfonate, [OTf]�, in combination with the iodide polyhal-
ogens, DSIL salts were formed and studied via CV. The redox
mechanism and potential of [I3]�, and the classical and non-
classical interhalogen monoanions, [ICl2]� and [ClI2]�, respec-
tively, were determined.[30]

Subsequently, Bard proposed an electrochemical (E) chem-
ical (C) style mechanism as an ECEC mechanism for the two
step oxidation of Br�/[Br3]�/Br2 in nitrobenzene.[55] The mecha-
nism is contrary to previously postulated mechanisms of Allen
et al. for Br�,[56,57] Yu et al. for Br� and Cl�,[58] or Bentley et al. for
I�,[30] who propose a CECE style mechanism with the initial step
being dependent on the dissociation of X� and X2 to [X3]�. The
downside to modeling the CECE mechanism being the high
stability of the trihalide monoanion (Keq>106 M�1).[30]

Here we present a systematic approach to the electrochemical
characterization via conductance and CV measurements of the
trihalogen monoanion ILs based on [N2221][X3] (X=Cl, Br, and I)
and classical interhalogen monoanions [N2221][XY2], (X,Y=Cl, Br,
and I) both as neat salts and as DSILs using [BMP][OTf] ([BMP]+ =

1-bu-1-methyl-pyrrolidinium) and [EMIM][OTf] ([EMIM]+ =1-ethyl-
3-methylimidazolium) supporting electrolytes, see Scheme 1. Addi-
tionally, the stable interhalogen monoanion [BrF4]�[5] was charac-
terized via CV in MeCN at 0°C.

2. Results and Discussion

The homonuclear [N2221][X3] (X=Cl, Br, and I) and heteronuclear
trihalogen monoanions [N2221][X3] (X=Cl, Br, and I) were
synthesized, and their composition confirmed by Raman
spectroscopy (see supporting information). The trihalogen
monoanion salts display a variety of colors, ranging from yellow
[Cl3]�, yellow-orange [BrCl2]�, red [Br3]�, bright red [IBr2]�, to
dark brown-red [ICl2]� and dark brown [I3]�, as shown in
Figure 1. The addition of [BMP][OTf] to the neat compounds
results in the formation of a DSIL that is liquid at room
temperature, yielding an optimal system for electrochemical
measurements.

All compounds were analyzed by means of UV-visible
spectroscopy (Figure 2), which can also be employed for
reaction monitoring. The use of the UV-vis spectra as an
identifier for chemical reactions will be useful and described in
a later section studying the chemical oxidation of metallocenes.
A shift in the absorption wavelengths to higher wavelengths is
noticeable for the [X3]� monoanions from [Cl3]� (407 nm), via
[Br3]� (440 nm), to [I3]� (492, 558 nm), whereas the interhalogen
monoanions ([XY2]�) have similar absorptions ranging around
400 nm.

Scheme 1. List of cations and anions used in this work.
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2.1. Conductivity

The comparison of physicochemical characteristics, conductivity
and viscosity between different ionic liquids is well established
in the literature. Polyhalogen anions, however, have relatively
large conductivities that are attributable to a Grotthuss-like
hopping mechanism.[16,38,39,41–43] Grossi proposed a mechanism
based on [I3]� in the solid structure. Two [X3]� moieties come
into contact forming a temporary [X6]� molecule (X2···X�···X3

�)
and subsequently eject a X� that “hops” to the next [X3]�

moiety.[16] Based upon their calculations, the insertion of the X�

and the resulting conductivity is heavily dependent on the
angle of the incoming [X3]� moiety.[16] However, the actual
situation in a polyhalogen ILs relating to the Grotthuss-like
mechanism are dependent on a variety of other factors
including the direction of the mutual intermolecular attack,[16]

solvent sheath,[41,42] Coulombic interactions,[59] charge
transport,[38,41] diffusion phenomena,[39,43] and halogen dissocia-
tion energies.[60]

The temperature dependent conductivity of ILs and DSILs
can be modelled by the semi-empirical Vogel-Fulcher-Tamman

equation (VFT).[59] The following equation describes the con-
ductivity based VFT equation:

s TÖ Ü à s0exp �
B

T � Tg

� �
 !

(1)

Where σ is the conductivity at a given temperature, σ0 is the
conductivity at infinite temperature, B is the thermodynamic
probability of particles to interact with each other, and Tg is the
glassy transition temperatures. The VFT describes ILs and is
valid in IL mixtures of salts and solvents.[59]

[N2221][Cl3]� is the only room temperature IL. The other
trihalogen monoanions were solid at room temperature, part
liquid and solid ([N2221][Br3]), or at the glassy transition phase
([N2221][BrCl2]). The mixture of liquid and solid occurred for
[N2221][IBr2] and [N2221][ICl2] during the melting process and only
the conductivities obtained from a homogeneous melt are
presented.

The temperature dependent conductivity of the neat
[N2221][X3] display a clear trend with the lighter halogens having
greater conductivity than their heavier homologues ([Cl3]�>
[Br3]�> [I3]�). Interestingly, [N2221][Cl3] (44.8 mS ·cm�1) and
[N2221][Br3] (39.5 mS · cm�1) were significantly closer than that of
[N2221][I3] (12.0 mS · cm�1) at 55.0 °C, see Figure 3.

In comparison to the [N2221][X3] salts, the [N2221][XY2] salts
have conductivities that were lower than the conductivity of
[N2221][Br3] but larger than those of [N2221][I3]. The most
conductive interhalogen salt contains [BrCl2]� (46.5 mS ·cm�1),
followed by [IBr2]� (32.4 mS · cm�1) and [ICl2]� (28.5 mS · cm�1). In
the range of 70–75 °C, the conductivity of [ICl2]� becomes larger
than [IBr2]�, see Table 1.

The addition of the second salt [BMP][OTf] reduced the
conductivity of trihalogen monoanions to values similar to
[BMP][OTf] compared to their neat salt counterparts, see
Figure 4. The [BMP][OTf] will interact with [N2221][X3] through
increased Coulombic interactions caused by the mixing of two

Figure 1. [N2221][X3] and [N2221][XY2] as neat liquid (N, left) and mixed with
[BMP][OTf] (DSIL, right) ([X3]– and [XY2]– 0.5 M). The samples from left to right:
[Cl3]–, [Br3]–, [I3]–, [BrCl2]–, [ICl2]–, [IBr2]–, [Cl3]–, [BMP][OTf].

Figure 2. UV-vis of [N2221][X3] and [N2221][XY2] (X, Y=Cl, Br, I) in MeCN.

Figure 3. Temperature dependent conductivity of neat [N2221][X3] and
[N2221][XY2] salts (X,Y=Cl, Br, and I).
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ILs,[61] which lead to significantly reduced conductivities in the
trihalogen monoanion salts.

The conductivity of the [X3]� salts have the same con-
ductivity trends as in the neat trihalogen monoanion ILs. At
25.0 °C, [Cl3]� (2.5 mS · cm�1) had the largest conductivity
followed by [Br3]� (2.2 mS ·cm�1) and [I3]� (1.5 mS · cm�1), which
mirrors the neat [X3]� ILs.

By increasing the temperature, the order of the most
conductive trihalogen monoanion salts changes. Initially, at T=

25.0 °C, the conductivities are greatest as follows: [Cl3]�>
[ICl2]�> [IBr2]�> [Br3]�> [BrCl2]�> [BMP][OTf]> [I3]�. In compari-
son, at higher temperatures, T=100.0 °C, the order changes
slightly: [Cl3]�> [BrCl2]�> [Br3]�> [IBr2]�= [BMP][OTf]> [ICl2]�>
[I3]�.

2.2. Cyclic Voltammetry

To examine the redox behavior of the trihalogen monoanions
under conditions reflecting their use for further applications[32,46]

the neat ILs as well as DSILs were investigated.

The cyclic voltammograms of the neat [Cl3]�, [Br3]�, and [I3]�

ILs exhibit under anodic conditions relative to open circuit two
redox processes, see Figure 5. We assign the first I, which either
occurs as a wave (Br) or a shoulder (Cl, I), to the oxidation of X�

(Eq. 3) being in equilibrium with [X3]� (Eq. 2). The second II
appears as a current increase denoting the anodic end of the
electrochemical window of the respective IL; we assign it to the
oxidation of [X3]� to X2 (Eq. 4). This is in accordance to the
processes, which have been thoroughly studied in a variety of
solvents for X�, and is observed in Cl�, Br�, and I�:[16,18,30,40,51–53,62]

(2)

(3)

(4)

The E1/2 potential for the redox process I is given as the
following approximation:

E1=2 à Ec;p á
Ea;p � Ec;p

2 (5)

where Ec,p and Ea,p are the peak or shoulder (inflection point)
potentials of the cathodic and anodic waves. In the Figures 5–9,
Ec,p and Ea,p are displayed as their respective wave, Ic or Ia,
respectively. The potential of the redox process II was set at
85% of current relative to the baseline current of process I. This
potential clearly is not comparable to E1/2 values, for this reason
we call this value EII. The potentials of the redox processes are
summarized in Table 2.

Due to the highly concentrated nature of the neat ILs, the
observed potentials vary compared to the CVs in nonaqueous
solvents,[30,50,51,55] or in other IL salt electrolyte solutions,[30,56] as
discussed below.

Table 1. Conductivity of neat [N2221][X3] and [N2221][XY2] (X, Y=Cl, Br, and I)
ILs and DSILs in [BMP][OTf] ([X3]�/[XY2]�, 0.5 M) at select temperatures.

Compound Ionic Liquid T [°C] and σ [mS · cm�1]
25.0 °C 65.0 °C 100.0 °C

[Cl3]� Neat 12.5 57.6 97.5
[BMP][OTf] 2.5 15.5 34.5

[Br3]� Neat – 52.4 91.0
[BMP][OTf] 2.2 12.5 29.4

[I3]� Neat – 17.0 38.9
[BMP][OTf] 1.5 8.2 19.1

[BrCl2]� Neat – 46.5 84.6
[BMP][OTf] 2.1 13.1 30.2

[ICl2]� Neat – 28.5 56.9
[BMP][OTf] 2.4 12.4 27.4

[IBr2]� Neat – 32.4 54.6
[BMP][OTf] 2.3 13.2 28.1

[BMP][OTf] Neat 1.6 12.2 28.1

Figure 4. Temperature dependent conductivity of the DSILs [N2221][X3] and
[N2221][XY2] (X, Y=Cl, Br, I) mixed with [BMP][OTf] ([X3]�/[XY2]� 0.5 M).
[BMP][OTf] is overlapped by the interhalogen monoanions.

Figure 5. Cyclic voltammograms of neat [N2221][X3] (X=Cl, Br, I). Scan rate of
10 mV· s�1; the arrow represents scan direction and the zero current; second
cycle.
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Cyclic Voltammetry of DSIL [N2221]+[X3]�/[XY2]� in
[BMP][OTf]:

Recently, Bentley et al. had determined the standard
potentials of [I3]� and [ICl2]� in a variety of ILs, specifically
[EMIM][I3] in [EMP][OTf].[15,30] The [EMIM]+ cation is stable in
combination with the [I3]� monoanion, whereas the [Cl3]�

monoanion was found to chlorinate the alkyl chains of such
cations due to a higher oxidation potential.[20]

Therefore, the [N2221]+ cation and supporting electrolyte
[BMP][OTf] was used to determine the trihalogen monoanion
potentials. A comparison of the CV results between the
imidazolium class cation [HMIM]+ and [N2221]+ with I� and the
[I3]� monoanion in the supporting electrolytes [EMIM]+/[BMP]+

[OTf]� is shown in Figure 6.
Starting from the imidazolium salt [HMIM][I3] in [EMIM][OTf]

two redox processes belonging to the I�/[I3]� (I, �0.20 V) and
[I3]�/I2 (II, 0.24 V) were observed and the curve characteristic is
comparable to previous studies.[30] [HMIM][I3] in [BMP][OTf] and
[N2221][I3] also have similar redox potentials varying up to 0.04 V.

The CV of [N2221]I in [BMP][OTf] indicates due to its similarity
to that of [N2221][I3] in [BMP][OTf] two issues. First, the
equilibrium between [I3]� and I� + I2 according to Eq. 2. Second,
the dependence of the I-content in the solution on the curve
shape. The peaks of both waves Ia and Ic as well as IIa and IIc is
by about 0.1 V more separated in case of solutions containing
more I ([I3]�).

With regards to the two wave mechanism of X�/[X3]�/X2,
two complete mechanisms have been proposed recently, a 4
step CECE mechanism from Bentley et al. (X= I)[30] and an 11
step ECEC mechanism from Bard et al. (X=Br).[55] The proposed
mechanisms of Bard and Bentley were simulated to the CV of
[N2221][I3] in [BMP][OTf]. However, while the resulting simulated
curves were similar in shape, the simulations were not detailed
enough to form a sufficient statement about the mechanism.
The rather high concentration of the electrolyte solution or of
the neat substance likely, make the measurement unfeasible.

Therefore, in this work, only the general mechanism that has
been agreed upon in literature[30,56,58] and presented in Eq. 3 and
4 are presented. The focus will be placed on the oxidative
power of the concentrates [X3]� species in the [BMP][OTf] IL
electrolyte solution.

Figure 6. Cyclic voltammograms of [HMIM][I3] in [EMIM][OTf] ([I3]� 0.3 M), in
[BMP][OTf] ([I3]� 0.34 M), and [N2221][I3] (0.5 M) and [N2221]I (0.5 M) in
[BMP][OTf]. Scan rate of 10 mV · s�1; the arrow represents scan direction and
the zero current, second cycle.

Figure 7. Cyclic voltammograms of [N2221][X3] and [N2221][XY2] (X, Y=Cl, Br, I)
in [BMP][OTf] ([X3]�/[XY2]� 0.5 M). Scan rate of 10 mV · s�1; the arrow
represents scan direction and the zero current, second cycle.

Table 2. The redox potentials of neat [N2221][X3] (X=Cl, Br, I). Explanations
see text.

Ionic Liquid Temperature [°C] E1/2 or EII (V vs Fc+/Fc)
I (X�/[X3]�) II ([X3]�/X2)

[N2221][Cl3] 25 0.37 0.55
[N2221][Br3] 50 0.18 0.52
[N2221][I3] 80 �0.02 0.18
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Due to [N2221][I3] in [BMP][OTf] displaying similar redox
potentials independent of the cation and the supporting
electrolyte, the cation [N2221]+ and the supporting electrolyte
[BMP][OTf] will be used for the other trihalogen monoanions.

Based upon the trihalogen monoanion, the redox potential
for wave I varies significantly. The strongest oxidizing agent,
based on X�/[X3]�, being [Cl3]� (0.46 V) followed by [Br3]�

(0.25 V) then [I3]� (�0.24 V) (Figure 7, Table 3).
For [Cl3]� two observable oxidation steps for the [Cl3]�/Cl2

occurred for the scan rate of 10 mV · s�1. The initial shoulder at
0.86 V disappears at scan rates of 1000 m V· s�1 (Figure S23).
The resulting shoulder at 0.86 V likely results due to the
influence of the redox couples I and II on each other. The
calculated E1/2 value for wave II of [Cl3]� should therefore be
used with caution.

The interhalogen monoanions have differing electrochemis-
try compared to [X3]�, as seen in the CVs of [ICl2]�, [IBr2]�, and

[BrCl2]�. [ICl2]� in [BMP][OTf] has 2 different quasi-irreversible
redox processes, see Figure 8. The liquid phase equilibrium of
interhalogen monoanions and the electrochemical products
concerning them has been continually investigated since Popov
in 1958.[15,17,51,63] A recently reported mechanism for the electro-
chemical oxidation of the I� and Cl� in [EMIM]+ bis
(trifluoromethanesulfonyl)imide consists of a combination of
electrochemical-chemical (EC) mechanisms and the production
of several interhalogen monoanion species.[15,30]

Despite, [ICl2]� being a molecule composed of two
halogens, the possible resulting mixtures due to the various
chemical rearrangements and electron transfer reactions lead to
a complex mechanism. Since the variety of synthesized
interhalogens of type XY, XY3, XY5, or [XaYb]� (a=1–5, b=2–
6)[13,64] is rather large and the determination of the mechanism
becomes complicated. Therefore, in the present work, we
postulate a simplified mechanism for the interhalogens of type
[XY2]�. In a future work we will perform Raman spectroelec-
trochemical measurements to help elucidate the electrochem-
ical mechanism of the [XY2]� species.

On the basis of [XY2]� two redox processes where observed.
The proposed oxidation of III starts with the equilibrium
between [XY2]� and I� and Cl� (Eq. 6) followed by the oxidation
of X� to [X3]� (Eq. 7). The reasoning for this oxidation stems
from the comparison between trihalogen monoanions. The
redox potentials of I are very similar to the shoulder of III, based
upon the central halogen atom, see Figure 7. The species
[N2221][I3] for I has a similar potential (�0.24 V) to those of III for
[N2221][ICl2] (�0.28 V) and [N2221][IBr2] (�0.24 V). This can also be
expanded to [Br3]� (0.25 V) and [BrCl2]� (0.33 V).

(6)

(7)

However, the second redox couple of [ICl2]� and [IBr2]� (IV)
differed significantly from [I3]� (II).

The subsequent oxidation at IV, is also analogous to [X3]�,
with the oxidation of the trihalide species [XY2]� to [XY4]� and

Figure 8. Cyclic voltammogram of [N2221][ICl2] in [BMP][OTf] ([ICl2]� 0.5 M).
Scan rate of 10 mV · s�1; the arrow represents scan direction, second cycle.

Figure 9. Cyclic voltammogram of [N2221]+Br�/[Br3]�/[BrF4]� (50 mM) in MeCN.
The working electrodes are a planar Pt electrode (1 mm diameter) and a
planar glassy carbon electrode (2 mm diameter) Measured at a temperature
of 0 °C; scan rate of 100 mVs�; and the arrow represents scan direction and
the zero current, second cycle.

Table 3. The E1/2 redox potentials of DSILs [Cat][X3] and [Cat][XY2] (X and
Y=Cl, Br, I) in [BMP][OTf] or [EMP][OTf] ([X3]�/[XY2]� 0.5 M).

Ionic Liquid Additive Salt E1/2 (V vs Fc+/Fc)
I (X�/[X3]�) II ([X3]�/X2)

[N2221][Cl3] [BMP][OTf] 0.46 0.90
[N2221][Br3] [BMP][OTf] 0.25 0.81
[N2221][I3] [BMP][OTf] �0.24 0.31
[N2221]I [BMP][OTf] �0.18 0.33
[HMIM][I3]a [BMP][OTf] �0.24 0.31
[HMIM][I3]b [EMIM][OTf] �0.20 0.32

III (X�/[X3]�) IV ([ICl2]�/ICl3+ [Cl(ICl)2]�)

[N2221][BrCl2] [BMP][OTf] 0.33 0.70
[N2221][IBr2] [BMP][OTf] �0.24 �0.02
[N2221][ICl2] [BMP][OTf] �0.28 �0.05

[a] [I3]� 0.34 M, [b] [I3]� 0.3 M
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X2 (Eq 8). With the oxidation IVa of [XY2]� occurring at lower
potentials than [X3]�. In the case of [ICl2]� and [IBr2]� the
formation of I2 at the WE could explain the drop in the anodic
current.

(8)

Both CVs of the trihalogen monoanions as neat and DSIL
salts were measured and found to undergo the same redox
processes, although at slightly differing potentials. The differ-
ence in potential between the neat IL and DSIL is caused by
difference between electrolyte solution of the trihalogen
monoanions. The addition of [BMP][OTf] likely influences the
Coulombic interactions between trihalogen monoanions, result-
ing in shifted potentials from the neat salt to potentials similar
to previous reports.[30]

Chemical oxidation of metallocenes with trihalogen mono-
anions: To determine the oxidation strength of the trihalogen
monoanions based upon chemical means, and not to elucidate
the electrochemical mechanism, a variety of metallocenes
(TiCp2Cl2, RuCp2, AcFc (acetylferrocene), Fc, FcCp*2 (decameth-
ylferrocene), and CoCp2) with differing potentials,[65–69] see
Table 4, were added to [N2221][X3] and [N2221][XY2] (X,Y=Cl, Br, I)
in MeCN. The benefit to metallocenes is that the potential is
tunable based upon the metal center and the substituents on
the cyclopentadienyl ring.[66] Addition of the polyhalogen will
act as an oxidizing agent, a one electron process should
occur.[68]

A visible color change will be observed, if the diluted
(MeCN) trihalogen monoanion oxidizes the metallocene. When
no reaction occurred the color remained unchanged. The
absorption and change of absorption wavelengths were further
examined via UV-vis spectroscopy to monitor the metallocene
oxidation, see SI Figures S9–15 and Table S1 in the Supporting
Information. The following series displays the oxidation power
of the investigated trihalogen monoanions, where any trihal-
ogen monoanion will oxidize the species to its left: CoCp2<

FcCp*2<Fc< [I3]�< [ICl2]�< [IBr2]�< [Br3]�<AcFc<RuCp2<

[BrCl2]�< [Cl3]�.
According to the recorded UV-vis spectra CoCp2, FcCp*2,

and Fc were oxidized by all trihalogen monoanions. Only
[BrCl2]� and [Cl3]� had sufficient oxidation strength to oxidize
RuCp2 and AcFc. Lastly, TiCp2Cl2 did not react with any of the
trihalogen monoanions.[69]

The [ClF4]�/[BrF4]�/[IF4]� species are well known
structurally,[5–7,70] but the electrochemical characterization is
currently lacking in the literature. Therefore, the CVs of [N2221]Br

and [N2221][Br3] were measured under the same conditions
(50 mM, MeCN, T=0 °C) to adequately compare other known
bromide monoanions to the redox processes of [N2221][BrF4], see
Figure 9.

The redox processes of Br� and [Br3]� undergo the same
redox processes as in the previously described (see Equations 2
and 3). In regards to Br� for I (Br�/[Br3]�), only the anodic wave
was visible as a shoulder at 0.40 V. The second wave was
irreversible with the anodic IIa ([Br3]�/Br2) occurring at 0.75 V
and cathodic wave IIb at 0.43 V, see Table 5.

The [Br3]� species also undergoes the an irreversible
reaction from wave I (Br�/[Br3]�) with a peak separation of
350 mV. The second redox couple ([Br3]�/Br�) is only quasi-
reversible at 1.47 V. The results for Br� and [Br3]� yielded similar
results to Popov and Geske’s original study of Br� and [Br3]� in
MeCN.[51]

The fluoride based [BrF4]� is a strong oxidizing agent and
can be used as a brominating agent in organic reactions,[71] and
can oxidize Pt to form [PtF4]2� or [PtF6]2� at T>400 °C.[72] Using
the Pt WE, a single irreversible redox couple was observed, V.
The change in current slope forming two shoulders are denoted
as Vc (1.71 V) and Va (2.21 V), and were used to determine the
E1/2 potential (1.96 V). Based on the CV a first postulate was the
oxidation of Pt to [PtF4]2� or [PtF6]2�. However, upon changing
the WE to glassy carbon (GC), the two shoulders Va (1.93 V) and
Vc (2.05 V) were measured with similar potentials to the Pt
electrode. Therefore, Pt is unlikely oxidized during V, rather a
different redox couple exists.

To the redox couple of [BrF4]�, we postulate two separate
mechanisms, one based on a CEC mechanism and the other on
an CECC mechanism. Both mechanisms yield BrF5.

The CEC mechanism starts with the equilibrium between
[BrF4]� to BrF3 and F� (Eq. 9). The dissociation of [I3]� and [Br3]�

have been proposed previously,[30,56,57] and could therefore be
applied to the interhalogen [BrF4]� mechanism. The second step
is the subsequent oxidation of F� to F2 (Eq. 10) at 2.21 V (Va) at
the Pt WE surface. Barrès et al. have demonstrated that the
oxidation of F� to F2 from NEt3 · 3HF in MeCN occurs at 2.2 and
3 V vs SCE depending on if the F� is adsorbed at a Pt electrode
or in solution, respectively.[73] The anodic shoulder is at a
relatively large potential, so the oxidation to F2 is possible. The
last step is the chemical reaction between F2 and BrF3 to BrF5
(Eq. 11). Gross and Meinert have demonstrated that BrF5 is
stable in acetonitrile,[74] thus the end product seems possible.

(9)

Table 4. Redox potentials of various metallocenes (V vs Fc).

Half-reaction Electrolyte solution E°‘ [V]
RuCp2 *

*[RuCp2]+ +e� CH2Cl2/0.05 M BArF24 0.56[68]

RuCp2 *

*[RuCp2]+ +e� CH2Cl2/0.1 M TFAB 0.41[68]

AcFc**[AcFc]+ +e� MeCN 0.26[66,67]

Fc**[Fc]+ +e� MeCN 0[65]

FcCp*2 **[FcCp*2]+ +e� MeCN �0.59[65]

TiCp2Cl+Cl�**TiCp2Cl2+e� THF/0.2 M Bu4NPF6 �1.27[69]

CoCp2 *

*[CoCp2]+ +e� CH2Cl2 �1.33[65]

Table 5. The E1/2 redox potentials of [N2221]+Br�/[Br3]�/[BrF4]� (50 mM) in
MeCN.

Ionic Liquid Working
Electrode

E1/2 (V vs Fc+/Fc)
I (Br�/[Br3]�) II ([Br3]�/Br2) V ([BrF4]�/BrF5)

[N2221]Br Pt 0.40a 0.59 –
[N2221][Br3] Pt 0.39 1.47 –
[N2221][BrF4] Pt – – 1.96
[N2221][BrF4] GC – – 1.99

[a] Ea,p
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(10)

(11)

The CECC mechanism also starts with the dissociation of
[BrF4]� to BrF3 and F� (Eq. 9) followed by the oxidation of F� to
F2 (Eq. 10). However the F2 would subsequently react with
[BrF4]� to form [BrF6]� (Eq. 12). The electrochemically produced
species [BrF6]� is stable in MeCN when prepared with [N(CH3)4]+

F� and CsBrF4.[5] Thus, the species formation seems logic. The
last step is the dissociation of F� from [BrF6]� to form BrF5
(Eq. 13).

(12)

(13)

The reduction of the newly generated BrF5 would proceed
in reverse of either the proposed mechanisms. Comparing the
CVs between the GC and Pt WEs indicates the reduction step
occurs independently of the electrode material.

After the CV a 19F NMR was measured and the strongest
signal (δ=�35.54 ppm) was assigned to [BrF4]�, concurring
with a previous report.[5]

As an interesting aside, the introduction of Fc to the
solution as an external redox couple did not result in the
chemical destruction of Fc. Rather, Fc was oxidized to Fc+ in
solution turning a dark blue-green color, forming the salt [Fc]+

[BrF4]�. Other metallocenes may also form stable ionic com-
pounds with [BrF4]�.

3. Conclusions

Conductivities and redox potentials of the [N2221][X3] and [XY2]�

trihalogen monoanions were determined. The conductivity of
the neat salts indicates a clear trend of the respective
homologues, with lighter [Cl3]� having the largest and heavier
[I3]� the lowest conductivity. The interhalogen monoanions
conductivities of [ICl2]�, [IBr2]�, and [BrCl2]� were found to range
between [Br3]� and [I3]�. The DSIL mixtures with [BMP][OTf]
displayed significantly reduced conductivity for all salts. Inter-
estingly, the conductivity measurements of the DSIL salts
revealed a different temperature dependence for the trihalogen
monoanions. For instance, [ICl2]� was more conductive than
[IBr2]� at 25 °C, but the reverse is true at 100 °C.

The experimental potentials for the neat polyhalogen
monoanions were measured via cyclic voltammetry and con-
taining useful information for the oxidation of various com-
pounds. Of the homohalogens [Cl3]� is the strongest oxidizing
agent followed by [Br3]� and [I3]�. The mechanism regarding the
interhalogen system is not well known and a simple mechanism
is proposed. However, the mechanism for the interhalogen

system is complex due to the formation of various interhalogen
compounds. Future work using Raman spectroelectrochemical
techniques will be used to further identify the mechanism.

The interhalogen oxidation strength was also compared
chemically by reacting the trihalogen monoanions with various
metallocenes in acetonitrile. [Cl3]� and [BrCl2]� were able to
oxidize all tested metallocenes, including RuCp2. In comparison,
Fc was oxidized by all investigated trihalogen monoanions.

A first look into the electrochemistry of the fluorobromate
monoanion, [BrF4]�, was examined via cyclic voltammetry in
acetonitrile. One quasi-reversible redox couple was found,
which is proposed to be associated with [BrF4]�/BrF5. Two
separate mechanisms for the redox couple have been proposed
both based on the dissociation of [BrF4]� to F� and subsequent
oxidation to F2. Additionally, the oxidation potential of [BrF4]� is
significantly greater than that of both [Br3]� and Br�. Based on
the proposed redox couple in [BrF4]� a similar redox couple
could exist in [ClF4]� and [IF4]�.

Experimental Section

Reagents

All experiments were performed using standard Schlenk techniques
using argon gas. The following chemicals were purchased [HMIM]I
(Io-li-tec, 99%), [BMP][OTf] (Merck, TH_Geyer CM, 99%), [EMIM][OTf]
(Solvent Innovations, 99%), [N2221]Cl (TCI, 98.0%), [N2221]Br (Fluoro-
chem, 95%), Cl2 (Linde Gas, 2.5 purity), Br2 (Acros Organics, 99+%)
subsequently condensed onto activated A3 molecular sieves, I2
(Riedel-de Haën, 99.8%), ferrocene (Fc, Fluorochem, 99.9%), rutheno-
cene (RuCp2) (Abcr, 99.9%-Ru), acetyl ferrocene (AcFc, Fluka, 95%
CHN), cobaltecene (CoCp2, Sigma), decamethylferrocene (FcCp*2,
Sigma, 97%). [N2221]I was prepared according to literature.[75]

Preparation of the trihalogen monoanion ILs occurred by adding
(I2) or condensing (Cl2, Br2) one equiv. of X2 (Cl, Br, or I) to one equiv.
of their respective halogen salt [N2221]X. To obtain the homoge-
neous salt ([N2221][X3]/[XY2]), the mixture was liquified at temper-
atures not exceeding 120 °C. For exact preparation of the trihalogen
monoanion ILs, please see supporting information. The double salt
ionic liquid mixtures (DSIL) of [Cat.][X3] and [Cat.][XY2] with
[BMP][OTf] have a concentration of 0.5 M, except where noted.

UV/Vis and Raman Spectroscopy and Conductivity Methods

The UV-vis spectra were recorded using a Perkin Elmer Lambda 465
photometer with deuterium and tungsten lamps. A quartz cuvette
with a Rydberg-Schlenk attachment was used to maintain an argon
atmosphere. Raman-spectra were measured at �40 °C or r.t. using a
MultiRAM FT-Raman-Spectrometer by Bruker, equipped with a Nd:
YAG-laser and a Ge-detector cooled with liquid nitrogen (1064 nm,
30–450 mW, 64–256 scans, resolution: 2 cm). The temperature
dependent conductivity was measured using the Mettler Toledo AG
SevenCompact S230 Conductivity Meter and INLAB® 710 sensor.
Measurements were performed under argon counter flow. The
temperature was gradually raised T=8–100 °C in an oil bath.

Electrochemistry

A three electrode configuration and Bio-Logic SP-300 potentiostat
was used. The working electrode (WE) and counter electrode (CE)
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were planar Pt electrodes (1 mm diameter). The electrodes were
rinsed with HNO3, isopropanol, acetone and ethyl acetate. Sub-
sequent Pt electrode activation occurred by polishing with 0.1 μm
diamond polish (Zimmer and Peacock) rinsed with distilled water
followed by 0.05 μm alumina polish (Zimmer and Peacock) and
rinsed with distilled water. Excess alumina was removed in a
sonication bath in distilled water. The electrode was subsequently
cycled between the oxygen and hydrogen evolution potentials in
0.1 M H2SO4 as described in literature.[76] The Ag reference electrode
(RE) was prepared based on literature,[15,30] by taking a Ag wire
dipped into the IL or DSIL electrolyte fill solution in a fritted RE
(alumina frit, Ionode, EChem-Ref-R-SR). The REs were allowed an
equilibrium time of 12 h to 5 d, depending on the salt. All
experiments were performed under argon. All CVs presented are of
the second cycle, as negligible deviation from the first cycle was
recorded.

To measure the CVs of neat [N2221][Br3] and [N2221][I3] the temper-
ature was raised to 50 °C and 80 °C, respectively, to keep the salt as
a melt. The DSILs were all in the liquid phase at room temperature,
making the measurement of all trihalogen monoanions feasible.

[N2221][BrF4] (50 mM) was prepared in MeCN at �40 °C and the cyclic
voltammogram (CV) measured at 0 °C. The electrochemical cell was
a three electrode set-up with the WE, CE and RE being planar Pt
electrodes (1 mm diameter) and a planar glassy carbon WE (2 mm
diameter, HTW, Sigradur G) coated in perfluoroalkoxy alkanes (PFA).
The transfer of solution was performed at �40 °C by placing a PFA
tube into the solution and applying a slight overpressure via argon
gas. Thus, pumping the liquid into the cell. The cell design and
inert transfer of solution to the cell is based on literature.[77]

CV simulations performed using DigiElch-Professional v8.F (Elch-
Soft.com).

Safety Precautions

Addition of sufficient amounts of Fc to neat [N2221][Cl3] under Ar is
strongly exothermic and produces smoke. If exposed to air, the
mixture ignites at r.t. Additionally, higher concentrations of [BrF4]�

than given in this paper can lead to gas evolution of F2, leading to
explosions. At higher concentrations of [BrF4]� it probably reacts
vigorously upon contact with Fc in a similar fashion to neat [Cl3]�.
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4. Conclusion 
The theory concerning the synthesis and electrochemical characteristics of ionic liquids, as 

low temperature salt melts, has been thoroughly discussed. The chemical and physicochemical 

characteristics of ionic liquids such as conductivity, viscosity, and diffusion, are heavily 

dependent upon the individual substituents in each cation and anion. The resulting diversity in 

chemical characteristics makes ionic liquids useful in a wide variety of applications, especially 

in metal recycling, Li-ion batteries and redox-flow batteries. Of particular interest were the 

polyhalogen monoanion ([Xn]–; X = Cl, Br, I, n = odd) and halidometallate anion ([MXn]–;  

M = Sn, Mn, X = Cl, Br, n = 3 – 5) based ionic liquids as active species in metal recycling and 

the development of a non-aqueous redox-flow battery as an alternative to the current vanadium 

redox-flow battery. 

Neat ionic liquids benefit from being liquid ionic media that do not need additional solvents 

for reactions. Due to the lack of solvent, the energy density and amount of active material per 

unit volume is relatively large compared to solvent based chemistry. This property was 

beneficial in metal recycling with the polyhalogen monoanion based ionic liquids because the 

amount of total electrolyte is comparatively smaller to aqueous methods. This is especially 

important given that useful metals such as Au, Cu, Sn, or Pt can be recycled in ionic liquids. 

Additionally, in regards to polyhalogen monoanion based ILs there diffusion properties are 

based on a Grotthuss style mechanism leading to greater conductivity, diffusion rates, and 

therefore faster reaction times with the relevant metal species. 

Current redox-flow batteries are typically based on vanadium or zinc as the active species, 

but in ionic liquids two halidometallate based sources are available, [Cat.][AlBr4] and 

[Cat.]2[MnCl4]. The all manganese redox-flow battery based around [Cat.]2[MnCl4] is very 

promising due again to the high energy density of ionic liquids, the cell voltage between 

Mn(0)/Mn(II) and Mn(II)/Mn(III), and the relative abundance of manganese. Given the current 

demand for higher voltage, more efficient energy storage devices, in regards to the changing 

world climate, using an ionic liquid active species as an electrolyte in future battery chemistries 

could provide promising results. 

By furthering research in the field of ionic liquids, in particular, that of the strongly 

oxidizing polyhalogen monoanions and the energy dense halidometallate anion based ionic 

liquids, progress was made towards reducing waste through metal recycling, and storing 

alternatively generated energy more efficiently. The research in this dissertation demonstrates 

that halidometallate anion and polyhalogen monoanion based ionic liquids as electrolytes in 
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modern electrochemical applications is successful and provides a solid basis for future 

experiments in the field of metal recycling and emerging battery technologies. 
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Supporting Information: 

Synthesis 

[NEt3Me][Cl3] 

19.4 g (128.2 mmol, 1.0 equiv.) [NEt3Me]Cl was dried in vacuo at 100 °C for one hour. 8.9 g (125.3 mmol, 1.0 equiv.) Cl2 was 
condensed onto the solid at –196 °C. The reaction mixture was warmed to room temperature. To obtain homogeneous [NEt3Me][Cl3], 
the reaction mixture was liquefied at r.t.. A yellow liquid was obtained. 

Raman (Neat, r.t., 2 cm–1): ν̃ = 3029 (s), 2985 (vs), 2947 (vs), 2885 (s), 1453 (m), 1123 (w), 1071 (m), 684 (s), 455 (vs), 342 (vs), 277 
(vs) cm-1; 

Raman ([BMP][OTf] DSIL, r.t., 2 cm–1): ν̃ = 3028 (m), 2989 (s), 2955 (s), 2880 (m), 1453 (m), 1223 (m), 1123 (w), 1068 (w), 1033 (vs), 
904 (m), 757 (s), 686 (w), 573 (m), 349 (vs), 313 (vs), 297 (vw), 276 (s), 162 (s) cm–1. 

UV-vis ([BMP][OTf] DSIL, in MeCN, r.t.,): λ = 407 nm. 

[NEt3Me][Br3] 

9.6 g (49.1 mmol) [NEt3Me]Br was dried in vacuo at 100 °C for one hour. 7.9 g (49.1 mmol, 1.0 equiv.) Br2 was condensed onto the 
solid at –196 °C. The reaction mixture was warmed to room temperature. To obtain homogeneous [NEt3Me][Br3], the reaction mixture 
was liquefied at 50 °C and cooled back to room temperature. A red partial liquid-solid was obtained. 

Raman (Neat, r.t., 2 cm–1): ν̃ = 3036 (w), 2993 (m), 2944 (m), 2878 (m), 1454 (m),680 (m), 258 (vs), 201 (vs), 162 (vs)  cm-1; 

Raman ([BMP][OTf] DSIL, r.t., 2 cm–1): ν̃ = 3027 (m), 2982 (s), 2944 (s), 2881 (m), 1454 (m), 1225 (w), 1033 (s), 756 (m), 680 (vw), 
574 (w), 349 (m), 313 (m), 191 (w), 162 (s) cm–1. 

UV-vis ([BMP][OTf] DSIL, in MeCN, r.t.,): λ = 440 nm. 

[NEt3Me]I 

[NEt3Me]I was prepared according to literature procedure. [1] 

1H NMR (400 MHz, chloroform-D1, 295.0 K) = 3.55 (q, δ = 7.68 Hz, 2H, H-1), 3.20 (s, 3H, H-3), 1.38 (t, δ = 7.55 Hz, 3H, H-2) ppm; 

13C NMR (100 MHz, chloroform-D1, 295.0 K) = 56.54 (C-1), 47.84 (C-3), 8.59 (C-2) ppm. 

[NEt3Me][I3] 

3.0 g (12.5 mmol, 1.0 equiv.) [NEt3Me]I was dried in vacuo at 100 °C for one hour. 3.2 g (49.1 mmol, 1.0 equiv.) I2 was added to the 
salt at r.t.. To obtain homogeneous [NEt3Me][I3], the reaction mixture was liquefied at 80 °C and cooled back to room temperature. A 
dark purple-brown solid was obtained. 

Raman (Neat, r.t., 2 cm–1): ν̃ = 3023 (w), 2977 (m), 2943 (m), 2881 (vw), 1440 (vw), 680 (w), 155 (m), 138 (s), 110 (vs) cm-1; 

Raman ([BMP][OTf] DSIL, r.t., 2 cm–1): ν̃ = 2995 (s), 2971 (s), 2943 (s), 2878 (s), 1460 (m), 1226 (w), 1063 (vw), 1033 (vs), 903 (m), 
756 (s), 571 (w), 348 (s), 312 (s), 297 (vw), 276 (s), 146 (s), 136 (m), 113 (s) cm–1. 

UV-vis ([BMP][OTf] DSIL, in MeCN, r.t.,): λ = 492 and 558 nm. 



2 

[HMIM][I3] 

7.2 g (24.3 mmol, 1.0 equiv.) [HMIM]I was dried in vacuo at 100 °C for one hour. 6.8 g (26.8 mmol, 1.1 equiv.) I2 was added to the salt 
at r.t.. To obtain homogeneous [HMIM][I3], the reaction mixture was liquefied at 35 °C and cooled back to room temperature. A dark 
purple-brown liquid was obtained. 

Raman (Neat, r.t., 2 cm–1): ν̃ = 2948 (vs), 2930 (s), 2909 (m), 2893 (s), 2867 (s), 2853 (s), 1412 (w), 1024 (w), 168 (vs), 147 (vs), 111 
(vs) cm-1; 

[NEt3Me][BrCl2] 

7.5 g (49.2 mmol, 1.0 equiv.) [NEt3Me]Cl was dried in vacuo at 100 °C for one hour. 3.9 g (24.6 mmol, 0.5 equiv.) Br2 and 1.8 g 
(25.8 mmol, 0.5 equiv.) Cl2 were condensed onto the solid at –196 °C. The reaction mixture was warmed to room temperature. To 
obtain homogeneous [NEt3Me][BrCl2], the reaction mixture was liquefied at 80 °C and cooled back to room temperature. A yellow glass-
similar semi-solid was obtained. 

Raman (Neat, r.t., 2 cm–1): ν̃ = 3025 (w), 2985 (m), 2947 (m), 2888 (m), 1458 (m), 1120 (m), 1071 (m), 684 (s), 275 (vs), 217 (s), 194 
(m) cm-1;

Raman ([BMP][OTf] DSIL, r.t., 2 cm–1): ν̃ = 3027 (m), 2992 (s), 2946 (s), 2881 (m), 1455 (m), 1123 (w), 1063 (w), 1035 (s), 904 (m), 
758 (s), 681 (w), 575 (w), 348 (m), 313 (m), 298 (w), 195 (m), 162 (s) cm–1. 

UV-vis ([BMP][OTf] DSIL, in MeCN, r.t.,): λ = 396 nm. 

[NEt3Me][IBr2] 

9.6 g (49.1 mmol, 1 equiv.) [NEt3Me]Br was dried in vacuo at 100 °C for one hour. 6.4 g (25.3 mmol, 0.5 equiv.) I2 was added and 3.9 g 
(24.6 mmol, 0.5 equiv.) Br2 was condensed onto the solids at –196 °C. The reaction mixture was warmed to room temperature. To 
obtain homogeneous [NEt3Me][IBr2], the reaction mixture was liquefied at 120 °C and cooled back to room temperature. A bright red 
solid was obtained. 

Raman (Neat, r.t., 2 cm–1): ν̃ = 3023 (s), 2987 (vs), 2945 (vs), 1459 (m), 1122 (w), 1071 (m), 1003 (w), 961 (w), 684 (s), 322 (w), 160 
(vs), 134 (m) cm-1; 

Raman ([BMP][OTf] DSIL, r.t., 2 cm–1): ν̃ = 3032 (m,sh), 2996 (s), 2943 (vs), 2877 (vs), 1456 (m), 1223 (w), 1066 (w), 1032 (vs), 904 
(m), 757 (s), 686 (vw), 348 (s), 314 (s), 160 (s), 134 (w) cm–1. 

UV-vis ([BMP][OTf] DSIL, in MeCN, r.t.,): λ = 416 nm. 

[NEt3Me][ICl2] 

7.5 g (49.2 mmol, 1.0 equiv.) [NEt3Me]Cl was dried in vacuo at 100 °C for one hour. 6.3 g (24.6 mmol, 0.5 equiv.) I2 were added and 
1.8 g (25.8 mmol, 0.5 equiv.) Cl2 was condensed onto the solids at –196 °C. The reaction mixture was warmed to room temperature. 
To obtain homogeneous [NEt3Me][ICl2], the reaction mixture was liquefied at 100 °C and cooled back to room temperature. A red-brown 
solid was obtained. 

Raman (Neat, r.t., 2 cm–1): ν̃ = 3028 (s), 2989 (vs), 2947 (vs), 2880 (w), 1486 (w), 1462 (m), 1126 (w), 1072 (vw), 997 (w), 965 (w), 685 
(s), 260 (vs), 191 (m), 151 (m) cm-1; 

Raman ([BMP][OTf] DSIL, r.t., 2 cm–1): ν̃ = 3031 (m), 2989 (s), 2945 (vs), 2880 (s), 1495 (w), 1454 (m), 1224 (m), 1121 (w), 1065 (w), 
1032 (vs), 906 (m), 758 (s), 681 (w), 574 (m), 351 (s), 315 (s), 267 (w), 151 (s) cm–1. 

UV-vis ([BMP][OTf] DSIL, in MeCN, r.t.,): λ = 408 nm. 



3 

[NEt3Me][BrF4] 

0.3 g (1.5 mmol, 1.0 equiv.) [NEt3Me]Br was added into a dry Schlenk tube and dissolved in acetonitrile (4.5 mL). Under inert conditions 
a PFA capillary was put in the solution, hold in position by a quickfit. An Ar stream (20 mL/min) was passed through the PFA tube. The 
excess gases were past though the Schlenk adapter, connected to a PFA tube and released in the back of the fume hood. Under 
cooling (–40 °C), the argon gas was exchanged for a gas mixture consisting of 10% fluorine in Ar (20 mL/min) and passed through the 
liquid for 45 min (2.4 equiv.). Argon was passed through the liquid after full conversion to get rid of any excess fluorine gas. A colorless 
liquid was obtained. 

Raman (In MeCN, 233 K, 2 cm–1): ν ̃= 3000 (s), 2989 (w), 2937 (vs), 2249 (s), 522 (w), 446 (w) cm–1; 

1H NMR (400 MHz, MeCN, ext. aceton-D6, 295.0 K) = 3.91 (q, δ = 6.86 Hz, 2H, H-1), 3.52 (s, 3H, H-3), 1.93 (t, δ = 7.20 Hz, 3H, H-
2) ppm;

19F NMR (376 MHz, MeCN, ext. aceton-D6, 295.0 K) = –35.54 (F-1) ppm. 
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Raman Spectroscopy 

Figure S 1. Raman spectrum of neat [BMP][OTf]. Resolution of 2 cm–1. 

Figure S 2. Raman spectrum of neat [N2221][Cl3] and mixed with [BMP][OTf] ([Cl3]– 0.5 M). Resolution of 2 cm–1. 
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Figure S 3. Raman spectrum of neat [N2221][Br3] and mixed with [BMP][OTf] ([Br3]– 0.5 M). Resolution of 2 cm–1. 

Figure S 4. Raman spectrum of neat [N2221][I3] and mixed with [BMP][OTf] ([I3]– 0.5 M). Resolution of 2 cm–1. 
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Figure S 5. Raman spectrum of neat [N2221][BrCl2] and mixed with [BMP][OTf] ([BrCl2]– 0.5 M). Resolution of 2 cm–1. 

Figure S 6. Raman spectrum of neat [N2221][ICl2] and mixed with [BMP][OTf] ([ICl2]– 0.5 M). Resolution of 2 cm–1. 
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Figure S 7. Raman spectrum of neat [N2221][IBr2] and mixed with [BMP][OTf] ([IBr2]– 0.5 M). Resolution of 2 cm–1. 

Figure S 8. Raman spectrum of [N2221][BrF4] in acetonitrile. Resolution of 2 cm–1, temperature 233 K. 
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UV-vis Spectroscopy 

Figure S 9. The UV-vis spectra of various metallocenes in acetonitrile. 

Figure S 10. The UV-vis spectra of TiCp2Cl2 and TiCp2Cl2 in [N2221][X3] and [N2221][XY2] (X, Y = Cl, Br, and I) in acetonitrile. The polyhalogen-metallocene spectra 
are background subtracted against their respective the polyhalogen in acetonitrile solution. 
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Figure S 11. The UV-vis spectra of RuCp2 and RuCp2 in [N2221][X3] and [N2221][XY2] (X, Y = Cl, Br, and I) in acetonitrile. The polyhalogen-metallocene spectra are 
background subtracted against their respective the polyhalogen in acetonitrile solution. RuCp2 is not soluble enough in acetonitrile to produce the related absorption 
wavelength (λ = 458 nm).[2] 

Figure S 12. The UV-vis spectra of AcFc and AcFc in [N2221][X3] and [N2221][XY2] (X, Y = Cl, Br, and I) in acetonitrile. The polyhalogen-metallocene spectra are 
background subtracted against their respective the polyhalogen in acetonitrile solution. 



10 

Figure S 13. The UV-vis spectra of Fc and Fc in [N2221][X3] and [N2221][XY2] (X, Y = Cl, Br, and I) in acetonitrile. The polyhalogen-metallocene spectra are background 
subtracted against their respective the polyhalogen in acetonitrile solution. 

Figure S 14. The UV-vis spectra of FcCp*2 and FcCp*2 in [N2221][X3] and [N2221][XY2] (X, Y = Cl, Br, and I) in acetonitrile. The polyhalogen-metallocene spectra are 
background subtracted against their respective the polyhalogen in acetonitrile solution. 
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Figure S 15. The UV-vis spectra of CoCp2 and CoCp2 in [N2221][X3] and [N2221][XY2] (X, Y = Cl, Br, and I) in acetonitrile. The polyhalogen-metallocene spectra 
are background subtracted against their respective the polyhalogen in acetonitrile solution. 
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Table S 1. Absorption wavelengths of various metallocenes and the DSILs [N2221][X3] and [N2221][XY2] (X,Y = Cl, Br, and I) in [BMP][OTf] ([X3]–/[XY2]– 0.5 M) diluted 
in acetonitrile. For the polyhalogen-metallocene solutions, only the absorption wavelengths of the resulting metallocene solution will be described. Wavelengths in 
nm. 

Compound Metallocene λ1 λ2 λ3 λ4 
RuCp2

   458 a,[2] 
AcFc 459 
Fc 444 
FcCp*2 431 
CoCp2 420 550 
TiCp2Cl2 533 
[N2221][Cl3] 407 

TiCp2Cl2 535 
RuCp2 462 739 
AcFc 447 673 
Fc 449 625 
FcCp*2 632 784 
CoCp2 635 667 695 

[N2221][Br3] 440 
TiCp2Cl2 533 
RuCp2 454 
AcFc 466 
Fc 624 
FcCp*2 647 779 
CoCp2 619 670 699 

[N2221][I3] 492 558 
TiCp2Cl2 536 
RuCp2 454 
AcFc 464 
Fc 622 
FcCp*2 643 785 
CoCp2 630 663 

[N2221][BrCl2] 396 
TiCp2Cl2 530 
RuCp2 446 498 
AcFc 440 
Fc 439 623 
FcCp*2 640 783 
CoCp2 634 667 694 

[N2221][ICl2] 416 
TiCp2Cl2 531 
RuCp2 450 
AcFc 447 
Fc 451 638 
FcCp*2 638 779 
CoCp2 633 662 694 

[N2221][IBr2] 408 
TiCp2Cl2 533 
RuCp2 455 
AcFc 458 
Fc 447 620 
FcCp*2 632 779 
CoCp2 628 661 

[a] RuCp2 diffuse reflectance spectra in the solid state. RuCp2 is not sufficiently soluble in MeCN to register an absorbance wavelength.
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Conductivity 

Table S 2. Temperature dependent specific conductivity of neat [N2221][X3] and [N2221][XY2] salts (X,Y = Cl, Br, and I). 

Temperature [°C] 
Specific conductivity [mS·cm–1] 

[N2221][Cl3] [N2221][Br3] [N2221][I3] [N2221][BrCl2] [N2221][ICl2] [N2221][IBr2] 

25.0 12.52f 

30.0 17.23 15.24a,f 8.42c 

35.0 22.2 21.6 17.93f 

40.0 27.5 26.7 23.4 

45.0 32.9 28.8 2.22b 27.5 

50.0 38.7 34.1 4.43 31.8 20.9d,f 

55.0 44.8 39.5 11.98f 36.6 21.7 

60.0 51.7 45.3 14.39 41.9 24.7 

65.0 57.6 52.4 17.04 46.5 28.5 32.4e,f 

70.0 63.4 58.2 19.76 51.8 32.7 33.4 

75.0 70.0 64.1 22.7 56.8 36.5 35.9 

80.0 77.9 69.7 25.7 61.7 40.3 40.1 

85.0 83.1 75.4 28.5 66.2 44.2 43.8 

90.0 89.2 80.3 31.5 71.8 48.8 47.6 

95.0 93.9 86.0 34.6 78.7 52.8 51.0 

100.0 97.5 91.0 38.9 84.6 56.9 54.6 

[a] Tm = 32.7 °C, [b] Tm = 46.2 °C, [c] Tm = 33.0 °C, [d] Tm = 54.1 °C, [e] Tm = 68.4 °C, [f] homogeneous melt of salt. 
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Table S 3. Temperature dependent specific conductivity of [N2221][X3] and [N2221][XY2] salts (X,Y = Cl, Br, and I) mixed in [BMP][OTf] ([X3]–/[XY2]– 0.5 
M). 

Temperature [°C] 
Specific conductivity [mS·cm–1] 

[BMP][OTf] neat [N2221][Cl3] [N2221][Br3] [N2221][I3] [N2221][BrCl2] [N2221][ICl2] [N2221][IBr2] 

10.0 0.500 0.714 0.556 0.394 0.565 0.733 0.691 

15.0 0.751 1.240 0.969 0.684 1.032 1.201 1.098 

20.0 1.141 1.862 1.556 1.051 1.501 1.719 1.672 

25.0 1.638 2.53 2.24 1.492 2.10 2.36 2.25 

30.0 2.20 3.40 3.04 1.92 2.84 3.12 3.01 

35.0 3.38 4.47 3.68 2.43 4.03 3.86 3.81 

40.0 4.49 5.82 4.74 3.13 5.16 4.94 4.90 

45.0 5.59 7.21 5.93 3.89 7.00 6.20 6.32 

50.0 6.91 8.79 7.45 4.75 8.80 7.50 8.01 

55.0 8.57 10.87 8.99 5.78 10.22 9.04 9.69 

60.0 10.36 12.95 10.69 6.94 11.52 10.64 11.45 

65.0 12.21 15.45 12.48 8.19 13.11 12.39 13.20 

70.0 14.45 18.10 14.59 9.45 15.25 14.28 15.23 

75.0 16.55 21.03 16.86 10.86 17.38 16.32 17.20 

80.0 18.62 24.1 19.13 12.38 19.9 18.34 19.25 

85.0 20.8 27 21.3 13.94 22.5 20.5 21.4 

90.0 23.2 29.8 23.8 15.69 25.2 22.6 23.7 

95.0 25.7 32.6 26.4 17.40 27.7 24.9 25.8 

100.0 28.1 34.5 29.4 19.08 30.2 27.4 28.1 
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Vogel-Fulcher-Tamman Parameters 

Table S 4. VFT conductivity equation parameters of neat [N2221][X3] and [N2221][XY2] salts (X,Y = Cl, Br, and I). Calculated via OriginPro.[3] 

Compound [N2221][Cl3] [N2221][Br3] [N2221][I3] [N2221][BrCl2] [N2221][ICl2] [N2221][IBr2] 

s0 394.3 ± 30.1 491.2 ± 85.4 509.2 ± 182.2 599.8 ± 102.6 462.1 ± 70.9 425.9 ± 322.9 

B 171.3 ± 13.7 231.3 ± 37.4 376.3 ± 90.2 298.4 ± 41.8 296.5 ± 37.1 311.8 ± 209.1 

Tg 248.9 ± 3.4 235.3 ± 8.4 227.5 ± 14.8 221.7 ± 8.3 231.5 ± 7.4 221.2 ± 45.6 

Reduced Chi-Sqr 0.7683 1.0770 0.0900 0.5160 0.0501 0.1543 

R-Square (COD) 0.9992 0.9983 0.9991 0.9990 0.9997 0.9983 

Adj. R-Square 0.9990 0.9980 0.9989 0.9988 0.9997 0.9975 

Table S 5. VFT conductivity equation parameters of DSILs [N2221][X3] and [N2221][XY2] salts (X,Y = Cl, Br, and I) mixed in [BMP][OTf] ([X3]–/[XY2]– 0.5 M). Calculated 
via OriginPro.[3] 

Compound [BMP][OTf] neat [N2221][Cl3] [N2221][Br3] [N2221][I3] [N2221][BrCl2] [N2221][ICl2] [N2221][IBr2] 

s0 352.4 ± 24.7 451.1 ± 90.2 660.8 ± 58.9 490.2 ± 35.4 495.8 ± 96.6 474.8 ± 25.8 295.7 ± 22.6 

B 357.7 ± 15.7 367.0 ± 45.8 510.5 ± 24.0 543.0 ± 20.0 437.1 ± 49.2 459.4 ± 14.2 337.3 ± 17.1 

Tg 231.6 ± 2.4 228.8 ± 6.9 209.3 ± 3.1 205.6 ± 2.5 216.9 ± 6.9 212.1 ± 2.0 229.7 ± 2.8 

Reduced Chi-Sqr 0.0139 0.1773 0.0129 0.0032 0.0923 0.0055 0.0208 

R-Square (COD) 0.9999 0.9988 0.9999 0.9999 0.9991 0.9999 0.9998 

Adj. R-Square 0.9998 0.9986 0.9999 0.9999 0.9990 0.9999 0.9997 



16 

Cyclic Voltammograms 

Figure S 16. Cyclic voltammogram of neat [N2221][Cl3]. Temperature of 25 ° C and a scan rate of 10, 100, and 1000 mV s–1. 

Figure S 17. Cyclic voltammogram of neat [N2221][Br3]. Temperature of 50 °C and a scan rate of 10, 100, and 1000 mV s–1. 
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Figure S 18. Cyclic voltammogram of neat [N2221][I3]. Temperature of 80 °C and a scan rate of 10, 100, and 1000 mV s–1. 

Figure S 19. Cyclic voltammogram of neat [HMIM]I. Scan rate of 10, 100, and 1000 mV s–1. 

Figure S 20. Cyclic voltammogram of neat [HMIM][I3]. Scan rate of 10, 100, and 1000 mV s–1. 
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Figure S 21. Cyclic voltammogram of neat [HMIM]I + 1.5 eq. I2. Scan rate of 10, 100, and 1000 mV s–1. 

Figure S 22. Cyclic voltammogram of neat [BMP][OTf]. Scan rate of 100 mV s–1. 

Figure S 23. Cyclic voltammogram of [N2221][Cl3] in [BMP][OTf] ([Cl3]– 0.5 M). Scan rate of 10, 100, and 1000 mV s–1. 
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Figure S 24. Cyclic voltammogram of [N2221][Br3] in [BMP][OTf] ([Br3]– 0.5 M). Scan rate of 10, 100, and 1000 mV s–1. 

Figure S 25. Cyclic voltammogram of [N2221][I3] in [BMP][OTf] ([I3]– 0.5 M). Scan rate of 10, 100, and 1000 mV s–1. 

Figure S 26. Cyclic voltammogram of [N2221]I in [BMP][OTf] (I– 0.5 M). Scan rate of 10, 100, and 1000 mV s–1. 
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Figure S 27. Cyclic voltammogram of [HMIM][I3] in [EMIM][OTf] ([I3]– 0.3 M). Scan rate of 10 and 100 mV s–1. 

Figure S 28. Cyclic voltammogram of [HMIM][I3] in [BMP][OTf] ([I3]– 0.34 M). Scan rate of 10 and 100 mV s–1. 

Figure S 29. Cyclic voltammogram of [N2221][BrCl2] in [BMP][OTf] ([BrCl2]– 0.5 M). Scan rate of 10, 100, and 1000 mV s–1. 
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Figure S 30. Cyclic voltammogram of [N2221][ICl2] in [BMP][OTf] ([ICl2]– 0.5 M). Scan rate of 10, 100, and 1000 mV s–1. 

Figure S 31. Cyclic voltammogram of [N2221][IBr2] in [BMP][OTf] ([IBr2]– 0.5 M). Scan rate of 10, 100, and 1000 mV s–1. 

Figure S 32. Cyclic voltammogram of [N2221]Br in MeCN (Br– 0.33 M). Measured at a temperature of 0 °C and a scan rate of 10, 100, and 1000 mV s–1. 
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Figure S 33. Cyclic voltammogram of [N2221][Br3] in MeCN ([Br3]– 0.33 M). Measured at a temperature of 0 °C and a scan rate of 10, 100, and 1000 mV s–1. 
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Supporting Information 

Methods and Experimental Section 
Syntheses: All reactions and manipulations were carried out under an inert argon atmosphere 

using standard Schlenk-line and glovebox techniques. 

MnCl2 
MnCl2 (Acros, 99+%, anhydrous, 80 mesh) was dried by first refluxing over thionylchloride for 

approx. 6 h. After the removal of thionylchloride by distillation, the solid MnCl2 was 

subsequently dried under reduced pressure at 80 °C before being placed into a glove box 

under argon atmosphere (H2O and O2 < 0.1 ppm). 

[Cat]Cl 
All [Cat]Cl (99%) salts were provided by Io-li-tec. Before use, the salts were dried under 

reduced pressure (10 3 mbar) at 80 °C for approx. 24 h. For storage and further use the salts 

were placed into a glove box under argon atmosphere (H2O and O2 < 0.1 ppm). 

MeCN 

MeCN (VWR) was refluxed over CaH2 for 3 h and then distilled on activated 3 Å molecular 

sieves. The solvent was used once the water content, checked by Karl-Fischer titration, was 

below 10 ppm. 

GBL 

GBL (Acros Organics, Aldrich) was distilled onto activated 3 Å molecular sieves. The solvent 

was used once the water content, checked by Karl-Fischer titration, was below 5 ppm. 

Synthesis of [Cat]2[MnCl4] (Cat = suitable organic cation): [Cat]2[MnCl4] salts were 

prepared on a 200 g scale. MnCl2 was added to [Cat]Cl with a molar ratio of 1:2. MeCN was 

added and the reaction mixture was stirred at room temperature until all components dissolved 

completely. This needs approx. 3 mL MeCN per 1 g MnCl2. The solution was then filtered over 

Celite® to remove a small amount of an insoluble impurity (presumably manganese oxides). 

Afterwards, all MeCN was removed under low pressure and the [Cat]2[MnCl4] salt was obtained 

in typically >99% yield as an off-white solid in case of [BMP]2[MnCl4] (BMP = N,N-butyl-methyl-

pyrrolidinium) and [N2225]2[MnCl4] (N2225 = Triethyl-pentyl-ammonium) and a slightly brown solid 

in case of [EMP]2[MnCl4] (EMP = N,N-Ethyl-methyl-pyrrolidinium). The synthesis and 

characterization of further salts with different [Cat]+ is described in the next paragraph. 

[BMP]2[MnCl4]: FT-Raman (RT, powder, 4cm 1): 3030 (w), 3008 (m), 2963 (vs), 2941 (vs), 
2875 (m), 2807 (vw), 2754 (vw), 1449 (m), 1378 (vw), 1348 (vw), 1315 (vw), 1283 (vw), 1239 
(vw), 1189 (vw), 1122 (vw), 1065 (vw), 1051 (w), 1022 (vw), 967 (vw), 930 (vw), 903 (w), 823 
(vw), 733 (vw), 632 (vw), 476 (vw), 445 (vw), 420 (vw), 376 (vw), 346 (vw), 300 (w), 256 (w), 
116 (m). UV-Vis (RT, in GBL, 90 wt % GBL): 358(vs), 386(s), 428 (m), 432(m), 445(s), 
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465(w) nm. Yield: >99 %. EA: calcd. (%): C 44.92, H 8.38, N 5.82; found (%): C 44.78, H 8.39, 
N 5.74. 

[EMP]2[MnCl4]: FT-Raman (RT, powder, 4cm 1): 2985 (vs), 2954 (vs), 2900 (m), 2846 (vw), 
2795 (vw), 2758 (vw), 1453 (m), 1403 (vw), 1367 (vw), 1320 (vw), 1299 (vw), 1238 (vw), 1197 
(vw), 1114 (vw), 1085 (vw), 1053 (w), 999 (w), 1036 (vw), 937 (vw), 903 (w), 881 (vw), 825 
(vw), 715 (vw), 587 (vw), 646 (vw), 563 (vw), 478 (vw), 451 (vw), 386 (vw), 434 (vw), 253 (w), 
115 (m). UV-Vis (RT, in GBL, 90 wt % GBL): 427 (m) 432(m), 446(m), 470(w) nm. Yield: 
>99 %. EA: calcd. (%): C 39.55, H 7.59, N 6.59; found (%): C 39.12, H 7.42, N 6.48. 

[N2225]2[MnCl4]: FT-Raman (RT, powder, 4cm 1): 2988 (vw), 2942 (vw), 2900 (vw), 2872 (vw), 
2757 (vw), 2733 (vw), 1462 (vw), 1443 (vw), 1387 (vw), 1359 (vw), 1309 (vw), 1296 (vw), 1167 
(vw), 1127 (vw), 1073 (vw), 1015 (vw), 1048 (vw), 1101 (vw), 945 (vw), 895 (vw), 799 (vw), 
696 (vw), 423 (vw), 408 (vw), 391 (vw), 269 (vw), 253 (vw), 167 (vw) cm 1. Yield: >99 %. 

 

Synthesis of [Cat]2[MnCl5]: [Cat]2[MnCl5] salts were prepared on a scale up to 90 g. 

[Cat]2[MnCl4] was dissolved in MeCN (approx. 1.5 mL MeCN per 1 g [BMP]2[MnCl4]), giving a 

slightly yellow solution. Dichlorine was condensed onto the reaction mixture using a bath of 

dry ice in isopropanol with around 40 °C, and subsequently thawed. The reaction of Cl2 with 

the [Cat]2[MnCl4] produced a dark green solution. The MeCN was then removed under reduced 

pressure at 45 °C. The product was a green solid. An alternative method for bulk synthesis is 

to take the [Cat]2[MnCl4] solution in MeCN and continually stir at room temperature while 

adding Cl2 gas through an evacuated Schlenk-line. The [BMP]2[MnCl4] reacts quickly, and 

because the product has a no vapor pressure, the reaction prevented pressure build-up of Cl2 

in the line. 

[BMP]2[MnCl5]: FT-Raman (RT, powder, 4cm 1): 2960 (vs), 2939 (vs), 2877 (vs), 1451 (w), 903 
(vw), 292 (w), 254 (vw), 114 (w). FT-Raman (RT, in MeCN, c = 1.6 mol L 1, 4cm 1): 2993 (w), 
2942 (vs), 2879 (vw), 2733 (vw), 2293 (vw), 2252 (s), 1451 (vw), 1375 (vw), 920 (vw), 380 
(vw), 289 (vw), 252 (vw), 230 (vw). UV-Vis (r.t., 90 wt. % GBL): 426(s), 627(m), 770(w) nm. 
Yield: >99 %. 

[EMP]2[MnCl5]: FT-Raman (RT, in MeCN, 4cm 1): 2994(s), 2939(vs), 2899(s), 2849(m), 
2729(w), 2304(m), 2249(vs), 1448(m), 1373(w_, 1048(vw), 998(vw), 918(m), 716(vw) 585(vw), 
381(m), 362(vw), 298(vw,sh), 287(m), 252(w), 231 (vw) cm 1. FT-Raman (RT, in GBL, SEC, 
4cm 1): 2995(s), 2969(s), 2953(s), 2919(s), 2895(m), 1770(m), 1486(w), 1456(m), 1425(w), 
1245(w), 1051(vw), 1035(vw), 998(w), 931(m), 901(w), 872(m), 803(m), 681(vw), 300(w), 
289(m), 251(w), 237(vw) cm 1. UV-Vis (r.t., 90 wt. % GBL): 425(s), 627(m), 768(w) nm. Yield: 
>99 %. 

 

Raman Spectroelectrochemical Analysis: Raman spectra were recorded on a Bruker 

MultiRam spectrometer equipped with a 5 mm aperture microscope and a low-temperature Ge 

detector (1064 nm, 30  100 mW, resolution 4 cm 1). The electrochemical cell is an optically 

transparent thin layer electrochemical Ottle cell, normally used in a three-electrode 

configuration, with the WE between CE and RE. The CE and RE are a Pt-mesh with a mesh 

size of 52 (0.5×0.4 cm and wire diameter of 0.1 mm), and the WE is a Pt-mirror 
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(1.0×0.4×0.1 cm), treated with HNO3 for 5 min before being rinsed with distilled water, acetone, 

and ethyl acetate. The Pt-mirror was polished using 1200 grit aluminum oxide in isopropanol, 

before being placed in an ultrasonic bath (isopropanol) for 5 min. The linear sweep voltage, 

LSV, was measured at a rate of 50 mV s 1 to determine the oxidation potential of MnII/MnIII vs. 

q-Pt RE. Subsequently, controlled chronoamperometric electrolysis measurements at the 

oxidation potential were measured, while simultaneously Raman spectra were recorded. 

UV / Vis Spectroelectrochemical Analysis: The UV-Vis spectra were recorded using a 

Perkin Elmer Lambda 465 photometer with deuterium and tungsten lamps. The 

spectroelectrochemical measurements were performed with a cell similar to the Raman 

spectroelectrochemical cell, where the working electrode is a Pt-mesh (52 mesh, 1.0×1.0 cm 

and wire diameter of 0.1 mm). UV-Vis measurements were recorded during the LSV, 

 = 10 mV s 1. 

pXRD: pXRD data were collected in capillaries with a STOE Stadi P powder diffractometer 

equipped with a Ge-(111)-monochromator, using Mo-K 1 radiation and a position sensitive 

detector (PSD). The data was processed with the WinXPow package (Stoe) and analyzed with 

the Diffrac.EVA package (Bruker AXS). 

scXRD: The data were collected from a shock-cooled single crystal on a Bruker APEX2 

QUAZAR three-circle diffractometer with a microfocus sealed X-ray tube using mirror optics as 

monochromator and a Bruker APEXII detector. The diffractometer was equipped with an 

Oxford Cryostream 800 low temperature device and used Mo-  ). All 

data were integrated with SAINT and a multi-scan absorption correction using SADABS was 

applied.[1,2] The structure was solved by direct methods using SHELXT and refined by full-

matrix least-squares methods against F2 by SHELXL-2018/3.[3,4] All non-hydrogen atoms were 

refined with anisotropic displacement parameters. The hydrogen atoms were refined 

isotropically on calculated positions using a riding model with their Uiso values constrained to 

1.5 times the Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other 

carbon atoms. Disordered moieties were refined using bond lengths restraints and 

displacement parameter restraints. Some parts of the disorder model were introduced by the 

program DSR.[5,6] The graphical representation of the crystal structure was prepared with 

mercury (version 4.0).[7] CCDC 2031457 contains the supplementary crystallographic data for 

this paper. These data can be obtained free of charge from The Cambridge Crystallographic 

Data Centre via www.ccdc.cam.ac.uk/structures. 

SEM and EDX Measurements: High-resolution scanning electron microscopy (SEM) was 

performed using a FEG-HRSEM SU8220 (HITACHI) equipped with a TE, a BSE and a SE 

detector. The same device was used for the EDX measurements using a X-Flash 6/30 detector 
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(Bruker) for a working distance of 15 mm and a QUANTAX FlatQUAD detector for a working 

distance of 10 mm. 

Conductivity and Viscosity Measurements: The temperature dependent conductivity was 

measured using the Mettler Toledo AG SevenCompact S230 Conductivity Meter and 

INLAB® 710 sensor. The conductivity cell had an argon counter flow, while temperature was 

adjusted via a cryostat. The kinematic viscosity was measured using an Ubbelohde viscometer 

from SI Analytics GmbH, Mainz using Schlenk techniques under argon. Temperature 

regulation was controlled by submerging the viscometer into a heat bath of polyethylene glycol 

400. 

Cyclic Voltammetry: All cyclic voltammograms were recorded in an argon filled glovebox. A 

three-electrode arrangement was used with a 1 mm Pt disc working electrode, a Pt wire 

reference electrode and a Pt net as counter electrode. For the measurements the potentiostat 

VMP3 (Bio-Logic Science Instruments) was used, controlled via PC using the software EC-Lab 

(V11.21). Since the active species are salts and their concentrations are at least 1 M, no further 

supporting electrolyte was used. 

Elemental analyses: Elemental analyses were performed using a vario MICRO cube 

(Elementar Analysensysteme GmbH). 

Measurement of Cell Resistances: Cell resistances were measured with an existing method 

from EC-Lab.[8] The method is an impedance measurement with a high frequency 

(100000 kHz) to determine only the resistance of the solution. 

Calculation of Energy Densities: Theoretical energy densities (Ws
th) were calculated 

according to [S 1], 

 [S 1] 

whereas Cs
th and Ecell are the theoretical specific capacity and the cell voltage, respectively. 

Cs
th was calculated for each half cell according to [S 2], 

 [S 2] 

with z being the number of transferred electrons, c the concentration of the active species and 

F the Faraday constant. 

Mass Spectrometry: The mass-spectrometric experiments were performed with a Thermo-

Fischer LTQ XL linear ion-trap mass-spectrometer equipped with an electrospray-ionization 

(ESI) source. Millimolar solutions of the samples were prepared in methanol. The sample 

solutions were injected through a fused-silica capillary to the ESI source at a flow rate of 

10  min 1. Nitrogen was used as a sheath, sweep, and auxiliary gas at flow rates adjusted 

to 5, 0, and 0, respectively (given in arbitrary units). The source voltage was set to 3.5 kV. The 
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tube lens voltage was adjusted to 100 V and the capillary voltage to 49 V. The capillary 

temperature was set to 150 °C. The identity of the ions was confirmed by comparison with the 

expected isotope patterns complemented by collision-induced dissociation (CID) experiments. 

In the CID experiments, helium served as the collision gas. The collision energy was adjusted 

by varying the normalized collision energy (NCE) between 0 and 30. Note that this value is 

given in arbitrary units, and a conversion to an Elab scale is difficult. Simulation of the isotopic 

patterns was performed with the software package Xcalibur 3.0.63. 

Battery Measurements in Static Cells: Battery measurements were conducted in homemade 

cells (Figure S 1 and Figure S 2). While the battery casing was made of polyvinylidene fluoride, 

the casing for the half-cells consist of Teflon. Through the modular design it is possible to have 

different Teflon insets that vary in thickness or the size of the opening. Therefore, the amount 

of electrolyte as well as the size of the electrode area can be adjusted for the respective 

experiment. The geometry of the electrodes was planar with the option to use a surface area 

of 0.95 cm2 or 3.14 cm2. The distance between the electrodes was 1.1 cm for full-cells and 

0.55 cm for half-cells. The respective electrolyte volumes are therefore 0.52 mL (A = 0.95 cm2) 

or 1.7 mL (A = 3.14 cm2) for one half-cell. Even with just 0.52 mL in each half-cell the amount 

of active species is still very high (SoC100 = 11.2 mAh for ELGBL-BMP-Cl-55, cf. Table 1). For a 

first screening, therefore, ten cycles between SoC0 and SoC5 were conducted to save time. If 

a battery measurement looked promising after this cycling to SoC5, we performed cycling 

between SoC0 and SoC80 directly afterwards, until the battery stopped working. Cycling 

experiments were conducted either with a current density of 0.5 mA cm 2 or with 0.25 mA cm
2. For constant current charging an upper voltage limit was set at 4 V, whereas for discharging 

the limit was set to 0 V or 0.5 V. Each battery experiment was conducted in duplicate and for 

the coulomb efficiencies (CEs) the average of two experiments are shown in this work. TF6 

bipolar plates from SGL carbon were used as graphite electrodes. Before use, the TF6 plates 

were cleaned with acetone and EA, dried at 60 °C for at least 12 h and brought into the 

glovebox, where they were used without any further pretreatment. The introduction of carbon 

felt electrodes is also possible and with the pressure sensor one can assure that the contact 

pressure is sufficient, for the felt electrodes to be contacted properly. With a good set of 

stamping tools, the right size of the sealing material can be produced. 

Freudenberg with a thickness of 0.8 mm was used for the battery setup. The sealing material 

was treated just like the TF6 plates before use. Since the single components are simply 

stacked on each other, different electrode materials can be used, whereas the thickness of the 

latter is irrelevant. The fixation of the whole cell is guaranteed by the big screw, that allows to 

apply more than 1kN of contact pressure. Through the small opening in the Teflon insets the 

electrolyte can be placed in the cell (see Figure S 2 b), and additionally they allow the 

withdrawal of samples during a measurement. 
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Figure S 1: a) Teflon insets that were used in the battery setup. Different insets are available with inner 

diameters of 5 mm, 11 mm and 20 mm, allowing to adapt the amount of electrolyte, depending on the 

experiment. Due to the design it is possible to take samples of the electrolyte during a measurement. b) 

Assembled battery with sealing between the Teflon insets and the electrodes as well as between the 

Teflon insets and the membrane. c) Battery equipped with a pressure sensor. More detailed 

photographs of the single components are shown in Figure S 2. 
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Figure S 2: All single components that are necessary for the assembly of a battery (a). Opening in the 

Teflon insets for placing the electrolyte in the cell and the withdrawal of samples during measurements 

(b). Different types of electrodes that can be used in the homemade cell setup (c). Demonstration, how 

the sealing material is used to incorporate the membrane in the cell (d). 

Membranes: The ion-selective membranes used in this work were provided by Fumatech 

GmbH. For the requirements of our chemical systems we identified the anion exchange 

membranes (AEM) FAPQ-375-PP, FAPQ-310 and VM-FAPQ-230 as the most suited. The 

number in the membrane acronym equals the thickness of the membrane in µm, the ending 

PP in FAPQ-375-PP indicates that the membrane is supported by a polypropylene backbone. 

Membrane Pretreatment: After cutting the membranes into pieces that fit into our homemade 

battery cells, these pieces were dried at 60 °C for 24 h. Then the warm membrane pieces were 

placed in the antechamber of the glovebox and evacuated for 12 h. Afterwards the membranes 

were stored in the glovebox and used without any further pretreatment for the assembly of the 

cells. After adding the electrolyte to a battery cell and prior to cycling, the cell resistance was 

controlled regularly until a constant value was reached. The time needed for the membrane 
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soaking process varied strongly, depending on the electrolyte between 0.5 h and 12 h. Only 

after the cell resistance was constant, cycling of the battery was started.*  

 

Synthesis and characterization of the [Cat]2[MnCl4] salts 
Table S 1 shows IR and Raman (R) Mn-Cl stretching frequencies from different [Cat]2[MnIICl4] 

compounds prepared in this work and compares them to literature known compounds. Table 

S 2 show the electronic transitions assigned for the UV / Vis data of [MnIICl4]  solutions in 

MeCN and GBL and comparison with available literature data in MeCN. 

Table S 1: IR and Raman (R) Mn-Cl stretching frequencies from different [Cat]2[MnIICl4] compounds. 

Comparison between salts from this work and selected examples from the literature. 

substance ref. phase 1 2 3 4 

[BMP]2[MnCl4] this work solid 256 R - 272 IR 115 R 

112 IR 

[BMP]2[MnCl4] this work in GBL 251 R - - - 

[BMP]2[MnCl4] this work in MeCN 253 R - - - 

[EMP]2[MnCl4] this work solid 252 R - - 115 R 

[NEt4]2[MnCl4] [9] solid 258 R - 284 IR 116 R 

118 IR 

[NEt3H]2[MnCl4] [10] solid 256 R - 278, 301 IR 120 IR 

[NEt3H]2[MnCl4] [10] in MeCN 249 R - - - 

 

Table S 2: Electronic transitions assigned for the UV / Vis data of [MnIICl4]2  solutions in MeCN and GBL 

and comparison with available literature data in MeCN. 

Subst. electronic transitions / nm 

 6A1  4T1 

(4P) 

6A1  4E 

(4D) 

6A1  4T2 

(4D) 

6A1  4A1 

(4G) 

6A1  4E1 

(4G) 

6A1  4T2 

(4G) 

6A1  4T1 

(4G) 

[BMP]2[MnCl4] 

in MeCN[a] 

357 369 (sh) 380 (sh) 428 (sh) 432 445 465 (br, sh) 

[MePh3P]2[MnCl4] 

in MeCN[11] 

357 369 (sh) 379 (sh) 428 (sh) 432 446 465 (br, sh) 

[BMP]2[MnCl4] 

in GBL[a] 

- - - 428 432 445 465 

[a] this work. br = broad, sh = shoulder   

                                                
* Soaking the membranes with the respective electrolyte before assembling a battery was not practical, 
because the membranes curled up extremely after contact with the electrolyte. In this condition it was 
not possible to place the membrane correctly in the battery cell. 
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Since [MnCl4]2 is supposed to be the active species in the all-Mn-battery, it is important to 

exclude decomposition, when the solvent is added for electrolyte preparation. For this purpose, 

Raman spectroscopy is a very useful method. Figure S 3 shows for example that the [MnCl4]2  

anion is not stable in water, since the 1-stretching frequency disappears completely after the 

addition of water. This does not happen, when MeCN or GBL is added. Solvent molecules that 

coordinate stronger to Mn2+ than chloride can replace the latter, leading to a completely 

different species. In case of H2O we assume that the hexa aquo complex [Mn(H2O)6]2+ is 

formed, but did not further investigate that issue, since we were only interested, whether the 

[MnCl4]2  anion is stable. 

 

 

Figure S 3: Raman spectra of solid [BMP]2[MnCl4], ELGBL-BMP-50, ELMeCN-BMP-30 and [BMP]2[MnCl4] in H2O 

(H2O was added until [BMP]2[MnCl4]was dissolved completely). The stretching mode at 300 cm 1 can 

be assigned to the [BMP]+, as discussed earlier. 

Alternative Cations 
Next to [BMP]+ and [EMP]+ we also synthesized and analyzed [MnCl4]2 -salts with other 

asymmetric cations. Figure S 4 shows the structures of the cations, whose chloride salts we 

used. [OMIM]Cl and [PMP]Cl were obtained from Io-li-tec. [N221-3O1]Cl, [Me.3O1-pyrr]Cl and 

[P4441]Cl were synthesized. 

500 400 300 200 100

 [BMP]2[MnCl4] in H2O
 ELMeCN-BMP-30

 ELGBL-BMP-50

 [BMP]2[MnCl4] solid

wavenumber / cm-1

[BMP]+
( 1) [MnCl4]2-
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Figure S 4: Different asymmetric cations, whose chloride salts were used for the synthesis of 

[MnCl4]2 -salts. 

3-methoxypropylpyrrolidin 

 

BrPrOMe (42.5 g, 278 mmol, 1 eq.) in 30 mL MeCN was added dropwise over an hour to a 

mixture of excess pyrrolidin, (59.2 g, 1.07 mol, 3 eq.) with K2CO3 (115 g, 833 mmol, 3 eq.) in 

300 mL MeCN. During addition of BrPrOMe the solution was stirred at RT. Subsequently the 

reaction proceeded at 70 °C for 1.5 h. The product was fractionally distilled at 50 mbar and 

90 °C. The product was isolated as a colorless liquid (81 % yield, 32.7 g, 225 mmol). 

1H NMR (400 MHz, CDCl3, 22  = 3.41 (t, J = 6.1 Hz, 2H), 2.50-2.46 (m, 11H), 1.81-1.73 

(m, 4H) ppm; 

13C{1H} NMR (100 MHz, CDCl3, 22  = 71.4 (s), 58.5 (s), 54.3 (s), 53.5 (s), 52.9 (s), 29.2 

(s), 23.7 (s) ppm; 
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ESI+ = [M++H] 144.1322 m/z;

3-methoxypropyl-1-methylpyrrolidiniumchloride [Me-3O1-pyrr]Cl 

 

Methyl chloroformate, MeOCOCl, (29.2 g, 309 mmol, 3 eq.) in 15 mL DCM was added 

dropwise to 3-methoxypropylpyrrolidin (14.8 g, 103 mmol, 1 eq.) in 20 mL DCM over the 

course of an hour. The reaction was stirred for an hour at 0 °C and the temperature was slowly 

raised to 50 °C and stirred for another 7 h. The DCM was removed under low pressure 

resulting in a violet solid. The product was washed three times with pentane followed by diethyl 

ether. The product was dried under vacuum at 80 °C for 8 h, resulting in a white solid. Yield: 

17.5 g, 90.6 mmol, 88%. 

1H NMR (400 MHz, CDCl3, 22  = 3.93 (t, J = 6.1 Hz, 2H), 3.80-3.76 (m, 4H), 3.68 (s, 3H), 

3.51 (t, J = 5.2 Hz, 2H), 3.34 (s, 3H), 2.30 (m, 2H), 2.08 (m, 4H) ppm. 

13C{1H} NMR (100 MHz, CDCl3, 22  = 69.1 (s), 65.6 (s), 64.5 (s), 62.0 (s), 59.0 (s), 58.8 

(s), 48.8 (s), 26.6 (s), 21.8 (s) ppm. 

ESI+ = [M+] 158.1523 m/z; 

N,N-diethyl-3-methoxypropylamine 

 

 

 

BrPrOMe (54.8 g, 360 mmol, 1 eq.) in 40 mL was added dropwise over an hour to a mixture 

of excess diethyl amine (78.6 g, 1.07 mol, 3 eq.) and K2CO3 (149 g, 1.07 mol, 3 eq.) in 260 mL 

MeCN. During addition of BrPrOMe the solution was stirred at RT. Subsequently the reaction 

proceeded at 70 °C for 1.5 h. The product was fractionally distilled at 90 mbar and 90 °C. The 

product was isolated as a colorless liquid. Yield: 30.1 g, 211 mmol, 58%. 

1H NMR (400 MHz, CDCl3, 22  = 3.36 (t, J = 6.2 Hz, 2H), 3.28 (s, 3H), 2.46 (m, 6H), 1.67 

(m, 2H), 0.97 (t, J = 7.1 Hz, 6H) ppm. 
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13C{1H} NMR (100 MHz, CDCl3, 22 = 116.6 (s), 71.7 (s), 46.9 (s), 46.7 (s), 15.6 (s), 15.3 

(s), 14.9 (s), 1.93 (s) ppm. 

ESI+ = [M++H] 146.1617 m/z 

N,N-diethyl-N-methyl-3-methoxypropylammoniumchloride, [N221-3O1]Cl 

 

Methyl chloroformate, MeOCOCl, (46.4 g, 491 mmol, 3 eq.) in 25 mL DCM was added 

dropwise to N,N-dimethyl-3-methoxypropylamine (23.8 g, 164 mmol, 1 eq.) over the course of 

an hour. The reaction was stirred for an hour at 0 °C and the temperature was slowly raised to 

50 °C and stirred for another 7 h. The DCM was removed under vacuum resulting in a violet 

solid. The product was washed three times with pentane followed by diethyl ether. The product 

was dried under vacuum at 80 °C for 8 h, resulting in a white solid. Yield: 11.6 g, 59.6 mmol, 

36.4%. 

1H NMR (400 MHz, CDCl3, 22  = 3.60 (m, 4H), 3.40 (t, J = 6.6 Hz, 4H), 3.32 (s, 6H), 1.71 

(m, 2H), 1.31 (m, 6H) ppm. 

13C{1H} NMR (100 MHz, CDCl3, 22  = 95.2 (s), 75.1 (s), 69.4 (s), 59.0 (s), 58.9 (s), 46.7 

(s), 46.6 (s), 24.1 (s), 8.7 (s) ppm. 

Synthesis of [OMIM][BMP][MnCl4] 

[BMP]2[MnCl4] (10.1 g, 22.1 mmol, 1 eq.) was added to [OMIM]2[MnCl4] (14.5 g, 24.7 mmol, 

1.1 eq.) in 30 mL of MeCN. The mixture was stirred at 50 °C for 8 h. The MeCN was removed 

under low pressure at 100 °C, resulting in a dark yellow liquid. Yield: 24.6 g, 100 %. 

FT-Raman (r.t., in MeCN, res. = 4 cm 1): 2997(s), 2966(s,sh), 2963(s), 2941(vs), 2907(m,sh), 

2735(w), 2293(w), 2254(vs), 1457(m), 1430(m), 1420(m), 1378(m), 1024(vw), 920(s), 382(s), 

297(vw), 254(w) cm 1. 

Tributylmethylphosphoniumchloride, [P4441]Cl 

[P4441]Cl was prepared according to literature.[12] 
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Synthesis of [OMIM][PMP][MnCl4]

[PMP]2[MnCl4] (7.6 g, 17.6 mmol, 1 eq.) was added to [OMIM]2[MnCl4] (10.2 g, 17.4 mmol, 

1 eq.) in 30 mL of MeCN. The mixture was stirred at 50 °C for 8 h. The MeCN was removed 

under low pressure at 100 °C, resulting in a light brown solid. Yield: 17.8 g, 100 %. 

FT-Raman (r.t., in MeCN, res. = 4 cm 1): 2293(s), 2251(cs), 2223(w), 2202(w), 1449(m), 

1421(m), 1375(m), 919(vs), 382(vs), 255(vw), 118(w,sh) cm 1. 

Synthesis of [BMP][PMP][MnCl4] 

[BMP]2[MnCl4] (4.0 g, 8.3 mmol, 1 eq.) was added to [PMP]2[MnCl4] (3.8 g, 8.3 mmol, 1 eq.) in 

10 mL of MeCN. The mixture was stirred at 50 °C for 8 h. The MeCN was removed under low 

pressure at 100 °C, resulting in a light brown solid. Yield: 7.8 g, 100 %. 

FT-Raman (r.t., in MeCN, res. = 4 cm 1): 2996(s), 2974(s,sh), 2950(vs), 2885(s), 2844(w), 

2731(w), 2297(w), 2251(vs), 1454(m), 1377(m), 1050(vw), 925(s), 902(w), 381(s), 301(vw), 

253(w) cm 1. 

Synthesis of [PMP]2[MnCl4] 

[PMP]Cl (98%, 5.9 g, 38.9 mmol, 2 eq.) was added to MnCl2 (2.5 g, 19.5 mmol, 1 eq.) in 20 mL 

of MeCN. The mixture was stirred at 50 °C for 8 h resulting in a green solution. The MeCN was 

removed under low pressure at 100 °C, resulting in a light brown solid. Yield: 8.4 g, 18.5 mmol, 

95 %. 

FT-Raman (r.t., in MeCN, res. = 4 cm 1): 3000(s), 2970(m), 2942(vs), 2888(m), 2840(m), 

2733(m), 2293(s), 2251(vs), 1448(m), 1421(w), 1376(m), 1045(vw), 920(vs), 381(s), 254 cm
1. 

Synthesis of [OMIM]2[MnCl4] 

[OMIM]Cl (98%, 29.9 g, 130 mmol, 2 eq.) was added to MnCl2 (8.1 g, 64.5 mmol, 1 eq.). The 

mixture was stirred at 70 °C for 8 h. The product was a dark yellow liquid. Yield: 38.0 g, 

64.5 mmol, 100 %. 

FT-Raman (r.t., in MeCN, res. = 4 cm 1): 2998(s), 2987(m), 2963(s), 2941(vs), 2907(m,sh), 

2874(s), 2861(s), 2733(w), 2292(w), 2253(vs), 1453(m), 1445(m), 1416(m), 1377(m), 1023(w), 

921(s), 380(s), 253(vw) cm 1. 

Synthesis of [N221-3O1]2[MnCl4] 

[N221-3O1]Cl (11.6 g, 59.6 mmol, 2 eq.) was added to MnCl2 (3.7 g, 29.4 mmol, 1 eq.) in 25 mL 

of MeCN. The mixture was stirred at 50 °C for 8 h. The MeCN was removed under low pressure 

at 100 °C, resulting in a light brown solid. Yield: 14.7 g, 97 %. 
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FT-Raman (r.t., in MeCN, res. = 4 cm 1): 3030(m,sh), 2988(vs), 2938(vs), 2894(s,sh), 

2836(m), 2757(m), 2293(w), 2279(vw), 2251(s), 1487(m,sh), 1453(m), 1374(m), 1334(w), 

1321(w),1307(w), 1116(w), 1079(w), 1071(w), 1023(vw), 971(w), 921(m), 886(w), 710(m), 

480(w), 381(m), 301(vw), 250(m) cm 1. 

Synthesis of [Me-3O1-pyrr]2[MnCl4] 

[Me-3O1-pyrr]Cl (17.5 g, 90.6 mmol, 2 eq.) was added to MnCl2 (5.6 g, 45.3 mmol, 1 eq.) in 

25 mL of MeCN. The mixture was stirred at 50 °C for 8 h. The MeCN was removed under low 

pressure at 100 °C, resulting in a light brown solid. Yield: 23.1 g, 99.4 %. 

FT-Raman (r.t., in MeCN, res. = 4 cm 1): 2988(s), 2967(vs), 2936(s), 2839(m), 2814(m), 

2734(w), 2293(vw), 2267(vw), 2251(s), 1492(w,sh), 1478(w), 1452(m), 1409(vw), 1378(m), 

1323(w), 1280(w), 1246(vw), 1052(w), 923(m), 901(m), 818(w), 728(w), 639(w), 380(m), 

300*(vw), 269(m), 256(m), 189(vw) cm 1. 

Synthesis of [P4441]2[MnCl4] 

[P4441]Cl (99%, 7.9 g, 31.5 mmol, 2.1 eq.) was added to MnCl2 (1.9 g, 15.01 mmol, 1 eq.) in 

20 mL of MeCN. The mixture was stirred at 50 °C for 8 h. The MeCN was removed under low 

pressure at 100 °C for 4°h, resulting in a light brown solid. Yield: 9.6 g, 101 %. A yield of 101 % 

results from the amount of [P4441]Cl, which was slightly too high, but cannot be separated from 

the product. 

FT-Raman (r.t., in PC, res. = 4 cm 1): 2993(vs), 2967(vs,sh), 2939(vs), 2917(vs), 2877(vs), 

2757(m), 2737(m),1788(m), 1482(m), 1454(s), 1410(w), (1351(w), 1305(w), 1223(w), 

1184(vw),1149(w), 118(w), 1098(w), 1068(w,sh), 1052(m), 960(m), 914(m,sh), 892(m), 

867(m,sh),850(s),714(s), 642(w), 453(m), 301(vw), 256(w) cm 1. 

[OMIM]2[MnCl4] and [BMP][OMIM][MnCl4] were already liquid at room temperature, probably 

due to the long alkyl chain of the [OMIM]+. It is possible that other [MnCl4]2 -salts also are ionic 

liquids (IL), but we did not further investigate that. Although, ionic liquids are an interesting 

class of compounds, the conductivity of pure ILs is usually too low for an application in 

batteries. Figure S 5 c) shows the temperature dependent conductivity of the room temperature 

ionic liquids (RTIL) [OMIM]2[MnCl4] and [BMP][OMIM][MnCl4]. Even at 60°C, they have a 

conductivity of just 0.43 and 0.37 mS cm 1, respectively, which is at least one order of 

magnitude too low for a battery application. To compare the conductivity of the salts, they were 

dissolved in MeCN (50 wt%). Table S 3 shows the results of the measurements, revealing that 

[BMP]2[MnCl4], [EMP]2[MnCl4] and [BMP][PMP][MnCl4] have the highest conductivity. 

[PMP]2[MnCl4] however crystallizes from the solution in MeCN, which is the reason why no 

conductivity was measured. All the other salts have a comparable conductivity and are well 
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suited as electrolytes. Since [N221-3O1]+ and [Me-3O1-pyrr]+ have ether functionalized side 

chains, which distinguishes them from all the cations, we decided to analyzed them further. 

Table S 3: Conductivity of different [Cat]2[MnCl4] salts dissolved in MeCN (50 wt %) at 45 °C. 

[Cat]2[MnCl4] Conductivity / mS cm 1 

[BMP]2[MnCl4] 21.4 

[PMP]2[MnCl4] Crystalizes 

[EMP]2[MnCl4] 26.8 

[OMIM]2[MnCl4] 13.1 

[Me-3O1-pyrr]2[MnCl4] 14.8 

[N221-3O1]2[MnCl4] 19.6 

[BMP][PMP][MnCl4] 22.2 

[BMP][OMIM][MnCl4] 16.3 

[P4441][MnCl4] 13.3 

[PMP][OMIM][MnCl4] 19.7 

 

Figure S 5 (a) and b)) shows the temperature dependent conductivity of [N221-3O1]2[MnCl4] and 

[Me-3O1-pyrr]2[MnCl4] in GBL (50 wt %) and MeCN (30 wt % for [Me-3O1-pyrr]2[MnCl4], 50 

wt % for [N221-3O1]2[MnCl4]) and compares them directly to the conductivity of the [EMP]+ and 

[BMP]+ based electrolytes. The conductivity in MeCN and GBL is comparable to the 

conductivity of the [BMP]+ based electrolytes, whereas [Me-3O1-pyrr]2[MnCl4] has a higher 

conductivity in GBL than [N221-3O1]2[MnCl4]. In MeCN however, it is the other way around. For 

[Me-3O1-pyrr]2[MnCl4] the viscosity was measured in MeCN and GBL, allowing to compare 

the electrolytes to ELGBL-BMP-50 and ELMeCN-BMP-30 in a Walden plot (Figure S 5 d)). In GBL, as 

well as in MeCN, [Me-3O1-pyrr]2[MnCl4] behaves very similar to [BMP]2[MnCl4]. Therefore, 

since [BMP]Cl and [EMP]Cl can be purchased and [N221-3O1]Cl as well as [Me-3O1-pyrr]Cl have 

to be synthesized, we decided to conduct all of our battery experiments with the former salts. 

Table S 4, Table S 5 and Table S 6 show the data of the temperature dependent conductivity 

and viscosity of the discussed salts. 
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Figure S 5: Temperature dependent conductivity of ELGBL-BMP-50, ELGBL-EMP-50, [Me-3O1-pyrr]2[MnCl4] in 

GBL (50 wt % GBL, c = 1.1 mol L 1) and [N221-3O1]2[MnCl4] in GBL (50 wt % GBL, c = 1.10 mol L 1) (a). 

Temperature dependent conductivity of ELMeCN-BMP-50, ELMeCN-EMP-50, [Me-3O1-pyrr]2[MnCl4] in MeCN (30 

wt % MeCN, c = 1.55 mol L 1) and [N221-3O1]2[MnCl4] in MeCN (50 wt % MeCN, c = 0.96 mol L 1) (b). 

Temperature dependent conductivity of [BMP][OMIM][MnCl4] and [OMIM]2[MnCl4], which are room 

temperature ionic liquids (c). Walden plot with ELGBL-BMP-50, ELMeCN-BMP-30, [Me-3O1-pyrr]2[MnCl4] in GBL 

(50 wt % GBL, c = 1.1 mol L 1) and [Me-3O1-pyrr]2[MnCl4] in MeCN (30 wt % MeCN, c = 1.55 mol L 1) 

(d). 

Table S 4: Temperature dependent conductivity of [Me-3O1-pyrr]2[MnCl4] and [N221-3O1]2[MnCl4] in 

MeCN and GBL. 

[Me-3O1-pyrr]2[MnCl4] 

in MeCN (30 wt %) 

[N221-3O1]2[MnCl4] in 

MeCN (50 wt %) 

[Me-3O1-pyrr]2[MnCl4] 

in GBL (50 wt %) 

[N221-3O1]2[MnCl4] in GBL 

(50 wt %) 

T / °C  / mS cm 1 T / °C  / mS cm 1 T / °C  / mS cm 1 T / °C  / mS cm 1 

3.3 2.4 5.2 4.5 6.8 2.5 5.5 1.7 

10.3 3.6 9.9 5.5 12.4 3.2 9.5 2.1 

14.7 4.4 15.1 6.7 16.0 3.8 16.4 2.8 

19.7 5.4 19.7 7.9 19.6 4.3 21.0 3.4 

25.0 6.5 25.0 9.3 25.0 5.0 25.0 4.0 
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29.8 7.9 30.0 10.8 31.4 5.9 31.6 5.0

35.0 9.4 34.7 12.3 34.4 6.5 37.3 6.0 

39.7 11.1 40.4 14.1 39.1 7.4 40.6 6.6 

44.6 12.6 45.5 15.9 44.1 8.5 45.1 7.5 

49.5 14.2 49.8 17.4 49.1 9.7 49.3 8.4 

54.7 16.1 54.4 19.2 50.7 10.0 54.1 9.5 

60.1 18.1 60.1 21.2 58.3 11.5 60.0 10.9 

 

Table S 5: Temperature dependent conductivity of the ILs [OMIM]2[MnCl4] and [BMP]OMIM][MnCl4]. 

[OMIM]2[MnCl4] [BMP][OMIN][MnCl4] 

T / °C  / µS cm 1 T / °C  / µS cm 1 

4.7 2.1 6.3 1.0 
10.3 4.3 11.3 3.0 
15.2 8.1 14.8 5.0 
19.8 17.0 20.2 10.0 
25.0 29.5 25.0 19.0 
30.7 51.6 30.9 38.0 
36.3 84.1 34.7 55.0 
40.6 117.6 39.8 86.0 
44.6 159.1 44.8 135.0 
49.2 217.0 48.8 180.0 
54.7 308.0 54.7 277.0 
60.3 428.0 59.0 372.0 

 

Table S 6: Temperature dependent viscosity of [Me-3O1-pyrr]2[MnCl4] in GBL and MeCN that were 

used for the Walden plot. 

[Me-3O1-pyrr]2[MnCl4] in 

MeCN (30 wt %) 

[Me-3O1-pyrr]2[MnCl4] 

in GBL (50 wt %) 

T / °C  / cP T / °C  / cP 

25 35.2 25 11.9 

30 31.1 30 10.9 

40 21.0 40 8.7 

50 14.7 50 6.8 

60 11.5 60 5.4 

 

Spectroelectrochemistry 
Spectroelectrochemical Raman and UV / Vis-measurements were conducted to investigate 

the electrochemical oxidation of [MnCl4]2  to [MnCl5]2 , since these species can easily be 

distinguished with these methods. Table S 7 shows characteristic stretching frequencies of 

[MnIIICl5]2  observed with Raman spectroscopy using spectroelectrochemistry (SEC) and 

compares them to literature known examples. 
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Table S 7: Characteristic stretching frequencies of [MnIIICl5]2  observed with Raman spectroscopy using 

spectroelectrochemistry (SEC). 

substance ref. phase observed frequencies / cm 1 

[BMP]2[MnIIICl5] this work GBL - 289 - 

[EMP]2[MnIIICl5] this work GBL - 289 - 

[bipyH2][MnIIICl5] [13] Solid - 296 m 218 vw 

[phenH2][MnIIICl5] [13] Solid 365 vw 296 s 235 w 

[NEt4]2[MnIIICl5] [13] Solid - 289 s 233 vw 

[NMe4]2[MnIIICl5] [13] solid 360 vw 291 s 232 w 

[BMP]2[MnIIICl5] this work solid - 292 - 

s = strong, m = medium, w = weak, vw = very weak 

Table S 8 shows electronic transitions of [MnIIICl5]2  obtained from UV / Vis spectra (from SEC) 

and comparison to the literature. 

Table S 8: Electronic transitions of [MnIIICl5]2  obtained from UV / Vis spectra (from SEC) and 

comparison to the literature. 

substance ref. phase electronic transitions / nm 

   charge transfer 5A2  5B1, 5B2 5A2  5A1 

[BMP]2[MnIIICl5] this work GBL 426 627 770 

[BMP]2[MnIIICl5] this work MeCN 423 596 717 

[EMP]2[MnIIICl5] this work GBL 425 627 768 

[bipyH2][MnIIICl5] [14] acetone 417 575 758 

[phenH2][MnIIICl5] [14] acetone 405 575 763 

[NEt4]2[MnIIICl5] [14] acetone 420 575 752 

[NMe4]2[MnIIICl5] [14] acetone 424 568 775 

 

In Figure S 6 the Raman spectra of ELMeCN-EMP-50 and ELMeCN-BMP-30 show the characteristic 

1-stretching frequency of [MnCl4]2  at 253 and 255 cm 1, respectively. After applying a 

potential of 1.65 V vs. q-Pt, a new frequency at 289 cm 1 appears in case of ELMeCN-EMP-50 and 

290 cm 1 in case of ELMeCN-BMP-30. Since [BMP]+ includes a band at 300 cm 1, as discussed 

earlier, the appearance of the new vibration of [MnCl5]2  can be observed much better in the 

spectra of ELMeCN-EMP-50. The measurements suggest that [MnCl5]2  can be formed 

electrochemically from [MnCl4]2  in MeCN, as well as in GBL, which was discussed earlier. In 

Figure S 7 the Raman spectra of [BMP]2[MnCl4] and [NEt4]2[MnCl4] chemically oxidized with 

dichlorine, also show the characteristic [MnCl5]2  vibration at 292 and 287 cm 1, respectively. 
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From the electrochemical oxidation of [NEt4]2[MnCl4] a crystal structure was obtained (see 

Figure 2), finally proving that it is possible to form [MnCl5]2  electrochemically. 

 

Figure S 6: Raman spectroelectrochemistry with ELMeCN-EMP-50 and ELMeCN-BMP-30 (a). UV / vis 

spectroelectrochemistry with [BMP]2[MnCl4] in MeCN (90 wt % GBL, c = 1.69 mmol L 1) (b). 

After the addition of 0.5 eq of Cl2 to ELMeCN-BMP-30 the characteristic 1-stretching frequency of 

[MnCl4]2  disappears completely, showing a complete oxidation towards [MnCl5]2 . In the 

Raman spectra of the samples with more equivalents of Cl2, added to ELMeCN-BMP-30 the 

1-stretching frequency of [MnCl4]2  can be observed again. The reason for this is probably, 

that the samples were dried under reduced pressure, which can cause decomposition of the 

[MnCl5]2  anion. In the battery this kind of decomposition cannot be expected. 

 

Figure S 7: Raman spectra of [NEt4]2[MnCl4] and the products of its chemical oxidation with chlorine 

and the electrochemical oxidation at graphite (TF6) (a). Chemical oxidation of ELMeCN-BMP-30 with different 

stoichiometries for chlorine (b). 
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Mn deposition from solutions with [MnCl4]2  
Manganese deposition experiments were conducted in modified H-type glass cells (see Figure 

S 8). The copper plates were polished with sandpaper, cleaned with acetone and ethyl acetate 

(EA) and directly brought into the glovebox. The electrode, where Mn deposition was supposed 

to take place, was used as the working electrode (WE), whereas a Mn plate was used as 

counter electrode (CE) to assure that no contamination with other species takes place while 

Mn is deposited. As a reference electrode (RE) a Pt-wire was used, which was polished with 

sandpaper, cleaned in HNO3 (concentrated), washed with H2O (distilled), acetone and EA 

before the Pt-wire was brought into the glovebox. 

Figure S 8 shows the setup, that was used for the deposition of manganese from various 

electrolytes. The first setup (Figure S 8 a. and b.) had the disadvantages of an undefined 

electrode surface and the possible contamination of the Mn0|MnII half-cell with [MnCl5]2 , since 

the two half cells were only separated by a porous frit. After the purchase of Mn foil, we 

changed the setup (Figure S 8 c.). Now we were able to deposit manganese on a defined 

electrode surface area and instead of [MnCl5]2  formation at the counter electrode, elemental 

manganese was oxidized replacing the manganese that was deposited at the WE. The same 

principle was used for cycling of the half-cell experiments, described earlier. The advantage of 

the glass cell, compared to the screw cells, that were used for the cycling experiments, is that 

one can visibly observe that no [MnCl5]2  is formed in this setup, which is a competing reaction 

to the stripping of manganese. We also assured that no [MnCl5]2  is formed at the Mn-CE using 

Raman spectroscopy. Figure S 8 c. shows that the deposition of manganese starts at a distinct 

potential, here 1.3 V vs. q-Pt, and that the current increases strongly just going to 1.4 V and 

1.5 V vs- q-Pt. This shows that the current density might be very important for the deposition 

of manganese and has to be investigated in detail. 
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Figure S 8: Setup that was used for the deposition of Mn on different substrates (a and b). Improved 

setup for the deposition of Mn on different substrates (c). Advantages are a clearly defined electrode 

surface and no possible contamination with [MnCl5]2 . Current response for different negative potentials 

at the Cu electrode (d). 

Figure S 9 shows the SEM image and the EDX mapping of manganese that was 

electrochemically deposited from ELMeCN-BMP-Cl-30. The EDX mapping shows that manganese 

can only be found at the electrochemically active area of the Pt foil. This is also true for oxygen, 

which can be found, since it was not possible to conduct the measurement under inert 

conditions. Therefore, the manganese was oxidized to MnO, as described earlier. On the SEM 

image as well as on the image of the EDX mapping showing Pt and Mn a very uneven 

deposition of Mn on Pt can be observed, since there are areas with just manganese but also 

areas where Pt can still be seen at the electrochemically active area of the Pt foil. Chloride and 
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carbon can be found evenly distributed over the whole surface of the Pt foil. The reason for 

this is probably that the Mn film was washed very carefully to prevent delamination. As a 

consequence, residual [BMP]Cl was distributed evenly over the whole Pt foil. 

 

Figure S 9: SEM image of manganese electrochemically deposited on Pt from ELMeCN-BMP-Cl-30. 

Photograph of the respective sample. EDX-Mapping of the area, seen on the SEM image. The sample 

was not kept under inert conditions. 

Figure S 10 shows a SEM image of the same sample shown in Figure S 9. The structure of 

the deposited manganese varies strongly. In area 4 the surface still looks smooth, whereas in 

the areas 2 and 3 the surface seems to be more rough. Area 1 however looks completely 

different revealing the cauliflower like structure that is in our opinion the reason for the 

mechanically unstable Mn layers formed electrochemically. Figure S 11 shows the respective 

EDX spectra. As expected manganese and oxygen have the highest count number. Table S 9 

shows the atom % of the relevant elements from the EDX spectra shown in Figure S 11.  
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Figure S 10: SEM image of manganese electrochemically deposited on Pt from ELMeCN-BMP-Cl-30 with the 

marked areas that were analyzed by EDX measurements. The sample was not handled under inert 

conditions after the deposition of manganese. 
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Figure S 11: EDX spectra of the areas marked in Figure S 10. 

Table S 9: Atom % of the elements detected with EDX. The sample was not handled under inert 

conditions after the deposition of manganese. 

 Mn / atom % O / atom % O / Mn-ratio Cl / atom % C / atom % 

Area 1 19 ± 4 47 ± 10 1.6 - 3.8 0.8 ± 0.2 29 ± 5 

Area 2 21 ± 4 42 ± 9 1.3  3.0 0.7 ± 0.2 34 ± 6 

Area 3 23 ± 4 38 ± 7 1.1  2.4 0.9 ± 0.2 35 ± 5 

Area 4 20 ± 4 47 ± 10 1.5  3.6 0.5 ± 0.2 30 ± 6 

 

Figure S 12 shows the LSV experiment investigating the anodic dissolution of Mn metal in a 

solution of [EMP]Cl in GBL (1.9 mol L 1). 
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Figure S 12: LSV at 30 °C, using a 5 mm Mn disc electrode (WE), a Pt-CE and an Ag-RE. The 

electrolyte was a solution of [EMP]Cl in GBL (1.9 mol L 1). The potential was scanned from 2 V to 

+1.5 V vs. q-Ag, with a scan rate of 5 mV s 1. 

Membrane Testing 
The impact on the cell resistance and the cycling performance of the different available 

membranes were tested to find the best candidate for further investigations. Since GBL proved 

more relevant as a solvent compared to MeCN due to safety issues, the membranes were 

tested solely with GBL based electrolytes. In the all-MFB the membrane has to ensure that 

free chloride ions can pass for charge balancing, which is the reason, why only anion exchange 

membranes (AEM) were tested. Next to the free passage for chloride ions the AEM has to 

ensure that the [MnIIICl5]2  that is formed during charge at the positive electrode remains in the 

MnII/MnIII-half-cell (Figure S 13).  To figure out, which of the membranes is best suited for the 

all-MFB, four identical cells were assembled, following the protocol described in the 

experimental section. Each cell was equipped with a different membrane, except for one 

                                                
 A leaching of [MnIIICl5]2  towards the Mn0/MnII-half-cell would result in a comproportionation reaction 

with the deposited Mn. In other redox-flow-batteries, for instance, the Fe-Cr-battery with two different 
electrolytes at the positive and the negative electrode leaching leads to capacity fading.[15,16] In the 
all-MFB a capacity loss is preventable, given the product of the comproportionation reaction is [MnIICl4]2  
and is the active species in both half-cells in the discharged state, potentially increasing lifetime of the 
all-MFB, cf. all-Vanadium-RFB or other batteries that use the same redox-active element at both 
electrodes.[17,18] Nevertheless, the coulombic and energy efficiency still decreases due to leaching. 
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control cell without membrane to record the difference between the resistance that originates 

from the electrolyte and the resistance that is contributed by the membrane.  

 

Figure S 13: Coulombic efficiencies with different membranes, using a solution of [BMP]2[MnCl4] in GBL 

(1.1 mol L 1, 55 wt % GBL, ELGBL-BMP-55) as an electrolyte (left) and the suggested mechanism for the 

charging and charge balancing in the all-MFB (right). 

Table S 10 shows the charge voltages (USoC5) at the end of the first cycle and the respective 

cell resistances.  The cell resistance with the membrane FAPQ-310 was for measurement 

reasons slightly lower than the resistance of the battery without a membrane. However, the 

values are rather close and looking at the cell resistances for the other AEMs the trend is clear: 

The cell with the FAPQ-375-PP membrane shows the highest cell resistance, which is 225 

larger than in the cell without a membrane. Next follows VM-FAPQ-230 (186  lower compared 

to the FAPQ-375-PP) and then FAPQ-310.§  

Table S 10: Cell resistances and USoC5 of the battery cells with different membranes using ELGBL-BMP-

55. The cells were cycled between SoC0 and SoC5 with a current density of 0.5 mA cm 2. The values 

marked green are considered as good, the yellow ones as neutral and the red ones as bad. 

Membrane Cell resistance /  USoC5 / V CE of prior cycle / % 

Without 64 3.42 14.4 
FAPQ-375-PP 289 3.62 88.4 

FAPQ-310 57 3.47 49.9 
VM-FAPQ-230 103 3.93 77.7 

                                                
 USoC5 refers to the charge voltage at the end of a cycle, where the battery was charged to a SoC of 

5 %. Analog USoC80 is the charge voltage that was measured at the end of a cycle, where the battery 
was charged to a SoC of 80 %. 
§ This trend almost follows the thickness of the membranes, which is represented by the number in the 
name of the membrane (in µm). The lower cell resistance of the thicker FAPQ-310 compared to 
VM-FAPQ-230 might be caused by the lack of a polymer backbone, since the FAPQ-375-PP membrane 
is grafted on a polypropylene backbone (PP). 
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Although the FAPQ-375-PP cell shows a higher cell resistance than the VM-FAPQ-230 cell, 

astonishingly USoC5 of the latter is by 0.31 V higher than that of the FAPQ-375-PP cell. USoC5 of 

the FAPQ-310 cell is almost identical to USoC5 of the battery without any membrane (cf. also 

low cell resistances). Comparing USoC5 of the FAPQ-375-PP and the FAPQ-310 cell, the latter 

is lower by 0.2 V, being favorable for energy efficiency. However, looking at the coulombic 

efficiencies (Figure S 13), the FAPQ-375-PP cell exceeds the FAPQ-310 cell by almost 40 %. 

In addition, the AEMs VM-FAPQ-230 and FAPQ-310 showed an extreme mechanical 

deformation after cycling, possibly due to the lack of a supporting PP polymer backbone. Thus, 

the swelling of FAPQ-310 could lead to an enlargement of the pores practically transforming 

the membrane into a porous separator, which induces leaching of [MnIIICl5]2  that 

comproportionates with Mn0 and reduces the CE. Indeed, the CE with the AEM FAPQ-375-PP 

was 88.4 % in the last cycle, whereas VM-FAPQ-230 showed a CE of 77.7 % in the last cycle. 

With a higher CE and a lower USoC5, FAPQ-375-PP was in favor to VM-FAPQ-230. And 

although FAPQ-310 showed the lowest USoC5 among the cells with membranes, its low CE was 

the reason to stop using it. Yet, also the 88.4 % CE of FAPQ-375-PP is far from ideal. However, 

all of these membranes were optimized for aqueous electrolytes. Thus, a membrane, 

especially designed for the all-MFB could improve the CE drastically.** To investigate the all-

MFB on a first principles basis the FAPQ-375-PP appeared reasonable. 

Electrolyte Optimization 
Charging the all-MFB starting with a solution of [Cat]2[MnIICl4] in both half cells is possible. 

Figure S 13 includes the suggested charging mechanism with charge transport over the 

membrane by chloride ions. Chloride is released upon deposition of Mn0 from [MnIICl4]2  and 

is supposed to participate in the formation of [MnIIICl5]2  during the oxidation of [MnIICl4]2 . Due 

to the spatial separation of the electrodes it is impossible for chloride ions  released at the 

negative electrode upon charging  to be immediately available at the positive electrode for 

the formation of [MnIIICl5]2 . Therefore, we decided to add [Cat]Cl to the electrolyte to ensure 

that enough free chloride ions are available at any time for the reactions at the electrodes. The 

addition of extra [BMP]Cl has minimal impact on the conductivity of the resulting GBL based 

electrolytes, whereas the cell resistances are significantly improved (Table S 11). With 

increasing chloride concentration, the addition of [BMP]Cl led to lower cell resistances. Since 

the conductivity is almost not affected, we assume that Cl  does not have an increased mobility 

in the electrolyte, if compared to [MnIICl4]2 . This could be expected, because Cl  is much 

smaller and carries a single negative charge. Thus, the reason for the lower cell resistance 

                                                
** The decrease in the CE was also caused by a mechanical deformation of the FAPQ-375-PP 
membrane and could be improved given another membrane. 
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has to lie somewhere else. It appears that chloride ions can pass the FAPQ-375-PP membrane 

much easier than the dianion [MnIICl4]2  or [BMP]+. The latter should anyway not be able to 

pass the membrane, since FAPQ-375-PP is an AEM.  

Table S 11: Conductivity and cell resistances of electrolytes based on GBL and [BMP]2[MnIICl4] with 

different ratios of added [BMP]Cl. The AEM FAPQ-375-PP was used in each experiment. 

Electrolyte[a] Conductivity at 32 °C  

/ mS cm 1 

Cell resistance  

/  
[MnIICl4]2  Concentration  

/ mol L 1 

[MnIICl4]2  6.08 262[c] 1.1 

[MnIICl4]2  + Cl  (4:1) [b] 5.87 219[c] 1.0 

[MnIICl4]2  + Cl  (2:1) [b] 6.04 153[c] 0.9 

[MnIICl4]2  + Cl  (1:1) [b] 6.07 84[c] 0.8 

[a] The amount of GBL in each electrolyte was 55 wt % compared to the weight of [BMP]2[MnIICl4] and 

[BMP]Cl. [b] Molar ratio. [c] The cell resistance shown here is the mean value originating from two 

different cells that were assembled identically. 

This selectivity and permeability for chloride ions as charge carriers further supports the use 

of the AEM FAPQ-375-PP. Since the addition of extra [BMP]Cl diminishes the concentration 

of the electroactive species, solutions below the 1:1 ratio were not tested. Yet, this 

concentration improved the cell resistance considerably to a value that is only by 20 

(Table S 11) than in the cell without membrane (Table S 10). Figure S 14 shows that the 

addition of [BMP]Cl slightly improves the CE. Yet, more important is the strong positive 

influence on USoC5. Both effects agree with the reduced cell resistance. Comparing the cell with 

the electrolyte that does not contain [BMP]Cl and the electrolyte with a 1:1 molar ratio of 

[BMP]2[MnIICl4] and [BMP]Cl, USoC5 is reduced by 0.62 V. This further reduction of USoC5 led to 

the preferential use of electrolyte with additional [Cat]Cl.  
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Figure S 14: CE (left) and voltage profiles of the 10th cycle (right) of GBL based electrolytes with different 

contents of additional [BMP]Cl. In each electrolyte the amount of GBL was 55 wt % compared to the 

weight of [BMP]2[MnIICl4] and [BMP]Cl. The FAPQ-375-PP membrane was used in each experiment 

and the cells were cycled between SoC0 and SoC5 with a current density of 0.5 mA cm 2. 

Conductivity and Viscosity 
Figure S 15 shows the Arrhenius plots of the ionic conductivity and viscosity of the [BMP]+ and 

[EMP]+ salts in GBL and MeCN. The dotted lines represent the best fits according to the 

Vogel-Fulcher-Tammann (VFT) equation (Eq.[S 3] and Eq.[S 4]) and the respective fitting 

parameters can be found in Table S 16 and Table S 17. High ionic conductivity of the electrolyte 

is important at any state of charge (SoC). Thus, the corresponding [MnIIICl5]2 -salts, that 

dominate the ionic conductivity at higher SoCs, were also analyzed (Figure S 15). Comparing 

the for the battery cycling relevant electrolytes ELMeCN-BMP-30 and ELGBL-BMP-50 with similar viscosity 

(13.3 vs. 13.9 cP), the doubled conductivity in MeCN (12.6 vs. 6.2 mS cm 1 in GBL) in part 

originates from the higher concentration of [BMP]2[MnIICl4] accessible in MeCN (1.6 mol L 1 

vs. 1.2 mol L 1). But apparently this does not reflect the entire change. 
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Figure S 15: Arrhenius plots of the ionic conductivity (a  c) and viscosity (d  f) for [Cat]2[MnIICl4], 

[Cat]2[MnIIICl5] and [Cat]2[MnIICl4] plus [Cat]Cl in MeCN and GBL ([Cat]+ = [BMP]+ and [EMP]+). The 

dotted lines represent the best fit according to the VFT equation. 

The Vogel-Fulcher-Tammann (VFT) parameters for the temperature dependent viscosity and 

conductivity were semi-empirically obtained using the following equations for viscosity and 

conductivity, respectively: 

 [S 3] 

 [S 4] 

 

The  and  are the viscosity and conductivity measured at a given temperature, respectively, 

0 and 0 are the viscosity and conductivity at infinite temperature, respectively, B and  are 

related to the thermodynamic probability of particles to interact with each other, and Tg and Tg  

are the glass transition temperatures. The semi-empirical VFT values were generated using 

the program Origin(Pro).[19] eq and m were calculated according to the equations [S 5] and [S 

6], 

 [S 5] 
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 [S 6]

 

where c is the concentration of the salt,  is the specific conductivity and z is the number of 

negative or positive charge that is released when one electrolyte molecule is dissolved (z = 2 

for [Cat]2[MnCl4]). The equivalent conductivity of the electrolyte with additional [Cat]Cl was 

calculated according to Eq [S 7],  

 [S 7] 

 

 

with c1 and c2 being the concentration of [Cat]2[MnCl4] and [Cat]Cl respectively and z1 and z2 

being the respective charge numbers (z1 = 2 and z2 = 1). Table S 12, Table S 13, Table S 14 

and Table S 15 show the temperature dependent data for the conductivity and the viscosity of 

the different GBL- and MeCN based electrolytes that are discussed using the Walden plot. 

Table S 12: Temperature dependent conductivity of the GBL based electrolytes that were used for the 

Walden plots. 

ELGBL-BMP-50 ELGBL-BMP-Mn(III)-50 ELGBL-BMP-Cl-50 ELGBL-EMP-50 ELGBL-EMP-Mn(III)-50 ELGBL-EMP-Cl-58 

T / °C  / mS cm 1 T / °C  / mS cm 1 T / °C  / mS cm 1 T / °C  / mS cm 1 T / °C  / mS cm 1 T / °C  / mS cm 1 

5.7 2.58 6 2.52 7 2.51 5 3.57 6.4 4.14 4.7 5.51 

10.4 3.16 9.7 3.01 11.4 3.05 12.2 4.73 9.9 5.05 9.6 6.53 

16.4 3.94 15.3 3.7 14.6 3.48 14.3 5.13 16.4 6.28 14.8 7.52 

20.6 4.56 20 4.4 20.3 4.33 20.1 6.34 19.9 7.18 22.9 9.13 

25.0 5.24 25 5.09 25 5.02 25 7.36 25 8 25 9.61 

30.3 6.16 30.2 5.96 31 6.07 30.3 8.59 30.1 9.46 29.3 10.57 

34.7 7.00 34 6.69 35.3 6.91 34 9.49 34.8 10.55 35.3 11.94 

39.7 7.99 39.7 7.83 40.5 7.98 40.7 11.3 39.5 11.98 39.9 13.26 

44.3 9.01 44.7 8.84 45.1 8.99 45.4 12.6 44.8 13.58 44.5 14.44 

49.2 10.1 49.8 9.94 51.2 10.47 47.8 13.25 50 15.5 49.6 15.84 

53.9 11.19 53.7 10.96 54.3 11.25 54.5 15.29 55.9 17.71 55.1 17.35 

61 12.99 60 12.55 59.5 12.71 60.8 17.2 59.5 18.7 59.7 18.56 

 

Table S 13: Temperature dependent conductivity of the MeCN based electrolytes that were used for 

the Walden plots. 

ELMeCN-BMP-30 ELMeCN-BMP-Mn(III)-30 ELMeCN-EMP-50 ELMeCN-EMP-Mn(III)-50 

T / °C  / mS cm 1 T / °C  / mS cm 1 T / °C  / mS cm 1 T / °C  / mS cm 1 

7.3 6.38 4.8 3.57 6 19.13 6.2 20 

10.9 7.42 10.8 4.38 9.8 20.8 9.8 21.7 

14.9 8.39 14.6 5.06 14.4 22.7 15.2 24.1 

19.2 9.31 19.4 6.24 19.2 24.9 20.3 26.3 
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25 10.95 25 7.93 25 26.8 25 28.4

29.6 12.55 29.7 9.22 31.5 30.1 29.7 30.6 

34.4 14.23 34.8 10.72 34.2 31.4 35.3 33.2 

39.4 15.95 39.9 12.36 38.7 33.5 40.4 35.6 

44.5 17.95 44.6 13.93 43.7 35.6 45.2 38 

48.8 19.86 50.2 15.89 49.4 38.7 49.2 40.2 

54.6 22.6 53.6 17.06 53.9 40.8 54.7 42.8 

60 25.2 60 19.29 60.1 43.9 60 45.5 

 

Table S 14: Temperature dependent viscosity of the GBL based electrolytes that were used for the 

Walden plots. 

ELGBL-BMP-50 ELGBL-BMP-Mn(III)-50 ELGBL-BMP-Cl-50 ELGBL-EMP-50 ELGBL-EMP-Mn(III)-50 ELGBL-EMP-Cl-58 

T / °C  / cP T / °C  / cP T / °C  / cP T / °C  / cP T / °C  / cP T / °C  / cP 

25 15.7 25 16.7 25 17.2 25 17.8 25 18.1 25 5.7 

30 13.9 30 14.6 30 14.9 30 15.0 30 17.4 30 5.2 

40 10.5 40 11.1 40 11.3 40 12.0 40 15.4 40 4.4 

50 8.2 50 8.7 50 8.8 50 9.5 50 11.5 50 3.7 

60 6.7 60 7.0 60 7.0 60 7.7 60 10.1 60 3.1 

 

Table S 15: Temperature dependent viscosity of the MeCN based electrolytes that were used for the 

Walden plots. 

ELMeCN-BMP-30 ELMeCN-BMP-Mn(III)-30 ELMeCN-EMP-50 ELMeCN-EMP-Mn(III)-50 

T / °C  / cP T / °C  / cP T / °C  / cP T / °C  / cP 

25 16.1 25 16.3 25 2.5 25 2.4 

30 13.3 30 13.7 30 2.3 30 2.2 

40 11.8 40 10.2 40 2.0 40 1.9 

50 9.0 50 8.2 50 1.7 50 1.7 

60 7.4 60 6.7 60 1.5 60 1.5 

 

Table S 16 and Table S 17 show the fit parameters of the fit results shown in Figure S 15. It 

was not possible to find a fit for each set of the five data points of the measured viscosity. 

Therefore, T0 was used from the VFT fit of the conductivity, since it is the same temperature in 

theory. 

Table S 16: VFT fit parameters obtained from ionic conductivity. 

Electrolyte B / K T0 / K 0 / mS cm 1 

ELGBL-BMP-50 621.44294 157.89446 441.46604 

ELGBL-BMP-Mn(III)-50 734.4231 145.48682 627.4908 

ELGBL-BMP-Cl-50 741.6378 148.33391 708.61234 

ELGBL-EMP-50 467.28978 174.57359 323.10528 

ELGBL-EMP-Mn(III)-50 771.74128 136.74731 968.28474 
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ELGBL-EMP-Cl-58 550.92205 144.48815 347.00376

ELMeCN-BMP-30 1295.7446 80.61707 4261.21477 

ELMeCN-BMP-Mn(III)-30 359.03608 196.32198 267.22503 

ELMeCN-EMP-50 568.60816 111.1536 568.14444 

ELMeCN-EMP-Mn(III)-50 467.0838 128.5929 446.28714 

 

Table S 17: VFT fit parameters obtained from viscosity. Finding a fit to the five data points for each 

electrolyte was not possible. Therefore, T0 from the VFT fit of the conductivity was used. 

Electrolyte B  / K 0 / cP 

ELGBL-BMP-50 597.94018 0.22311 

ELGBL-BMP-Mn(III)-50 713.00584 0.15753 

ELGBL-BMP-Cl-50 709.287 0.15191 

ELGBL-EMP-50 457.13636 0.43618 

ELGBL-EMP-Mn(III)-50 528.865 0.70849 

ELGBL-EMP-Cl-58 510.48347 0.2101 

ELMeCN-BMP-30 1164.3067 0.0749 

ELMeCN-BMP-Mn(III)-30 353.45472 0.50265 

ELMeCN-EMP-50 562.00087 0.12238 

ELMeCN-EMP-Mn(III)-50 466.21089 0.15597 

 

Battery Measurements with Platinum Electrodes 
Cycling experiments using platinum electrodes were conducted, allowing for a direct 

comparison between cyclic voltammograms (CV) that were also carried out using Pt-WEs. 

Figure S 16 shows the CVs of ELMeCN-BMP-30 and ELGBL-BMP-50, and the voltage profiles of the 

corresponding cycling experiments with ELGBL-BMP-Cl-55 and ELMeCN-BMP-Cl-30 at the positive 

electrode, and ELGBL-BMP-Cl-55* and ELMeCN-BMP-Cl-30* at the negative electrode, respectively. A 

direct comparison of the measured potentials is not possible, since the electrolytes in the 

battery contain additional [BMP]Cl, which was not present in the CV measurements. 

Nevertheless, strong similarities between the CVs and the cycling experiments were observed: 

For ELMeCN-BMP-30 the potential was scanned from 0.1 V vs. q-Pt towards positive potentials. 

The half-peak potential (Ep/2) of the [MnIICl4]2 /[MnIIICl5]2  redox couple lies at +1.78 V, whereas 

the deposition of manganese starts around 1.5 V. Considering the current densities from the 

cycling experiment, the two processes that take place while charging the battery, lie 3.02 V 
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apart (CV). That goes along very well with USoC5 of 3.03 V in the battery measurement. 

Stripping of the deposited Mn-layer can be observed in the CV over a range of 0.78 V with two 

current maxima at 0.60 V and 0.24 V. Therefore, the discharge voltage should occur in a 

region between 2.48 V and 1.70 V (Figure S 16). In the corresponding cycling experiment, the 

discharge plateau starts at 2.51 V and ends at 1.82 V and agrees with the respective CV data. 

For ELGBL-BMP-50 the CV shows that Ep/2 of the [MnIICl4]2 /[MnIIICl5]2  redox couple, and the 

beginning of the Mn deposition lie 3.97 V apart.   

 

Figure S 16: a) Cyclic voltammogram of ELMeCN-BMP-30 using a 1 mm Pt disc working electrode. b) 

Voltage profiles of the battery measurement with ELMeCN-BMP-Cl-30 / ELMeCN-BMP-Cl-30* using Pt electrodes. 

c) Cyclic voltammogram of ELGBL-BMP-50 using a 1 mm Pt disc working electrode. d) Voltage profiles of 

the battery measurement with ELGBL-BMP-Cl-55 / ELGBL-BMP-Cl-55* with Pt electrodes. * means that the 

concentration of [MnIICl4]2  is cut in half with respect to the same electrolyte without *. The reason for 

                                                
 For a better comparison between the cycling experiments and the CVs the potentials of the oxidation 

and the reduction of manganese were used, measured at the same current density that was applied in 
the battery (0.25 mA cm 2). 

 Unfortunately, for the comparison with the battery measurement, it was not possible to use the 
potentials at the same current density that was applied in the battery. During the cathodic scan the 
current density in the CV exceeded the current density during cycling by more than 1 mA cm 2. The 
reason might be strong capacitive currents. Therefore, for the comparison of the CV and the cycling 
experiments the voltages that seemed the most reasonable were used as shown in Figure S 15. 
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this is that the volume of the half-cells is the same, but at the negative electrode a two-electron process 

takes place, whereas at the positive electrode it is just a one electron process. 

Compared to the CV in MeCN the separation of the charging processes is by 0.94 V higher. 

This trend can also be observed in the cycling experiment, but to a lesser extent. USoC5 with 

ELGBL-BMP-Cl-55 is 0.33 V higher than USoC5 with ELMeCN-BMP-Cl-30. Since it is not possible to deposit 

a stable Mn film on Pt from a GBL based electrolyte, it is no surprise that the discharge plateau 

of the cell with ELGBL-BMP-Cl-55 is more than 1.27 V lower than for ELMeCN-BMP-Cl-30. Since Mn 

cannot be stripped from the negative electrode during discharge another electrochemical 

reaction has to take place, otherwise no discharge plateau could be observed at all. We found 

that the Pt electrode is oxidized forming [PtIICl4]2  followed immediately by a subsequent 

oxidation to [PtIVCl6]2  (Figure S 17). The formation of [PtIVCl6]2  was verified by mass 

spectrometry of a sample of an electrolyte after cycling with Pt-electrodes (v.i.). 

 

Figure S 17: Proposed electrochemical processes that take place in the battery, set up with platinum 

electrodes using ELGBL-BMP-Cl-55. The potentials of the respective processes originate from the CV 

measurement of ELGBL-BMP-50. 

From Table S 18 that includes the aqueous E0 values of the underlying electrochemical 

processes, one realizes that it is plausible for [MnIIICl5]2  to oxidize Pt0 electrochemically and 

form [PtIVCl6]2 , since the aqueous MnII / MnIII redox potential lies 0.75 V above the potential of 

Pt0/[PtIICl4]2  and 0.78 V above the potential of [PtIICl4]2 /[PtIVCl6]2 . 
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Table S 18: Standard electrode potentials (E0) that are relevant for the battery. These standard electrode 
potentials can only be used in aqueous solutions. Nevertheless, we have no reason to believe that the 
order differs strongly in the solvents used for this study. 

Redox system (aq, pH = 0) E0 / V 
Mn2+ / Mn3+ +1.51 
Mn2+ / Mn3+ +1.11[a] 

Cl  / Cl2 +1.36 
Pt / Pt2+ +1.19 

Pt / [PtIICl4]2  +0.76 
[PtIICl4]2  / [PtIVCl6]2- +0.73 

Mn0/ Mn2+ 1.18 
[a] E0 vs. Fc / Fc+ 

Furthermore, the high chloride concentration in the battery is an additional driving force for 

[PtIICl4]2  and [PtIVCl6]2  formation. In the CV, the assumed anodic dissolution of Pt around 

0.31 V cannot be observed during the first cycle, which started at 0.0 V, was scanned towards 

positive potentials and agrees with the lack of available chloride ions at this point. In the second 

cycle [MnIICl4]2  was already reduced, releasing chloride ions and therefore allowing the 

formation of [PtIICl4]2  and [PtIVCl6]2  at 0.31 V in the second cycle. Overall, Pt is not suited as 

a material for the positive electrode and other electrode materials had to be considered. 

Mass Spectrometric Investigations into the Oxidation of Platinum by [MnCl5]2 : To 

investigate whether [MnIIICl5]2  oxidizes the platinum electrodes to generate [PtIICl4]2  or 

[PtIVCl6]2 , a battery with ELGBL-BMP-Cl-55 was assembled using a Pt foil as the electrode material 

for the positive half-cell. The material for the negative electrode was a Mn foil, and the 

FAPQ-375-PP membrane was used to separate the two half-cells. After charging to a SoC of 

70 %, the battery was disconnected. After 45 h, a sample (ELPt) was taken from the positive 

half-cell and analyzed using mass spectrometry (MS). This time was assumed to be long 

enough to ensure the chemical reaction of [MnIIICl5]2  with the Pt0 electrode. Figure S 18 shows 

the mass spectrum of ELPt together with the mass spectrum of fresh ELGBL-BMP-Cl-55 (not having 

been used in a battery experiment before). In the mass spectrum of ELPt, a series of ions 

containing [PtIVCl5]  can be observed, which constitute aggregates with different numbers of 

[BMP]Cl ([PtIVCl5]  + ([BMP]Cl)x, x = 1 - 4). Additionally, [PtIVCl6]2  itself is present in the mass 

spectrum of ELPt. These signals are not observed in the mass spectrum of ELGBL-BMP-Cl-55, thus 

clearly indicating that electrochemically generated [MnIIICl5]2 oxidized Pt0 to [PtIVCl6]2 . All 

signals in the mass spectrum (m/z = 100  1250) have been assigned to discreet species, thus 

revealing three different series containing the anions Cl , [MnIICl3] , and [MnII
2Cl5]  each 

forming aggregates with [BMP]Cl. This behavior is well known for ionic liquids.[20,21] To validate 

the assignment of the various species (as listed in Figure S 18), the respective isotopic patterns 

were simulated and compared with the measured spectra (CID experiments were performed 

as well, mainly resulting in [BMP]Cl losses). Figure S 19 - Figure S 21 summarize these 

comparisons for a selected example of each series. Note that each signal was recorded both 
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in the normal scan mode and in the SIM mode (SIM = selected ion monitoring) employing both 

the Zoom and the Ultra-Zoom mode. When compared with the normal mode, the isotopic 

patterns are usually much more clearly resolved in the SIM mode. However, in the SIM mode, 

the relative intensities of the measured isotope patterns do not always match the simulated 

spectra very nicely. Yet, in the normal mode, the relative intensities match very well. In the 

case of [PtIVCl6]2 , a CID spectrum (CID = collision-induced dissociation) is shown (Figure S 

19), which indicates the fragmentation into [PtIVCl5]  and a chloride ion (not observed directly). 

 

Figure S 18: Mass spectra (anion mode) of ELGBL-BMP-Cl-55 and ELPt a) for m/z = 100  600, b) for m/z = 

600  950 (the signals marked with an asterisk correspond to [B(C6H3(CF3)2)4]  (C32H12BF24), which is 

present in the spectrometer as a permanent contamination), c) for m/z = 950  1150 (the signal marked 

with two asterisks belongs to the [Al(OC(CF3)3)4)]  (C16AlF36O4), which is present in the spectrometer as 

a permanent contamination), and d) for m/z = 1125  1250. The different series containing the anions 

Cl , [MnIICl3] , [MnII2Cl5] , and [PtIVCl5]  are indicated by the color code. 
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Figure S 19: Mass spectrum of [PtIVCl6]2  (together with the simulated spectrum) a) detected in the 

normal scan mode and b) detected in the SIM mode using the Zoom mode. c) Mass spectrum of [PtIVCl5]  

(together with the simulated spectrum) generated by CID of [PtIVCl6]2  as detected in the normal scan 

mode. 
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Figure S 20: Mass spectrum of Cl  + 3 [BMP]Cl (together with the simulated spectrum) a) detected in 

the normal scan mode and b) detected in the SIM mode using the Ultra-Zoom scan-mode. Mass 

spectrum of [PtIVCl5]  + 3 [BMP]Cl (together with the simulated spectrum) c) detected in the normal scan 

mode and d) in the SIM mode using the Zoom scan-mode. 
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Figure S 21: Mass spectrum plus simulation of a) [Mn2Cl5]  plus 4 [BMP]Cl detected with the normal 

scan mode. b) [Mn2Cl5]  plus 4 [BMP]Cl detected with the selected ion mode using the Zoom scan-mode. 

c) [MnCl3]  plus 5 [BMP]Cl detected with the normal scan mode. d) [MnCl3]  plus 5 [BMP]Cl detected 

with the selected ion mode using the Ultra-Zoom scan-mode. 

Half-cell experiments for the analysis of the Mn deposition: Asymmetrical half-cell 

experiments were conducted with ELMeCN-BMP-Cl-30* and ELGBL-BMP-Cl-55* investigating the Mn0 

deposition on Pt. With ELMeCN-BMP-Cl-30* a stripping of Mn from Pt can be observed with a voltage 

plateau that starts 0.60 V and ends at 0.94 V (Figure S 22 a). This plateau is in 

accordance with the stripping of manganese in the Mn|Mn-half-cell (Figure 6). The CE of the 

Mn|Pt-half-cell increases from 17 to 25 % and fits very well to the CE of the respective full cell 

described earlier (Figure S 16). Since the CEs of the Mn|Pt-half-cell and the Pt|Pt-full-cell are 

so close together, the deposition of Mn and the incomplete stripping is presumably the 

dominant reason for the reduced CE. In the Pt|Pt-full-cell the CE will also be partially reduced 

by the reaction of [MnIIICl5]2  with the Pt electrode (cf. Figure S 17). So far, the data of the 

full-cell experiments and the half-cell experiments with ELMeCN-BMP-Cl-30 fit closely to each other. 

The Mn deposition from ELGBL-BMP-Cl-50* on a Pt electrode shows an overpotential of 1.24 V 

(Figure S 22 b). For the stripping of the deposited Mn layer a voltage plateau in a similar region 

should be expected as it was observed for ELMeCN-BMP-Cl-30*. However, a very short plateau that 
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starts at 1.27 V and ends at 2.7 V can be observed, which we assign to the true stripping of 

Mn. Afterwards a stable plateau at 2.7 V is established, which we assign to the oxidation of 

Pt and the formation of [PtIICl4]2  and [PtIVCl6]2  (v.s.). In Figure S 16 (Pt|Pt-full-cell) a very short 

plateau between 1.3 V and 0.55 V can be observed that could be assigned to the oxidation of 

elemental Mn. Then the plateau at 0.55 V follows, which is assigned to the oxidation of Pt0 and 

[PtIICl4]2 . In comparison to the Pt|Pt-full-cell and the Pt|Mn-half-cell with ELMeCN-BMP-Cl-30, the 

CEs of the respective battery cells with ELGBL-BMP-Cl-55 cannot be brought into accordance. A 

CE of 100 % for the Mn|Pt-half-cell can only be explained with the oxidation of Pt. However, 

for the Pt|Pt-full-cell, an oxidation of Pt0 towards [PtIICl4]2  and [PtIVCl6]2  occurs in the positive 

and the negative half-cell, reducing the CE. As a result, the CE rises up to 56 % (Figure S 22) 

and decreases afterwards. 

 

Figure S 22: Half-cell experiments with a) ELMeCN-BMP-Cl-30* using a Mn-WE and a Pt-CE and b) ELGBL-BMP-

Cl-55* using a Mn-WE and a Pt-CE, c) coulombic efficiencies of the ELMeCN-BMP-Cl-30 / ELMeCN-BMP-Cl-30* full-

cell, ELMeCN-BMP-Cl-30* half-cell, ELGBL-BMP-Cl-55 / ELGBL-BMP-Cl-55* full-cell and ELGBL-BMP-Cl-55* half-cell. All 

experiments were conducted with a current density of 0.25 mA cm 2. As described above the * means 

that the concentration of [MnCl4]2  is cut in half with respect to the same electrolyte without a *. 

Electrode Material for the Positive Electrode: As already described, [MnIIICl5]2  oxidizes Pt 

into [PtIICl4]2  and [PtIVCl6]2 . This process accounts for the second discharge plateau in Figure 

8, where [PtIVCl6]2  is reduced to [PtIICl4]2 , while elemental Mn is further oxidized at the 

negative electrode. Figure S 23 shows all the relevant chemical and electrochemical reactions 

for this scenario. The difference between the aqueous standard electrode potentials of 

MnII / MnIII and [PtIICl4]2  / [PtIVCl6]2  is 0.78 V (see Table S 18). Note that the difference 

between the two plateaus in Figure 8 is also around 0.78 V, supporting the suggested Pt-

oxidation. In addition, Figure S 24 shows a photograph of the Pt foil that was used as positive 

electrode. The platinum surface changed drastically, presumably caused by [MnIIICl5]2  

corrosion. 
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Figure S 23: Proposed chemical and electrochemical reactions that take place in the ELGBL-BMP-Cl-55 / 

ELGBL-BMP-Cl-55* Pt|Mn-full-cell. 
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Figure S 24: Photograph of the pristine Pt electrode before it was used in the battery (left). Pt electrode 

that was used as positive electrode in the full cell with ELGBL-BMP-Cl-55 and ELGBL-BMP-Cl-55* (right). The Pt 

got clearly corroded while it was used as positive electrode in the battery, presumably by [MnCl5]2 . 

 

Electrochemical Investigations of the MnII / MnIII-half cell 
Eq.[S 8] shows the empirical equation that was used to calculate ipc and ipa.[22] 

 [S 8] 

Table S 18 shows standard electrode potentials (E0) that are relevant for the all-MFB.[23] 

According to these potentials an aqueous all-MFB, using the Mn2+/Mn3+ and the Mn0/Mn2+ 

redox pairs would have a cell potential of 2.69 V. It is also noteworthy that the redox potential 

of Pt/[PtIICl4]2  compare to Pt/Pt2+ is 0.43 V lower, showing that the possibility to form [PtCl4]2  

is a strong driving force for the oxidation of Pt towards the oxidation state +2. This is probably 

the reason why the Pt electrodes can be oxidized by [MnCl5]2 . 

Half-cell experiments for the analysis of the Mn-deposition 
Figure S 25 shows among other things the voltage profiles of the deposition of Mn from 

ELGBL-BMP-Cl-55* and ELMeCN-BMP-30*. In the case of ELGBL-BMP-Cl-55* the potential needed for the 

deposition of manganese at a current density of 0.25 mA cm 2 is higher at SoC80 compared 

to SoC5 (  =0.25 V ). Charging a battery with ELGBL-BMP-Cl-55 at the positive electrode and 

ELGBL-BMP-Cl-55* at the negative electrode to SoC 80 shows the same increase in the voltage, 

needed for charging the battery. Therefore, we assign, as discussed earlier, that the increase 

in the voltage needed for charging the battery can be attributed to the deposition of 
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manganese. In the following cycles the charge voltage of the battery increases even further. 

Figure S 25 shows that the cell resistance is increased drastically after the deposition of 

manganese. As already discussed we believe that the cell resistance is increased because of 

the reduced manganese that does not stick to the electrode and ends up in the electrolyte. 

When using ELMeCN-BMP-30* the same trends can be observed, however to a lower extend. 

 

Figure S 25: Photographs of the Pt electrodes after the deposition of Mn on Pt from ELGBL-BMP-Cl-55* and 

ELMeCN-BMP-30* with the respective voltage profiles. The current density in these half-cell measurements 

was 0.25 mA cm 2 in both experiments. 

Figure S 24 shows photographs of a pristine Pt foil and the Pt foil that was used for the positive 

electrode using ELGBL-BMP-Cl-55 and ELGBL-BMP-Cl-55* as electrolytes. The area of the Pt foil, which 

is electrochemically active during the cycling shows a strong alteration. As already discussed, 

we believe that the reason for this is the electrochemical oxidation of Pt towards [PtIVCl6]2  

through [MnCl5]2 . Additionally, we believe that [PtIVCl6]2  is re reduced to [PtIICl4]2  again 

because otherwise we cannot explain the second discharge plateau seen in Figure 8 b). 

Graphite as Electrode material for the positive Electrode 
Figure S 26 (left) shows the voltage profiles of the cycling experiment with ELMeCN-BMP-30 at the 

positive electrode an ELMeCN-BMP-30* at the negative electrode. Compared to the cycling 

experiment using ELMeCN-BMP-30 in both half cells, which is described above, USoC5 and the 

0 2 4 6 8 10 12 14 16 18 20

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

cell resistance before the experiment: 30 
cell resistance after the experiment: 40  

cell setup:
Mn (WE) I ELMeCN-BMP-Cl-30* I Pt (CE)

capacity / Ah L-1

1.47 Ah L-1 = SoC5

0 2 4 6 8 10 12 14 16 18 20
0.6

0.8

1.0

1.2

1.4

17.23 Ah L-1; USoC80 = 1.50 V 

cell resistance before the experiment: 77 
cell resistance after the experiment: 143  

cell setup:
Mn (WE) I ELGBL-BMP-Cl-55* I Pt (CE)

capacity / Ah L-1

1.08 Ah L-1; USoC5 = 1.25 V



 

45 

discharge plateau do not differ very much from each other except that the discharge plateau 

of the cell with ELMeCN-BMP-30* at the negative electrode is much shorter. This is represented 

best, when looking at the CEs Figure S 26(right). The cycling experiment with ELMeCN-BMP-30 in 

both half cells has a CE of 63 % in the last cycle, whereas the cell with ELMeCN-BMP-30* at the 

negative electrode has only 10 %. We believe that the lower viscosity of ELMeCN-BMP-30* is one 

reason for the dramatic decrease in the CE. Due to the lower viscosity the leaching of [MnCl5]2  

towards the Mn0/MnII half-cell should be accelerated. Additionally, it has to be mentioned that 

in case of the cell with ELMeCN-BMP-30 in both half cells a current density of 0.5 mA cm 2 was 

used, whereas a current density of 0.25 mA cm 2 was used in the cell with ELMeCN-BMP-30* at the 

negative electrode. Therefore, charging the battery took twice as long for that cell, giving the 

[MnCl5]2  more time for leaching. In the same scenario, with the GBL based electrolytes ELGBL-

BMP-Cl-55 and ELGBL-BMP-Cl-55* a difference in the CE can be observed as well (Figure S 27, right). 

Here a current density of 0.25 mA cm 2 was used in both cycling experiments. The cell with 

ELGBL-BMP-Cl-55 in both half cells has a CE of 80 % in the last cycle, whereas the cell with ELGBL-

BMP-Cl-55* at the negative electrode has a CE of 71 % in the last cycle. The same trend can be 

observed for the MeCN based electrolytes as well as for the GBL based electrolytes: The cells 

with the diluted Electrolytes (ELGBL-BMP-Cl-55* and ELMeCN-BMP-30*) show lower CE, which in our 

opinion can only be explained with the lower viscosity that enhances cross contamination. This 

assumption is further supported by the fact, that the effect is much stronger for the MeCN 

based electrolytes, which have generally a much lower viscosity compared to the GBL based 

electrolytes. 

 

Figure S 26: Voltage profiles of the SoC5 cycling using ELMeCN-BMP-30 at the positive electrode an ELMeCN-

BMP-30* at the negative electrode using a current density of 0.25 mA cm 2 (left) and the corresponding 

coulombic efficiencies compared to the cell with ELMeCN-BMP-30 in both half-cells (right). 
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Figure S 27: Voltage profiles of the SoC5 cycling with ELGBL-BMP-Cl-55 in both half cells using a current 

density of 0.25 mA cm 2 (left) and the corresponding coulombic efficiencies compared to the cell with 

ELGBL-BMP-Cl-55 at the positive electrode an ELGBL-BMP-Cl-55* at the negative electrode (right). 

Graphite as Electrode Material for the negative Electrode 
Figure S 28 shows the CE of the cell with ELGBL-BMP-Cl-55 at the positive electrode an ELGBL-BMP-

Cl-55* at the negative electrode using TF6 as electrode material for both electrodes. With a CE 

of 75 % this cell is slightly better compared to the same cell with Mn as material for the negative 

electrode (71 %). Unfortunately, as discussed earlier TF6 is no alternative as electrode 

material for the negative electrode since the material is altered strongly during the 

measurement and we cannot be sure that manganese deposition is the only reaction that takes 

place at the TF6 (see Figure S 29). 

 

0 2 4 6 8 10
0

10
20
30
40
50
60
70
80
90

100
110
120  ELGBL-BMP-Cl-55 @ positive and negative electrode

 ELGBL-BMP-Cl-55 @ positive electrode
         ELGBL-BMP-Cl-55* @ negative electrode

cycle number
0.0 0.1 0.2 0.3 0.4 0.5 0.6

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

 cycle 1
 cycle 5
 cycle 10

USoC5: 3.43 V

capacity / Ah L-1

positive electrode (MnII / MnIII):

TF6 I ELGBL-BMP-Cl-55 
negative electrode (Mn0 / MnII):

ELGBL-BMP-Cl-55 I Mn 



 

47 

 

Figure S 28: Coulombic efficiency of the TF6|TF6-full-cell with ELGBL-BMP-Cl-55 at the positive electrode 

an ELGBL-BMP-Cl-55* at the negative electrode. A current density of 0.25 mA cm 2 was used in the 

experiment. 
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Figure S 29: Pristine TF6 electrode material (left) and TF6 electrode after the TF6|Mn0-half-cell 

experiment (see Figure 10). 

To investigate, whether TF6 is still an inert electrode material at the negative potential, 

necessary for the deposition of manganese, CV experiments with a solution of [NBu4][PF6] in 

GBL were conducted with TF6 as WE. Since [NBu4][PF6] and GBL are stable at these negative 

potentials any signal in the CV can be attributed to a reaction of the TF6. In Figure S 30 the 

CV shows that a reduction of TF6 appears at 1.8 V. For a better comparison the same 

measurement was also performed with a Pt WE, showing that the deposition of GBL does not 

start before 2.7 V. In addition, an oxidation of the reduced TF6 can be observed in the reverse 

scan, whereas no oxidation appears in the CV with Pt as WE. The photographs in Figure S 30 

show that the initially smooth surface of the TF6 was altered towards a rough surface during 

the CV experiment. We did not further investigate what happened to the TF6 surface but 

besides a reduction of the graphite accompanied by an intercalation of [NBu4]+ there are not 

many alternatives that can be considered. This process hampers the deposition of manganese 

and shows that TF6 is no option as electrode material for the negative electrode of the all-MFB. 

However, using this kind of CV experiment is a good approach for identifying the right material. 
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Figure S 30: left: CVs of a [NBu4][PF6] solution in GBL (c = 0.1 mol L 1) using a Pt-WE and a TF6-WE 

with a surface of 0.2 cm2. The scan rate was 2 mV s 1 in both experiments. Pt foil was used as CE and 

an Ag wire was used as q - RE in both experiments. Right: Photograph of the TF6 electrode that was 

used in the CV experiment in comparison to a pristine TF6 electrode. The CVs were recorded in our 

homemade battery cells (v.s.). 

Full Cell Battery Measurements with [EMP]2[MnIICl4] in GBL 
Figure S 31 shows the voltage profiles and the CE of the TF6|Mn full-cell with ELGBL-EMP-Cl-58 / 

ELGBL-EMP-C-58* and compares the results with the same cell using ELGBL-BMP-Cl-55 / ELGBL-BMP-Cl-55*. 

 

Figure S 31: a) Voltage profiles of the SoC5 cycling with ELGBL-BMP-Cl-55 / ELGBL-BMP-Cl-55*, b) with 

ELGBL-EMP-Cl-58 / ELGBL-EMP-Cl-58* and c) the corresponding coulombic efficiencies. Both experiments were 

conducted with a current density of 0.25 mA cm 2. 

Energy density 
Figure S 32 shows the OCV measurements after charging a battery to SoC80 for GBL and 

MeCN based electrolytes. These measurements were conducted to obtain an experimental 

value for Ecell, which is needed for the calculation of the energy density. The OCV measurement 

does not deliver a stable potential, due to the measurement being conducted in static cells. 

Still in both measurements a plateau is reached, which allows us to estimate Ecell. For the cell 

with ELGBL-BMP-Cl-55 at the positive electrode and ELGBL-BMP-Cl-55* at the negative electrode a cell 
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potential of 2.59 V is obtained. With ELMeCN-BMP-Cl-30 at the positive electrode and ELMeCN-BMP-Cl-

30* at the negative electrode a cell potential of 2.42 V is obtained. Since charging the battery 

to SoC80 takes 37 h we assume that [MnCl5]2  is constantly present at the negative electrode 

due to cross contamination, making it impossible to measure a stable OCV. 

 

Figure S 32: Measurements of the OCV at SoC80 of the battery cells with TF6 as the positive 

electrode and a Mn-plate as the negative electrode. ELGBL-BMP-Cl-55 was used at the positive electrode 

and ELGBL-BMP-Cl-55* was used at the negative electrode (left). ELMeCN-BMP-Cl-30 was used at the positive 

electrode and ELMeCN-BMP-Cl-30* was used at the negative electrode (right). 

Table S 19 shows a comparison of different battery systems conceivable for large scale EES 

systems and compares their practical energy density. For the all-MFB only the theoretical 

energy density is given, since it is still in its infancy. 

Table S 19: Estimation of the theoretical energy density of an all-Mn battery (all-MFB), calculated with 

the aqueous E0 values for the Mn0/MnII and the MnII/MnIII redox couple and concentrations between 1 

and 2 mol L 1. A density of 1.1 mol L 1 was assumed. For comparison, state of the art RFBs and a LIB 

with LiFePO4 as material for the positive electrode are listed. All of them are considered suitable for 

large scale EES systems. 

 E0 

/ V 

Theoretical 

energy density / 

Wh Kg 1 

Practical 

energy 

density / 

Wh Kg 1 

Practical 

energy 

density / 

Wh L 1 

All-MFB 2.69 44  87 ? ? 

ZBFB[17,24] 1.85 440 60  85 50 

VRFB[17,24] 1.1  1.6 - 15  25 25  35 

VBFB[17,24][a] 1.29 - 25  50 35  70 

LIB[25] 3.3 - 93  136 203  331 
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[a] VBFB = Vanadium-bromine redox flow battery (next generation VRFB)

 

Investigations in a Pumped Flow-Cell 
Specifications of the flow-cell and the overall setup 

Figure S 33,Figure S 34 andFigure S 35 shows an exploded view of the self-designed flow-cell, 

photographs of the single components and a schematic view of the entire system used for the 

measurements. The modular setup allows the utilization of up to three electrochemical cells 

connected in series. In this work we used the single cell setup only. Due to the short distance 

between the TF6 electrodes it was necessary to use graphite felt electrodes (GFA6 from SGL 

carbon) in the flow-cell in contrast to the static battery cells, because otherwise the membrane 

and the TF6 come into contact due to the deflection of the membrane caused by small 

differential pressure in both half-cells. Besides, the current densities without felt electrodes 

were extremely poor and not practical. Additionally, we had to use TF6 as electrode material 

for the negative electrode, since a solid manganese plate in the required size was too 

expensive. Ironically a solid manganese electrode is quite expensive due to the brittle nature 

of manganese. Therefore, the production of these pates is quite complicated causing the high 

price, although manganese itself is cheap. As already discussed (v.s.), pure manganese 

electrodes are anyway no option as electrode material, since they do not result in an improved 

manganese deposition. The temperature of the flow-cell can be kept at a constant level, using 

heating foil placed behind the current collectors. Figure S 34 shows photographs of the overall 

setup and Figure S 35 shows a schematic view. The cell was assembled under atmospheric 

conditions without any pretreatment of the membrane or the electrodes. Afterwards a pressure 

test was conducted to check, whether the cell was tight. An overpressure of 950 mbar nitrogen 

gas was applied and the pressure drop was observed with an integrated pressure sensor. If 

the cell was tight enough, it was connected to the tubing. The tightness of the entire system 

was then checked again, applying an overpressure of around 1 bar of argon. Afterwards the 

entire system was dried by applying vacuum and argon in alternation, to remove oxygen and 

residual water. To further remove trace water, the tubing and the flow cell were flushed with 

dry MeCN. Then the electrolyte tanks, filled under inert conditions in a glovebox, were coupled 

to the rest of the system, which was dried again by applying vacuum and argon in alternation 

before the measurements were started. All components - the battery cell, the pump, the 

electrolyte tanks and the whole tubing - are placed in a specially designed box. In the box, 

temperature is kept constant during the measurements using a heat exchanger. Additionally, 

to keep the atmosphere inert, a constant flow of nitrogen is passed through the box, 

permanently. Since we observed that the filling level of the catholyte tank decreased during 

cycling, accompanied by an increased filling level of the anolyte tank, a third tank with pure 
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solvent was introduced into the system that allows to adjust the filling level of the catholyte 

tank under inert conditions (not shown in the photographs). 

 

Figure S 33: a) Exploded view of the single cell setup. b) Assembled single cell setup with pressure 

sensor. c) Photographs of the single components of the flow cell: 1 and 8 = PVDF endplates with O-ring 

sealing, 2 = TF6 spacers that can be replaced with heating foil, 3 = copper current collector, 4 = TF6 

electrodes, 5 and 7 = PVDF frames with O-ring sealing (12), 6 = membrane, 9 = pressure sensor 

between aluminum plates, 10 = PVC screw, 11 = graphite felt electrodes, 13 = electrolyte tanks.  
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Figure S 34: a) Connection of the forward flow, as well as the return flow to the flow-cell. b) front view 

of the whole system. c) top view of the whole system. d) catholyte tank (green) and anolyte tank (yellow). 

e) tubing that shows the characteristic colors of the electrolyte. 
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Figure S 35: Schematic representation of the overall setup used for the flow-cell experiments. 

 

Methods used for the electrochemical characterization in the pumped flow-cell 

OCV Measurements  
OCV measurements were conducted to determine Ecell, an important parameter for the battery 

characterization. Ecell equals the OCV at a SoC of 100 %. 

Battery cycling (cc-cycling) 
The battery was charged and discharged galvanostatically, meaning that a constant current 

(cc) was applied. The resulting voltage (Ucell), present while charging or discharging the battery 

is given by Eq. [S 9], 

 [S 9] 

with j, being the current density and ASR the area specific resistance of the battery cell. j has 

a positive sign for charging, and a negative sign for discharging the battery. Since UOCV is a 

function of the SoC, Ucell constantly increases, while charging and decreases while discharging 

the battery. Therefore, Ucell is a commonly used cut-off criteria for cc-cycling. Eq. [S 9] also 

shows that it is important to use a suitable current density. If the current density is too high, the 
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upper cut-off voltage comes into operation, before the whole capacity (SoC100) is utilized. The 

same is true for the lower cut-off voltage. 

Polarization measurements (ASR determination) 

Polarization measurements were conducted for the evaluation of the ASR. A pulsed method 

was used, applying short current pulses of 1 s, followed by an OCV measurement of 59 s. The 

range of the current densities was between  15 mA cm 2 and + 15 mA cm 2. Figure S 36 

shows the measurement of a current pulse with 2.5 mA cm 2 and the respective voltage 

response. With Ucell and UOCV, obtained from the measurement, the ASR can be calculated 

according to Eq. [S 10], 

 [S 10] 

with j being the current density. For the current pulse in Figure S 36an ASR of 218.0  cm2 is 

obtained. 

 

Figure S 36: Current pulse with 2.5 mA cm 2 and the respective voltage response. UOCV and Ucell are 

required for the calculation of the ASR. 

05:03 05:04 05:04 05:05 05:05

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.1

3.2

3.3

3.4

3.5

1 s

time / mm:ss

0 s

Ucell = 3.57 V 

 

UOCV = 3.00 V



 

56 

MeCN based electrolytes 
Using MeCN as a solvent for the electrolytes had drastic consequences for the materials used 

in the flow-cell. Especially the pieces made from PVDF and PVC showed strong alterations 

after the experiments (Figure S 37). Therefore, new frames made of polyether ether ketone 

(PEEK) were manufactured, which was very expensive, but allowed longer measurements. 

 

Figure S 37: Negative effects on the material used in the flow-cell caused by MeCN. a) Pump tube that 

was destroyed due to incompatibility with MeCN. b) Leakage. C) Cracks in the PVC case of the flow-cell. 

d) PVDF frames, that lost their original shape. 

GBL based electrolytes 
Table S 20 shows the protocol that was used for the measurements of ELGBL-BMP-0.33 and ELGBL-

EMP-Cl-0.33 in the flow cell and ELGBL-EMP-Cl-0.33 in a static cell. ELGBL-BMP-0.33-F was not discharged after 

charging to SoC50 like ELGBL-EMP-Cl-0.33-S and ELGBL-EMP-Cl-0.33-F. Instead the self-discharge was observed 

by measuring the OCV (Figure S 38). At the end of the OCV measurement the starting point for the 

cycling can be compared to the starting point of ELGBL-EMP-Cl-0.33-S and ELGBL-EMP-Cl-0.33-F, which were 

discharged galvanostatically. 
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Table S 20: Protocols for the measurements with ELGBL-BMP-0.33-F and ELGBL-EMP-Cl-0.33-F/S. 

Method ELGBL-BMP-0.33-F ELGBL-EMP-Cl-0.33-F ELGBL-EMP-Cl-0.33-S 

Charge to 

SoC50[a] 

1 mA cm 2, 5 mL min 1 1 mA cm 2, 5 mL min 1 1 mA cm 2 

    

OCV (15 min) OCVSoC50 = 3.07 V OCVSoC50 = 2.89 V OCVSoC50 = 2.83 V 

    

ASR charge: 249  156  cm2 

discharge: 258  226  cm2 

charge: 201  179  cm2 

discharge: 201  189  cm2 

charge: 366  211  cm2 

discharge: 652  284  cm2 

    

Discharge from 

SoC50[b] 

 CE = 36 % CE = 35 % 

    

OCV OCV after 6 h: 2.55 V   

    

Cycling 1.5 mA cm 2, 5 mL min 1 

CU: 11 % for 66 cycles 

CU < 11 % for 60 cycles 

1.5 mA cm 2, 5 mL min 1 

CU: 10 % for 333 cycles 

CU < 10 % for 170 cycles 

1.5 mA cm 21 

CU: 10 % for 500 cycles 

 

[a] A potential limit of 3.8 V was used. For ELGBL-BMP-0.33-F this limit was hit before SoC50 was reached. Therefore, 

the cell was further charged to SoC50, using a constant voltage of 3.8 V. [b] A potential limit of 0.0 V was used. 

Figure S 38 shows the OCV measurement of ELGBL-BMP-0.33-F at SoC50. After 6 h the cell voltage 

is still at 2.55 V, supporting our estimation of the cell voltage of 2.59 V, at SoC100. However, 

during the following 66 h the cell voltage decreases constantly because of the [MnCl5]2  

leaching. 

 

Figure S 38: OCV measurement of ELGBL-BMP-0.33-F at SoC50. During the whole measurement the 

electrolyte was pumped through the battery cell with a flow rate of 5 mL min 1. 
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Cost estimations for a battery stack based on a 1 MW facility with a capacity of 
8 MW h 

For a 1 MW facility, 40 battery stacks are necessary. One stack consists of 42 cells with an 

electrode surface of 420  594 mm (DINA2). Using a current density of 50  mA cm 2, each cell 

delivers 25 kW and 160  175 V. Stack costs in  / kW of different designs are shown in Figure 

S 39. The evaluation of the cost is based on the assumption, that the current density from the 

cycling experiment with ELGBL-EMP-Cl-0.33-F can be improved by one order of magnitude. The 

biggest potential for reducing the cost is obviously the material for the frame. This shows the 

importance of using a solvent that is compatible with a cheap material like for example PVC 

(design 3- 8). With a solvent, that is compatible with polypropylene (PP) it is also possible to 

change the more expensive TF6 bipolar plate to a cheaper alternative that uses PP instead of 

the fluoropolymer, used in TF6 (design 4  8). Design 1 is the closest to the cell we used for 

the cycling experiment with ELGBL-EMP-Cl-0.33-F. Of course, this is too expensive from an 

economical point of view, but Figure S 39 shows that a reduction of the cost to 125  / kW is 

possible with alternative cell designs and materials. The inset in Figure S 39 shows in detail 

the differences between the designs 1  8, concerning the used material and the stack design. 

 

Figure S 39: Overview of the costs for a 1 MW facility, taking a current density of 50 mA cm 2 as a basis 

for the calculation of the required material. The material cost, based on the quantity for a 1 MW facility, 

were obtained from the respective manufacturers. Design 8, which does not use a frame, is based on a 

patent.[26] 
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The cost of the electrolyte is also relevant for an economical evaluation of the all-Mn battery.

After consulting suppliers of the relevant chemicals, a cost of 6.5  8.0  kg 1 is realistic for an 

electrolyte containing 45 wt % [EMP]2[MnCl4] and 55 wt % GBL. For storing 8 MW h, 

approximately 183570 kg of electrolyte are needed. From this an electrolyte costs of 

149  184  (kW h) 1 can be calculated. All of the calculated prices in this paragraph are based 

on a 1 MW facility, that can store energy up to 8 MW h. For bigger facilities the cost per kWh 

of the electrolyte as well as the stack costs are presumably further reduced. 

 

Crystallographic details 
 

Table S 21: Crystallographic details of the compound [NEt4]4[MnCl4][MnCl5]. 

CCDC number 2031457 
Empirical formula C32H80Cl9Mn2N4 
Formula weight 949.93 
Temperature [K] 100(2) 
Crystal system tetragonal 
Space group (number)  (85) 
a [ ] 14.0370(4) 
b [ ] 14.0370(4) 
c [ ] 12.1648(4) 

] 90 
] 90 
] 90 

Volume [ 3] 2396.92(16) 
Z 2 

calc [g/cm3] 1.316 
 [mm-1] 1.055 

F(000) 1006 
Crystal size [mm3] 0.16×0.16×0.13 
Crystal colour green 
Crystal shape octahedron 
Radiation MoK   ) 
2  range [°] 3.35 to 56.57 (0.75 ) 
Index ranges - - -  
Reflections collected 59198 
Independent reflections 2993 [Rint = 0.0297, Rsigma = 0.0120] 

 100.0 % 
Data / Restraints / Parameters 2993/519/198 
Goodness-of-fit on F2 1.071 
Final R indexes [I I)] R1 = 0.0569, wR2 = 0.1391 
Final R indexes [all data] R1 = 0.0629, wR2 = 0.1430 
Largest peak/hole [e 3] 1.21/-0.95 
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D. Unpublished Compounds and Cyclic Voltammograms 
Herein is the synthesis, NMR and ESI-MS data, elemental analysis, Raman spectrum, and 

solid state structure with the Cambridge Crystallographic Data Centre (CCDC) reference 

number to solid state structures that were left unpublished in the publication section. 

Additionally, the cyclic voltammograms of [N2221][ClF4], [N2221][BrF4], and [N2221][IF6]. 

D.1 N,N-diethyl-di(3-methoxypropyl)ammonium  bromide, [N22.(3O1)2]Br 

 

A slight excess of 1-bromo-3-methoxypropane, BrCH2(CH2)2OMe, (32.8 g, 213 mmol, 2.2 eq.) was added 

dropwise over 30 minutes to a mixture of diethylamine (7.2 g, 98 mmol, 1.0 eq.) and potassium carbonate, K2CO3, 

(27.7 g, 201 mmol, 2.0 eq.) in 40 mL of MeCN. The mixture was stirred under reflux for 4 h. The work up was 

performed in a mixture of water and diethylether. The product was extracted in the ether phase and dried under 

vacuum at a temperature of 80 °C for 8 h, yielding a light brown solid. The yield was 19.0 % (5.6 g, 18.6 mmol). 

Colorless crystals were obtained at r.t. in MeCN. 

1H NMR (400 MHz, CDCl3, 22 °C): δ = 3.53 (q, J = 7.2 Hz, 4H, 1-H), 3.47 (t, J = 5.3 HZ, 4H, 5-H), 3.44 (s, 6H, 

6-H), 3.29 (t, J = 5.0 Hz, 4H, 3-H), 2.02 (tt, J = 5.3 Hz, 4H, 4-H), 1.36 (t, J = 7.0 Hz, 6H, 1-H) pPHM. 

13C{1H} NMR (100 MHz, CDCl3, 22 °C): δ = 68.47 (s, 5-C), 58.88 (s, 6-C), 56.01 (s, 1-C), 54.27 (s, 3-C), 22.89 

(s, 4-C), 7.89 (s, 2-C) pPHM. 

ESI+ = [M+] 218.2073 m/z; 

CHN: Calculated for C12H28BrNO2: C 48.323 %, H 9.462 %, N 4.697 %; Found C 48.53 %, H 11.94 %, 

N 4.736 %; 

FT-Raman (r.t., crystal, res. = 2 cm−1): ṽ =  3003(s,sh), 2996(vs), 2983(vs,sh), 2974(vs), 2964(vs), 2939(vs), 

2907(s), 2884(vs), 2868(s), 2855(vs), 2831(vs), 2813(m), 2737(s), 1496(s), 1487(s), 1473(m), 1465(m), 1455(s), 

1445(s), 1412(w), 1399(w), 1383(w), 1370(w), 1351(w), 1320(s), 1311(s), 1268(w), 1263(w,sh), 1239(m), 

1180(m), 1174(w), 1156(w), 1141(w), 1136(m), 1117(m), 1076(m), 1055(vw), 1031(vw), 1025(vw,sh), 1017(m), 

968(m), 931(w), 919(w,sh), 912(m), 873(w), 860(s), 823(vw,sh), 820(w), 776(w), 762(vw), 736(m), 581(vw), 

574(w), 500(vw,sh), 495(w), 489(vw,sh), 423(w), 408(m), 396(vw,sh), 305(w), 289(w), 273(vw) cm–1; 

CCDC: 2024864.  
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Figure 8. Solid state structure of [N22.(3O1)2]Br. Thermal ellipsoids set at 50% probability. 

 

Figure 9. Raman spectrum of [N22.(3O1)2]Br single crystals using a Raman microscope at r.t., resolution 2 cm–1. 
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Table 3. Summary of crystallographic data and refinement results for [N22.(3O1)2]Br. 

CCDC number 2024864 
Empirical formula C12H28BrNO2 

Formula weight 298.25 
Temperature [K] 100.0(1) 
Crystal system monoclinic 
Space group P 2/n 
a [Å] 9.5781(12) 
b [Å] 8.3383(14) 
c [Å] 9.6266(15) 
α [Å] 90 
β [Å] 104.0(1) 
γ [Å] 90 
Volume [Å3] 746.0(2) 
Z 2 
ρcalc [g/cm3] 1.328 
μ [mm-1] 2.745 
F(000) 316.0 
Crystal size [mm3] 0.12×0.11×0.12 
Crystal color colorless 
Radiation MoKα (λ=0.71073 Å) 
2ϴ range [°] 4.886 to 56.56 (0.75 Å) 
Index ranges –11 ≤ h ≤ 12, –11 ≤ k ≤ 11, –12 ≤ l ≤ 12 
Reflections collected 15918 
Independent reflections 1842 [Rint = 0.0563, Rsigma = 0.0293] 
Completeness to θ = 25.242° 100.0 % 
Data / Restraints / Parameters 1842/0/76 
Goodness-of-fit on F2 1.076 
Final R indexes [I≥2σ(I)] R1 = 0.0244, wR2 = 0.0485 
Final R indexes [all data] R1 = 0.0299, wR2 = 0.0498 
Largest peak/hole [eÅ3] 0.41/–0.36 
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D.2 Tetraphenylphosphonium (acetonitrile)tetrachloridomanganate(III), 

[PPh4][MnCl4(MeCN)] 

 

[PPh4]Cl (97.1 mg, 0.26 mmol, 98 %, 2 eq.) was added to MnCl2 (16 mg, 0.13 mmol, 1 eq.) in 4 mL of MeCN. 

The mixture was heated at 90 °C until a homogeneous yellow solution appeared, [PPh4]2[MnCl4]. At r.t. the 

mixture was stirred, while Cl2 was added to the mixture until stored under a Cl2 atmosphere (1 bar). The solution 

turned black-green. Crystallization occurred at –40 °C into the anion [MnCl4(MeCN)]– has a slightly distorted 

square pyramidal structure (τ = 0.15)[1]  and [PPh4] [MnCl4(MeCN)] is in the P4/n space group, producing black 

green crystals with a yield of 38.5 % (34 mg, 0.10 mmol). 

NMR spectra were not obtainable due to a partial degradation in solution at T > –40 °C to the paramagnetic 

anionic reactant species [MnCl4]2– (Mn+II, S = 2). 

ESI+ = [M+] 339.1284 m/z; 

ESI– = [M––(MeCN)] 198.7906 m/z; 

CHN: Calculated for C26H23N1P1MnCl4: C: 54.102%, H: 4.021%, N: 2.4324; Found: C: 53.82%, H: 4.695%, N: 

2.454%; 

FT-Raman (–196 °C, crystal, res. = 4 cm−1):ṽ = 3082(m), 3060(vs), 3054(s,sh), 3041(w), 3018(vw), 3012(vw), 

3008(vw), 3001 (m), 2993(vw), 2957(w), 2944(vs), 2915(m), 2327(w), 2254(s), 1589(m), 1376(w), 1189(w), 

1186(m), 1168(vw,sh), 1162(w), 1109(w), 1100(w,sh), 1096(w), 1026(m), 998(s), 951(w), 920(w), 679(w), 

614(w), 396(vw), 382(w), 302*(s) (ν1, νMnN), 269*(m) (ν7, νasMnCl4), 260*(w) (ν2, νsMnCl4), 247*(s) (ν4, 

νMnCl4), 201*(m) (ν8, δNMnCl), 189*(s) (ν3, δMnCl4,oop, out of plane deformation), 100*(vs) (ν3, δCl4,ip, in plane 

deformation), 87*(s) (ν5, δCl4,oop), 70*(vs) cm–1 (ν9, δMnCl2,ip). * Refers to anionic vibrations, and anionic 

vibrational assignment based upon a slightly distorted square pyramidal structure (τ = 0.15)[1]; 

 

CCDC: 2024865. 
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Figure 10. Molecular structure of [PPh4][MnCl4(MeCN)]. Thermal ellipsoids set to 50% probability. 

 

Figure 11. Raman spectrum of [PPh4][MnCl4(MeCN)] single crystals using a Raman microscope at –196 °C, 
resolution 4 cm–1. 
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Table 4. Summary of crystallographic data and refinement results for [PPh4][MnCl4(MeCN)]. 

CCDC number 2024865 
Empirical formula C26H23Cl4MnNP 
Formula weight 577.16 
Temperature [K] 100.0(1) 
Crystal system tetragonal 
Space group (number) P 4/n 
a [Å] 12.6017(7) 
b [Å] 12.6017(7) 
c [Å] 7.9334(4) 
α [Å] 90 
β [Å] 90 
γ [Å] 90 
Volume [Å3] 1259.85(15) 
Z 2 
ρcalc [g/cm3] 1.521 
μ [mm-1] 1.028 
F(000) 1006 
Crystal size [mm3] 0.374×0.265×0.152 
Crystal color black green 
Radiation MoKα (λ=0.71073 Å) 
2ϴ range [°] 4.572 to 56.608 (0.75 Å) 
Index ranges –16 ≤ h ≤ 16, –16 ≤ k ≤ 16, –10 ≤ l ≤ 10 
Reflections collected 50732 
Independent reflections 1561 [Rint = 0.0600, Rsigma = 0.0144] 
Completeness to θ = 25.242° 100.0% 
Data / Restraints / Parameters 1561/0/78 
Goodness-of-fit on F2 1.119 
Final R indexes [I≥2σ(I)] R1 = 0.0220, wR2 = 0.0520 
Final R indexes [all data] R1 = 0.0240, wR2 = 0.0530 
Largest peak/hole [eÅ3] 0.34/–0.30 
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D.3 Cyclic voltammograms of [N2221][ClF4], [N2221][BrF4], and [N2221][IF6] 

The redox couples of the active species [ClF4]– [BrF4]–, and [IF6]– (with the cation [N2221]+) 

were examined additionally via cyclic voltammetry similar to the literature known 

[N2221][BrF4].[2] The synthesis of the species was also similar to literature.[2,3] The cyclic 

voltammograms presented in Figure 12 are of [N2221][ClF4], [N2221][BrF4], and [N2221][IF6] (all 

50 mM) taken in MeCN at T = 0 °C with a scan rate of 1000 mV·s–1. The working electrode 

was a planar glassy carbon electrode (2 mm diameter) and the counter and reference electrodes 

planar platinum electrodes (1 mm diameter), and subsequently referenced against ferrocene as 

an internal redox couple. The cell was maintained semi-inert with Ar gas. The E1/2 potential for 

the redox process (I) is given as the following approximation: 

𝐸1/2= 𝐸𝑐 +
Ea − 𝐸𝑐

2   (23) 

where Ec and Ea are the peak or shoulder (inflection point) potentials of the cathodic and anodic 

waves, respectively. 

 

Figure 12. Cyclic voltammograms of [N2221][ClF4], [N2221][BrF4], and [N2221][IF6] (50 mM) in MeCN at T = 0 °C 
with a scan rate of 1000 mV·s–1. The working electrode is planar glassy carbon (2 mm diameter). The arrow on 
the far left represents the initial scan direction and zero current. The subsequent arrows on [N2221][BrF4] represent 
the scan direction. 
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Additionally, after the initial cyclic voltammogram a small amount of substance was 

removed and measured via 19F NMR to determine if the resulting species in the electrolyte 

solution. The resulting 19F NMR signals are 67.79 ppm for [ClF4]–, –35.54 ppm for [BrF4]–,[2] 

and –27.9 ppm for [IF6]–, these values concur with literature values.[2-5] For [IF6]– the 19F NMR 

shift is slightly greater than that of literature (–27.9 ppm to literature –19 ppm[5]), the chemical 

shift of 9 ppm can be attributed to the difference in cation [N2221]+ versus the literature [N1111]+ 

and the temperature measured at room temperature versus 0 °C in the literature.[5] The shift, 

considering the experimental variables is negligible. Therefore, the active species is not 

destroyed 

The E1/2 values for the redox process I are calculated to be 1.90 V ([ClF4]–), 2.08 V  

([BrF4
–), and 2.50 V ([IF6]–). Whereby, the crossing that occurs for the measurement of [BrF4]– 

is probably caused by a diffusion effect from the electrode surface and as such, the Ic peak 

value is less reliable compared to the Ia value of 2.21 V. 

The redox process (I) for [ClF4]–, [BrF4]– and [IF6]– are proposed to undergo one of two 

chemical (C) or electrochemical (E) mechanisms, either a CEC or CECC mechanism similar 

to literature for [BrF4]–.[2] The CEC mechanism starts with the chemical equilibrium between 

[XFy]– to XFy–1 and F– (X = Cl, Br, or I, y = 4 or 6), see Equation 24, similar to that of [X3]– 

to X2 and X–.[2] The second step is the subsequent oxidation of F– to F2 (Equation 25) followed 

by the chemical reaction between F2 and XFy–1 to XFy+1, see Equation 26. The reverse process 

would proceed by a similar mechanism.  

  (24) 

  (25) 

  (26) 

The CECC mechanism would have the same first two steps as in the CEC mechanism, but 

would differ in the final two steps. The third step has F2 react with [XFy]– in the electrolyte 

near the electrode surface to [XFy+2]–, see Equation 27. The final step is the dissociation of 

[XFy+2]– to F– and XFy+1, see Equation 28. 
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  (27) 

  (28) 

The proposed electrochemical component for all species is the oxidation of F– to F2. 

Therefore, the proximity of the electrochemical potential for all three interhalogen monoanions 

is plausible. The small differences in potential can be attributed to the differences in the halogen 

monoanion electrolyte, causing a slight variance at the electrolyte-electrode interface. 
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