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Additives for Zinc-Bromine Membraneless Flow Cells 

The invention relates to compounds suitable as additives for an 

electrolyte used in zinc-bromine membraneless flow cells, for 

complexing the elemental bromine formed in such cells.  

There exists a need, in electrochemical flow cells which 

involve the generation and utilization of elemental bromine, to 

keep the bromine in a form which can be readily stored and 

pumped over a broad temperature range, such that it can be used 

without interfering with the operation of the flow cell, 

minimizing safety issues.  

In its most common configuration, zinc-bromine rechargeable 

cell contains two chemically non-reactive electrodes and a 

suitable separator located between the electrodes (e.g. an ion 

exchange membrane or microporous plastic sheet). The 

electrolyte used in the cell is an aqueous solution of zinc 

bromide, which is generally fed to the two compartments of the 

cell from two separate external reservoirs, utilizing a 

suitable circulation system. The term "anode" is used herein to 

indicate the electrode where metal zinc is formed (during 

charge) and oxidized (during discharge). The term "cathode" is 

used herein to indicate the electrode where elemental bromine 

evolves (during charge) and reduced (during discharge). The 

charge and discharge states of zinc-bromine battery will now be 

described in more detail.  

During charge, an electric current is supplied to the cell from 

an external source, causing the deposition of zinc metal onto 

the anode and the concurrent generation of elemental bromine at 

the cathode, as shown by the following reaction:
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Zn (aq) + 2 Br-(aq) -+ ZnO + Br 2 

The aqueous electrolyte solution which circulates through the 

cathodic side during the cell charge contains a complexing 

agent which is capable of readily forming a water-immiscible 

liquid phase upon complexing with elemental bromine. Thus, the 

elemental bromine generated at the cathodic side during cell 

charge reacts almost instantaneously with the water-soluble 

complexing agent, to form a water immiscible oily phase. The 

dense bromine-containing oily phase tends to settle at the 

bottom of the reservoir used for holding the catholyte. In this 

way, bromine is produced and stored in a reservoir outside the 

electrode.  

During discharge, the reverse chemical reaction takes place and 

an electric current is drawn from the cell. The bromine

containing liquid, which forms part of the catholyte, is 

brought to the cathodic side of the cell, while the anolyte is 

simultaneously circulated through the anodic side. This results 

in the dissolution of the zinc anode to give zinc ions and the 

reduction of elemental bromine to form bromide ions (and the 

generation of electrical current). The chemical reaction is 

represented by the following equation: 

Zn0 + Br 2 -+ Zn (aq) + 2 Br~(aq) 

Figure 1 provides a schematic illustration of an example of a 

traditional zinc-bromine cell, wherein numerals la and Ic 

indicate the anode and cathode, respectively, and numeral 2 

represents the separator positioned between the electrodes. A 

reservoir for accommodating an aqueous solution of zinc 

bromide, used as the anolyte, is indicated by numeral 3a.  

Similarly, a reservoir 3c contains the catholyte, which may



WO 2013/168145 PCT/IL2013/000049 

3 

consist of two liquid phases: an upper, aqueous solution of 

zinc bromide and a lower, dense organic phase comprising the 

elemental bromine in a form of a complex. The flow paths 

allowing the circulation of the anolyte and catholyte are 

respectively indicated by arrows (the streams are driven by 

pumps Pa, Pc). A suitable valve (v) allows injection of 

bromine into the flow path of the catholyte on discharge only.  

A power source and a load are electrically connected to the 

electrodes (numerals 4 and 5, respectively).  

Bromine is a dark red, fuming liquid. It is reactive and 

corrosive and has a high vapor pressure at room temperature. In 

cells utilizing bromine as an electrochemically active element, 

there is a need to deactivate the bromine, such that it is less 

likely to interfere with the operation of the cell, and to 

convert it into a form with reduced vapor pressure. It is known 

in the art that these goals can be achieved by adding a 

bromine-complexing agent to the electrolyte. The bromine

complexing agent combines with bromine molecule(s) to form a 

polybromide complex. Bromine-complexing agents are typically 

able to complex up to 4 bromine molecules per complex. As a 

result, the vapor pressure above the complexed bromine solution 

is decreased.  

In flow cell batteries the electrolyte reservoir is separated 

from the electrodes stack, with the electrolyte being pumped 

from the reservoir to the electrodes and back. The flowability 

of the electrolyte must be maintained with respect to different 

compositions corresponding to different states of charge, and 

over the entire operational temperature range (typically 

between -15 0 C and 500C) . In other words, throughout the 

operation of the cell, the formation of a solid phase in the 

electrolyte is unacceptable. It should also be noted that in



WO 2013/168145 PCT/IL2013/000049 

4 

the case of the commonly used zinc-bromine flow cell, the 

anolyte and catholyte are stored in two separate tanks and are 

circulated through two circulation lines.  

The use of a separator in a traditional zinc bromine flow cell 

utilizing different anolyte and catholyte solutions is for 

preventing the mixing of the solutions and the migration of 

elemental bromine molecules to the anolyte stream. It should be 

noted that bromine migration to the anodic side results in a 

lower columbic efficiency due to direct chemical reaction 

between the elemental bromine and the zinc anode ("self 

discharge") . The separator is usually a microporous plastic 

sheet or an ion exchange membrane (for example Nafion@) that 

act as a physical barrier for different electrolyte solutions 

or specific species contained in those solutions or produced 

and consumed during the cell operation. Still, in order to 

maintain electrical conductivity and charge neutralization, the 

separator must allow the transport of required ions from one 

compartment to the other.  

However, one serious disadvantage associated with the use of a 

separator in a zinc-bromine flow cell is that the cell internal 

resistance is inevitably increased. The later is a limiting 

factor in terms of the ability of the electrochemical system to 

deliver high currents with minimal voltage drop.  

It may therefore be appreciated that the use of membraneless 

configuration can be highly beneficial. In its most general 

form, a membraneless electrochemical cell configuration 

comprises a pair of electrodes and is devoid of a physical 

barrier (i.e., a separator) in the reaction zone between the 

electrodes. By removing the separator, several advantages can 

be gained. First, the internal resistance which is developed
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due to the physical barrier for ions movement from one 

compartment to the other is eliminated. Second, in a 

membraneless electrochemical cell, one electrolyte storage tank 

and one pump for circulating said electrolyte are used, which 

is certainly cost effective in comparison with the operation of 

the common zinc-bromine flow cell illustrated in Figure 1, 

where two electrolyte tanks and two pumps are necessary.  

Bromine complexing agents were investigated for the 

deactivation of elemental bromine in traditional (i.e., 

membrane-containing) zinc bromine flow batteries. Bromine 

deactivation in these batteries may be achieved by the use of 

cyclic quaternary ammonium bromides as complexing agents. In 

their most general form, these salts are represented by the 

following formula: 

1%.N 0 DX e 
Rjo_ R2 

where R1 and R 2 indicate the alkyl groups (which are generally 

different from one another) and X indicates the halide counter 

ion. It should be particularly noted that in the formula 

depicted above, the cation is a non-aromatic heterocyclic 

system. Specifically, N-methyl-N-ethyl pyrrolidinium bromide 

(abbreviated MEP) and N-methyl-N-ethyl morpholinium bromide 

(abbreviated MEM) were suggested in US 4,510,218 and are both 

commercially used for that purpose.  

Furthermore, US 4,065,601 describes a two-phase electrolyte for 

use in trapping halogen in conventional zinc/bromine cells, 

wherein the organic phase of the electrolyte contains water

immiscible organic solvent in combination with a complexing 

agent which may be selected from the group consisting of 

quaternary ammonium salts and pyridinium salts. US 4,064,324
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and US 4,631,240 describe the use of some pyridinium salts 

substituted with acid or ester of the following formula: 

N Br

CH 2CO 2H 

as additives for zinc bromine cell.  

One important property of bromine-complexing agents is the 

partition of bromine between the aqueous electrolyte phase and 

the oily phase. The partition depends on the complexation 

ability of the bromine complexing agent used. The concentration 

of the 'free' bromine (the bromine dissolved directly in the 

aqueous zinc bromide phase) in traditional zinc bromine flow 

cell electrolyte solutions is around, 1% (in the presence of MEP 

or MEM and when the cell is fully charged). This value seems to 

be a good compromise between the availability of 'free' bromine 

to the electrochemical reaction and the need to minimize the 

levels of both bromine vapor pressure in the cell and bromine 

crossover to the zinc compartment. In fact, the 'free' bromine 

is the main bromine source for the discharge reaction on the 

bromine electrode while the de-complexation of bromine from the 

oily phase occurs as a result of the depletion of bromine from 

the aqueous phase and not directly as a part of the 

electrochemical process.  

In a membraneless configuration, the need to minimize sources 

for self-discharge reactions is stricter due to the presence of 

bromine in the electrolyte and the direct contact of the 

electrolyte solutions and the zinc electrode. Therefore, it is 

desirable to minimize the amount of bromine dissolved in the 

aqueous zinc bromide solution by complexing more and more 

bromine in the oily phase.
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The experimental work made in connection with this invention 

indicates that neither N-methyl-N-ethyl pyrrolidinium bromide 

nor N-methyl-N-ethyl morpholinium bromide is suitable for use 

in zinc bromine membraneless flow cells, for the reason that 

they leave relatively high amount of 'free' bromine in the 

electrolyte solution used in such cells.  

It has been found that compounds belonging to the following 

classes: 

(i) N-alkyl pyridinium bromide [such as N-ethyl pyridinium 

bromide (abbreviated herein EPy)]; 

(ii) N-alkyl-2-alkyl pyridinium bromide [such as N-ethyl-2

methyl pyridinium bromide (abbreviated herein 2-MEPy)]; and 

(iii) 1,3 dialkyl imidazolium bromide [such as 1-butyl 3-methyl 

imidazolium bromide (abbreviated herein BMIBr)]; 

and mixtures of said (i)-(iii) compounds, can be used as 

complexing agents in aqueous electrolytes operable in a zinc 

bromine membraneless flow cell. It has been found that the 

presence of said compounds in the electrolyte allows the 

formation of acceptable levels of 'free' bromine in the aqueous 

phase under the relevant working conditions. The complex formed 

by the use of said additives does not solidify even at a 

temperature of -5*C, thus maintaining the flowability of the 

electrolyte with respect to different compositions 

corresponding to different states of charge over a broad 

operational temperature range.  

Accordingly, the invention provides an electrolyte suitable for 

use in a zinc bromine membraneless flow cell, said electrolyte 

comprising aqueous zinc bromide solution and a liquid complex
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composed of bromine-complexing agent combined with one or 

more bromine molecules, wherein the bromine-complexing agent 

is selected from the group consisting of: 

(i) N-ethyl pyridinium bromide; 

(ii)N-ethyl-2-methyl pyridinium bromide; 

(iii) 1-butyl-3-methyl imidazolium bromide.  

In another aspect, the invention is directed to a process 

for operating a zinc bromine membraneless flow cell, 

comprising adding to the electrolyte of said cell at least 

one bromine-complexing agent selected from the group 

consisting of: 

(i) N-alkyl pyridinium halide; 

(ii)N-alkyl-2-alkyl pyridinium halide; and 

(iii) 1-alkyl-3-alkyl imidazolium halide, 

wherein the alkyl groups in each of compounds (ii) and (iii) 

may be the same or different; and charging and/or discharging 

said cell.  

The invention also relates to the use of at least one of: 

(i) N-alkyl pyridinium halide; 

(ii)N-alkyl-2-alkyl pyridinium halide; and 

(iii) 1-alkyl-3-alkyl imidazolium halide; 

as bromine-complexing agent in zinc bromine membraneless 

electrochemical flow cells, wherein the alkyl groups in each 

of compounds (ii) and (iii) may be the same or different.  

It should be noted that the foregoing compounds of classes 

(ii) and (iii) contain two alkyl groups attached to the ring 

system; these two alkyl group(s) may be the same or different 

and are independently selected from preferably C1-C10 alkyl 

groups, e.g., C1-C7 alkyl groups, and more specifically, C1

C4 alkyl groups. Preferred are "mixed" compounds, where the 

alkyl groups attached to the ring are different. The halide 

is preferably bromide.



WO 2013/168145 PCT/IL2013/000049 JUL 2013 
9 

Regarding the class of N-alkyl pyridinium bromide compounds, 

one preferred complexing agent according to the invention is N

ethyl pyridinium bromide: 

+ Et 
.- N~ 

Br

N-ethyl pyridinium bromide can be readily prepared by methods 

known in the art. For example, N-(ethyl)pyridinium bromide can 

be synthesized by a reaction of pyridine with bromoethane, as 

described by Shao et al. [Pige Huagong, 23(1), p. 23-26 (2006)] 

and by Hashimoto et al. [J. Amer. Chem. Soc., 107(16), 

(1985), p. 4655-4662 (1985)]. A full preparation procedure is 

set forth below.  

Regarding the class of N-alkyl-2-alkyl pyridinium halide 

compounds, a complexing agent suitable for use according to the 

invention is N-alkyl-2-methyl pyridinium bromide, especially N

ethyl-2-methyl pyridinium bromide, which is prepared by 

reacting 2-picoline with ethyl bromide, as illustrated by the 

following reaction schemes: 

+ E t- B r B r 
N B r 

2-Picoline Ethyl Bromide 2-MEPy 
C6H7N C2H5Br C8H12BrN 

MW: 93.13 MW: 108.97 MW: 202.09 

The reaction is carried out by charging a pressure reactor with 

the reactants and optionally also with a solvent, which may be 

either an aqueous or organic solvent. Alternatively, ethyl 

bromide can be used in excess. It is possible to introduce the 

entire amounts of the reactants into the reactor and then start
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the reaction by heating the reaction mixture. However, it is 

also possible to gradually feed one or more of the reactants 

(e.g., the ethyl bromide) into the reactor over a period of not 

less than one hour under heating.  

The reaction mixture is heated, preferably to a temperature of 

not less than 90 0C, and the reaction is allowed to proceed under 

pressure for a few hours. For example, the pressure reactor, 

which contains 2-picoline, is heated, preferably to a 

temperature above 704C, e.g., from 80 to 110 0 C, following which 

the gradual addition of the ethyl bromide is started and 

allowed to continue, preferably in a continuous manner, for not 

less than 60 minutes. Upon completion of the addition of ethyl 

bromide, the reaction is maintained under heating at a 

temperature above 95'C, e.g., from 95 to 110 'C, for not less 

that 30 minutes whereby the reaction is completed. The product 

is conveniently collected in the form of an aqueous solution, 

which can be directly applied as an additive for the 

electrolyte solution in accordance with the present invention.  

To this end, upon completion of the reaction, the organic 

solvent and/or residual amounts of the starting materials are 

removed from the reaction vessel by means of methods known in 

the art, e.g., distillation. Water can then be added into the 

reactor, before the product has solidified, to afford the 

complexing agent in an aqueous form.  

Regarding the class of 1-alkyl-3-alkyl imidazolium bromide 

compounds, preferred complexing agents suitable for use 

according to the invention are 1-alkyl-3-methyl imidazolium 

bromide, in particular 1-n-butyl-3-methyl imidazolium bromide:
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Me 

Br 

N 

n-Bu 

which can be readily synthesized by methods known in the art.  

In general, 1-alkyl 3-methyl imidazolium halide can be prepared 

by reacting 1-methylimidazole with alkyl halide. For example, 

the synthesis of 1-alkyl 3-methyl imidazolium bromide is 

described in CN 101492423, CN 101003510 and by Waterkamp et al.  

[Chemical Engineering & Technology 32(11), p. 1717-1723 

(2009)]. The compound is also commercially available.  

As noted above, the bromine complexing agents, e.g., (i) N

ethyl pyridinium bromide, (ii) N-ethyl-2-methyl pyridinium 

bromide, (iii) N-butyl-3-methyl imidazolium bromide or mixtures 

thereof, are added to an electrolyte solution operable in 

membraneless zinc/bromine cell. A suitable aqueous electrolyte 

solution which may be used in zinc bromine membraneless 

batteries has the following composition: ZnBr 2  at a 

concentration from 0.5M to 8.0 M, (preferably 0.5 to 5.0 M, 

e.g. 1.5 to 3.0 M); a complexing agent at a concentration of 

not less than 0.25M, e.g., from 0.25 M - 3.0 M and optionally, 

one or more water soluble salts such as halide salts, e.g., 

zinc chloride, sodium chloride or potassium chloride, and also 

sulfate salts (all are conductivity enhancers up to 3.5 M). The 

total concentration of these secondary water-soluble salts, 

which may be optionally present in the electrolyte solution, 

can be up to 3.5 M, e.g., between 0.5-3.5 M. It is noted that 

the electrolyte further comprises the electrochemically 

generated bromine (which is formed in-situ in the cell on
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charging). On charging, the zinc bromide is consumed and 

bromine is generated. On discharging, the aqueous phase of the 

electrolyte is again concentrated with respect to ZnBr 2, and the 

concentration of elemental bromine is decreased.  

As noted above, the bromine complexing agents of the invention 

may be used either in individual form or in the form of 

mixtures, e.g., binary mixtures, especially mixtures comprising 

1-alkyl-3-alkyl imidazolium halide and at least one of N-alkyl 

pyridinium halide and N-alkyl-2-alkyl pyridinium halide. The 

use of a mixture of 1-alkyl- 3-methyl imidazolium bromide and 

at least one of N-alkyl pyridinium bromide and N-alkyl-2-methyl 

pyridinium bromide is especially preferred, e.g., a mixture 

comprising 1-butyl- 3-methyl imidazolium bromide together with 

either N-ethyl pyridinium bromide, N-ethyl-2-methyl pyridinium 

bromide or both. When binary mixtures are used, then the molar 

ratio between the two components of the mixture is preferably 

from 1:5 to 5:1, e.g., 1:4 to 4:1, and more specifically, from 

1:3 to 3:1. In some cases, mixtures in which the 1-alkyl-3

alkyl imidazolium halide is the major component and the 

substituted pyridinium bromide is the minor component are 

preferred, i.e., mixtures wherein the ratio is from 1:1 to 5:1 

in favor of the 1-alkyl-3-alkyl imidazolium halide. Ratios are 

expressed as molar ratios.  

An energy storage device in which the electrolyte of the 

invention may be used comprises one or more electrochemical 

cells and an electrolyte recirculation system, wherein the 

cell(s) contain spaced apart zinc and bromine electrodes, 

mounted in parallel with one another, wherein the space between 

the electrodes is devoid of membrane or separator. The energy 

storage device further comprises a recirculating electrolyte 

comprising zinc bromide, elemental bromine and one or more of
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(i) N-alkyl pyridinium halide, (ii) N-alkyl-2-alkyl pyridinium 

halide and (iii) 1-alkyl-3-alkyl imidazolium halide as 

described in detail above, along with other optional additives 

(e.g., zinc chloride, potassium chloride). as set out above.  

The terms "zinc electrode" and "bromine electrodes" indicate 

that zinc and bromine are the electrochemically active elements 

reacting on said electrodes. The electrodes are typically made 

of conductive plastic or suitable metals (DSA@). The 

recirculation system includes one pump and one reservoir for 

storing the electrolyte. During charge, the electrodes are 

connected to the opposite poles of a power source, applying 

current density of at least 40 mA/cm 2 . During operation of the 

energy storage device, the temperature is controlled in the 

range from 15 to 30*C.  

In the drawings: 

Figure 1 schematically illustrates the structure of a 

conventional zinc/bromine cell with a membrane positioned in 

the space between the electrodes.  

Figure 2 schematically illustrates an experimental set-up 

representative of a membraneless cell configuration.  

Figure 3 provides a top view of some of the elements used in 

the experimental set-up of Figure 2.
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Examples 

Methods 

1) The specific conductivity of the zinc bromide solutions 

containing the complexing agents was measured at room 

temperature after the addition of bromine to the samples using 

InnoLab 740 instrument with graphite conductivity cell.  

2) The temperature at which the formation of a solid phase 

takes place in the electrolyte solution was determined by 

gradually cooling the samples from room temperature (RT, 

approximately 250C) to -5 0C. The cooling regime was as follows: 

the temperature was decreased from RT down to 15 0C with a 

cooling rate of 0.2 0C/min, and kept at 15 C for 4 hours and so 

forth down to -5 0C. At each of the following temperatures: 15 0C, 

10 0C, 5 0C, 00C and -50C, the solution was maintained at a 

constant temperature for four hours. The cooling test was 

performed in polyethylene glycol solution, until the formation 

of crystals was observed.  

3) The bromine concentration in the aqueous phase above the 

polybromide complex-oily phase was determined by a conventional 

iodometric titration technique. Each vial was sampled two times 

at room temperature.  

4) The vapor pressure above the electrolyte solutions 

containing the complexing agents was measured at 20-26*C 

according to "Vapor pressures of bromine-quaternary ammonium 

salt complexes for zinc-bromine battery applications" Satya N.  

Bajpal J. Chem. Eng. Data, 26, 2-4 (1981).  

In the examples that follow, bromine-complexing agent and 

mixtures thereof are sometimes abbreviated "BCA".
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Preparations 1-3 

Preparation of N-ethyl pyridinium bromide (EPy) 

+ Et-Br 
N Br

1) Preparation of EPy in aqueous medium: 

A stirred pressure reactor was equipped with a thermocouple 

well and a dosing pump. The reactor was charged with pyridine 

(450 g) and de-ionized water (DIW) (330 mL), sealed and heated 

to 95 0C. Ethyl bromide (600 g) was continuously added during 1 

hour; afterwards heating was continued for additional 1 hour.  

The reactor was cooled to ambient temperature, the pressure was 

released and distillation apparatus installed. The reaction 

mass was diluted with DIW (200 mL) and distilled under vacuum 

until 200 mL of distillate were collected. Final product: 1340 

g; 72 %w (argentometric titration); yield, 93 %.  

2) Preparation of EPy in aqueous medium: 

A stirred pressure reactor was equipped with a thermocouple 

well and a dosing pump. The reactor was charged with pyridine 

(475 g) and de-ionized water (DIW) (282 mL), sealed and heated 

to 95 0C. Ethyl bromide (674 g) was continuously added during 1 

hour; afterwards heating was continued for additional 1 hour.  

The reactor was cooled to ambient temperature, the pressure was 

released and distillation apparatus installed. The reaction 

mass was diluted with DIW (200 mL) and distilled under vacuum 

until 200 mL of distillate were collected. Final product: 1384 

g; 77 %w (argentometric titration); yield, 95 %.  

3) Preparation of EPy without a solvent 

A stirred pressure reactor was equipped with a thermocouple 

well and a dosing pump. The reactor was charged with pyridine 

(475 g), sealed and heated to 90 0C. Ethyl bromide (667 g) was 

continuously added during 1 hour; afterwards heating was 

continued for additional 1 hour. The reactor was cooled to



I U U U U 't 
WO 2013/168145 PCT/IL2013/000049 

16 14 JUL 2013 

ambient temperature, the pressure was released and distillation 

apparatus installed. Initial distillation was applied under 

vacuum for 15 minutes. The reaction mass was diluted with DIW 

(300 mL) and further distilled under vacuum until 150 mL of 

distillate were collected. Final product: 1230 g; 88 %w 

(argentometric titration); yield, 96 %.  

Preparations 4-6 

Preparation of N-ethyl-2-methyl pyridinium bromide (2-MEPy) 

+ Et-B r Br 

N Br 

2-Picoline Ethyl Bromide 2-MEPy 

C6H7 N C2H5Br C8 H12BrN 
MW: 93.13 MW: 108.97 MW: 202.09 

4) Preparation of 2-MEPy in aqueous medium 

A pressure reactor was equipped with a mechanical stirrer with 

a magnetic relay and a thermocouple well. The reactor was 

charged with 2-picoline (101.3 g) and de-ionized water (DIW) 

(20 mL), sealed and the mixture was heated to 92 0C. Ethyl 

bromide (97.9 g) was slowly added during 3 hours, at 92-100 'C.  

The mixture was heated at 94-100 'C for additional 2 hours, 

then cooled, and the pressure was released. The crude solution 

was diluted with DIW (24 mL) and excess 2-picoline was 

distilled-off as aqueous azeotrope, under reduced pressure.  

Finally, the residue was diluted with DIW. Final product: 251 

g; 66.1 weight % (argentometric titration); yield, 
91.5 %.  

5) Preparation of 2-MEPy in acetonitrile as a solvent 

A pressure reactor was equipped with a mechanical stirrer with 

a magnetic relay and a thermocouple well. The reactor was 

charged with 2-picoline (57.9 g), ethyl bromide (69 g) and 

acetonitrile (69 g). The reactor was sealed and the mixture 

heated to 97 0C. Heating at 97 0C was continued for 6 hours.  

Distillation of the solvent was controlled by the upper valve
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of the reactor followed by vacuum distillation (without 

cooling). DIW (31 mL) was added to dissolve the crude mixture 

and vacuum was applied to remove residual acetonitrile.  

Finally, the solution was diluted with DIW (10.5 g). Final 

product: 149 g; 80.0 weight % (argentometric titration); yield, 

95 %.  

6) Preparation of 2-MEPy with excess of ethyl bromide 

A pressure reactor was equipped with a mechanical stirrer with 

a magnetic relay and a thermocouple well. The reactor was 

charged with 2-picoline (95 g) and ethyl bromide (145 g). The 

reactor was sealed and the mixture heated to 97 0C. Heating at 

97 0C was continued for 18 hours. Distillation of excess ethyl 

bromide was controlled by the upper valve of the reactor 

followed by vacuum distillation (without cooling). Finally, the 

solution was diluted with DIW (47 g). Final product: 250 g; 

79.3 weight % (argentometric titration); yield, 96 %.  

Examples 1-5 

Preparing and measuring the properties of zinc bromide 

electrolyte solutions which contain 1-butyl 3-methyl 

imidazolium bromide (BMIBr) as a bromine-complexing agent 

To demonstrate the effect of 1-butyl 3-methyl imidazolium 

bromide, 24 ml samples were prepared, with electrolyte 

compositions corresponding to three distinct states of charge 

(SOC) defined by the concentrations of zinc bromide and 

elemental bromine. In addition to the aqueous solution of zinc 

bromide and elemental bromine (which were present in the 

samples in suitable amounts as set out in Table 1 below in 

order to match the state of charge investigated), each sample 

also contained zinc chloride and potassium chloride at constant 

concentrations of 0.5M and 1.0M, respectively. The samples were 

stored at 25'C for 24-48 hours after preparation before any
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measurement was conducted. The samples were tested for one or 

more of the following properties: the temperature at which a 

solid phase is formed in the electrolyte, free bromine 

concentration in the aqueous phase, conductivity and vapor 

pressure. The results are tabulated in Table 1. The letters A, 

B and C next to the Example ' s number indicate the SOC that was 

investigated ((at the beginning, middle and end of charge 

process (0%, 50 and 100%, respectively)).  

Table 1 

Example % S Br 2, BMIBr %Br2, Vapor Conductivity, 
ZnBr 2 (M) M (M) aq. Pressure, ms/cm 

1A 0 2.25 0.2 0.04 135 

1B 50 1.125 1 08M 0.13 140 

1C 100 0.25 2 0.13 <25 138 

2A 0 2.25 0.2 0.04 130 

2B 50 1.125 1 0.7M 0.1 142 

2C 100 0.25 2 0.18 <25 128 

3A 0 2.25 0.2 0.05 136 

3B 50 1.125 1 0.6M 0.14 143 

3C 100 0.25 2 1.05 1 121 

4A 0 2.25 0.2 0.06 133 
-- 0.5M 

4B 50 1.125 1 0 0.28 140 

4C 100 0.25 2 0.96 <25 133 

5A 0 2.25 0.2 0.07 136 

5B 50 1.125 1 0.4M 0.47 140 

5C 100 0.25 2 1.80 N/A 123 

Table 1 illustrates that the bromine vapor pressure measured is 

low, the amount of bromine measured in the aqueous phase is low 

and the electrolyte solution exhibits good conductivity.
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Examples 6-8 

Preparing and measuring the properties of zinc bromide electrolyte 

solutions which contain N-ethyl pyridinium bromide (EPy) as 

bromine-complexing agent 

To demonstrate the effect of N-ethyl pyridinium bromide, 24 ml 

samples were prepared, with electrolyte compositions corresponding 

to three distinct states of charge (SOC) defined by the 

concentrations of zinc bromide and elemental bromine. In addition 

to zinc bromide and elemental bromine (which were present in the 

samples in suitable amounts as set out in Table 2 below in order 

to match the state of charge investigated), each sample also 

contained zinc chloride and potassium chloride at constant 

concentrations of 0.5M and 1.OM, respectively. The samples were 

stored at 25 0 C for 24-48 hours after preparation before any 

measurement was conducted. The samples were tested and the results 

are summarized in Table 2: 

Table 2 

E~y Br2, Physical 
Br2lEPy Br2, state of Conductivity, (M)I (M) (M) polybromide mS/cm 

complex 

6A 0 2.25 0.2 0.38 Solid at 116 

1 -5 C* 

6B 50 1.125 1.0 0.8M 0.60 Liquid at 
-5OC 

6C 100 0.25 2.0 0.45 Liquid at 140 

-50C 

7A 0 2.25 0.2 0.32 Liquid at 121 

-5 0C 

7B 50 1.125 1.0 0.7M 0.53 Liquid at 

-5 0C 
7C 100 0.25 2.0 0.45 Liquid at 140 

1 _ 1_ -54C 

8A 0 2.25 0.2 0.40 Liquid at 120 

-5 0C 

8B 50 1.125 1.0 0.6M 0.40 Liquid at 

-5 0C 

8C 100 0.25 2.0 0.62 Liquid at 132 

1_ 1_ 1 -54C 

*- liquid at -1 0C



WO 2013/168145 PCT/IL2013/000049 

20 

Table 2 illustrates that in general, the bromine-containing 

complex did not undergo solidification even at a temperature 

as low as -5 0 C, the amount of bromine measured in the aqueous 

phase is low and the electrolyte solution exhibits good 

conductivity.  

Examples 9-10 

Preparing and measuring the properties of zinc bromide 

electrolyte solutions which contain mixtures of EPy and BMIBr as 

bromine-complexing agents 

To demonstrate the effect of mixtures of N-ethyl pyridinium 

bromide and 1-butyl 3-methyl imidazolium bromide (at molar 

ratios of 3:1 and 1:3), 24 ml samples were prepared, with 

electrolyte compositions corresponding to three distinct 

states of charge (SOC) defined by the concentrations of zinc 

bromide and elemental bromine. In addition to zinc bromide and 

elemental bromine (which were present in the samples in 

suitable amounts as set out in Table 3 below in order to match 

the state of charge investigated), each sample also contained 

zinc chloride and potassium chloride at constant 

concentrations of 0.5M and 1.OM, respectively. The samples 

were stored at 25 0 C for 24-48 hours after preparation before 

any measurement was conducted. The samples were tested for one 

or more of the following properties: the temperature at which 

a solid phase is formed in the electrolyte, free bromine 

concentration in the aqueous phase, conductivity and vapor 

pressure. The results are set out in Table 3.
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Table 3 

Physical 

Example ZnBr2(M) Br 2, BCA [BCA] state of %Br 2, Conductivity, 
SOC, M mixture M polybromide aq. mS/cm 

complex 

9A 0 2.25 0.2 Liquid at 0.07 133 
1_ -50C 

9B 50 1.125 1.0 EPy:BMIBr 0.8M Liquid at 0.1 151 
9B 0 .15 .0 1:3 -50C ___ _______ 

9C 100 0.25 2.0 Liquid at 0.15 149 
1_ -5*C 

10A 0 2.25 0.2 Liquid at 0.24 127 
EPy:BMIBr -5*C 

10B 50 1.125 1.0 3:1 0.8M Liquid at 0.25 151 
-5*C 

10C 100 0.25 2.0 Liquid at 0.30 150 
1_ 1 1 -5OC 

Table 3 illustrates that the mixed bromine-containing complex is 

highly effective, as it did not undergo solidification even at a 

temperature as low as -5 0 C, the amount of bromine measured in the 

aqueous phase is low and the electrolyte solution exhibits very 

good conductivity.  

Example 11 (Comparative) 

The procedures set forth in previous examples were repeated, but 

this time the complexing agent used was N-methyl-N-ethyl 

pyrrolidinium bromide (MEP). The results are given in Table 4.  

Table 4 

MEP Physical 
Br2 state of Br 2, Conductivity, 

Example % SOC ZnBr2 (M) (M) polybromide aq., % mS/cm 
complex 

11A 0 2.25 0.2 Liquid at 0.44 
0*C 

11B 50 1.125 1.0 0.8M Solid at 0.60 95 
0*C 

11C Solid at 90 
100 0.25 2.0 50C 0.98 

1 ~~ C
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Table 4 illustrates that the bromine-containing complex 

solidifies already at 50C and the conductivity of the 

electrolyte solution is relatively low, clearly indicating the 

inferiority of MEP in comparison to the additives of the 

invention. The amount of 'free' bromine in the aqueous phase is 

relatively high.  

Examples 12-14 

Preparing and measuring the properties of zinc bromide 

electrolyte solutions which contain mixtures of 2-MEPy and 

BMIBr as bromine-complexing agents 

To demonstrate the effect of mixtures of N-ethyl-2-methyl 

pyridinium bromide and 1-butyl 3-methyl imidazolium bromide (at 

molar ratios of 3:1, 1:1 and 1:3), 24 ml samples were prepared 

with electrolyte compositions corresponding to three distinct 

states of charge (SOC) defined by the concentrations of zinc 

bromide and elemental bromine. In addition to zinc bromide and 

elemental bromine (which were present in the samples in suitable 

amounts as set out in Table 5 below in order to match the state 

of charge investigated), each sample also contained zinc 

chloride and potassium chloride at constant concentrations of 

0.5M and 1.OM, respectively. The samples were stored at 25 0C for 

24-48 hours after preparation before any measurement was 

conducted. The samples were tested for one or more of the 

following properties: the temperature at which a solid phase is 

formed in the electrolyte, free bromine concentration in the 

aqueous phase and conductivity. The results are set out in Table 

5.
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Table 5 

Physical 

Example ZnBr 2 (M) Br 2 , BCA mixture [BCA] state of %Br 2, Conductivity, 
SOC, M M polybromide aq. mS/cm 

complex 

12A 0 2.25 0.2 Liquid at 8 8 
00C 

12B 50 1.125 1.0 2-MEPy:BMIBr 0.8M Liquid at 0.20 109 3:1 O0C 
12C 100 0.25 2.0 Liquid at 

00C 

13A 0 2.25 0.2 Liquid at 0.13 101 

13B 50 1.125 1.0 2-MEPy:BMIBr 0.8M Liquid at 8 
1:1 0*C 

13C 100 0.25 2.0 Liquid at 
0*C 

14A 0 2.25 0.2 Liquid at 0.16 95 
00C 

14B 50 1.125 1.0 2-MEPy:BMIBr 0.8M Liquid at 0.14 108 1:3 0*C 

14C 100 0.25 2.0 Liquid at 0.13 92 
_______I I_ _ I I___ 000 .39 

Table 5 illustrates that the mixed bromine-containing complex is 

highly effective, as it did not undergo solidification even at a 

temperature as low as 0*C, the amount of bromine measured in the 

aqueous phase is very low and the electrolyte solution exhibits 

good conductivity.  

Examples 15-18 (of the invention) and 19-20 (comparative) 

An experimental set-up which is schematically illustrated in 

Figure 2 was used to evaluate the effect of the presence of 

various bromine complexing agents on the efficacy of the 

operation of zinc/bromine membraneless cell. A characteristic 

property of the cell which was chosen for a quantitative study 

is the efficiency of zinc plating formed onto the anode surface, 

when the cell was charged at current density of 40mA/cm 2.



WO 2013/168145 PCT/IL2013/000049 

24 

During charge, zinc metal is increasingly formed on the anode 

and elemental bromine is increasingly generated in the 

electrolyte. In the set of experiments described below, various 

bromine-complexing agents were added to zinc bromide aqueous 

electrolyte which was recirculated in a membraneless 

electrochemical cell configuration during charge, and the 

bromine-complexing agents were tested for their ability to 

capture and hold the elemental bromine in the form of water

immiscible phase, minimizing the dissolution of elemental 

bromine in the aqueous phase of the electrolyte and 

correspondingly decreasing the direct chemical oxidation of the 

zinc by elemental bromine present in the aqueous phase. Thus, in 

membraneless cells, in the absence of physical membrane 

separating between the zinc and bromine electrodes, the plating 

efficiency of the zinc critically depends on the efficacy of the 

bromine-complexing agent.  

Experimental set-up 

Referring to Figure 2, the experimental set-up comprises a pair 

of graphite electrodes 21 and 22 which serve as zinc and bromine 

electrodes, respectively. The electrode plates are made of 

compressed graphite particles, are rectangular in shape and are 

about 5 mm thick. The electrodes are mounted horizontally, in 

parallel with one another, and are spaced 5 mm apart. As shown 

in Figure 2, the zinc electrode is placed on top of the bromine 

electrode. It is noted that no membrane is interposed in the 

space between the electrodes.  

Vitono gaskets 25 are applied onto the sides of the electrodes 

which face each other, i.e., the lower and upper faces of 

electrodes 21 and 22, respectively, are covered with the gasket, 

except for a central region which is left exposed on each of 

said electrodes faces. The non-coated central regions of the
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electrodes are hence available for the electrochemical 

reactions. The electrochemically-reactive central regions on the 

lower and upper faces of electrodes 21 and 22, respectively, 

coincide with one another with respect to position, geometric 

shape and size. Each of the two opposed electrochemically

reactive central regions has the shape of a square with an area 

of 10cm 2.  

A flow distributor provided in the form of a Teflon@ frame 

corresponding in shape and size to the rectangular electrodes 21 

and 22 is positioned in the space between said electrodes, such 

that the central open area of the frame coincides with the non

coated active regions of the electrodes with respect to 

position, geometric shape and size. Figure 3 provides a top view 

of the relevant elements, i.e., the electrode plates 21, 22, 

Vitono gasket 25 and Teflon@ flow distributor 26 which were used 

in the experimental set-up of Figure 2. The electrode plates are 

perforated to allow the access and exit of electrolyte flow.  

The compositions of the tested solutions 

The aqueous electrolyte solutions that were tested contain zinc 

bromide, elemental bromine and zinc chloride, the latter at a 

constant concentration of 0.4M. In addition, the following 

bromine-complexing agents were present in the tested solutions 

(the BCA's were added at two different concentrations, of 0.8 M 

and 1.2M): 

3:1 mixture of BMIBr and EPy (of the invention) 

3:1 mixture of BMIBr and 2-MEPy (of the invention) 

MEP (comparative).
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The electrolyte solutions prepared fall into two groups, A and 

B, which differ from one another in respect to the 

concentrations of the zinc bromide and elemental bromine: 

Group A: [ZnBr 2 ]=1.64 M, [Br 2 ]=0.2M.  

Group B: [ZnBr 2 ]=0.74 M, [Br 2 ]=l.lM.  

The composition of solutions of group A corresponds to a state 

of charge of 0%, i.e., it represents a composition of an 

electrolyte solution at the beginning of the charging process.  

The composition of the solutions of group B is representative of 

a state of charge of 60%. During the' experiments, while the 

electrolysis is in progress, the composition of the solutions 

gradually varies, with the concentrations of zinc bromide and 

elemental bromine decreasing and increasing, respectively, such 

that the final compositions of the solutions of groups A and B 

match states of charges of 30% and 90%, respectively. Thus, the 

activity of the bromine-complexing agents was investigated at 

two distinct "windows" of the cell charge: from 0 to 30% SOc 

(Group A), and from 60 to 90% SOC (Group B).  

The experiments 

All the experiments were carried out at room temperature, with 

the cell being charged at current density of 40mA/cm2.  

Each experiment is run as follows. The electrolyte solution 

under study is held in a reservoir 23. The electrolyte volume is 

90-100 ml (110-130 g). Peristaltic pump 24, operating at 30 rpm 

which corresponds to a flow rate of around 60 ml per minute, 

drives the electrolyte solution through the cell, causing the 

solution to flow in the space between electrodes 21 and 22. The 

flow path of the electrolyte is schematically indicated by means 

of arrows in Figure 2. The electrolyte solution is drawn from
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the upper (aqueous) part of the electrolyte volume and returned 

to the bottom of reservoir 23, where the dense (organic) phase 

accumulates. Each experiment lasted about 4.5 hours. At the end 

of the experiment, the cell was opened and washed in water and 

NaHSO3 solution. The anode with Zn deposited thereon was washed 

several times with deionized water, dried and carefully removed 

and weighted, to determine the mass of zinc formed through the 

electrolysis. Plating efficiency was calculated as follows: 

Plating efficiency = I * t M w *100 

F z 
M- mass of zinc deposited on the electrode 

I- electrical current (0.4A) 

t-time during which the current passed through the cell (16200s) 

F -Faraday constant (96485 C/mol) 

Mw - molecular weight (g/mol) 

z- metal valence (2) 

The experimental details and the results are tabulated in Table 

6.  

Table 6 

Example % Soc ZnBr2  Br 2  [BCA Plating 
(M) (M) B efficiency % 

15A 0-30 1.64-1.19 0.2-0.65 48% 
0.8M 

15B 60-90 0.74-0.29 1.1-1.55 BMIBr:EPy 37% 

16A 0-30 1.64-1.19 0.2-0.65 3:1 91-93% 
1.2M 

16B 60-90 0.74-0.29 1.1-1.55 88-90% 

17A 0-30 1.64-1.19 0.2-0.65 68-70% 
0.8 

17B 60-90 0.74-0.29 1.1-1.55 BMIBr:2-MEPy 65% 

18A 0-30 1.64-1.19 0.2-0.65 3:1 94% 
1.2 

18B 60-90 0.74-0.29 1.1-1.55 90% 

19A 0-30 1.64-1.19 0.2-0.65 <20% 
0.8 

19B 60-90 0.74-0.29 1.1-1.55 <20% 
MEP 

20A 0-30 1.64-1.19 0.2-0.65 <20% 
1.2 

20B 60-90 0.74-0.29 1.1-1.55 <20%
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The results in Table 6 show that the lower the free bromine 

concentration in the aqueous phase is (see Tables 3, 4 and 5 for 

relevant data), the lesser the direct reaction between bromine in 

the electrolyte and the plated Zn (self-discharge). As a result, 

the plating efficiency is higher for electrolyte with more 

bromine complexed in the oily phase.
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Claims: 

1) An electrolyte suitable for use in a zinc bromine 

membraneless flow cell, said electrolyte comprising aqueous 

zinc bromide solution and a liquid complex composed of 

bromine-complexing agent combined with one or more bromine 

molecules, wherein the bromine-complexing agent is selected 

from the group consisting of: 

(i) N-ethyl pyridinium bromide; 

(ii)N-ethyl-2-methyl pyridinium bromide; 

(iii) 1-butyl-3-methyl imidazolium bromide.  

2) An electrolyte according to claim 1, comprising 

1-butyl-3-methyl imidazolium bromide.  

3) An electrolyte according to claim 2, comprising a mixture 

of 1-butyl- 3-methyl imidazolium bromide and at least one of 

N-ethyl pyridinium bromide and N-ethyl-2-methyl pyridinium 

bromide.  

4) A process of operating a zinc bromine membraneless 

flow cell, comprising adding to the electrolyte of said cell 

at least one bromine-complexing agent selected from the group 

consisting of: 

(i) N-alkyl pyridinium halide; 

(ii)N-alkyl-2-alkyl pyridinium halide; and 

(iii) 1-alkyl-3-alkyl imidazolium halide, 

wherein the alkyl groups in each of compounds (ii) and (iii) 

may be the same or different; and charging and/or discharging 

said cell.  

5) A process according to claim 4, wherein the at least one 

bromine complexing agent is selected from the group 

consisting of:
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(i)N-ethyl pyridinium bromide; 

(ii)N-ethyl-2-methyl pyridinium bromide; and 

(iii) 1-butyl 3-methyl imidazolium bromide.  

6) A process according to claim 4, wherein a mixture of 

bromine complexing agents is added to the cell, said mixture 

comprising 1-alkyl-3-alkyl imidazolium halide and at least 

one of N-alkyl pyridinium halide and N-alkyl-2-alkyl 

pyridinium halide.  

7) A process according to claim 6, wherein the mixture 

comprises 1-alkyl-3-methyl imidazolium bromide and at least 

one of N-alkyl pyridinium bromide and N-alkyl-2-methyl 

pyridinium bromide.  

8) A process according to claim 7, wherein the mixture 

comprises 1-butyl 3-methyl imidazolium bromide and at least 

one of N-ethyl pyridinium bromide and N-ethyl-2-methyl 

pyridinium bromide.  

9) Use of at least one of: 

(i) N-alkyl pyridinium halide; 

(ii)N-alkyl-2-alkyl pyridinium halide; and 

(iii) 1-alkyl-3-alkyl imidazolium halide; 

as bromine-complexing agent in zinc bromine membraneless 

electrochemical flow cells, wherein the alkyl groups in each 

of compounds (ii) and (iii) may be the same or different.  

10) Use according to claim 9 of at least one of: 

(i) N-ethyl pyridinium bromide; 

(ii) N-ethyl-2-methyl pyridinium bromide; and 

(iii) 1-butyl 3-methyl imidazolium bromide.
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11) Use according to claim 9 of a mixture comprising 1-alkyl

3-alkyl imidazolium halide and at least one of N-alkyl 

pyridinium halide and N-alkyl-2-alkyl pyridinium halide.  

12) Use according to claim 11 of a mixture of 1-alkyl-3

methyl imidazolium bromide and at least one of N-alkyl 

pyridinium bromide and N-alkyl-2-methyl pyridinium bromide.  

13) Use according to claim 12, wherein the mixture comprises 

of 1-butyl- 3-methyl imidazolium bromide and at least one of 

N-ethyl pyridinium bromide and N-ethyl-2-methyl pyridinium 

bromide.
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