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NON-AQUEOUS REDOX FLOW BATTERIES 
INCLUDING 3,7-PERFLUOROALKYLATED 

PHENOTHIAZINE DERIVATIVES 

RELATED APPLICATIONS 

2 
electro-active species: limited stability of oxidized and/or 
reduced forms, irreversible reaction with electrode surfaces, 
and membrane crossover. Despite the development of func
tionalized derivatives (23, 25) and tailored electrolytes(3, 
15, 20, 24) for increased solubility, instances of battery 
cycling reported in the majority of non-aqueous RFB pub
lications have been limited to systems with low concentra
tions of the electro-active species (s0.05 M), perhaps due to 
more rapid capacity fade when electro-active materials are 

This application claims the benefit of U.S. Provisional 
Patent Application No. 62/015,954, filed Jun. 23, 2014, the 
entire disclosure of which is hereby incorporated by refer
ence. 

GOVERNMENT INTEREST 

10 
tested at higher concentrations. The ability to tailor the 
structure of organic compounds to lead to more soluble, 
more stable species offers an opportunity to improve upon 
these limiting factors. 

This invention made with govermnent support under grant 
number 1200653 awarded by the National Science Founda- 15 

tion. The govermnent has certain rights in the invention. 

TECHNICAL FIELD 

There exists a need for high stability, relatively highly 
soluble electroactive materials that can be used in non
aqueous redox flow batteries and non-aqueous redox flow 
batteries with commercial use. Compounds that can dissolve 
at relatively high concentrations can lead to higher capacity 
redox flow batteries that make high capacity batteries 
capable of commercialization. 

SUMMARY 

The presently disclosed subject matter includes a non
aqueous redox flow battery and method of making the same, 

The presently-disclosed subject matter includes non- 20 

aqueous redox batteries and compounds for use in non
aqueous redox batteries. More particularly, the presently 
disclosed subject matter relates to non-aqueous redox flow 
batteries including unique, 3,7-perfluoroalkylated phenothi
azine derivatives. 25 comprising a negative electrode immersed in a first non

aqueous liquid electrolyte solution, positive electrode 
immersed in a second non-aqueous liquid electrolyte solu
tion, a semi-permeable separator interposed between the 
negative and positive electrodes, and the second non-aque
ous liquid electrolyte solution comprises a compound of the 

INTRODUCTION 

30 formula: 

As greenhouse gases continue to warm the Earth, increas
ing the number of renewable energy sources connected to 
the electrical grid has become a topic of worldwide interest. 
(1-3) The current electrical grid is predicted to become 
unstable if solar and wind power rise to supply more than 
20% of its energy-a benchmark which we are predicted to 
reach by 2030----because the grid lacks the ability to accom- 35 

modate fluctuating energy sources.( 4) To remedy this limi
tation, large-scale electrical energy storage (EES) systems 
have been investigated for the purpose of storing energy 
during peak production and releasing it to relieve strain on 
the grid during periods of peak end-user demand, resulting 40 

in a load-levelling effect.(5) 
For grid storage using EES, aqueous redox flow batteries 

(RFBs) have shown great promise due to their low costs and 
long lifetimes(7, 8) and have been demonstrated on scales up 
to 10 MW.(8, 9) Of the many flow systems that have been 45 

investigated, the aqueous all-vanadium system is the most 
advanced.(10) However, the voltage window of aqueous 
systems is limited to ca. 1.5 V by the electrolysis of water, 
and they employ high concentrations of extremely corrosive 
supporting electrolytes such as sulfuric acid, hydrobromic 50 

acid, hydrochloric acid, or nitric acid.(7, 8) These two 
detriments have led to increased interest in non-aqueous 
redox flow systems, which can potentially be charged to 4 V, 
depending on the solvent used.(11) Half- and full-cell 
designs have been demonstrated on small scales, employing 55 

a variety of solvents and a handful of electro-active mate
rials as the electron donors and acceptors,(12-20) including 
phthalimide, anthracene, quinone, or quinoxilane deriva
tives as the anolyte(21-23) and TEMPO or dimethoxyben
zene derivatives as the catholyte.(21, 23-25) Recently, sus- 60 

pensions of solid electrode materials used in Li-ion batteries 
have also been reported for use as the charge-carrying 
electro-active species.(26) 

The main factors preventing commercialization of non
aqueous RFBs are the poor voltages and energy efficiencies 65 

and the rapid decay in capacity with cycling. These faults are 
attributed to one or more of the following problems with the 

wherein R is selected from alkyl, aryl, alkylaryl, alkoxyaryl, 
alkylcarboxyl, aryl carbonyl, haloalkyl, perfluoroalkyl, gly
cols, haloaryl, a negative electrolyte, and a polymer; and 
wherein each n is independently an integer from 1 to 6. 

The presently-disclosed subject matter also includes 
materials comprised of novel phenothiazine compounds. 
The novel phenothiazine compounds of the present inven
tion are N-substituted and comprise one or more electron 
withdrawing groups substituted para to the N-group. Exem
plary compounds can be stable neutral and oxidized (radical 
cation) states, exhibit relatively high oxidation potentials, 
and high solubility, and can increase capacity of non
aqueous all-organic redox flow batteries. 

In some embodiments, the novel phenothiazine com
pounds can be used in non-aqueous redox flow batteries. In 
some embodiments, during charging, the present com
pounds become oxidized to form their radical cations while 
another component of the battery accepts electrons and 
becomes negatively charged. During discharging, the elec
tron is transferred back to one of the phenothiazine deriva
tives. In some embodiments, because the second oxidation 
can be reversible, it can be possible to form the dication (i.e., 
two electron transfer reactions) during charging. 

DESCRIPTION OF THE DRAWINGS 

The novel features of the invention are set forth with 
particularity in the appended claims. A better understanding 



US 10,153,510 B2 
3 

of the features and advantages of the present invention will 
be obtained by reference to the following detailed descrip
tion that sets forth illustrative embodiments, in which the 
principles of the invention are used, and the accompanying 
drawings of which: 

FIG. 1: Chemical structures of the catholytes 3,7-bis 
( trifluoromethy 1)-N-ethy lphenothiazine (BCF3 EPT) and 
2,5-di-tert-butyl-1,4-bis(2-methoxyethoxy)benzene 
(DBBB), and the anolyte 2,3,6-trimethyl quinoxaline 
(TMeQ). 

FIGS. 2A and 28: Cyclic voltammograms of separate 5 
mM BCF3EPT and 5 mM TMeQ solutions (a); and com
bined BCF3EPT and TMeQ at 5 mM each (b), all in 0.2 M 
LiBF 4 in PC and obtained at scan rates of 20 mV/s. Dashed 
lines show cycle to only one redox event. 

FIGS. 3A and 38: UV-vis absorption spectra of radical 
cations ofBCF3EPT (a) and DBBB (b) recorded at various 
times from O to 5 h after generation by bulk electrolysis at 
5 mM in 0.2 M LiBF 4 in PC. 

FIG. 4A-4F: Potential vs. time profile (first 50 hours) and 
capacity and coulombic efficiency vs. cycle number of a 
Swagelok cell containing BCF3EPT as the catholyte and 
TMeQ as the anolyte in 0.2 M LiBF 4 in PC at 0.05 M (a,b); 
0.15 M (c,d); and 0.35 M (e,f) electro-active material. 

FIG. 5: Schematic of electro-active materials evaluated in 
stationary mimics of non-aqueous redox flow batteries. 

FIGS. 6A and 68: Cyclic Voltammetry (CV) of 5 mM 
DBBB (a); and 1:1 mix DBBB and TMeQ (b) in 0.2 M 
LiBF 4 in Propylene Carbonate (PC). 

FIG. 7A-7D: UV-vis absorption spectra of BCF3EPT at 
0.2mM(a) and5 mM(b) andDBBB at0.2 M (a) and5 mM 
(b) in 0.2 M LiBF 4 in PC. Spectra are shown to 1000 nm to 
show that radical cations, which appear at lower wave
lengths (see FIG. 2) does not form. 

FIG. 8: Plot of original absorbance for the tallest peak in 
the UV-vis spectrum of radical cation of BCF3EPT and 
DBBB radical cation vs. time in 0.2 M LiBF 4 in PC from 
experiment in FIGS. 3A and 38. 

4 
and particularly the specific details of the described exem
plary embodiments, is provided primarily for clearness of 
understanding and no unnecessary limitations are to be 
understood therefrom. In case of conflict, the specification of 

5 this document, including definitions, will control. 
The presently-disclosed subject matter includes N-substi

tuted phenothiazine compounds, substituted, for example, 
para to the Nitrogen. In some embodiments, substitutions 
occur at the 3 and 7 positions of the ring. In some embodi-

10 ments, the phenothiazine compounds used for positive elec
trolyte solutions are functionalized with CF3 groups. The 
compounds according to the presently disclosed subject 
matter can be used for non-aqueous redox flow batteries 

15 

with high capacities and have commercial viability. 
The presently-disclosed subject matter also includes 

novel phenothiazine compounds. The novel phenothiazine 
compounds are suitable for use, for example, in non-aqueous 
redox flow batteries. During charging, the present com
pounds become oxidized to form their radical cations while 

20 another component of the battery accepts electrons and 
becomes negatively charged. During discharging, the elec
tron is transferred back to one of the phenothiazine deriva
tives. In some embodiments, because the second oxidation 
can be reversible, it can be possible to form the dication (i.e., 

25 two electron transfer reactions) during charging. 
As described herein, the present inventors have charac

terized the present compounds by cyclic voltammetry and 
overcharge cycling. Concentrations of the compounds can 
range from 0.0001 M to about 5.0 M. For overcharge 

30 protection studies, derivatives were suspended or dissolved 
in a carbonate solvent, sometimes a combination of ethylene 
carbonate and ethylmethyl carbonate, containing 0.5-1.2 M 
lithium salt such as LiPF 6 or LiBF 4 . Demonstrations of 
overcharge protection over an extended time period indicate 

35 that the oxidized states of the compounds are stable and 
suggest that this class of compounds will serve as effective 
positive electrode materials in redox flow batteries, wherein 
it is beneficial to include electrode materials that are stable 

FIG. 9A-9D: Potential vs. time profile (first 50 hours) and 
capacity and coulombic efficiency vs. cycle number of a 40 

Swagelok cell containing DBBB as catholyte and TMeQ as 
anolyte in 0.2 M LiBF 4 in PC at 0.05 M (a, b ); and 0.15 M 

when oxidized. 
As used herein, the term "substituted" is contemplated to 

include all permissible substituents of organic compounds. 
In a broad aspect, the permissible substituents include acy
clic and cyclic, branched and unbranched, carbocyclic and 
heterocyclic, and aromatic and nonaromatic substituents of 

( c, d) in 0.2 M LiBF 4 in PC. 
FIG. 10: Overcharge results for BCF3CF2EPT at O.OSM 

concentration. 
FIG. 11: Overcharge data for BCF3(4-CH3-C6H4)PT at 

O.OSM concentration. 
FIGS. 12A and 128: The electrochemical performance of 

a coin cell with 0.25 M BCF3EPT in 1.0 M LiBF 4 in PC 
solution as a positive electrolyte and lithium metal as a 
negative electrode: (a) Cell voltage profile vs. capacity 
during a charge-discharge process; and (b) charge and 
discharge capacity as a function of cycle number. 

45 organic compounds. Illustrative substituents include, for 
example, those described below. The permissible substitu
ents can be one or more and the same or different for 
appropriate organic compounds. For purposes of this dis
closure, the heteroatoms, such as nitrogen, can have hydro-

50 gen substituents and/or any permissible substituents of 
organic compounds described herein which satisfy the 
valences of the heteroatoms. This disclosure is not intended 
to be limited in any manner by the permissible substituents 

FIG. 13: Coulombic, energy and voltage efficiencies as a 
function of cycle number of a coin cell with 0.25 M 55 

BCF3EPT in 1.0 M LiBF 4 in PC solution as a positive 
electrolyte and lithium metal as a negative electrode. 

of organic compounds. 
Also, the terms "substitution" or "substituted with" 

include the implicit proviso that such substitution is in 
accordance with permitted valence of the substituted atom 
and the substituent, and that the substitution results in a 
stable compound, e.g., a compound that does not spontane-DESCRIPTION OF EXEMPLARY 

EMBODIMENTS 

The details of one or more embodiments of the presently
disclosed subject matter are set forth in this document. 
Modifications to embodiments described in this document, 
and other embodiments, will be evident to those of ordinary 
skill in the art after a study of the information provided in 
this document. The information provided in this document, 

60 ously undergo transformation such as by rearrangement, 
cyclization, elimination, etc. 

In defining various terms such as "R", such terms are used 
herein as generic symbols to represent various specific 
substituents. These symbols can be any substituent, not 

65 limited to those disclosed herein, and when they are defined 
to be certain substituents in one instance, they can, m 
another instance, be defined as some other substituents. 
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The term "alkyl" as used herein is a branched or 
unbranched saturated hydrocarbon group of 1 to 24 carbon 
atoms, such as methyl, ethyl, n-propyl, isopropyl, n-butyl, 
isobutyl, s-butyl, t-butyl, n-pentyl, isopentyl, s-pentyl, neo
pentyl, hexyl, heptyl, octyl, nonyl, decyl, dodecyl, tetrade
cyl, hexadecyl, eicosyl, tetracosyl, and the like. The alkyl 
group can be cyclic or acyclic. The alkyl group can be 
branched or unbranched. The alkyl group can also be 
substituted or unsubstituted. For example, the alkyl group 
can be substituted with one or more groups including, but 10 

not limited to, optionally substituted alkyl, cycloalkyl, 
alkoxy, amino, ether, halide, hydroxy, nitro, silyl, sulfo-oxo, 

6 
and 1,3,4-thiadiazole, triazole, including, 1,2,3-triazole, 1,3, 
4-triazole, tetrazole, including 1,2,3,4-tetrazole and 1,2,4,5-
tetrazole, pyridine, pyridazine, pyrimidine, pyrazine, triaz
ine, including 1,2,4-triazine and 1,3,5-triazine, tetrazine, 
including 1,2,4,5-tetrazine, pyrrolidine, piperidine, pipera
zine, morpholine, azetidine, tetrahydropyran, tetrahydro
furan, dioxane, and the like. 

The terms "alkoxy" and "alkoxyl" as used herein to refer 
to an alkyl or cycloalkyl group bonded through an ether 
linkage; that is, an "alkoxy" group can be defined as -DA 1 

where A 1 is alkyl or cycloalkyl as defined above. "Alkoxy" 
also includes polymers of alkoxy groups as just described; 
that is, an alkoxy can be a polyether such as -DA 1-0A 2 or 
---OA1-(0A2)a-OA3

, where "a" is an integer of from 1 to 
or thiol, as described herein. A "lower alkyl" group is an 
alkyl group containing from one to six (e.g., from one to 
four) carbon atoms. 15 200 andA1, A2

, andA3 are alkyl and/or cycloalkyl groups. 
Throughout the specification "alkyl" is generally used to 

refer to both unsubstituted alkyl groups and substituted alkyl 
groups; however, substituted alkyl groups are also specifi
cally referred to herein by identifying the specific substit
uent(s) on the alkyl group. For example, the term "haloge- 20 

nated alkyl" specifically refers to an alkyl group that is 
substituted with one or more halide, e.g., fluorine, chlorine, 
bromine, or iodine. The term "alkoxyalkyl" specifically 
refers to an alkyl group that is substituted with one or more 
alkoxy groups, as described below. The term "alkylamino" 25 

specifically refers to an alkyl group that is substituted with 
one or more amino groups, as described below, and the like. 
When "alkyl" is used in one instance and a specific term 
such as "alkylalcohol" is used in another, it is not meant to 
imply that the term "alkyl" does not also refer to specific 30 

terms such as "alkylalcohol" and the like. 
This practice is also used for other groups described 

herein. That is, while a term such as "cycloalkyl" refers to 
both unsubstituted and substituted cycloalkyl moieties, the 
substituted moieties can, in addition, be specifically identi- 35 

fled herein; for example, a particular substituted cycloalkyl 
can be referred to as, e.g., an "alkylcycloalkyl." Similarly, a 
substituted alkoxy can be specifically referred to as, e.g., a 
"halogenated alkoxy," a particular substituted alkenyl can 
be, e.g., an "alkenylalcohol," and the like. Again, the prac- 40 

tice of using a general term, such as "cycloalkyl," and a 
specific term, such as "alkylcycloalkyl," is not meant to 
imply that the general term does not also include the specific 
term. The term "alkyl" is inclusive of "cycloalkyl." 

The term "cycloalkyl" as used herein is a non-aromatic 45 

carbon-based ring composed of at least three carbon atoms. 
Examples of cycloalkyl groups include, but are not limited 
to, cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, nor
bomyl, and the like. The term "heterocycloalkyl" is a type 
of cycloalkyl group as defined above, and is included within 50 

the meaning of the term "cycloalkyl," where at least one of 
the carbon atoms of the ring is replaced with a heteroatom 
such as, but not limited to, nitrogen, oxygen, sulfur, or 
phosphorus. The cycloalkyl group and heterocycloalkyl 
group can be substituted or unsubstituted. The cycloalkyl 55 

group and heterocycloalkyl group can be substituted with 
one or more groups including, but not limited to, optionally 
substituted alkyl, cycloalkyl, alkoxy, amino, ether, halide, 
hydroxy, nitro, silyl, sulfo-oxo, or thiol as described herein. 

In this regard, the term "heterocycle," as used herein 60 

refers to single and multi-cyclic aromatic or non-aromatic 
ring systems in which at least one of the ring members is 
other than carbon. Heterocycle includes pyridinde, pyrimi
dine, furan, thiophene, pyrrole, isoxazole, isothiazole, pyra
zole, oxazole, thiazole, imidazole, oxazole, including, 1,2, 65 

3-oxadiazole, 1,2,5-oxadiazole and 1,3,4-oxadiazole, 
thiadiazole, including, 1,2,3-thiadiazole, 1,2,5-thiadiazole, 

The term "alkenyl" as used herein is a hydrocarbon group 
of from 2 to 24 carbon atoms with a structural formula 
containing at least one carbon-carbon double bond. The term 
is include of linear and ring-forming (i.e., cycloakenyl) 
groups. Asymmetric structures such as (A 1 A2)C=C(A3 A 4 ) 

are intended to include both the E and Z isomers. This can 
be presumed in structural formulae herein wherein an asym
metric alkene is present, or it can be explicitly indicated by 
the bond symbol C=C. The alkenyl group can be substi
tuted with one or more groups including, but not limited to, 
optionally substituted alkyl, cycloalkyl, alkoxy, alkenyl, 
cycloalkenyl, alkynyl, cycloalkynyl, aryl, heteroaryl, alde
hyde, amino, carboxylic acid, ester, ether, haide, hydroxy, 
ketone, azide, nitro, silyl, sulfo-oxo, or thiol, as described 
herein. 

The term "ary l" as used herein is a group that contains any 
carbon-based aromatic group including, but not limited to, 
benzene, naphthalene, phenyl, biphenyl, phenoxybenzene, 
and the like. The term "aryl" also includes "heteroaryl," 
which is defined as a group that contains an aromatic group 
that has at least one heteroatom incorporated within the ring 
of the aromatic group. Examples ofheteroatoms include, but 
are not limited to, nitrogen, oxygen, sulfur, and phosphorus. 
Likewise, the term "non-heteroaryl," which is also included 
in the term "aryl," defines a group that contains an aromatic 
group that does not contain a heteroatom. The aryl group can 
be substituted or unsubstituted. The aryl group can be 
substituted with one or more groups including, but not 
limited to, optionally substituted alkyl, cycloalkyl, alkoxy, 
alkenyl, cycloalkenyl, alkynyl, cycloalkynyl, aryl, het
eroaryl, aldehyde, amino, carboxylic acid, ester, ether, 
halide, hydroxy, ketone, azide, nitro, silyl, sulfo-oxo, orthiol 
as described herein. The term "biaryl" is a specific type of 
aryl group and is included in the definition of "aryl." Biaryl 
refers to two aryl groups that are bound together via a fused 
ring structure, as in naphthalene, or are attached via one or 
more carbon-carbon bonds, as in biphenyl. 

The term "aldehyde" as used herein is represented by a 
formula ----C(O)H. Throughout this specification "C(O)" is a 
short hand notation for a carbonyl group, i.e., C=O. 

The terms "amine" or "amino" as used herein are repre
sented by a formula NA 1 A 2 A3

, where A 1 , A 2 , and A3 can be, 
independently, hydrogen or optionally substituted alkyl, 
cycloalkyl, alkenyl, cycloalkenyl, alkynyl, cycloalkynyl, 
aryl, or heteroaryl group as described herein. In specific 
embodiments amine refers to any of NH2 , NH(alkyl), 
NH(aryl), N(alkyl)2 , and N(aryl)2 . 

The term "carboxylic acid" as used herein is represented 
by a formula ----C(O)OH. 

The term "ester" as used herein is represented by a 
formula -OC(O)A1 or -C(O)OA1, where A1 can be an 
optionally substituted alkyl, cycloalkyl, alkenyl, cycloalk-
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enyl, alkynyl, cycloalkynyl, aryl, or heteroaryl group as 
described herein. The term "polyester" as used herein is 
represented by a formula -(A10(0)C-A2 -C(O)O)a- or 
-(A10(0)C-A2 -0C(O))a-, whereA1 andA2 can be, inde
pendently, an optionally substituted alkyl, cycloalkyl, alk
enyl, cycloalkenyl, alkynyl, cycloalkynyl, aryl, or heteroaryl 
group described herein and "a" is an integer from 1 to 500. 
"Polyester" is as the term used to describe a group that is 
produced by the reaction between a compound having at 
least two carboxylic acid groups with a compound having at 10 

least two hydroxyl groups. 

8 
between the negative and positive electrodes, and the second 
non-aqueous liquid electrolyte solution comprises a com
pound of the formula: 

The term "halide," "halogen," or the like refer to the 
halogens fluorine, chlorine, bromine, and iodine. 

The term "thiol" as used herein is represented by a 
formula -SH. 

wherein R is selected from alkyl, aryl, alkylaryl, aloxyarul, 
alkylcarboxyl, aryl carbonyl, haloalkyl, perfluoroalkyl, gly-

15 cols, haloaryl, a negative electrolyte, and a polymer; and 
wherein each n is independently an integer from 1 to 6. The term "polymer," when used herein to refer to R of the 

compounds disclosed herein, includes vinyl polymers, 
including but not limited to ethylene, propylene, and styryl 
polymers, cyclic alkenes, including for example norbomene, 
norbornadiene, cyclopentene, and cyclooctatetraene, acry- 20 

!ates, amines, epoxies, isocyanates, and the like. Also, as 
used herein, polymer refers to linear polymers as well as 
other arrangements, including for example, dendrimer, star, 
and hyper branched polymers. In some embodiments, the 
polymer can include phenothiazine as the sole monomer in 25 

a repeating polymer. In some embodiments, the polymer can 
include phenothiazine as part of a polymer that contains 
more than one repeat unit, e.g., alternating copolymer or 
block copolymer. 

The presently-disclosed subject matter also includes 30 

derivatives of any of the compounds described herein. As 
used herein, the term "derivative" refers to a compound 
having a structure derived from the structure of a parent 
compound (e.g., a compounds disclosed herein) and whose 
structure is sufficiently similar to those disclosed herein and 35 

based upon that similarity, would be expected by one skilled 
in the art to exhibit the same or similar activities and utilities 
as the claimed compounds, or to induce, as a precursor, the 
same or similar activities and utilities as the claimed com
pounds. 40 

The compounds described herein can contain one or more 
double bonds and, thus, potentially can give rise to cis/trans 
(E/Z) isomers, as well as other conformational isomers. 
Unless stated to the contrary, the invention includes all such 
possible isomers, as well as mixtures of such isomers. 45 

Unless stated to the contrary, a formula with chemical bonds 
shown only as solid lines and not as wedges or dashed lines 
contemplates each possible isomer, e.g., each enantiomer 
and diastereomer, and a mixture of isomers, such as a 
racemic or scalemic mixture. Compounds described herein 50 

can contain one or more asymmetric centers and, thus, 
potentially give rise to diastereomers and optical isomers. 
Unless stated to the contrary, the present invention includes 
all such possible diastereomers as well as their racemic 
mixtures, their substantially pure resolved enantiomers, all 55 

possible geometric isomers, and pharmaceutically accept
able salts thereof. Mixtures of stereoisomers, as well as 
isolated specific stereoisomers, are also included. During the 
course of the synthetic procedures used to prepare such 
compounds, or in using racemization or epimerization pro- 60 

cedures known to those skilled in the art, the products of 
such procedures can be a mixture of stereoisomers. 

The presently disclosed subject matter includes a non
aqueous redox flow battery comprising a negative electrode 
immersed in a first non-aqueous liquid electrolyte solution, 65 

positive electrode immersed in a second non-aqueous liquid 
electrolyte solution, a semi-permeable separator interposed 

The presently disclosed invention includes a positive cell 
comprising a cathode and a compound according to the 
formula: 

wherein R is selected from alkyl, aryl, alkylaryl, aloxyarul, 
alkylcarboxyl, aryl carbonyl, haloalkyl, perfluoroalkyl, gly
cols, haloaryl, a negative electrolyte, and a polymer; and 
wherein each n is independently an integer from 1 to 6. 

The compound in the non-aqueous solvent of the pres
ently disclosed battery can, in some embodiments, be: 

( NM I~ 
F C S # CF 3 3, 

( NM I~ 
F C S # CF 3 3, 

( 

C;CC,C,(X~MCC,CC; 
~ 
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-continued -continued 

/0 0 oyo'-.../ 
I~ ,C(n 

F C S # CF 3 3, 

/ccn I~ 10 

( 
F C S # CF ;ro 3 3, 

9 
15 

,C(n I~ 

/ccn I~ 20 F C S # CF 3 3, 

F C S # CF (N02 3 3, 

9 
25 /C(n I~ 

F C S # CF 3 3, 

30 _c(n ( I~ OYN'-.../ 
F C S # CF 3 3, 35 

9 ,C(n I~ 
F C S # CF 3 3, 

40 0 

fol ,,exNn I~ ,,exNnO F C S # CF 45 ~ "' or 3 3, 

F3C S I # CF3 (CF3 ,,exNn sys'-.../ I~ 50 ,,exNn F C S # CF I~ 3 3, 

(CN 
55 

F3C S # CF3. ,,exNn I~ In other embodiments, the compound is: 

F C S # CF 3 3, oys'-.../ 60 R 

I ,,exNn ,,exNn I~ I~ 
65 F3C S # CF3. 

F C S # CF 3 3, 
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In some embodiments, the compound can include a poly
mer. An example of a polymer structure can be: 

When the compound includes a polymer, the polymeriza
tion occurs at the R group. The R group can be, for example, 

10 

a vinyl group, for example, ethylene, propylene, styryl, 15 

cyclic alkenes, for example, norbomene, norbornadiene, 
cyclopentene, cyclooctatetraene, acrylates, amines, epoxies, 
and isocyanates. In some embodiments, the polymer is a 
branched polymer, a hyperbranched polymer, a dendrimer, a 

20 
star, a dendron or a mixture thereof. In some embodiments 
the compound of the present invention is a block co
polymer. In some instances, the block polymers are diblock 
polymers or triblock polymers. In some instances the block 
polymers can be AB type polymers or ABC type polymers. 25 
can be, for example A-B, A-A-B-B. 

The presently disclosed subject matter is also directed to 
making a non-aqueous redox flow battery. The method of 
making a non-aqueous redox flow battery includes immers
ing a negative electrode in a first non-aqueous liquid elec- 30 

trolyte solution, immersing a positive electrode in a second 
non-aqueous liquid electrolyte solution, and interposing a 
semi-permeable separator between the negative and positive 
electrodes. The second non-aqueous liquid electrolyte solu-

35 
tion comprises a compound of the formula: 

40 

45 

14 
-continued 

ro~o'-...., 
wherein R is selected from alkyl, aryl, alkylaryl, alkoxyaryl, 
alkylcarboxyl, aryl carbonyl, haloalkyl, perfluoroalkyl, gly
cols, haloaryl, a negative electrolyte, and a polymer; and 
wherein each n is independently an integer from 1 to 6. 

I~ ,(XNn 
F3C S # CF3 

Representative compounds of the presently disclosed 50 

invention include: 

55 

60 

65 

,0r, 
F~F 

NM I~ 
F C S # CF 3 3, 

y 
NM I~ 

F C S # CF 3 3, 
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-continued -continued 
F3CYCF3 0 

-..........OAO 

/C(M I~ ¢ F C S # CF 3 3, 

0 fo~ 10 

/C(M I~ 
/C(M I~ F C S # CF 3 3, 

F C S # CF 

15 0 
3 3, 

/0~0 

¢ 20 

,(XNM I~ ,(XNM I~ 25 
F C S # CF 3 3, 

F C S # CF Q 3 3, 

I 30 ;ro ,(XNM I~ 
F C S # CF ,(XNM 35 3 3, 

I~ Q F C S # CF 3 3, 

40 

,(XNM I~ 
45 F C S # CF 3 3, 

(CF3 

,(XNM ,(XNM I~ 50 I~ 
F C S # CF F C S # CF 3 3, 3 3, 

Q 55 

(CN 

,(XNM I~ ;ro F C S # CF 3 3, 

60 oys'-...../ 
,(XNM ,(XNM I~ 

65 

I~ 
F C S # CF F C S # CF 3 3, 3 3, 
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20 

25 

18 
high oxidation potentials, and high solubility, and can 
increase capacity of non-aqueous all-organic redox flow 
batteries. 

BCF3EPT 

In some embodiments the compounds include the formula 
set forth below: 

FORMULA! 

30 wherein R is selected from alkyl, aryl, alkylaryl, aloxyarul, 
alkylcarboxyl, aryl carbonyl, haloalkyl, perfluoroalkyl, gly
cols, haloaryl, vinyl, [please provide other polymerizable 
groups that would work well here], a negative electrolyte 
[please provide examples or a reference], and combinations 

35 
thereof; wherein the carbonyl is not directly attached to the 
N, mis less than 25, and wherein each n is independently an 
integer from 1 to 6. 

In some embodiments the present compounds include 
and 40 N-substituted phenothiazines with one or two strong elec

tron withdrawing groups, including, for example, nitro, 
trifluoromethyl, cyano, trifluoroacetyl, and can include one 
of the following non-limiting formulas: 

45 

50 

In some embodiments, the first and the second non
aqueous liquid electrolyte solutions are the same. In some 
embodiments, when the first and second non-aqueous liquid 
electrolyte solutions are the same, the solutions comprise a 55 

positive electrolyte and a negative electrolyte. In some of 
these embodiments, the positive electrolyte, or proton donor, 
and the negative electrolyte, or proton acceptor, is the same 
compound. 

In some embodiments the present compounds include a 
BCF3EPT compound (shown below). The present com
pound exhibits superior solubility as a redox shuttle and can 

60 

be stable for a relatively large number of overcharge cycles. 
Some embodiments of compounds can tolerate relatively 65 

high charging rates. Exemplary compounds can be stable 
neutral and oxidized (radical cation) states, exhibit relatively 
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In some embodiments, the compound comprises both a 
65 negative electrolyte, or electron acceptor, and a positive 

electrolyte, or electron donor. In some embodiments, the 
electron acceptor is a quinone such as napthoquinone or a 
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nitrogen-containing aromatic such as pyrazine or trimeth
ylquinoxilane. In some embodiments, the electron acceptor 
of the compound is an anthroquinone. In some embodi
ments, the compound is: 

The non-aqueous liquid electrolyte solution of the pres
ently-disclosed non-aqueous redox flow battery comprises 
an organic solvent, which can be selected, for example, from 
a carbonate solvent, a nitrile, an ether, an aromatic com
pound, and an ester. Examples of appropriate carbonate 
solvents include, but are not limited to propylene carbonate, 
ethylene carbonate, ethyl methylcarbonate, diethylcarbon
ate, and dimethylcarbonate. Examples of appropriate nitriles 
include, but are not limited to acetonitrile, 1,4-dicyanobu
tane, 1,6-dicyanohexane. Examples of appropriate ethers 
include, but are not limited to diethylether, 1,4-dioxane, 
diethylene glycol diethyl ether, ethyl ether, and tetrahydro
furan. Examples of aromatic compounds include, but are not 
limited to, benzene, toluene, and 1,2-dichlorobenzene. An 
example of a glycol includes, but is not limited to, trieth
ylene glycol, Examples of esters include, but are not limited 
to, ethyl acetate. Other solvents are described, for example, 

24 
chloride, methylsulfate, dodecylbenzenesulfonate, Trimeth
ylpentyl)phosphinate, dicyanamide, decanoate, inflate, bis 
(trifluoromethylsulfonyl)imide, 1, 1,2,2-tetrafluoroethane
sulfonate, perfluorobutanesulfonate, hexafluorophosphates, 
tetrafluoroborates, sulphate, sulfonate, phosphate, thiocya
nate, dicyanamide, acetate trifluoroacetate, nitrate, tetrachlo
roferrate, tetrathiocyanocobaltate and methylcarbonate. 

The non-aqueous redox flow batteries of the presently 
disclosed invention include a semi-permeable separator. 

10 Non-limiting examples of suitable separator materials 
include sulfonated tetrafluoroethylene-based fluoropolymer
copolymers, such as NAFION® type ion exchange mem
branes, sulfonated poly( ether ether ketones ), polysulfones, 
polyethylene, polypropylene, ethylene-propylene copoly-

15 mers, polyimides, polyvinyldifluorides, and the like, which 
can be in the form of membranes, matrix-supported gels, 
sheets, films, or panels. Other suitable materials include 
porous ceramics, porous insulated metals, cation-conducting 
glasses, and zeolites. Other porous films, panels or mesh will 

20 be readily understood by those skilled in the art. 
The compounds used in the non-aqueous redox flow 

battery has high solubility. In some embodiments, the com
pound has a solubility of about 0.5M or greater. In some 
embodiments, the compound has a solubility of about I .OM 

25 or greater. In some embodiments, the compound has a 
solubility of about 2.0M or greater. In some embodiments, 
the compound has a solubility of about 3.0M or greater. In 
some embodiments, the compound has a solubility of about 
4.0M or greater. In some embodiments, the compound has a 

30 solubility of about 5.0M or greater. In some embodiments, 
the compound has a solubility in the non-aqueous liquid 
electrolyte solution of about 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 
1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.1, 2.2, 2.3, 2.4, 2.5, 
2.6, 2.7, 2.8, 2.9, 3.0, 3.1, 3.2, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8, 3.9, 

35 4.0, 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, or 5.0 M. The 
high solubility of the compounds disclosed herein in con
junction with the non-aqueous redox flow battery provides a 
higher capacity battery that can be used in commercial 

in R. M. Darling et al., Pathways to low cost electrochemical 
energy storage: a comparison of aqueous and nonaqueous 40 

flow batteries, Energy Environ, Sci., 2014, 7, 3459-3477, 
incorporated by reference in its entirety. 

applications. 
In some embodiments, the non-aqueous electrolyte solu-

tion comprises a metal halide salt. Non-limiting examples of 
the metal halide salt include LiBF 4 , NaBF 4 , LiPF 6 , NaPF 6 , 

lithium bis( oxalato )borate, tetra-n-butylammonium hexa
fuorophosphate tetra-n-butylammonium bromide, tetra-n-

In some embodiments, the solvent is a polar solvent. Polar 
organic solvents include, but are not limited to, acetonitrile, 
acetone, tretahydrofurane, acetic acid, acetyl acetone, 
2-aminoethanol, aniline, anisole, benzene, benzonitrile, ben
zyl alcohol, 1-butanol, 2-butanol, i-butanol, 2-butanone, 
t-butyl alcohol, carbon disulfide, carbon tetrachloride, chlo
robenzene, chloroform, cyclohexane, cyclohexanol, cyclo
hexanone, di-n-buty lphthalate, 1, 1-dichloroethane, dichlo
roethane, diethylamine, diethylene glicol, diglyme, 
dimethoxyethane (glyme), N,N-dimethylaniline, dimethyl
formamide (D MF), dimethy lphthalatem dimethy lsulfoxide 
(DMSO), dioxane, ethanol, ether, ethyl acetate, ethyl 
acetoacetate, ethyl benzoate, ethylene glicol, heptane, 
hexane, methanol, methyl acetate, methyl t-butyl ether 
(MTBE) methylene chloride, 1-octanol, pentane, 1-penta
nol, 2-pentanol, 3-pentanol, 2-pentanone, 3-pentanone, 
1-propanol, 2-propanol, pyridine, tetrahydrofuran(THF), 
toluene and p-xylene. 

In other embodiments, the non-aqueous liquid is an ionic 
liquid. When an ionic liquid is used in a non-aqueous 
system, this is preferably an inorganic salt made of the 
combination of cations including, but not limited thereto, 
ammonium, immidazolium, piperidinium, pyrrolidinium, 
phophosium and sulfonium cations with anions including, 
but not limited thereto, diethyl phosphate, bromide, iodide, 

45 butylammonium tetrafluoroborate. 
In some embodiments, the metal halide salt comprises a 

cation such as, for example, Li+ and Na+. In some embodi
ments, the metal halide salt comprises anions such as, for 
example, BE4 -, PF6-, Cl04 -, AsF 6-, CF3S03 -, N(S02 

50 CF3 )
2
-, N(S02CF2CF3 )

2
-, B(C2 0 4 )

2
-, and B12X6Hc12-n/-, 

wherein X is a halogen. 
The electrodes utilized according to the invention can 

include metal, a carbon material, or a combination thereof. 
Examples include platinum, copper, aluminum, nickel or 

55 stainless steel, acetylene black, carbon black, activated car
bon, amorphous carbon, graphite, graphene, or a nanostruc
tured carbon material, or a combination thereof. The elec
trode can be porous, fluted, or smooth. 

In some instances the redox flow battery includes the 
60 redox flow battery shown in U.S. Patent Application Publi

cation No. 2013/0224538 to Jansen et al., which is incor
porated herein by this reference. 

In some instances, the non-aqueous redox flow battery 
provides stability over about 500 cycles, 600 cycles, 700 

65 cycles, 800 cycles, 900 cycles or 1000 cycles or more. 
Terms have the same meaning as commonly understood 

by one of ordinary skill in the art to which the presently-
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disclosed subject matter belongs. Although any methods, 
devices, and materials similar or equivalent to those 
described herein can be used in the practice or testing of the 
presently-disclosed subject matter, representative methods, 
devices, and materials are now described. 

Following long-standing patent law convention, the terms 
"a", "an", and "the" refer to "one or more" when used in this 
application, including the claims. Thus, for example, refer
ence to "a cell" includes a plurality of such cells, and so 
forth. 

Unless otherwise indicated, all numbers expressing quan
tities of ingredients, properties such as reaction conditions, 
and so forth used in the specification and claims are to be 
understood as being modified in all instances by the term 
"about". Accordingly, unless indicated to the contrary, the 
numerical parameters set forth in this specification and 
claims are approximations that can vary depending upon the 
desired properties sought to be obtained by the presently
disclosed subject matter. 

As used herein, the term "about," when referring to a 
value or to an amount of mass, weight, time, volume, 
concentration or percentage is meant to encompass varia
tions of in some embodiments ±20%, in some embodi
ments ±10%, in some embodiments ±5%, in some embodi
ments ±1%, in some embodiments ±0.5%, and in some 
embodiments ±0.1 % from the specified amount, as such 
variations are appropriate to perform the disclosed method. 

As used herein, ranges can be expressed as from "about" 
one particular value, and/or to "about" another particular 
value. It is also understood that there are a number of values 
disclosed herein, and that each value is also herein disclosed 
as "about" that particular value in addition to the value itself. 
For example, if the value "10" is disclosed, then "about 10" 
is also disclosed. It is also understood that each unit between 

26 
air- and water-sensitive experiments reported 02 levelss0.6 
ppm and H20 levelssl .2 ppm. 

Synthesis of DBBB 
2,5-Di-tert-butyl-1,4-hydroquinone (2.5 g, 11 mmol) was 

5 added to anhydrous DMF (25 mL) in an oven-dried 100 mL 
round-bottomed flask under nitrogen. Sodium hydride (0.81 
g, 34 mmol) was weighed in an argon-filled glovebox and 
added to a second oven-dried 100 mL round-bottomed flask 
containing a stir bar and capped with a septum. The flask 

10 was then removed from the glovebox and immersed in an 
ice-water bath under nitrogen. The suspension of 2,5-di-tert
butylhydroquinone in DMF was then gradually added to the 
flask containing sodium hydride, and the mixture was stirred 
for 20 min. 2-Chloroethyl methyl ether (2.1 mL, 22 mmol) 

15 was added dropwise, and the reaction flask was stirred 
overnight and allowed to warm to room temperature. The 
contents of the flask were then slowly poured into a cold 
solution of aqueous sodium bicarbonate and swirled, after 
which the organic product was extracted with ethyl acetate. 

20 The combined organic layers were dried over anhydrous 
magnesium sulfate, filtered to remove solids, and concen
trated by rotary evaporation. The resulting crude product 
was purified by colunm chromatography ( dichloromethane/ 
hexanes, initially 1: 1 and eventually increasing to 2: 1) to 

25 yield the product in 45%. The product was crystallized from 
hexanes prior to incorporation into batteries. lH NMR ( 400 
MHz, CDC13): o/ppm 6.84 (s, 2H), 4.11 (t, 1=5.2 Hz, 4H), 
3.78 (t, 1=5.2 Hz, 4H), 3.45 (s, 6H), 1.37 (s, 18 H); 13C 
NMR (100 MHz, CDC13): o/ppm 151.4, 136.7, 112.7, 71.8, 

30 68.16, 59.3, 34.8, 30.1. 
Solubility, Electrochemical, and UV-vis Measurements 
To study electro-active species solubility in 0.2 M LiBF4 

two particular units are also disclosed. For example, if 10 35 

and 15 are disclosed, then 11, 12, 13, and 14 are also 
disclosed. 

in PC, each compound was stirred for 1 hat room tempera
ture at an initial concentration chosen based on prior expe
rience with a similar electrolyte (1.2 M LiPF6 in EC/EMC); 
if crystals remained in solution, it was diluted as necessary. 
Electrochemical experiments were performed in an argon
filled glovebox at room temperature. Cyclic voltammetry 
(CV) measurements were performed in a three-electrode cell 

The presently-disclosed subject matter is further illus
trated by the following specific but non-limiting Examples. 
The following examples may include compilations of data 
that are representative of data gathered at various times 
during the course of development and experimentation 
related to the present invention. 

EXAMPLES 

3, 7-bis( trifluoromethy 1)-N-ethylphenothiazine 
(BCF3EPT, FIG. 1) is disclosed herein for use as a catholyte 

40 with a 3 mm diameter glassy carbon working electrode, Pt 
wire counter electrode, and Li foil reference electrode; 
voltammograms were taken of 0.2 M LiBF4 in PC contain
ing 5 mM analyte using a CH Instruments 605E potentiostat. 
For UV-vis spectra of neutral compounds, catholytes were 

45 dissolved at 0.2 mM or 5 mM in 0.2 M LiBF4 in PC in 
glovebox and were removed in special optical glass cuvettes 
(Starna) after sealing with Teflon caps. The solutions were 
subsequently monitored for 5 h on an Agilent 8453 diode-

as a redox couple for a non-aqueous Redox Flow Battery. Its 
performance with 2,3,6-trimethyl quinoxaline (TMeQ, FIG. 50 

1) as the anolyte was evaluated using a static Swagelok cell 
and is here compared to previously reported all-organic 
RFBs(23) containing 2,5-di-tert-butyl-1,4-bis(2-methoxy
ethoxy)benzene (DBBB, FIG. 1) as the catholyte and TMeQ 

array spectrometer. 
Bulk electrolysis experiments were performed at 5 mM 

analyte in 0.2 M LiBF4 in PC with a Pt coiled-wire working 
electrode and a Li foil reference electrode, as well as a Pt 
wire counter electrode suspended in solution in a separate 
fitted glass tube. Electrolysis potentials were applied for 84 

as the anolyte. 55 min in the glovebox, after which the solutions were diluted 
and removed from the glovebox in special optical glass 
cuvettes (Stama) sealed with Teflon caps. The solutions 
were subsequently monitored for 5 hours on an Agilent 8453 

The electrolyte used for cyclic voltarmnetry and battery 
fabrication was 0.2 M LiBF4 (98%, anhydrous, Acros 
Organics) in propylene carbonate (PC, 99.99%, BASF cor
poration). TMeQ (97%) was obtained from Alfa Aesar. 
BCF3EPT was synthesized as previously reported.(30) 60 

DBBB was synthesized according to the procedure reported 

diode-array spectrometer. 
Battery Cycling 
Charge/discharge experiments were performed using a 

Swagelok cell cycled by a Maccor 4200 battery cycler. 
Nation 117 (Aldrich, 1.27 cm2 geometric surface area) was 
used as the separator membrane between two graphite felt 

by Zhang et al.31 with slight modifications. 2,5-Di-tert
butyl-1,4-hydroquinone (99%) was purchased from Acros 
Organics, and sodium hydride (95%) and 2-chloroethylm
ethyl ether (98%) were purchased from Sigma Aldrich 
Anhydrous N,N-dimethylformamide was purchased from 
Acros Organics. The MBraun argon-filled glovebox used for 

65 electrodes (Sigracell® GFA6, 0.71 cm2 geometric surface 
area). The graphite felt was vacuum dried at 80° C. over
night prior to use. The Nation membrane was pretreated and 



US 10,153,510 B2 
27 

soaked in a solution of0.2 M LiBF4 in PC for several days 
prior to assembly of the Swagelok cell. The positive and 
negative graphite electrodes were soaked in solutions of 
catholyte and anolyte, respectively, in 0.2 M LiBF4 in PC 
for 4-5 h prior to use. The solutions contained 50 mM, 0.15 
M, or 0.35 M of BCF3EPT in 0.2 M LiBF4; 50 mM, 0.15 
M, or 0.35 M ofTmeQ in 0.2 M LiBF4; or 50 mM or 0.15 
M DBBB in 0.2 M LiBF4. All solutions were prepared in the 
glovebox at room temperature. When soaked, the foam 
electrodes absorb approximately 0.5 g of solution (range: 
0.548 to 0.513 g). Each Swagelok cell was assembled in the 
argon-filled glovebox and was removed for cycling. The 
cells were cycled between 0.2 and 2.5 Vat 0.1 mA. 

Cyclic voltammetry was used to characterize the electro
chemical behavior of BCF3EPT and to characterize DBBB 
and TMeQ for comparison with reported data. The indi
vidual redox events for these electro-active materials can be 
used to estimate the open-circuit voltage (OCV) of an ORFB 
containing each catholyte-anolyte pair. LiBF 4 (0.2M) was 
used in propylene carbonate (PC) for these experiments to 
allow for direct comparison with the previously reported 
DBBB/TMeQ battery. The voltammograms of BCF3EPT 
show a reversible first oxidation at a potential of 3.9 V vs. 
Li+/0, which corresponds to generation of the radical cation, 
followed by an irreversible second oxidation at ca. 4.4 V vs. 
Li+/0 (FIG. 2a) corresponding to formation of the dication. 
Similar electrochemical behavior was observed for DBBB in 
LiBF4/PC, which showed a reversible first oxidation at 4.0 

28 
with a tert-butyl group at the N position.(31) To compare the 
stability of the neutral and radical-cation forms ofBCF3EPT 
to those ofDBBB, UV-vis spectra were collected for both of 
the oxidation states of both compounds in LiBF4/PC. The 

5 neutral compounds were measured at 0.2 mM and 5 mM in 
LiPF4/PC, and neither compound showed measurable signs 
of change over 5 h (FIG. 7). To simulate the charged species 
of each catholyte, the radical cation was generated by bulk 
electrolysis. UV-vis absorption spectra collected at regular 

10 time intervals over a 5 h period showed that the radical 
cation form of BCF3EPT was significantly more stable than 
the radical cation of DBBB in this electrolyte (FIG. 3). The 
spectra of BCF3EPT showed a relatively slow decay in 
absorption intensity, with ca. 80% of the original intensity 

15 remaining after 5 h (FIG. 8). By contrast, the absorption 
intensity of the DBBB radical cation decreased significantly 
within 2 h, and ca. 11 % of the original signal remained after 
5 h. This result is consistent with the higher stability of 
BCF3EPT observed relative to 1,4-bis(tert-butyl)-2,5-dime-

20 thoxybenzene (DDB), a compound similar in structure to 
DBBB, in 1.2 M LiPF6 in ethylene carbonate/ethyl meth
ylcarbonate (EC/EMC)29 and supports BCF3EPT will be a 
more suitable catholyte for non-aqueous RFBs. 

To study the behavior of the new catholyte BCF3EPT 
25 relative to DBBB, a set of batteries with the same concen

tration of electro-active species as the reported DBBB/ 
TMeQ battery (0.05 M), as well as with the highest con
centration possible for all three species, were identified for 
comparison. The maximum solubilities for DBBB, TMeQ V vs. Li+/0 and an irreversible second oxidation at 4.7 V vs. 

Li+/0 (FIG. 6). No peaks corresponding to the reduction of 
the neutral compounds was observed during the anodic 
scans of BC3EPT and DBBB in this electrolyte. TMeQ 
showed two reversible redox events at potentials of 2.8 V 
and 2.5 V vs. Li+/0 (FIG. 2a), as were also observed by 
Brushett et al,(23) corresponding to the formation of the 35 

radical anion and the dianion, respectively. Voltammograms 
covering all reversible redox events of a 1: 1 combination of 
BCF3EPT and TMeQ are shown in FIG. 2b. The equivalent 
voltammogram for DBBB and TMeQ is shown in FIG. 6b. 
Table 1 lists the half-wave oxidation and reduction paten- 40 

tials of the molecules studied. The redox potentials of 
BCF3EPT and DBBB are similar, thus it is contemplated 
that they will give similar cell voltages when coupled with 
TMeQ in an ORFB. 

30 and BCF3EPT in 0.2 M LiBF4 in PC were ca. 0.18 M, 0.37 
M, and 1.2 M, respectively. Hence stationary RFBs were 
fabricated at 0.05 Mand 0.15 M concentrations for both sets 
of redox couples. Batteries were also fabricated at the 
highest concentration possible for BCF3EPT and TMeQ 
(0.35 M), beyond that which was possible for DBBB. By 
this measure, two sets of batteries were able to be tested at 
the same concentrations, including one near the limiting 
concentration ofDBBB, and a third that allowed for analysis 
of a battery near the solubility limit of TMeQ. 

The electrochemical cycling performance of Swagelok 
cells was analyzed by constant-current charging and dis-
charging for BCF3EPT-TMeQ (FIG. 4) and DBBB-TMeQ 
(FIG. 9) cells at the aforementioned concentrations. FIG. 4A 
shows the performance of a Swagelok cell containing 

TABLE 1 

List of half wave redox potentials for electro-active species 
obtained from cyclic voltarnmograrns of solutions containing analyte at 

5 mM in 0.2M LiBF4 in PC with scan rates of 20 mV/s. 

Low High 
Electro- potential potential 
active event vs. event vs. 
species Li+;o (V) Li+;o (V) 

BCF3EPT 3.9 4_4(a) 

DBBB 4.0 4_7(a) 

TMeQ 2.5 2.8 

(a)irreversible oxidation potential calculated by estimating the position of the reverse wave 
and taking an average of the forward wave and estimate of reverse wave 

Although cyclic voltammetry can be used to identify 
impractical catholyte candidates if their first oxidation 
events are irreversible, reversibility over the short timescale 
represented by a voltammogram does not guarantee that a 
radical cation is stable enough to support a RFB over the 
long term. Additionally, a compound that is stable in ambi
ent conditions may be sensitive to electrolyte components, 
as was previously observed for a phenothiazine derivative 

45 BCF3EPT and TMeQ at 0.05 M. During the first charging 
cycle, the cell showed a low voltage shoulder at 1.2-1.5 V 
and high voltage plateau at 2.2-2.4 V. During discharge, the 
cell plateaus were observed at 1.6-1.3 V and 0.6-0.4 V. The 
disparity between plateau voltages during charge and dis-

50 charge cycles may arise from overpotential losses occurring 
in the cell, most likely due to concentration polarization 
from the static electrolyte. After two cycles, the cell transi
tioned to stable charging from 1.5-2.4 V and discharging 
from 1.5-1.3 V with a charging capacity of0.67 mAh/g and 
a discharging capacity of 0.62 mAh/g. The coulombic effi
ciency at this concentration stabilized at -92% for the 
BCF3EPT-TMeQ cell, whereas the capacities continued to 

55 

decay over subsequent cycles. This cell lost essentially all of 
its capacity in 100 cycles (FIG. 48). Similar behavior was 

60 observed for the DBBB-TMeQ Swagelok cell (FIGS. 9A 
and 98), consistent with the results ofBrushett et al. 23 For 
BCF3EPT-TMeQ cells containing 0.15 M electro-active 
species, stable performance was observed through about 60 
cycles with average charging and discharging capacities of 

65 0.44 and 0.37 mAh/g, respectively, and a coulombic effi
ciency of ca. 89%, which compares favorably to previous 
reports for non-aqueous systems. While the efficiencies 
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remained between 80 and 90% for the equivalent 0.15 M 
DBBB-TMeQ, the capacities declined through the first 50 
cycles (FIGS. 9C and 9D). The BCFEPT-TMeQ batteries 
containing 0.35 M electro-active material showed rapid 
decline in capacity, with capacities almost zero after 20 
cycles (FIGS. 4E and 4F). 

30 
undergo unfavorable side reactions leading to capacity loss; 
however, UV-vis spectra of the radical anion of TMeQ do 
not show clear peaks that are distinguishable from the 
neutral form, preventing a comparable analysis of stability. 

BCF3EPT is an example of compounds of the present 
invention for all-organic RFBs, demonstrated through the 
fabrication and testing of a stationary Swagelok battery 
containing a TMeQ anolyte. Stationary versions of flow 
batteries were fabricated with concentrations of catholyte 

10 and anolyte from 0.05 M to 0.35 M. The batteries containing 
0.15 M electro-active material retained their capacity 
through the largest number of cycles, ca. 60, before fading 
occurred. Results compared to a dialkoxybenzene-based 
derivative as the catholyte show markedly improved stabil-

A visible color change in the lithiated Nation membrane 
from clear to dark brown was observed in all of the Swa
gelok cells that were opened after cycling, independent of 
concentration and catholyte used. No visible color change 
occurred upon soaking N afion membrane in freshly prepared 
electrolyte solutions over several days in the glovebox (i.e., 
when not subjected to electrochemical cycling). It is there
fore likely that the Nation membrane is reacting with one or 
both of the electro-active compounds in their neutral or 
charged forms, which not only reduces capacity but possibly 
blocks membrane pores. While it has been used in non
aqueous RFBs,(37) Nation membranes were designed for 
proton crossover in aqueous systems and have not been well 20 
studied for Li+ exchange with organic solvents. In the 
batteries, crossover of the organic compounds through the 
membrane was observed via NMR analysis of the solutions 

15 ity of the radical cation form, and combined with the higher 
solubility ofBCF3EPT, this compound is contemplated to be 
a promising catholyte, more promising than previously 
identified compounds, for non-aqueous RFBs containing 
organic electro-active materials. 

Comparing Phenothiazine Derivatives. 
Table 2 includes a compilation of data related to phe

nothiazine derivatives overcharge data of phenothiazine 
compounds as well as whether the compounds are practical 
for use in redox flow batteries. Such data includes the results on both sides of the membrane. NMR spectra of both 

electrolytes showed contamination of catholyte on the 
anolyte side and vice versa. Also, both BCF3EPT and DBBB 
can undergo irreversible second oxidations, so if the di cation 
of either catholyte is formed through a second oxidation 
during charging, the charged species may react with the 
electrolyte or cell components, reducing overall capacity. 
The radical anion or dianion of the anolyte may similarly 

Phenothiazine 
Derivative Stability Solubility 

BCF3EPT high 1.5-2.0M 

BCF3CF2EPT High TBD 

BCF3(4- High TBD 
CF3C6H4)PT 

PT Low O.lM 

EPT High O.lM 
DClEPT High O.lM 

MPT high O.lM 

25 for BCF3CF2EPT and BCF3( 4-CH3-C6H4)PT, as set forth 
in FIGS. 10 and 11. Some phenothiazine derivatives have 
solubility and stability sufficient for overcharge protection, 
they are not sufficiently soluble to be practical for redox flow 
applications. As exemplified in Table 2, EPT and DCIEPT 
are practical for overcharge protection but are not practical 
for redox flow. 

TABLE 2 

Quantitative 
Measure of 
Overcharge 
Protection (Redox Practical for 
Shuttle) Overcharge 
Performance Protection? 

-250 cycles of Yes, because 
100% overcharge sufficiently 
at ca. 3.8 V stable to 

enable 
extensive 
overcharge 
protection. 

>10 cycles at 100% Yes, because 
overcharge (testing sufficiently 
in progress) stable to 

enable 
extensive 
overcharge 
protection. 

>70 cycles at 100% Yes, because 
overcharge (testing sufficiently 
in progress) stable to 

enable 
extensive 
overcharge 
protection. 

2-3 cycles No, because 
insufficiently 
stable. 

65-160 cycles Yes, because 
19-37 cycles sufficiently 

stable. 
No, although 
the neutral 
compmmd is 

Quantitative 
Measure of 
Redox Flow 
Performance 

In half cells, 
>250 
charge/discharge 
cycles have 
completed to 
date with >99% 
coulombic 
efficiency 

TBD 

TBD 

NIA 

NIA 
NIA 

NIA 

Practical for 
Redox Flow? 

Yes, because 
sufficiently stable 
to lead to 
extensive cycles 
before capacity 
fade and is 
sufficiently 
soluble for 
practical use. 
Yes, 
(contemplated) 
because 
sufficiently stable 
and sufficiently 
soluble. 

Yes, 
(contemplated) 
because 
sufficiently stable 
and sufficiently 
soluble. 

No, because it is 
insufficiently 
stable and is 
insufficiently 
soluble. 
No, because it is 
insufficiently 
soluble. 
No, because it is 
insufficiently 
soluble. 
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TABLE 2-continued 

Quantitative 
Measure of 
Overcharge 
Protection (Redox 

Phenothiazine Shuttle) 
Derivative Stability Solubility Performance 

DBrEPT 

DN02EPT 
DCNEPT 

high 

TBD 
high 

O.lM 

Low 
low 

2-5 

0 
0-1 

Quantitative 
Practical for Measure of 
Overcharge Redox Flow 
Protection? Performance 

sufficiently 
stable, the 
radical cation 
(oxidized 
species) is 
insufficiently 
stable. 
No, it is NIA 
subject to 
reduction at 
the anode and 
forms an 
unstable 
radical anion. 
No, they are NIA 
insufficiently NIA 
soluble and 
cannot be 
evaluated. 

25 

32 

Practical for 
Redox Flow? 

No, because it is 
insufficiently 
soluble. 

No, because they 
are insufficiently 
soluble. 

-continued 

PT EPT 

l I 

Table 2 provides a compilation of data from several 
sources. The data includes overcharge data at 100% over
charge for EPT, DBrEPT, DCIEPT, BCF3EPT and DCNEPT 
from Ergun, et al. Chem. Comm., 2014, 50, 5339-5341. (30) 
Overcharge data at constant overcharge for EPT and 30 

BCF3EPT is derived from the studies described in Kaur et 
al., J. Materials Chemistry A, 2014, 2, 18190-18193. (29) 
Overcharge data at 100% overcharge for PT, MPT and EPT 
provided in Table 2 was derived from studies described in 
Narayana et al. ChemPhysChem, 2015, 16, 1179-1189. (32) 35 

Overcharge results for BCF3CF2EPT and BCF3(4-
CF3C6H4)PT are provided in FIGS.10 and 11, respectively. 
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Half-cell Testing of Electrolytes for Non-aqueous Redox 
Flow Batteries 

In the following study, the electrolyte used for battery 
fabrication was 1.0 M LiBF 4 (98%, anhydrous, Acros 
Organics) in propylene carbonate (PC, 99.99%, BASF cor- 5 

poration). The non-aqueous electrolyte preparation and coin 
cell assembly were completed inside MBraun glove box 
filled with argon with moisture and oxygen content less than 
0.1 ppm. The cell was assembled with graphite felt (Sigra
cell®) soaked with a solution of catholyte as a working 10 

electrode and lithium foil as a counter as well as a reference 
electrode, sandwiched around a lithiated nation membrane. 
The whole assembly was sealed in the glove box. 

In this study, half-cell testing is used as a screening 
technique to study electro-active materials for use as catho- 15 

lyte and/or anolyte in non-aqueous redox flow batteries. The 
optimization of half-cell testing was performed with 
BCF3EPT. Various separator membranes have been tested 
and the optimal procedure involved the use of lithiated 
nation membrane as a separator between the felt and Li-foil 20 

electrode. The electrochemical cycling performance of 
BCF3EPT (FIGS. 12A and 128) was evaluated using a 
constant-current method on a battery cycler (Maccor) using 
a static coin cell. The coin cell was cycled between 3.5 V and 
4.2 V at a constant current of 0.1 mA. The two voltage 25 

plateaus (FIG. 12A) observed in the cell voltage profile 
during charge and discharge processes corroborate well with 
the cyclic voltammetry of BCF3EPT. The crossover of 
radical cation form of BCF3EPT through the nation mem
brane was observed, which may be responsible for lower 30 

discharge capacities during each cycle. However, the charge 
capacity stays unchanged for more than 250 cycles, sug
gesting high electrochemical stability of BCF3EPT. 
BCF3EPT has a stable radical cation compared to other 
dimethoxy benzene deivatives. (29) FIG. 13 shows the 35 

various efficiencies for BCF3EPT coin cell, with coulombic 
and energy efficiencies between 80-90% for these 250 
cycles. The voltage efficiency was stabilized at ca. 97%. 
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wherein R is selected from alkyl, aryl, alkylaryl, alkox

yaryl, alkylcarboxyl, aryl carbonyl, haloalkyl, perfluo
roalkyl, glycols, haloaryl, a negative electrolyte, and a 
polymer; and 

wherein each n is independently an integer from 1 to 6. 

3. The battery of claim 2, wherein the compound has a 
solubility greater than about 0.5 M. 

683. 4. The battery of claim 2, wherein the compound is 
42. z. Chen, Y. Qin and K. Amine, Electrochimica Acta, 10 selected from the group consisting of: 
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All publications, patents, and patent applications men- 20 

tioned in this specification are herein incorporated by ref
erence to the same extent as if each individual publication, 
patent, or patent application was specifically and individu
ally indicated to be incorporated by reference 

It will be understood that various details of the presently 25 

disclosed subject matter can be changed without departing 
from the scope of the subject matter disclosed herein. 
Furthermore, the foregoing description is for the purpose of 
illustration only, and not for the purpose of limitation. 

What is claimed is: 
1. A positive cell comprising a cathode and a compound 

according to the formula: 

30 

35 

40 

wherein R is selected from alkyl, aryl, alkylaryl, alkox
yaryl, alkylcarboxyl, aryl carbonyl, haloalkyl, perfluo- 45 

roalkyl, glycol, haloaryl, a negative electrolyte, and a 
polymer; and 

wherein each n is independently an integer from 1 to 6. 
2. A non-aqueous redox flow battery comprising: 
a negative electrode immersed in a first non-aqueous 50 

liquid electrolyte solution; 
a positive electrode immersed in a second non-aqueous 

liquid electrolyte solution; and 
a semi-permeable separator interposed between the nega-

tive and positive electrodes; 55 

wherein the second the non-aqueous liquid electrolyte 
solution comprises a compound of the formula: 

60 

65 
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5. The battery of claim 2, wherein the compound is: 

30 

35 

6. The battery of claim 2, wherein the first and the second 
non-aqueous liquid electrolyte solutions comprise a metal 

40 halide salt. 
7. The battery of claim 6, wherein the metal halide salt is 

selected from the group consisting of: LiBF 4 , NaBF 4 , LiPF 6 , 

NaPF 6 , lithium bis( oxalato )borate, tetra-n-butylammonium 
hexafuorophosphate tetra-n-butylammonium bromide, and 
tetra-n-buty !ammonium tetrafluoro borate. 

45 8. The battery of claim 2, wherein the first non-aqueous 
liquid electrolyte solution comprises a positive electrolyte. 

9. The battery of claim 8, wherein cations of the positive 
electrolyte are selected from Li+ and Na+. 

10. The battery of claim 8, wherein the first non-aqueous 
50 liquid electrolyte solution further comprises a solvent 

selected from the group consisting of: a carbonate, a nitrile, 
an ether, an aromatic compound, and an ester. 

11. The battery of claim 2, wherein the first and the second 
non-aqueous liquid electrolyte solutions are the same. 

55 12. The battery of claim 11, wherein the first and second 
non-aqueous liquid electrolyte solutions comprise a metal 
halide salt. 

13. The battery of claim 12, wherein cations of the salt are 
selected from Li+ and Na+. 

60 14. The battery of claim 12, wherein anions of the salt are 
selected from the group consisting of BF 4 - , PF 6 - , CIO 4 - , 

AsF6-, CF3S03 -, N(S02 CF3 )
2
-, N(S02CF2CF3 )

2
-, 

B(C2 0 4 )
2
-, and B12X6Hc12-n/-, wherein Xis a halogen. 

15. The battery of claim 2, wherein the first non-aqueous 
65 liquid electrolyte solution comprises a positive electrolyte 

and the second non-aqueous liquid electrolyte solution com
prises negative electrolyte. 
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16. The battery of claim 2, wherein the electrodes are 
selected from: platinum, copper, aluminum, nickel, stainless 
steel, acetylene black, carbon black, activated carbon, amor
phous carbon, graphite, graphene, or a nanostructured car
bon material, or a combination thereof. 

17. The battery of claim 2 wherein the separator material 
is comprised of sulfonated tetrafluoroethylene-based fluo
ropolymer-copolymers, sulfonated poly( ether ketones ), 
polysulfones, polyethylene, polypropylene, ethylene-pro
pylene copolymers, polyimides, polyvinyldifluorides, 10 

porous ceramics, porous insulated metals, cation-conducting 
glasses, and zeolites. 

18. A method of making a non-aqueous redox flow battery 
comprising: 

immersing a negative electrode in a first non-aqueous 
liquid electrolyte solution; 

immersing a positive electrode in a second non-aqueous 
liquid electrolyte solution; 

15 

interposing a semi-permeable separator between the nega- 20 

tive and positive electrodes; 
wherein the second non-aqueous liquid electrolyte solution 
comprises a compound of the formula: 

25 

30 

wherein R is selected from alkyl, aryl, alkylaryl, alkox
yaryl, alkylcarboxyl, aryl carbonyl, haloalkyl, perfluo
roalkyl, glycols, haloaryl, a negative electrolyte, and a 35 

polymer; and 
wherein each n is independently an integer from 1 to 6. 
19. The method of claim 18, wherein the compound has 

a solubility greater than about 0.5 M. 
20. A compound selected from the group consisting of: 40 

45 

50 

55 

60 

65 
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