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ADDITIVES FOR REDUCING ESR GAIN IN ELECTROCHEMICAL
DOUBLE LAYER CAPACITORS

Cross-Reference to Related Application

{6001} This application claims priority to U.S. Application Serial No. 14/605,114, filed
January 26, 2015, entitled “ADDITIVES FOR REDUCING ESR GAIN IN
ELECTROCHEMICAL DOUBLE LAYER CAPACITORS,” the disclosure of which is

mcorporated herein by reference in its entirety.
Background

{0602} The present disclosure relates to electric double laver capacitors (EDLCs) that
mchude an alkylating or arvlating agent additive capable of scavenging nucleophilic species
generated during operation of the EDLC.  Capacitors are typicallv used as components of
glectric circuits that are capable of holding an electnic charge electrostatically, and
discharging 1t rapidly. EDLCs, also known as supercapacitors or ultracapacitors, are a type
of capacitor that have two electrodes separated by an ion permeable membrane (separator),

and an electrolyte solution electrically connecting both electrodes.

[0003] Although EDLCs typically have lower encrgy densities than traditional batterics,
thev often can have much higher power densities. For instance, some EDLCs can have
power densities up to 100 times higher than traditional batteries. This allows them to be used

for many commercial applications such as, electric and hybrid automobiles.

[6604] One drawback of current EDLCs 1s that nucleophilic species can be generated 1n
the electrolyte solution as a consequence of the normal functioning of the cell. For instance,
trace hydroxide 1on derived from adventitious water within an EDLC electrolyte solution may
react with tetracthvlammonium chlonde to produce tricthylamine via a Hoffiman ehmunation
type-mechanism. The tricthylamine, or other nucleophilic species thus generated, can then

further react within the cell and impede the EDLC’s normal function.
Summary

[6005] The present disclosure relates to systems, devices, and methods that include
EDLCs baving an alkvlating agent or arvlating agent additive capable of scavenging
nucleophilic species generated during operation of the EDLC. In some embodiments, an
clectrochemical double-layer capacitor includes a cathode, an anode, a separator, an

clectrolvte, and an additive comprising a compound of formula I:

1
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R-X (D)

In some embodiments, R can be saturated alkyl, unsaturated alkyi, saturated branched alkyl,
unsaturated branched alkyl, arvl, heteroaryl, substituted aryl or substituted alkyl, and X can
be 1, Br, Cl, —=SO.F, —SO,CF;, —~OCH:, —N(SO:F ), —N{SO:CF1), —-N{CN}y, —Si{CHs)s, —0O-
S(0):~-OCH;3, —5(0),-0-CF, or tosylate. The concentration of the compound of formula T in
the electrochemical double-layer capacitor is less than about 10 % by volume.

Brief Description of the Drawings

{6006} FIG. | shows charge and discharge curves for 4 4F pouch cells with 0% and 1%

{v:v) tricthylamine added to the electrolyte.

[G087] FIG. 2 shows charge and discharge curves for 4 4F pouch cells with 0% and 1%
(v:v) N-methvlpyrrolidine added to the electrolvte.

[6008] FIG. 3 shows the ESR gain for 4.4F pouch cells with 0%, 0.5%, and 1% (v:v}
tnethvlamine added to the electrolvie.

{0609] FIG. 4 shows the ESR gain for 4 4F pouch cells with 0%, 0.5%, and 1% {v:v} N-
methylpyrrolidine added to the clectrolyte.

{06010} FIG. 5 shows the capacitance retention for 4 4F pouch cells with 0%, 0.5%, and
1% (v:v) tricthylamine added to the clectrolvie.

{6011} FIG. 6 shows the capacitance retention for 4 4F pouch cells with 0%, 0.5%, and
1% {v:v) N-methvlpyrrolidine added to the electrolyte.

[0612] FIG. 7 shows voltage vs. time profiles for unconditioned pouch cells with 0% arvl
halide, 1% Ph-I, 1% Ph-Br, 19 Ph-Cl, and 1% Ph-F (viv).

{661 3] FIG. 8 shows voltage vs. time profiles for pre-conditioned pouch cells with 0%
aryl hahide, 1% Ph-I, 1% Ph-Br, 1% Ph-Cl, and 1% Ph-F (viv).

[0014] FIG. 9 shows the ESR gain of pouch cells with added Ph-Cl at 0% and 1% (viv).
[0015] FIG. 10 shows the capacitance retention of a pouch cell treated with 0% and 1%
Ph-Cl (v:v).

{6616} FIG. 11 shows the capacitance retention of pouch cells treated with 0% aryl
halide, 1% Ph-Cl and 1% Ph-F {(viv).

[0017] FIG. 12 shows the ESR gain of pouch cells treated with 0% Bu-Cl and 1% Bu-Cl

(viv).
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{0018] FIG. 13 shows the capacttance retention of pouch cells treated with 0% Bu-Cl and
19 Bu-Cl (viv).

[0019] FIG. 14 shows the ESR gain of cvlindrical cells treated with 3% benzonitrile (viv})

and with a 3% benzonitrile/2% Ph-Cl (viv) mixture.

{60620} FIG. 15. Shows the capacitance retention of cylindrical cells treated with 5%
benzonttrile (viv) and with a 3% benzonitrile/2% Ph-Cl (viv) mixture incells measured

between 80 and 40% of rated voltage.

[0021] FIG. 16. Shows the capacitance retention of cylindrical cells treated with 5%
benzonitrile (v:v) and with a 3% benzonitrile/2% Ph-Cl (viv) mixture incells measured over

the full voltage range.
Detailed Description

{6622} The present disclosure relates to systems, devices, and methods that include
EDLCs having an alkylating agent or arviating agent additive capable of scavenging
nucleophilic species generated during operation of the EDLC. The alkylating or arylating
agent may be particularly active at high temperatures and can have the effect of lowering the
cquivalent serics resistance (ESR) gain and lowering the capacitance loss in the EDClLs
comparison to cells that do not have the alkvlating or arylating agents. In some
embodiments, an electrochemical double-layer capacitor mcludes a cathode, an ancde, a
separator, an electrolyte, and an additive comprising a compound of formula [
R-X (I

whercin R is saturated alkvl, unsaturated alkyl, saturated branched alkyl, unsaturated
branched alkyl, arvi, substituted aryl or substituted alkyl, and X s I, Br, Cl, —SG,F, —-S0,CF;,
~OCHs, ~N{SO;F);, “N(8O,CF3), ~N(CN);, ~Si{CH3:}s, ~0-8(0),-0OCH;, —~S(0),-0-CF;, or
tosviate. The concentration of the compound of formula | in the electrochemical double-layer

capacitor is less than about 10 % by volume.

[60623] In some embodiments, an electrochemical double-layer capacitor inchides a
cathode, an anode, a scparator, an eclectrolvte, a stabilizer, and an additive comprising a

compound of formula I
R-X (B
wherein R 1s saturated alkyl, unsaturated alkyl, saturated branched alkyl, aryl, substituted aryl

or substituted alkyl, and X is L, Br, {1, —=50;F, —80G,CF;5, —~OCH;, —N(50,F),, —N{5G,CF3),

3
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~N{CN},, —S5i{CHj};, —0-5(0),-0CH;, —5(0),-0-CF;, or tosylate. The total concentration of
the compound of formula I and the stabilizer in the clectrochemical double-laver capacitor is

less than or equal to about 10 % by volume.

[6024] In some embodiments, a method of manufacturing an EDLC cell includes
disposing a cathode on a posttive current collector, disposing an anode on a negative current
collector, disposing a separator between the positive current collecior and the negative
current coliector to form the EBLC cell, disposing the EDLC cell in a contamer, and
mfiltrating the EDLC cell with an clectrolvte formulation comprising: an ionic specics, a
solvent, and an additive comprising a compound of formula I
R-X (D

wherein R is saturated alkyl, unsaturated alkyl, unsaturated branched alkyl, arvl, substituted
aryl, or substibted alkyl, and X s I Br, Cl, —S0,F, ~80,CF;, ~0OCH;, ~N(8GF),,
—N(SO:CF3)s, —N(CN},, —Si{CHs)s, —0-S(0),-0OCHs, —S(0).-0-CF5, or tosylate. A
concentration of the compound of formula I in the electrolvte 1s less than about 10 % by

volume.

[6625] The present disclosure features an alkvlating or arylating agent that can be capable
of scavenging nucleophilic species that are produced as a byproduct of the normal operation
of an EDLC. The nucleophilic species can, for instance, be tertiary amines, carboxylic acids,
cellulose type material (e.g., carboxymethyl celhulose (CMC)} used, for example, as a binder
or adhesive in the electrode coating, or any other nucleophilic species that can be generated in
the cell due to electrochemical, chemical, or thermal side-reactions. These species can be
reactive and can mterferc with the normal functioning of the EDLC. By scavenging the
reactive species, embodiments of the present disclosure can reduce the ability of the
nucleophilic species to negatively impact the functionmg of the EDLC, and thus result m
longer life and improved performance of the cell. For example, in some embodiments, the
addition of an alkylating or arylating reagent disclosed herein can result in greater
capacitance retention and lower ESK gain.

{6026} The term “equivalent series resistance {ESR)” as used herein is understood as a
parameter that approximates the internal resistance of an EDLC. In some embodiments, it is
more desirable to have lower ESR than higher ESR.

{06627} “Capacttance stability” refers to the retention of capacitance of a capacitor over

time. In some embodiments, it is desirable to have high capacitance stability.
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{0028} “Tertiary aming” as used herein is understood to mean an organic compound

comprising a nitrogen atom bound to three different carbon atoms.

[06029] “Carboxylic acid” i1s understood to mean a functional group of the formula -
C(OYOH, A carboxvlate” 1s understood to mean a deprotonated carboxylic acid of the
formula —C(0)0", wherein it is understood that the negative charge of the carboxylate is

balanced by a corresponding counter cation.

{6630} “Nucleophilic species” is understood to mean a chemical moicty {(c.g., a tertiary
amine or a carboxylate} that can act as a nucleophile, for mstance in the presence of an
alkylating agent. One of skill in the art will anderstand that a nucleophile is capable of

donating an electron pair to an electrophile to form a bond.

[6631] The term “substituted” or “substitution” of an atom means that one or more
hydrogen on the designated atom is replaced with a different atom, including but not limited
to a carbon, nitrogen, oxvgen, sulfur or halogen atom, provided that the designated atom's
normal valency 1s not exceeded. “Unsubstituted” atoms bear all of the hydrogen atoms

dictated by their valency.

{6632} The term “saturated” is understood to mean an aliphatic group containing no

double or triple bonds. A saturated group is understood to be at maximum normal valency.

{6033] The term “unsaturated” means an aliphatic hydrocarbon group contaming a
carbon-carbon double bond {e.g., an alkene) or a carbon-carbon triple bond {¢.g., an alkvne)
and which may be straight or branched having about 2 to about 6 carbon atoms in the chain.
In some embodiments, alkeny! groups have 2 to about 4 carbon atoms in the chain. Branched
means that one or more lower alkyl groups such as methyl, ethyl, or propy! are attached to a
Iincar alkenyl chain. Exemplary alkenvl groups include cthenvl, propenvi, n-butenyl, and 1-

butenyl.

[0034] The term “alkvl” means an aliphatic hydrocarbon group which may be straight or
branched having about 1 to about 6 carbon atoms in the chain. Branched means that one or
more lower alkyl groups such as methyl, ethyl or propy! are attached to a linear alkyl chain,
Exemplary alkyl groups include methyl, ethyl, n-propvl, 1-propyl, n-butvl, t-butyl, n-pentyl,
and 3-pentyl.

{06635] As used herein, “aryvl” refers to aromatic monocychic or polyveyclic ning system

containing from 6 to 19 carbon atoms, where the ring system mav be optionally substituted.

Aryl groups of the present disclosure include, but are not limited to, groups such as phenyl,

(v
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napithyl, azulenyl, phenanthrenvl, anthracenyl, fluorenyl, pyrenyl, triphenvienyl, chrysenyl,

and naphthacenyl.

[06036] As used herein, the abbreviation “Ph-X" is understood to represent an aryl halide.
In some embodiments, the arvl halide is pheny! halide. It is understood that “Ph” is an
abbreviation for the phenvl group. It is also understood that “X” 1s an abbreviation for a
halogen atom, ¢.g., iodine, bromine, chloring or fluorine. Thus, for instance, Ph-Br is

understood to represent pheny! bronide.

[6637] In some embodiments, the compound of formula 1 is an alkvl chloride or 1s an arvl
chloride. For example, the compound of formula | can be selected from chlorcbenzene, 1-
chloro-n-butane, bromobenzene, 1-bromo-n-butane, I-chloropropane, and 1-bromopropane.

In some embodiments, the compound of formula I is chlorobenzene or 1-chloro-n-butane.

[6638] In some embodiments, the electrochemical stability of the compounds of formula |
can be improved by adding functional groups to the “R” component of formula L

Representative functional groups can be, for example, —CN or —-F. For instance, a compound

| "
(NC)nT//

Frm

of formula I can be represented by:

wherein n + m < 5. In some embodiments, Ph-CI and Ph-F are the most electrochemically
stable additives. However, in some embodiments, Ph-F is not as reactive towards
nucleophilic species as Ph-L Ph-Br, and Ph-CL

[6639] In some embodiments, the compound of formula 1 is included in the clectrolvie,
and the clectrolvte comprising an ionic species and a solvent. The concentration of the
compound of formula I m the electrolyte can be about 0.1% by volume to about 10 % by
volume. For instance, the concentration of the compound of formula | in the electrolvie can
be about 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%. 0.1%, 1%, 2%, 3%, 4%, 5%,

6%, 7%, 8%, 9%, or 10%.

>

[6040] In one or more embodiments, the solvent is at least one of acectonitrile,
propiontirile, and butyronitrile.  Alternatively, the solvent can be selected from gamma-
butyrolactone, propylene carbonate, ethvlenc carbonate, dimethyl carbonate, and dicthyl
carbonate.

[6041] In some embodiments, the ionic specics is a quaternary ammonium salt. The

quatcrnary ammonium salt can be one of spiro-bipyvrrolidinium tetrafluoroborate (SBP BF,),
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tetracthyl ammonim  tetrafluoroborate (TEA TFB). and tricthyl{methyhammoniuom
tetrafluoroborate.

[0042] In one or more embodiments, the electrolyte further comprises a stabilizer. The
stabilizer can be, for instance, benzonitrile.

[6043] In some embodiments, the compound of formula I can be included in the
separator. The compound of formula I can also be included 1n at least one of the anode and
the cathode, or the compound of formula I can be included in a binder of at least one of the
cathode and the anode.

[6044] In some embodiments, the binder can include carboxymethvl cellulose.

[0045] In one or more embodiments, the EDLC of the disclosure has an operating voltage
of greater than about 2.7 V. The EDLC of the disclosure can also have a rated maxaimum
temperature of greater than about 50 °C.

{6046} In some embodiments, the EDLC can also include a stabilizer. The stabilizer can
be benzonitrile. The total concentrations of the stabilizer and the additive can be about the

same.

[0047] For example, the total concentrations of the stabilizer and the additive can be
about 5%, e.g.. the concentration of stabilizer can be about 1% and the concentration of
additive can be about 4% the concentration of stabilizer can be about 2% and the
concentration of additive can be about 3%; the concentration of stabilizer can be about 2.5%
and the concentration of additive can be about 2.5%; the concentration of stabilizer can be

about 3% and the concentration of additive can be about 2% or the concentration of

stabilizer can be about 4% and the concentration of additive can be about 1%.

[06048] In some embodiments, the compound of formula I can be formulated to alkylate or
arvlate tertiary amines present within the EDLC cell. In some embodiments, the EDLC cell
has an operating voltage of greater than about 2.7 volts and can have an operating

temperature of greater than about 50 °C.

{0049} Without wishing to be bound by any particular theory, it is proposed that the
compounds of formula I arc capable of alkvlating certain reactive species that are produced
throughout the course of functioning of an electric double-layer capacitor (EDLC). For
example, in some embodiments, EDLCs function at high voltages {e.g.. above 2.7 volts)
and/or at high temperatures (e.g., above 50 °C). These conditions can facilitate certain
chemical reactions to produce certain reactive species {(e.g., nucleophilic species) that then

can interfere with the normal functioning of the EDLC.
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{06650] In some embodiments, under the conditions described above, nucleophilic species
can be formed such as tertiary amines, carboxylic acids, cellulose-tvpe material such as CMC
and other nucleophilic compounds. Without wishing to be bound by theory, the generation of
nucleophilic tertiary amings may arise from a Hoffmann Elimination mechanism. For
example, it can be practically impossible to remove all trace water from cell components in
an EDLC, especially the activated carbon and cellulose separator, cven with temperatures
above 100 °C and vacuum. The reduction of water within the electrochemical cell (e.g., at
high vohtage and temperature} can form a hydroxide anton, and the hydroxide anion can then
chemically react with a quaternary ammonium cation to form a tertiary amine, vie a Hoffman
elimmation route.

[0051] Additionally, nucleophilic species can be formed, for mstance, due to
clectrochemical, chemical or thermal side reactions within the electrochemical cell. For
mstance, without wishing to be bound by theory, tertiary amines are capable of being formed
m an EDLC where the electrolyte contains a guatermary ammonium cation vig
clectrochemical reduction. The clectrochemical reduction of a quaternary ammonium cation
vields a tertiary amime and an alkyl radical via cleavage of the N-C bond, and also additional
tertiary amine can be formed from a fresh cation via a Hoffman elimination mechanism n the
case where the alkyl radical is further electrochemically reduced to the carbanion, which
serves as the base m the Hoffman elimination. Although the potential of the negative
clectrode in an EDLC generallv operates at levels that are not negative enough to cause gross
reduction of the guaternary ammonium cation, in some embodiments, a slow rate of tertiary
amine production can exist. For nstance, some EDLCs require a constant trickle-carrent to
stay fully charged, and this current can in some embodiments fuel redox reactions in the cell
even though the cell theoretically is a redox-fiee system.

[0052] In some embodiments, the higher the operating voltage of the EDLC, the higher
the rate of side reactions, and the more likely it will be that tertiary amines are produced in
problematic quantitics. Also, elevated temperatures improve reaction kinetics which also can

accelerate the production of tertiary amines and other degradation products.

{0653] In addition to tertiary amines, other nucleophiles such as carboxylic acids or
carboxylates can be formed. For instance, a carboxylic acid group can be formed by the
hvdrolysis of an ester group found within the cell. Also, a hydroxide ion, {(e.g., produced by
the reductive mechanism described above) can hydrolyze an ester group within
carboxymethyl cellulose to give a carboxylate group. Yet another source of nucleophilic

species within an EDLC is a cellulose-type matenal such as CMC. CMC can be used as a

3
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binder for EDLC electrodes. In some cases either the sodium salt or the amimonium salt of
CMC is emploved. The CMC can play an important role 1n ensuring a low resistance contact
between the current collector and the coating. It also can help to bind individual carbon
particles together within the electrode matrix, and to thicken the slurry used to coat the

electrode where a wet coating procedure is used.

[6654] The CMC can be water soluble, and in some embodiments is part of an agueous
slurry which is used to etther coat the current collector with the active material or with a pre-
layer of CMC rich material. For mstance, the CMC rich material can contain carbon black,
on top of which is later coated the active matenal. In some preferred embodiments, the
solubilized CMC can effectively penstrate interstitial space between particles as well as the
coating-current collector interface, and thus bind them effectively once the water is removed

by evaporation.

{0055] In some embodiments, water scluble cellulose materials can suffer from a
decrcased chemical stability compared to non-water soluble cellulose types. For example,
certamn cellulose types can have a very tight crystal structure that does not allow substantial
water to penetrate, and therefore these celiulose types are not water soluble and are also less
prone to acid catalyzed hydrolysis.  Acid catalyzed hydrolysis can result in the
depolymerisation of the cellulose chain, and can result in, for example, the slow degradation

of paper (cellulose based) used in books and other printed media.

[00356] In the case of an EDLC, it is proposed, without wishing to be bound by theory,
that the operation of the cell, particularly under harsh conditions {for example 3 V and 65
°C), produces an acidic environment at the positive electrode. In some embodiments, the
CMC within this environment can be degraded, and this adversely affects the ESR of the cell.
It is known that acidic species can be formed at the positive electrode 1n an EDLC due to side
reactions that take place mside the cell. Additionally, it can sometimes be observed that cells
that have undergone accelerated ageing tests have positive electrodes that can be delaminated
upon disassembling the cell, suggesting that a reaction took place in the cell that caused the
bond between the current collector and the electrode coating to lose most of its strength, and
this delamination effect can be replicated in an acid exposure experiment as demonstrated in
Example 9. Moreover, such cells suffered from a high gaim in ESR dunng the course of the
accelerated ageing test, cven though the same cells did not suffer from any significant

capacitance loss.
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{08657} Accordingly, without wishing to be bound by theory, the present disclosure
provides a strategy that counters the degradation of CMC in the cell in order to prevent a high
ESR gain m the cell under harsh conditions. It 1s considered that other mechanisms of ESR

gain, aside from CMC degradation, are also active.

[6658] Without wishing to be bound by theory, these nucleophilic species, as well as the
side reactions that produce them themselves, can interfere with the normal functioning of the
EDLC cell, and result in higher ESR gain and greater capacitance loss in the cells. In some
cmbodiments, the initial reduction of trace water to hydroxide ion at the negative electrode of

an EDLC can cause a loss of performance in the cell.

{6059] Moreover, nucleophilic species such as tertiary amines can react at the positive
clectrode of an EDL.C to form insoluble products. Not only can the clectrochemical oxidation
of the tertiary amime result in a loss of performance within a cell, but the products thus
produced can further interfore with the nommal cell functioning by way of causing further
unknown and/or unwanted side reactions. Without wishing to be bound by theory, the
reaction of tricthvlamineis hikely an irreversible electrochemical oxidation at the positive
electrode, since tertiary amines are known to sndergo such reactions, and are also known to

be generally stable at negative potentials.

[0060] Accordingly, it is an object of the present disclosure to provide EDLCs containing
compounds of formula 1 that can be useful at alkylating or aryvlating reactive species {e.g..
tertiary amines or carboxylic acids) in order to scavenge these species and thus prevent them

from mterfering with the normal operation of the cell.

{6061 ] In some embodiments, the alkylating {¢.g., alky! halides such as chlorobutane) or
arvlating agents {(c.g., aryl halides such as phenyl chloride) can react with nucleophilic
species.. For instance, chlorobutane can react with a tertiary amine such as triethvlamine m
an alkylation reaction to gencrate butyltriethvlammontum chloride. Alternatively, in some
embodiments, a compound of formula  {e.g., chlorcbutanc) can react with the hydroxide ion
{c.g., a hyvdroxide ion generated by the presence of trace water) to give an alcohol (c.g.,

butanol} and the corresponding halide {e.g., chionde).

[0062] Furthermore, the alkvlating or arviating agents of the present disclosure can be
capable of alkvlating, for example, the carboxy group of a cellulose binder and thus can
affect the stability of the cellulose material. Without wishing to be bound by theory, an
merease in stability of the cellulose material (e.g.. CMC) can occur due 1o an increase in the
byvdrophobicity of the cellulose due to the alkylation (esterification, in the case of the

10
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atkvlation of a carboxy/carboxyl/carboxylate group) of the matenial. Such an alkylation can
also affect the crystal structure, and/or the electronic structure, of the cellulose material,
which can serve to further improve stability. Alkylation of the hydroxyl groups of the
cellulose binder {e.2., CMC) can also occur. Without wishing to be bound by theory, the
atkylation can take place through known organic chemical mechanisms. The alkylation
process can also be applied to other types of cellulose, as well as other polymers,
biopolymers, polvsaccharides and carbohydrates, in addition to CMC. Such other polymers
can include, but are not limited to, alcohol and carboxy functionalized polvmers, for example

polyvinvlalcohol, sodium polyacryiate, ammonium polyacrylate.

[0063] Additionally, m some instances the carboxyl functional group (COQO-) that is
present in cellulose {e.g., CM{) can undergo eclectrochemical oxidation, yvielding carbon
dioxide gas (CO,), leaving a radical site on the polvmer chain. Any CO; released by such a
reaction can be trapped in the cell and can undergo electrochemical (or chemical) reactions,
in some embodiments at the negative clectrode. Such reactions can cause a performance loss
for the cell. Accordingly, in some embodiments alkylation of the carboxyl group to form an
ester can result in an increase in the electrochemical stability of the celiulose. Such an
alkylation can be achieved by the use of an alkvlating agent of the present disclosure, such as
an alky! halide or an aryl halide. The alkviating agent can alsc react with {c.g.. estenify}
carboxyl moicties within the clectrolvte (for example carboxylic acids) or on the carbon
surface {which contains, for instance, functional groups), and such reactions can in some

embodiments increase the electrochemical stability of the system.

[0064] Additionally, the alkyl or aryl halides of the present disclosure can alkylate or
arylate the carbon surface where reactive functional groups (e.g., carboxylic acid groups) are

present. Such alkvlation can also enhance cell stability.

[0065] Although both alkyl and aryl halides can be used, differences in carbon-halogen
bond strengths as well as affinities to a carbon surface can result in differences in EDLC cell

performance between the alkyl and aryl systems.

[0066] In some embodiments, the product of the reaction of the compound of formula |
with a tertiary aming is a quaternary ammonium salt and a corresponding counter anion
derived from the compound of formula I {(c.g., a chloride ion). In some embodiments the
quaternary ammonium product is relatively stable at positive potentials compared to the
tertiary amine, and thus the stability of the cell is improved by climinating the oustable

tertiary amine or other nucleophilic species that would otherwise undergo further reaction.
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{0067} Additionally, in some embodiments, adsorption of the arvl or alkyl halide to the
carbon surface, ¢.g., as a monolayer, can reduce side reactions by reducing access of
acetontirile or other clectrolvie species to the carbon surface, thereby reducing the reaction

rate of acetonitrile of other electrolvte species and extending cell life.

[6068] As defined above, ESR refers to a paramcter that approximates the intemnal
resistance of an EDLC. As shown in the Examples below, the addition of a tertiary amine
{c.g., as a representative nucleophile) causes the ESR gain to increase, thereby reducing the
performance of the cell.  Although most EDLCs do not have added tertiary amine, 1t is
understood that tertiary amines and other nucleophilic species can be formed withm a cell as

described above, and these can have a deleterious effect on the performance of the cell.

{6669} As defined above, capacitance stability refers to the retention of capacitance of a
capacitor over time. In some embodiments, addition of a tertiary amine to an EDLC can
improve capactiance stability, as shown i Figure 5 and Figure 6. In these examples, addition

of ticthylamine and N-methylpyrrolidine resulied in greater capacitance stability.
Examples
{667¢] The following examples are for illustrative purposes only and are not mtended to

limit the scope of the present disclosure.

General Methods

{6671} Pouch cells consisted of an activated carbon based positive electrode and an
activated carbon based negative clectrode, cach utilizing an etched aluminum current
coliector. A cellulose separator was used to separate the electrodes, and the electrode
assembly was contained in an aluminum-polymer type pouch cell material. Each electrode
had a coated area of 16 cm” (i.c. 4 cm x 4 cm in size). Each cell contained a total of 1 mL of
clectrolyte.

Example 1: Effect of added triethviamine on EDLC cell performance

[6072] Pouch cells (~4 4F) were prepared with added trniethylamine (1% viv) and N-
methyvlpyrrolidine (1% v:v) and in the absence of added tertiary amine {(control). The cells
were charged at a constant current of 50 mA.

[6073] Figure 1 shows a voltage curve of a pouch cell containing tricthylamine (1% v:v)
{dashed line} compared with a pouch cell containing no added triethylamine {solid line). The
cell with added tricthyiamine shows a charge curve of lower steepness than the cell with 0%
tricthvlamine.  Figure 2 shows a voltage curve of a pouch cell contamning N-
methvlpyrrolidine (1% v:v) (dashed line} compared with a pouch cell containing no added

12
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tricthvlamine {solid line}. The cell with added tricthylamine showed a charge curve of lower
steepness than the cell with 0% trethvlamine.

[0674] Figures 1 and 2 show a charge curve of lower steepness for a cell containing
amine {1% v:v) (i.e, triethvlamine or N-methylpyrrolidine) added to the electrolyte compared
to a cell without added amine. 'The results suggest that the amine is being consumed
clectrochemically during the charging of the cell.

Example 2: Effect of added triethviamine on ESR oain

[06675] Pouch cells (~4.4F) were prepared with added tricthylamine (1% v:v) and N-
methvipyrrolidine (1% v:v}) and in the absence of added tertiary amine (control). The cells
were charged at a constant current of 50 mA.

{8076} As shown in Figure 3, addition of tricthylamine (EzN) to an EDLC had a
deleterious effect on ESR gain during the endurance test when used (0.5% viv) or more in the
clectrolyte. In some embodiments, the effocts became more exaggerated at extended time

periods.

{6677 As shown in Figure 4, addition of N- methyipyrrolidine to an EDLC had a
deleterious effect on ESR gam during the endurance test when used (0.5% viv) or more in the
clectrolvte. In some embodiments, the effects became more exaggerated at extended time

periods.

[G678] At levels below 0.5 % (viv) triethylamine and 0.5% (v:v} N-methylpyrrolidine

{not shown in) there did not appear to be an obvious major penalty.

[6679] Pouch cells (~4.4F) were prepared with added trethylamine (1% v:v) and N-
methylpyrrolidine (1% viv} and in the absence of added tertiary amine {control). The cells
were charged at a constant current of 50 mA. As shown in Figure 5, the addition of
tricthvlamine to the electrolyte resulted in an umproved capacitance retention. The same
results were observed with the addition of N-methylpyrrolidine {see Figure 6).

Example 4: Effect of arvl halides on electrochemical stabilityv in unconditioned cells

[{B080] Unconditioned pouch cells were treated with Ph-f (19 viv), Ph-Br (1% viv), Ph-
Cl (1% viv), and Ph-F (1% viv). An unconditioned pouch cell without added aryi halide was
used as a control. The cells were charged at 50 mA | held for 10 minutes at 3.0 V, discharged
at 5 A, rested for 5 seconds, charged at 50 mA, held at 3 V for 10 minutes, and finally

discharged at 50 mA.
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{0081} Figure 7 shows voltage vs. time profiles for the pouch cells after the two charge-
discharge cycles described above. As shown 1n Figure 7, the cell contaming Ph-1 was unable
to reach the full 3 V charge. The results suggest that Ph-I was not electrochemically stable
and was being directly reduced at the negative electrode under the conditions of the 3 V
pouch cell.

{6082} In contrast, Ph-Br and Ph-Cl did not display any noticeable clectrochemical
reactivity within the 3 V cell. Without wishing to be bound by any theory, it is proposed that
the Ph-I is being reacted electrochemically within the cell. The resulting T {iodide) ion can
then serve as a redox shuttle mvolving ', I and I35, and thus interrupting the normal
functioning of the cell.

Example 5: Effect of arvl halides on electrochemical stability in conditioned celis.

[6083] Pouch cells treated with Ph-Br (1% viv), Ph-Cl (1% vv), and Ph-F (1% v:v)were

conditioned at 3 V and 65 °C for 18 hours. . A conditioned pouch cell without added arvl
halide was used as a control. The cells were charged at 50 mA, held for 10 minutes at 3.0 V,
discharged at 5 A, rested for 5 seconds, charged at 30 mA, held at 3 V for 10 minutes, and
finally discharged at 50 mA.

[0084] Figure 8 shows voltage vs. time profiles for the pouch cells afier the two charge-
discharge cycles described above. As shown in Figure 8, celis containing Ph-Br developed
an instability which retarded the charging process. The results suggest that Ph-Br was not
clectrochemically stable and was being reduced at the negative clectrode of the conditioned
pouch cell. Without wishing to be bound by any theory, a bromide redox process is
potentially active within the electrochemical cell, but it was delayed in being established.
The Ph-Cl, Ph-F and control cells did not experience any difficulties. Therefore, without
wishing to be bound by theory, it is proposed that the Ph-Cl and Ph-F cells were considered
to have adequate electrochemical stability. However, also without wishing to be bound by
any theory, the Ph-F is not expected to have a high reactivity towards tertiary amines or many
other nucleophiles, due to the high stability of the Ph-F bond.

Example 6: Effect of using Chiorcbenzene (Ph-Cl) on electrochemical cells

{06085] Pouch cells were made to test the effect of using an electrolvte that included
phenyl chioride (Ph-Cly (1 % viv). As a control, an electrolyte with 0 % {v:v) of phenyl
chloride was used.

[0086] For the control cell, the electrolyie consisted of | M SBP BF4 in acetonitrile + 5
% {v:v) benzonitrile. For the cell with Ph-(1 as additive, the electrolyte consisted of of 1 M

SBP BF; + 5 % benzonitrile + 1 % Ph-Cl(viv). For instance, the clectrolyte with the Ph-Cl
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present could be made by taking 1.0 L of 1 M SBP BF4 in acetonitrile, adding 50 mL of
benzonitrile, and adding 10 mL of Ph-Cl.

[B087] Cells were conditioned by holding them at 3.0 V and 65 °C for 18 h prior 1o
beginning the endarance test, which in essence is a constant voltage, elevated temperature
test designed to gauge the electrochemical stability of the svstem. The capacitance and ESR
of the device are measured at room temperature before the endurance test begins, as well as at
certain time intervals throaghout the test. For measurements made during the test the cells are
discharged and allowed to cool to room temperature before the capacitance and ESR are
measured. Once the measurements are made the cells are retumed to the accelerated
degradation condition {3.0 V and 65 °C}.

[0088] Figure 9 shows that the cell with Ph-Cl (I % wviv) present as an additive
experience less ESR gain during the endurance test. Figure 10 shows that the cell with the
Ph-Cl present as an additive have equal or better capacitance retention than cell that docs not
have this additive. The sudden capacitance drop observed in the control cell during the first
100 h of the test is avoided by using the Ph-Cl additive. Figure 11 shows that Ph-F does not
cause this unusual affect to manifest. Without wishing to be bound by any theory, this
difference may be due to the chemical reactivity of Ph-Cl, (Ph-F 1s not as chemically active
as Ph-Cl due to the high stability of the C-F bond} or perhaps due to the more polarizable
nature of the C-Cl bond ~ which could plausibly affect capacitance if Ph-Cl is adsorbed to the
carbon surface.

{06089} Inspection of cells after the endurance test did not show any noticeable corrosion
of the aluminum current collectors. Without wishing to be bound by theory, the presence of
chlonine, especially as Cl- (chlonde), could arguably promote corrosion of the current
collector on the posttive ¢lectrode.

Example 7: Effect of using 1-chlore-n-butane on electrochemical cells

10690] Pouch cells similar to those in Example 6 were made to test the effect of using an
clectrolyte that included butyl chloride (Bu-Clh (1 % v:v). also known as 1-chloro-n-butane.
As a control, cells were also made using 0 %% of butyl chioride.

{6091 ] For the control cells, the electrolyte consisted of 1 M SBP BF; in acetonitrife + 5
% benzonitrile. For the cells with Bu-Cl as additive, the clectrolyie consisted of 1 M SBP
BF4 + 5 % benzomtrile + 1 % Bu-Cl (v:v). For instance, the electrolyte with the Bu-Cl
present could be made by taking 1.0 L of 1 M SBP BF4 in acetonitrile, adding 50 mL of

benzonitrile, and adding 10 mL of Bu-ClL
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{06092} Cells were conditioned, and subjected to the endurance test at 3.0 V and 65 °C as
n Example 6.

[0693] Figure 12 shows that the presence of Bu-Cl results in a reduced ESR gain for the
cells operating at 3.0 V and 65 °C, with the effect being most obvious afier about the 500 h
point. Figure 13 shows that the capacitance is the same or better than the cells without Bu-ClL,
with the cells being slightly but noticeably better during most of the 1000 b peniod. As for Ph-
Cl, there presence of Bu-Cl significantly affects the capacitance within the first 100 b of the
test period observed in the control cell, preventing much of the sudden drop in capacitance.

Example 8: Effect of stabilizer on performance of electrochemical cells

[0094] Commercial style, spirally wound cylindrical cells with activated carbon based
electrodes were made, being of approximately 1300 F capacitance and 0.45 mOhm ESR each,
to test the effect of using an electrolyte based on 1 M SBP BF, in acetonitrile containing 2 %
Ph-~Cl in addition to 3 % benzonitrle (viv) as a stabilizer (BZN) (dual additive system). As a
control, cells containing 5 % benzonitrile {v.v) were also tested (single additive system). As
indicated, the percentages for the additives are on an added volumeiric basis. For instance,
the dual additive electrolvie can be made by taking 1 L of | M SBP BF4 in acetonitrile and
adding 20 mL of Ph-Cl and 30 mL of BZN. Cells were conditioned before starting the test by
holding them at 2.92 V at 55 °C for 44 h. The cells were subjected to the endurance test at 3.0
¥ and 65 °C, as described in example 4, for 1024 h.

ESR Gain

[06095] The ESR behavior of the cells is shown if Figure 14, the dual additive system
exhibits significantly lower ESR gain, about 290 % of the initial ESR after the 1024 h period,
compared with about 415 % for the single additive system. Without wishing to be bound by
theory, the ESR gain can result primarily from a corruption of the carbon coating — current
collector interface, and changes to the binder system can significantly reduce the ESR gain
even further. The results of this direct comparison suggest that the Ph-Cl additive is
advantageous for ESR stability under this standard test condition.

Capacitance loss: 80-409% of rated voltage

{0096} Figure 15 shows that the cells containing 2 % Ph-Cl and 3 % BZN (viv) exhibit
significantly less capacitance loss compared to cells with 5 9% BZN (v:v), where capacitance
1s measured between 80 and 40 % of rated voltage, 1.e. between 2.4 and 1.2 V. The dual
additive cells experience a slight capacitance gain over the first approximately 100 h of the
endurance test, in contrast 10 a capacitance loss for the single additive system. The cells with
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the dual additive system have between 96 and 97 % of their onginal capacitance after the
1024 h period, which is an exceptional level of stability, compared to about 91 to 92 % for
the single addifive system.

Capacitance loss: full voltage

[0097] For the same cclis, when voltage was measured over the full voltage range, i.¢., 3
to 0 V. The capacitance rise of the dual additive celis carly in the test 1s more pronounced, as
shown m Figurc 16, and the cells maintain between 98 and 995 % of their original
capacitance after the 1024 h period. Cells with the single additive system have between 94
and 96 % of the original capacitance remaining after the 1024 h period.

[6098] The results show that a level of capacitance stability far greater than anything
previousty demonstrated for a 3 V EDLC can be achieved with the aid of the dual additive
system, and that surface area blocking reactions in the activated carbon electrodes have
virtually been stopped.

Example 2: Effect of Acidic Conditions on Cellulose Stability

[{6099] EDLC clectrodes were soaked m EDLC electrolvies spiked with 1% (viv) acetic
acid, 1% (v:v) inethylamine or both 1% (v:v} acetic acid and 1% {v:v) tricthylamine. A non-

spiked control sample was also tested The results are shown in Table 1, below.

—
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Table 1: Effect of Acid on stability of Cellulose

Immersion | Temperatur
Electrolyte Electrode time {days} | e (°C) {Observations
1 M SBP BF;in | Activated carbon
acetonitrile + 5 based coating on Al
Y% viv current collector, with
benzoniirile I wt % CMC binder. | 55 No change.
I MSBPBF,in
acetonitrile + 53 Activated carbon Delamination of
% vy based coating on Al electrode coating
benzomtrile + 1 current collector, with from aluminum
% viv acetic acid | 1 wt % CMC binder. 33 current collector.
I M SBP BFsin
acctonitrile + 35
Y% viv Activated carbon
enzonitrile + 1 | based coating on Al

Yo viv current collector, with
tricthylamine I wt % CMC binder. | 55 Mo change.

Delamnation of
I MSBPBF;in electrode coating
acctonitrile + 35 from aluminum
Y% viv current collector,
benzonitrile + 1 | Activated carbon thin white
% viv acetic acid | based coating on Al deposit on
+1%viv current collector, with alominum
triethylamine I wt % CMC binder. | 535 65 current collector.

106106]  The presence of acid resuhed in severe de-lamination of the electrode coating
from the current collector after several weeks of immersion at 65 °C. To add context to this
result, 1t 18 worth noting that cells which suffered from a high gain in ESR durning the course
of the accelerated ageing test, although they did not suffer from any significant capacitance
loss, often showed a delamination of the carbon coating from the current collector at the

positive electrode smular to that observed in the acid-spiked immersion test.

1061011 While various embodiments of the svstem, methods and devices have been

described above, it should be understood that they have been presented by way of example
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only, and not limitation. Where methods and steps described above indicate certain events
occurning in certain order, those of ordinary skill in the art having the benefit of this
disclosure would recognize that the ordering of certain steps may be modified and such
modification are in accordance with the variations of the present disclosure. Additionally,
certain of the steps may be performed concurrently 1n a parallel process when possible, as
well as performed sequentially as described above. The embodiments have been particularly
shown and described, but it will be understood that various changes in form and details may

be made.
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Claims

1. An electrochemical double-layer capacitor, comprising:

a cathode;

an anode;

a separator;

an clectrolyte; and

an additive comprising a compound of formula I:

R-X

wherien:

R is saturated alkyl, unsaturated alkyl, saturated branched alkvl, aryl, substituted aryl
or substituted alkyl;

X s, Br, Cl, =SO:F, —SO,CF3, —OCH:, —N{SO:F )y, —N{80:CF3)y, —-N(CN),,
=8Si{CHs}s, —~0-5{0)-0OCH;, —5(0),-0-CF;, or tosylaie, wherein

a concentration of the compound of formmula 1 in the electrochemical double-laver

capacttor s less than about 10 vol%.

2. The electrochemical double-layer capacitor of claim 1, wherein the compound of

formula I is an alky! chlonde.

3. The electrochemical double-layer capacitor of claim 1, wherein the compound of

formula | is an ary! chioride.

4, The electrochemical double-layer capacitor of claim 1, wherein the compound of
formula 1 is at least one of chlorobenzene, 1-chloro-n-butane, bromobenzene, 1-bromo-n-
butane, I-chloropropane, and 1-bromopropanc.

5. The electrochemical double-layer capacitor of claim 4, wherein the compound of

formula 1 1s chlorobenzene.

6. The electrochemical double-layer capacitor of claim 4, wherein the compound of

formula 1 is 1-chloro-n-butane.
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7

7. The electrochemical doubie-laver capacitor of claim 1, wherein the compound of
formula I is included in the clectrolyte, the clectrolyte comprising an ionic specics and a

solvent.

8. The electrochemical double-layer capacitor of claim 7, wherein the concentration of

the compound of formula | 1 the electrolvte is about 0.1 vol% to about 10 voi%.

9. The electrochemical double-layer capacitor of claim 7, wherein the solvent is at least

one of acctonitrile, propionitrile, and butvronitrile.

10.  The electrochemical double-layer capacitor of claim 7, wherein the solvent is at least
one of gamma-butyrolactone, propylene carbonate, ethylene carbonate, dimethyl carbonate,

and dicthyl carbonate.

11 The electrochemical double-layer capacitor of claim 7, wherein the ionic speciesisa

quaternary ammonium salt.

12 The electrochemical double-layer capacitor of claim 11, wherein the quatemary
ammonium salt 15 at least one of spiro-bipyrrolidinium tetrafluoroborate (SBP BF,), tetracthyl

ammonium tetrafluoroborate (TEA TFB), and tricthyl{methylammonium tetrafluoroborate.

13. The electrochemical double-layer capacitor of claim 7, wherein the electrolvte further

comprises a stabilizer.

14. The electrochemical double-layer capacitor of claim 13, wherein the stabilizer 1s
benzonitrile.
15. The electrochemical double-layer capacitor of claim 1, wherein the compound of

formula 11is meluded in the separator.

16, The electrochemical double-laver capacitor of claim 1, wherein the compound of

formula 1 is included 1 at least one of the anode and the cathode.
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17. The electrochemical double-layer capacitor of claim 16, wherein the compound of

formula I 15 included in a binder of at least one of the cathode, and the anode.

18. The electrochemical double-layer capacitor of claim 1, having an operating voltage of

greater than about 2.7 V.

19. The electrochemical double-layer capacitor of claim 1, having a rated maximum

temperature of greater than about 50 °C.

o]
=

). An electrochemical double-layer capacitor, comprising:

a cathode;

an anode;

a separator;

an electrolyte;

a stabilizer; and

an additive comprising a compound of formula I:

R-X (D

wherein:

R is saturated alkyl, unsaturated alkyl. saturated branched alkyl, aryl, substituted arvi
or substituted alkyl;

X is L, Br, C1, FSO,, CF;80°, OCH;, N(SO:F),, N(SO,CF:),, N(CN),, Si{CH;)s,

SOLCH;, CF380;, ortosylate, wherein
atotal concentration of the compound of formula { and the stabilizer in the

electrochemical double-layer capacitor is less than or equal to about 10 % by volume.

2i.  The electrochemical double-layer capacitor of claim 20, wherein the total

concentrations of the stabilizer and the additive are about the same.

22 The electrochemical double-layer capacitor of claim 20 wherein the total

concenirations of the stabilizer and the additive are about 53%.

23, The electrochemical double-layver capacitor of claim 20, wherein the stabilizer 1s

benzonitrile.
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24, The electrochemical double-layer capacitor of claim 20, wherein the compound of

formula 1 1s chlorobenzene.

2

(o]

The electrochemical double-layer capacitor of claim 20, wherein the compound of

formula 1 is 1-chloro-n-butane.

[l
o)

A method of manufacturing an EDLC cell, the method comprising:
disposing a cathode on a positive current collector;
disposing an anode on a negative current collector;
disposing a separator between the positive current collector and the negative current
collector to form the EDLC cell;

disposing the EDLC cell in a container; and

mfiftrating the EDLC cell with an clectrolyte formulation comprising: an ionic
species, a solvent, and an additive comprising a compound of formula I:

R-X

wherein:

R is saturated alkyl, unsaturated alkyl, unsaturated branched alkyl, arvl, substituted
aryl, or substituted alkyl;

X sk, Br, Cl, FSO,, CF380,, OCH;, N(SO,F),, N(SO,CF3)p, N(CN),. Si(CHs)s,
SO4CH;, CF380;, or tosyiate, and

a concentration of the compound of formula I in the electrolyte is less than about 5

vol%.

27. The method of claim 26, wherein the electrolyte further comprises a stabilizer.

28, The method of claim 26, wherein the stabilizer is benzonitrile.

29, The method of claim 26, wherein the compound of formula 1 1s formulated to alkylate

or arylate tertiary amines present within the EDLC cell.

30, The method of claim 26, wherein the compound of formula 1 is an alkvl chlonde.

31.  'The method of claim 26, wherein the compound of formula { is an aryl chionde.
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32, The method of claim 26, wherein the compound of fornwula | includes at least one of
chlorobenzene, 1-chloro-n-butane, bromobenzene, 1-bromo-n-butane, 1-chloropropane, and

1-bromopropane.

33. The method of claim 32, wherein the compound of formula ! is chlorobenzene.

34, The method of claim 26, wherein the solvent includes at least one of acetonitrile,

propionitrile, and butyronitrile.

35, The method of claim 26, wherem the ionic species is at least one of spiro-
bipyrrolidinium tetrafluoroborate (SBP BF ), tetracthylammonium tetrafluoroborate (TEA

TFB), and triethyl{methvi)ammonium tetrafluoroborate.

36. The method of claim 26, wherein the EDLC cell has an operating voltage of greater

than about 2.7 volis.

37. The method of claim 26, wherem the EDLC cell has an operating temperature of

greater than about 50 degrees Celsius.
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