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Abstract

Properties of ay-butyrolactone-acetonitrile solution of triethylmethylammonium tetrafluoroborate were systematically measured for its
potential to be used as an electrolyte in double-layer capacitors and for demonstrating the ways in which these properties can be optimize
through choosing an appropriate solvent mixture and an appropriate salt and adjusting the electrolyte composition. These properties include
the liquid range of the solvent and the solution at different compositions, the dielectric constant of the binary solvent as a function of solvent
composition and temperature, the conductivity of the solution as a function of salt content, solvent composition, and temperature and the
oxidative stability of the electrolytes at different solvent compositions. To correlate the properties of the electrolytes with the properties and
performance of the double-layer capacitors utilizing the electrolytes, such capacitors were built and their equivalent series resistance, cycli
voltammogram, and operating voltage were measured for different solvent compositions of the capacitor electrolytes. The results revealed
clear correlation between the conductivity and the oxidative stability of the electrolytes and the equivalent series resistance and the operatin
voltage of the capacitors, respectively. Furthermore, it is clearly demonstrated that by using a binary solvent and adjusting its compositior
properly, the electrolyte it makes with an appropriate salt can be effectively optimized with regard to its liquid range, conductivity, and
electrochemical stability window, which in turn imparts the double-layer capacitor utilizing such an electrolyte with a set of optimal properties
such as a wide range of operating temperature, low equivalent series resistance, and high operating voltage.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction erally has considerably higher cycle life and efficiency than
a battery. These properties make it advantageous for many
An electrochemical double-layer capacitor is an energy applications to use a capacitor in parallel with a battery to
storage device in which the storage is effected by accumula-produce a unit with improved speed, cycle life and efficiency
tion of ions in the electrolyte near the electrode surfaces in than those of the two separate devi¢gs5]. In particular,
response to an applied electrical fi¢lg2]. As this process  as an increase in the speed of migration of the ions in the
involves only ions migrating through the electrolyte but not electrolyte normally results in an increase in the speed of
their interaction with the lattice of the electrode materials or operation of the capacitor device, a high electrolytic conduc-
undergoing chemical reactions as those in a battery must dotivity has been a major goal for the formulation of electrolytes
the speed at which a double-layer capacitor can operate isfor the double-layer capacitofs,2,4,6,7]
generally higher than a battery albeit with a lower storage  Closely related to the conductivity is the liquid range of
density. For the same reason, a double-layer capacitor genthe electrolyte, the relation being that a higher boiling point
of a liquid generally signifies a higher viscosity and thereby,

* Corresponding author. Tel.: +1 301 394 0272; fax: +1301 394 0273, @ lower conductivity if the liquid is an electroly{8]. For a
E-mail addressmding@arl.army.mil (M.S. Ding). solvent mixture or an electrolyte, the liquid range is limited
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on the upper end by its bubble point, above which the elec- Table 1
trolyte becomes thermodynamically unstable with respect to Properties of acetonitrile (AN) angtbutyrolactone{BL) solvents

a certain gaseous phase; this phase will evolve from the elecSolvent 6, (°C)  6m (°C)  e20°c  725°C DN
trolyte if it is contained under a pressure of one atmosphere. (mPas)  (kcalmot?)
Of course, a higher containing pressure could delay the vapor-AN 81.2 —-43.4 36.64  0.369 14.1
ization of the electrolyte with regard to an increasing temper- YBL 2048 —431 39.0 17164 159

ature. But that often will incur higher complexity in design Boil?n_g point, 6; melting point,/m; dielectric constant; yiscqsity,n; and

and higher cost in production. On the other hand, an elec- donicity, DN. Thg temperature values are measured in this study, and the
trolyte with too high a bubble point, associated usually with others are from iterature.

a high viscosity, is expected to be poorly conductive. The bub-
ble point of an electrolyte, therefore, is an important measure
for both its abilities to operate at elevated temperature and to
carry a heavy currer8].

The liquid range of an electrolyte is limited on the lower
end by the liquidus temperature of the electrolyte, below
which the electrolyte becomes, again, thermodynamically un-
stable, but this time with regard to a certain solid phase; this
solid phase will precipitate in the presence of a suitable nu-
cleating agent, of which carbon particles, unfortunately have
been shown to be an effective memB&r To make matters
worse, the liquidus temperature is not easily predicted from

the composition of the electrolyte and the melting points of configuration of the EMeN* ion [23—25] With these com-

fche components. Therefore, liquidus tempera_tures of manyponents andthe electrolytes they make, we intend to show that
important non-aqueous solvents for the batteries and capac;

itors have been mapped in the form of binary and multi- by judiciously choosing a mixed solvent and a salt, it is pos-

; sible, through proper formulation, to arrive at an electrolyte
component phase diagrams, mostly through measurements gh prop Y

; . . .~ Wwith a set of properties of which the majority are superior
Flu(;_pfg}tly with thermodynamic modeling and computation to those of the electrolytes formed by a salt and a single sol-

. . . vent. We also intend to show, with laboratory capacitors made
Another critically important property of an electrolyte is .
its electrachemical stability window, which places a limit from these electrolytes, how closely related the properties of
o . T the electrolytes are to the properties and performance of the
on the voltage within which the capacitor that employs the Ve prop P

electrolyte can be operated without significant deterioration capacitors that employ the electrolytes.
duetothe electrochemical reactions. As the energy storedin a
capacitor is proportional to the square of its operating voltage, 5 Experimental
electrolytes with wide electrochemical stability windows are
highly desirable for use in the double-layer capacitors. 2.1. Sample preparation

The main purpose of this report is to demonstrate how
these important properties can be optimized for an electrolyte  The starting solvent AN of purity 99.9% was purchased
by forming it from an appropriate salt and an appropriate sol- from Aldrich, yBL of purity 99.9% from EM industries, and
vent mixturg16]. We do this with a model electrolyte system: EtsMeNBF; of purity 99.5% was prepared in our laboratory.
the solution of triethylmethylammonium tetrafluoroborate The solvents were further dried with molecular sieves until
(EtsMeNBF;:(C2Hs)3CH3NBF,) in the binary solvent of- the water content was 25 ppm feBL and below 10 ppm for
butyrolactone{BL:C4HgO2) and acetonitrile (AN:GH3N), AN. In an argon-filled dry box, theBL and AN were mixed
by systematically measuring the change of dielectric con- to form eight mixturesyBL1_,AN,, with solvent weight
stant of the solvent with its composition and temperature, fraction w running from 0 to 1. In each of these solvents,
of liquid range of the solvent and the electrolyte with their EtsMeNBF; was dissolved until the salt molalitgexceeded
composition, of conductivity of the electrolyte with its com- 2.2 mol kg . Conductivity measurement on these solutions
position and temperature, of electrochemical stability of the and their subsequent dilution for the next set of less concen-
electrolyte with the solvent composition, and of the properties trated solutions were done in a dry room with a dew point of
and performance of the capacitors with the solvent compo- typically —70°C.
sition of the electrolyte used in the capacitors. The choice
of using AN as one of the solvent components was due to 2.2. Measurement of characteristic temperatures
its low viscosity and moderately high dielectric constant and
solvating power, as listed ifiable 1 [7,17—19]which have A modulated differential scanning calorimeter (MDSC
made it the most widely used non-aqueous solvent for double-2920, TA Instruments) cooled with liquid nitrogen was used
layer capacitor§4,6,20,21] But it has at the same time alow to determine the melting and boiling points of the solvent

boiling point, a relatively low oxidative stabilitj20], and

a freezing point that is not particularly lowBL, the other
solvent component and another commonly used solvent for
capacitorg6,7,22] has a considerably better oxidative sta-
bility [20], a much higher boiling point, and a freezing point
that is comparable to that of AN, as listedTiable 1 As for

the salt E§MeNBF;, it is a unique member of the quaternary
ammonium salts that are the most widely used in making non-
aqueous double-layer capacitors due to their desirable prop-
ertieg6,21,23] The EsMeNBF, derives its uniqueness from

its wide electrochemical stability window and its high solu-
bility in non-aqueous solvents due to the non-symmetrical
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components and the solidus, liquidus, and bubble tempera-was provided to us gratis by Maxwell Technologies, from
tures of the solvent mixtures. For the melting, solidus, and which pairs of electrodes of diameters of 1/2 and 7/16in.
liquidus temperatures, a small amount of the mixture crimp- were punched out. These electrodes were then assembled
sealed in a pair of aluminum pan and lid (0219-0062, Perkin- with two layers of a Cellguard as the separator into a coin-
Elmer Instruments) was first made to crystallize by cooling cell capacitor on a coin-cell assembly machine (W6A-3 by

it below its eutectic point. It was then warmed up at a rate QPI Multipress, Inc.). Such capacitors were then measured
of 2°C/min through its liquidus point, producing a heat flow for their impedance and cycled for their capacitance on a
curve from which the characteristic temperatures of the sam- Solartron 1288-1266 impedance analyzer.

ple were determined on the endothermic peaks associated

with the phase transitions. For the boiling and bubble points,
the sample was crimped with an aluminum lid with a.50

hole in the middle (N519-0788, Perkin-Elmer) for allowing
controlled escape of the sample vapor. The sample was heate
through its bubble point (boiling point for a pure solvent) at

5°C/min, and the boiling or bubble point was evaluated at 1 1ing points as listed ifiable 1, form binary mixtures with
the onset of the rapid heat absorption associated with thea liquid range that changes with the solvent composition,

vaporization of the samplé]. as listed inTable 2and shown irFig. 1 [16] As theyBL-
AN phase diagram dfig. 1 shows, this binary system has a
eutectic temperature 6£72.5 and a bubble point line that
continuously rises from the boiling point of AN to that of

IDieItectric constant agd ﬁlhec'“ﬂéﬁc con:ultlztivityélg;T: vBL [8,10,11] Thus, the addition ofBL in AN expands the
solvents were measured with an HP (now Agilent) Pre- jiquid range of AN by not only raising its boiling point but

cision I_-CR meter at selected temperatures within a Tenney y150 lowering its melting point. As an example, a mixture near
Jr..EnV|ronmentaI Chamber, the whole measurement ProcesS§ne eutectic composition would have a liquidus temperature
being automated with a house-made program run on a Per-o¢ _72 5°C and a bubble point of 10%, an extension of
sonal computer and carried out in a dry room. Temperature about 30 from the liquid range of AN on both ends

9 (6 symbolizes temperature #C aOndT in K [26]) of the Closely associated with the boiling pointsy@L and AN
measurements went from 60 t60°C in 10° decrements, 5,4 the pubble points of their binary mixtures is the viscosity,
stopping at each for an hour of thermal equilibration before a 7[8]. As these two liquids are reasonably similar in property,

measurement. The measurement consisted of an impedancyg ¢jigenced by the change in the liquidus and bubble points
scan from 1 MHz to 20 Hz with an amplitude of 10mV, from 4 the dielectric constant 9BL-AN mixtures as shown
which ane’e”-plot or aZ’Z"-plot was made anel or k Was i, i 1 and later inFig. 3 then of their mixture is expected
evaluated from the impedance curve. The measurement cellg change with its composition smoothly and monotonically

were mOd'f_'e‘?' from a cc.)mme.rC|aI condupt|V|ty_ _Ce_" (YSl from then of one component to that of the other. Furthermore,
3402) consisting of a pair of dip-type platinum-iridium al- n is expected to increase in value with a decreagiagd an
loy electrodes of a nominal cell constant of 0.1¢msuch increasing salt contei]

that the liquid to be measured could be contained and sealed
in the Pyrex cell body. The precision of such measurements, 3.2, Solid-liquid ternary phase diagram of

after proper calibration and correction, was estimated to be yBL-AN-EgMeNBF, with limited content in EfMeNBF;
0.5% forx and 1% fore [8,27].

3. Results and discussion
8.1. Solid-liquid—vapor phase diagram-gBL-AN

The solvents AN angBL, with their different boiling and

2.3. Measurement of dielectric constant and conductivity

. 3 When EgMeNBF; was dissolved into thgBL-AN bi-
2.4. Measurement of electrochemical stability nary solvent to form the electrolyte, a ternary solution sys-

Electrochemical stability of the electrolytes, mostly Table 2
against oxidation, was determined on the electrolytes of 1 m Measured values of bubble poif4, liquidus temperaturé), and solidus
salt concentration using an EG&G 273A Potentiostat on a t_emperatumé)s for the binary solveryBL1_,,AN,, at different weight frac-
three-electrode cell with platinum as both the reference and """

counter electrodes and platinum or glassy carbon as the work-" % (°C) 6 (°C) b5 (°C)

ing electrode, with a scan rate of 2 mV/s. 0.0000 208 —43.1
0.1503 13% -725

- ; 0.2998 1120

2.5. Evaluation of capacitor performance 0.3350 _725
. 04448 100 —64.0 -725
Performance of the electrolytes was tested in capacitorso.sgss 935 -57.8 —-725
with carbon fiber cloth as the electrodes and the solutions of 0.7299 878 —-51.6 —-72.5
1.0and 2.0 msaltconcentrationsBL-AN solvents of vary- ~ 0-8859 837 —46.1 —72.5

1.0000 812 —43.4

ing compositions as the electrolyte. The carbon fiber cloth
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solvent.

Fig. 1. Solid-liquid—gas phase diagram of the binary solvent systeBlof . . .
AN, with the open dots representing the measured data and the curves those3-3. Dielectric constant ofBL-AN binary solvent
that have been fitted to the measured data. The liquid region, most relevant

to the capacitor application, is bounded by the bubble pointline onthe upper  Fig, 3 plots the results of measurement for thgBL-AN
temperature side and the liquidus line on the lower temperature side. binary solvent at different temperatures, which shewsf

the solvent to decrease with smoothly and monotonically
from that ofyBL to that of AN, and to increase with lowering

0, as has been observed in many other binary lig{8tlsin

the figure, the open dots represent the measured data, and the
curves plot their polynomial fitting function

tem resulted15]. This system, like thgBL-AN solvent, was
likely a simply eutectic ternary, even though its solid—liquid
phase diagram was experimentally constructed only in the
limited region poor in the salt, as shown ig. 2 How-
ever, owing to the invariant nature of the solidus transitions ¢ — 45188 — 0.1483% + 0.00028748% — 3.5684w
in the binariesyBL-EtsMeNBF, and AN-EgMeNBF,; and 2 2
in the ternaryyBL-AN-Et3MeNBF;, the eutectic tempera- —0.056853'w + 0.00020902"w — 3.218%w

tures, and therefore the solidus lines and the solidus plane, 1 0.02845%w? + 1.3693y° (1)

of these systems were experimentally obtained from the cor-

responding solvents and solution with the limited salt con- at the selected temperatures. This equation is also plotted as
tent, as indicated with the thick lines Fig. 2 These lines ane-surface in the coordinates efandg, as inserted in the
show the eutectic temperatures of the two binaries with the figure, to reveal the overall changesofvith these variables.

salt (-56.1 and—53.0°C) are only about 10lower than the As can be seen, this surface is a smooth and uncomplicated
melting points of the two solvent components, while that of one slanting down from the axis of losvand pureyBL, the
vBL-AN to be about 30 lower. This points clearly to the  component with the highe, to the axis of higl and pure
effectiveness of adding a solvent component to an electrolyteAN. A comparison ofig. 3andFig. 1clearly shows that the

in lowering its liquidus temperature as compared to that of change ot with w of a binary solventis in the same direction
adding a salt, especially when the added solvent has a com<as the change of i, (and often its). These have all been
parable melting point to that of the host solvent and the salt observed for many other solvent mixtufés.

has a high melting point. This observation has its thermo-

dynamic cause and therefore holds general applicability for 3.4. Conductivity ofyBL-AN solution of E{MeNBF,
electrolytes where the salts have much higher melting points

than the solventld 3,15] The ineffectiveness of adding a salt Having learned the shape of thigv, 0) surface of the/BL-

to a binary is more apparentig. 2, as the eutectic temper- AN solvent Fig. 3), and having known, based on thialues
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0.4
w/ w.f. AN

0.6 0.8 1.0

AN

Fig. 3. Change of dielectric constamf yBL-AN binary solvent with its weight fractiow of AN and with temperature. The open dots represent the measured
data, and the curves and the 3D surface plot the polynomial functiBn.qfl)that has been fitted to the measured data.

of yBL and AN and the way thg of their mixture would nor-
mally behave, that the of the binary would increase with the
vyBL-content in the solvent, the salt contentin the electrolyte,
and a lowering, we are now in a position to anticipate how
the x(m, w) surface of (EMeNBF4),,-yBL1_,AN,, solu-
tion would look like and how it would change with As with
every other liquid electrolyte, with an increasimgx should

tion of AN in yBL may not cause a sufficient decline in the

of the mixture to offset the decreasin®f the electrolyte for
its k to form a peak irw, as indeed occurred in the electrolyte
system of LiCIQ in propylene carbonate-AN binaf$1]. In
addition, an EfMeN™ ion is so much larger than atiion,
which should further weaken the effect of ion association. It
is therefore highly likely that the of the present electrolyte

initially increase with the increasing number of the unassoci- will peak inmbut not inw.

ated ions in the electrolyte, then level off, and finally fall, due
to increases im and in the number of associated ions in the
electrolyte, generating a maximum(kmax) at a particular

m (Mmax) in the process. With an increasing on the other
hand « should increase initially because of a loweripgith

the addition of AN. The added AN, however, also lowers the

These anticipations are largely fulfilled by the results
of k-measurement for the solution of gseNBF;),,-
vyBL1-,AN,, as plotted inFigs. 4 and 5Fig. 4 plots the
measured(m) data with the open dots and their fitting func-
tion «(m, w, 0) at the selected values éfand w with the
curves, whileFig. 5 plots the same function agm, w) sur-

¢ of the solvent, which may enable ions to pair up to such an faces at the selected values@fThis fitting function is a

extent that ther of the electrolyte starts to fall, as has been
observed many times in the ticontaining electrolytes of

trivariate polynomial function with 34 terms containing the
variablem, w andé, which, due to its unwieldy length, will

carbonate binary solvents where one component has a muctmot be given here but will be made available upon request.

smallere value than the othg27-30] In view of thee of AN
being not much smaller than that-gBL (Table J), the addi-

Suffice it to say that the fitting function described the mea-
sured data very accurately in the full rangeswfw andé
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m / mol kg-1

Fig. 5. Change of conductivity with simultaneous changes in salt molalityand solvent weight fraction for (EtsMeNBF3),,-yBL1—,,AN,, solution
according to their polynomial fitting function(m, w, 6). Each function is doubly represented by a surface plot (upper plots) and a contour plot (lower plots)

with the temperatures and the contour values indicated in the plots.

of the experiments. An important reason for this function to nificantly with w, in combination with it decreasing only

be able to faithfully describe even the measurénl) data
was that these data did not extend much beyondihg, as
can be seen iRig. 4. A set of measured(m) data extending
considerably beyond they,ax has been known to be very
difficult to fit with a polynomial function; such cases would

slight with w and the weak tendency for association between
the EgMeN* and BR;~ ions. The change af with @ is just

as usual: the(m, w) surface decreases in height with a low-
eringd, as shown irFig. 5. Thus, these surfaces are neither
dome- nor arch-shaped, as those of other solution systems

have called for the use of the Casteel-Amis equation and itsare, but rather assume a combination form of a toarch

extended version27-30,32]

As shown inFigs. 4 and 5thex of the (EskMeNBFy),,-
vBL1_,AN,, solutionindeed peaks mat low temperatures,
although the values afy,ax are rather high and the peaks are
rather broad compared toticontaining electrolytes. How-
ever, thec rises steadily withw from pureyBL all the way to
pure AN, thus failing to form a peak iw. This is primarily
the result of they of theyBL 1 ,,AN,, solvent decreasing sig-

transitioning to a higl# slope, as seen ifig. 5

Maximum conductivity with respect to, kmax, and the
particularm at which this maximum occursynax, Were cal-
culated from the polynomial functios{m, w, 6) that has been
fitted to the experimental data and plottedHig. 6 to show
their change withw and with8. As shown, both th&may
andmyax increases withw demonstrating the effect of a de-
creasing in the solvent in delaying the onset of the decline
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1.2 T T T
0.0 0.2 0.4 0.6 0.8 1.0

w/w.f. AN

Fig. 6. Change of the salt molalitymax (&) with the solvent weight frac-
tion of w, according to the polynomial fitting functioa(m, w, ), (b) at
which the conductivity of (EfMeNBF,),,-yBL1—.,AN,, solution reaches
its maximumimax.

in « with m due to an increase in of the electrolyte and

in enhancing the conduction of ions. In addition, vanishing
mobility temperatureTp, and apparent activation energy,
have been calculated from the measuf€) data, and plot-
ted inFig. 7as both 2D curves and 3D surfaces, to show the
change of these parameters with Of particular relevance

is the surface ol in Fig. 7a, which can be viewed as a re-
flection of n of the corresponding electrolytes, as a higher
To is usually associated with a higheifor similar liquids.

As suchFig. 7a can be seen as a confirmation for the earlier
assertion regarding the change;aif the electrolyteTg sur-
face simply slants up from the corner of lemand highw to
that of highmand loww.

3.5. Variation of electrochemical stability with solvent
composition

347

w/ w.f.
120 4 0.00
0.15
0.30
100 4 0.44
0.59
0.73
X 0.89
o 807 100
60 4 (Et;MeNBF,),-BL,_,AN,
70
404 _ 6o (Et;MeNBF ); 5-BLo, 11ANg g9
£ 50
0 40
651 Egp
20 112
K=AT "“exp EJR(T,-T)
604 10 il
3.0 13.53 40 45
T 10°K/ T
| -
E 5.5
w/w.f.
2 5.0 0.00
P 0.15
© .
W 45 030 o .

m/ mol kg_1

Fig. 7. Results of fitting the measureqT) data with the VFT equation

for (EtsMeNBF;),,-yBL1—,AN,, solution at different salt molalities and
solvent weight fractions. The plots (a) and (b) describe, respectively, the
vanishing mobility temperatur, and the apparent activation energy,

with the open dots representing the fitting results and the curves and the
surfaces representing polynomial functions that hiave been fitted to the open
dots.

window, and a progressively suppressed current peak likely
associated with a decomposition of a solvent component on
the carbon surface.

3.6. Properties and performance of capacitors

In the operation of a double-layer capacitor, the charge
and discharge processes involve only the migration of ions in
the electrolyte, through a separator if one is present, but do
notinvolve the charge transfer at the electrolyte—electrode in-
terface and the insertion and extraction of ions into and from
the electrode lattice, as the same processes in a battery do.
As such, thec of the electrolyte is much more directly re-

Results of measurement on the electrochemical stability lated to the resistance of a capacitor than of a battery, and its

window of the solvents of different compositions are plotted
in Fig. 8in the form of voltammetric curves. These curves
show that the oxidative stability of the solvent generally im-
proves with increasing content gBL, or a decreasing,
with progressively higher threshold voltage value for the ox-
idation of the solvent, as seen fig. 8a with a platinum
working electrodefig. 8o shows, with a glassy carbon word-
ing electrode, a similarly widening electrochemical stability

change is thus expected to have strong impact on the perfor-
mance of the capacitor. To observe this impact, electrolytes
of (EtsMeNBF4)2.0-yBL1-,AN,, of differentw’s were used

as the electrolytes for a series of coin-cell capacitors, with
a carbon cloth as the electrodes and a double-layered cell-
guard as the separator. These capacitors were measured for
their equivalent series resistan&gs, with an impedance an-
alyzer, and the results are plottedrig. 9as functions otw
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Fig. 8. Electrochemical stabilities against oxidatioyBL-AN binary mix-

tures, on the surfaces of platinum (a) and glassy carbon (b), both with a scan

rate of 2mV/s.

at differentd’s. As the figure showsRes decreases withw
and with increasing, the speed with which it does so with
w rising up with decreasin@. These trends have their exact
counterparts in the change ofof the electrolytes with the
same variables, as seerfigs. 4 and 5

6 T T T T

(Et;MeNBF,), o-

5 BL, AN,
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6/°C 15

0.0 0.2 0.4 0.6 0.8 1.0
w/w.f. AN

Fig. 9. Change of equivalent series resistaRggwith solvent composi-
tion w and with temperaturé of capacitors containing (B¥1eNBF4)2.0-
yBL1_,AN,, as the electrolyte. The insert in the upper plot shows an
impedance curve of a capacitor with §EteNBF4)2.0-yBLo 27AN( 73 elec-
trolyte and the manner in which this of the capacitor was determined.

Scan rate: 8 mV/s —

—— 60°C, 0.399F
——— 40°C, 0.388F
............ 20°C, 0.363F
——= 0°C, 0.270F

———— -20°C, 0.128F
— —40°C, 0.047F

I/ mA
o

— 8mV/s, 0.399F
——— 4mV/s, 0.401F

P oo 2mV/s, 0.402F
| PP, ( e 1mV/S’ 0406F

I/ mA
o

-0.2 -0.1 0.0 0.1 0.2
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Fig. 10. Cyclic voltammograms of capacitors containingKENBF,)2 o-
vBLo.27ANg 73 as the electrolyte, to demonstrate the determination of their
capacitance and its variation with temperature and with scan rate.

Fig. 10gives some cyclic voltammograms as examples for
the performance of the capacitoFsg. 10a plots the effect of
6 on the behavior and the capacitance of a capacitor, at a scan
rate of 8 mV/s. It can be seen that at highst the capacitor
behaves like a perfect capacitor, with symmetrical charge and
discharge currents and constant values of capacitance. But at
lowerd’s, with a higheRqg, the voltammograms depart more
and more from a square, and the capacitance falls noticeably.
These properties are similarly affected by the scan rate at a
fixed 0, as shown irFig. 1. Here, the effects of a higher
rate are the same as those of a lower temperature.

Correlation of the electrochemical stability of the elec-
trolytes, as shown ifrig. 8, with the operating voltage of
the capacitors containing the electrolytes, is showfign 11
with the voltage profiles of three capacitors each charged to
successively higher voltages with a constant curfEsit As
shown inFig. 11a, the capacitor with AN as the solvent was
successfully operated upto 2.5V, but failed at 3.0 V due to the
decomposition of the solvent. When the solvent was changed
to half AN and halfyBL by weight, the decomposition volt-
age of the solvent in the capacitor was raised to above 3.0V
(Fig. 11b). When the solvent was puy8L, this decomposi-
tion voltage was further increased to above 3.5°g(11c).
This increase in the operating voltage of the capacitors with
theyBL content in the solvents of the capacitors clearly cor-
responds to the general increase in the oxidative potential
with theyBL content in theyBL-AN binary solvents shown
in Fig. 8.
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Fig. 11. Voltage profile€ in timet of the capacitors with the electrolytes of 1.0 mMeNBF, in AN (a), yBL (c), and a mixture of the two (b), charged to
successively higher voltages with a constant current of 2.0 mAlcfor the observation of the change of operating voltage with the solvent composition.
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