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Abstract Electrical double layer capacitors based on
ideally polarizable nanoporous carbon electrodes in
propylene carbonate with the addition of different 1 M
Me3EtNBF4, MCzEtzNBF4, MeEt3NBF4, Et4NBF4,
Et;PrNBF, and Et;BuNBF, clectrolytes have been tes-
ted by cyclic voltammetry, chronoamperometry and
electrochemical impedance methods. The limits of ideal
polarizability, low-frequency limiting capacitance and
series resistance, time constant, Ragone plots (energy
density vs. power density dependencies) and other
characteristics have been discussed. The influence of the
electrolyte molar mass on the electrochemical charac-
teristics of the nanoporous carbon electrode cells has
been established. The applicability limits of the Srini-
vasan and Weidner model have been tested.

Keywords FElectrical double layer capacitor -
Electrochemical impedance - Nanoporous carbon -
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Introduction

The study and modelling of the electrochemical charac-
teristics of nanoporous carbon in different electrolyte
solutions as well as electrical double layer capacitors
(EDLCs) (so-called supercapacitors) is a very important
problem, taking into account the development of EDLCs
for high specific performances|[1,2, 3,4,5,6,7,8,9,10, 11,
12, 13, 14, 15, 16]. Compared to usual dielectric capaci-
tors, supercapacitors can supply high power during sev-
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eral seconds. High power density and very good
cyclability make supercapacitors useful in power elec-
tronic systems and have very promising applications in
many other fields of technology [1, 3, 4, 12, 13, 14, 15, 16].

A very important problem is associated with the
nonaqueous electrolyte properties [1, 3, 4, 5, 6, 7, 8, 9,
10], by obtaining the characteristic relaxation frequen-
cies, specific energy (£) and power densities (P) and
other characteristics, as the specific energy density de-
pends on the region of ideal polarizability, AE, of the
interface between the nanoporous carbon electrode
(NPCE) and the nonaqueous electrolyte solution, i.e.
E~(AE)>. Tt should be noted that if the electrode mate-
rial is electrochemically stable in the polarization region
studied (AFE), then the region of ideal polarizability is
mainly governed by the electrochemical stability of the
solvent and the electrolyte (i.e. salt) investigated.

The main aim of this paper is to study the influence of
the electrolyte characteristics (molar mass and ion ra-
dius) on the region of ideal polarizability of the EDLCs,
on the series resistance and series capacitance, on the
relaxation time, on the phase angle, on the complex
power and impedance and on other EDLC parameters.
The electrochemical characteristics of EDLCs have been
obtained with propylene carbonate (PC) as the solvent
for various tetraalkylammonium tetrafluoroborate salts
(TANBF,). The following salts have been used as the
electrolytes: Me;EtNBF,;, Me,Et,NBF,;, MeEt;NBF,,
E[4NBF4, Et3PI'NBF4, Et3BUNBF4 (MCEt3NBF4 and
Et,NBF, were from Stella Chemifa, Japan; other salts
were synthesized in the Institute of Organic Chemistry,
Kiev, Ukraine). PC was selected because this solvent is
less toxic compared with the acetonitrile (AN) widely
used in EDLCs [1, 3, 4, 6, 7, 8, 9, 10].

Experimental

Supercapacitor cells and measurement systems

EDLCs were built by assembling two 64.5 cm? electrodes between
dielectric (polytetrafluoroethylene, PTFE) plates [6, 7, 8, 17, 18]. A



25-um thick Celgard separator sheet was used between the two
working electrodes. The two-electrode cells were set in a hermetic
aluminium container to ensure air tightness so the cells could be
tested outside the glove box. It should be noted that our assembly
ensures a good tightness during many months [7, 8, 9, 10, 18, 19].

Very pure argon (99.99995%, AGA) was used for saturation of
anhydrous PC stored over molecular sieves before use for the
preparation of the 1 M electrolyte solutions. Impedance spectra
were recorded using a Solartron frequency response analyser 1255
and gotentiostat 1286 over a frequency range of 1x10° to
5%107° Hz and 5 mV a.c. modulation was used. The gas phase
characteristics [20] were obtained using the Gemini Sorptometer
2375 (Micromeritics) system.

Electrodes

The electrodes were made from an aluminium foil current collector
and the active material layer. The active material used consisted of
nanoporous carbon {prepared from TiC (H.C. Starck, grade C.A.)
by the chlorination method according to the preparation scheme
described elsewhere [7, 8, 9, 10, 18, 19]}, the mixture of the PTFE
binder (Aldrich, 60% solution in H,O) and carbon black (Aldrich).
The carbon black was added to decrease the ohmic resistance of the
electroactive material. This mixture was laminated on Ni foil and
pressed together to form a very flexible layer of the active electrode
material with thickness L=100+ 10 pm. After drying and plating
under vacuum, this material was covered by a very pure Al layer
from one side by the vacuum spray evaporation method [7, 8, 9, 10,
18, 19]. Then the Al-covered carbon layer was spot-welded in a very
pure Ar atmosphere to the Al foil current collector. The limits of
ideal polarizability of Al foil have been established by cyclic vol-
tammetry as well as by impedance spectroscopy methods [21, 22],
and are wider than those for carbon electrodes.

Gas phase characteristics of the electrode material

The specific surface area, pore size distribution, micropore volume,
micropore area and other parameters were measured using the
Gemini Sorptometer 2375 system and calculated according to the
methods described [20]. Some of the more important characteristics
obtained are given in [8] and Fig. 1. According to the data in
Fig. 1, the nanopores with a pore diameter d=0.8—-1.1 nm prevail
on the carbon surface. The specific area of nanoporous carbon,
obtained by the Brunauer, Emmett and Teller (BET) method, has a
surface area of 1330 m? g~!. Comparison of these data with others
[6, 7, 8] indicates that the specific surface area for the NPCE used in
this work is somewhat higher than that for nanoporous carbon ID
711 or ID 1369, studied previously.
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Fig. 1 Pore size distribution for nanoporous carbon
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Results and discussion
Cyclic voltammetry data

The cyclic voltammograms (j vs. AE curves) presented in
Figs. 2 and 3 show that for PC with the addition of
various electrolytes the ideal capacitor behaviour has
been established at potential scan rates of v < 10 mV s~
and at AE <2.5V (AE is the cell potential or voltage).
At higher scan rates, distortion effects [1, 2] can be seen
in the region of the potential switch-over (Fig. 3). This
effect depends somewhat on the electrolyte studied and
is more pronounced for salts with higher molar mass, i.e.
for solutions with lower conductivity and higher vis-
cosity. The values of the capacitance, C, can be calcu-
lated from the j vs. E curves according to Eq. 1:

C = I(dAE/dr)™" (1)
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Fig. 2 Current density vs. cell potential (AE) curves at a potential
scan rate v=10mV s ' for the nanoporous carbon electrode
(NPCE) cell filled with 1 M solutions of different salts in propylene
carbonate (PC), noted in the figure
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Fig. 3 Current density vs. cell potential (AE) curves at a potential
scan rate v= 50 mV s ! for the nanoporous carbon electrode
(NPCE) cell filled with 1 M solutions of different salts in PC, noted
in the figure
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if we assume that the capacitance is constant and if the
series resistance Ry — 0 or if the current 7/ — 0 (dAE/d
t=v is the potential scan rate). In a symmetrical (two-
electrode) system, the specific capacitance C,, (farads per
gram) of the activated carbon can be obtained, to a first
approximation, from the capacitance of the cell by
Eq. 2:
2C

Cm="—
m

(2)

where m is the weight (in grams) of the activated carbon.
The dependence of the shape of the j vs. AE curves on
the electrolyte, seen in Figs. 2 and 3, is mainly caused by
the noticeably lower molar conductivity values of, for
example, Et;BuNBF,; compared with Mes;EtNBF, in
PC. Thus, Eq. 1 can be used for obtaining the capaci-
tance values only in the region of small potential scan
rates if the values of the current are very small, as the
potential drop (/R drop) losses are negligible only at
these conditions, and the current response is essentially
that of a pure capacitor [1, 2, 7, 8, 9, 10]. Analysis of the
experimental data demonstrates that for the Me;Et-
NBF,4|NPCE interface, the values of C somewhat in-
crease with AE and are practically independent of v if
y <10 mV s~'. The same is valid for the Me,Et,NBF,,
Et;MeNBF, and Et;NBF, salts. For the PC + Et;BuN-
BF, interface, the values of C are practically indepen-
dent of AE if AES1.5V. At AE22.0V, C starts to
decrease, which is caused by the repulsion interaction
between the adsorbed Et;BuN" ions at the negatively
charged electrode because the capacitance values for the
negatively charged electrode are somewhat lower than
for the positively charged electrode where the BF;~ an-
ion adsorption takes place [7, 8]. The more expressed
repulsion interaction between the adsorbed Et;BuN™
cations compared with Me;EtN " cations is mainly
caused by the higher molar volume, i.e. by the larger
virial surface area engaged by an adsorbed cation [1, 23].
Thus, the nearly equilibrium values of the capacitance
can be obtained only at slow potential scan rates and at
AE <£2.0 V for all electrolytes studied. The lower values
of C for Et;BuNBF, at AE>2.0 V and v>5 mV s ! are
mainly caused by the deviation of the system from the
ideally polarizable electrode (discussed in more detail
later).

Electrochemical impedance data

According to the data in Fig. 4, the complex plane plots
{Nyquist plots, where Z” = (jwC,)" is the imaginary part
of impedance, w=2nf is the angular frequency and
Z'(w — )= Ry is the real part of the impedance [1, 23,
24, 25, 26, 27, 28, 29, 30, 31, 32]} for all salts studied,
demonstrate fairly conventional behaviour for a porous
electrode system with a uniformly distributed solution
resistance R, (Fig. 5) and a double layer series capaci-
tance Cj is exhibited with a phase angle value |d| < 45°
for an a.c. frequency 0.03 << 100 Hz (usually called the
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Fig. 4 Complex plane plots for the NPCE cell filled with 1 M
solutions of different salts in PC at AE=2.5 V (I, Me;EtNBFy; 2,
Me,Et,NBF,; 3, MeEt;NBF,; 4, EtyNBF,; 5, Et;PrNBF,; 6,
Et;BuNBF,). Solid lines: fitting according to the Srinivasan and
Weidner model [5, 30]
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Fig. 5 The ratio Cp/Cs vs. AE plots for the NPCE cell filled with
1 M solutions of different salts in PC, noted in the figure

nanoporous section of the complex plane plot) [1, 2, 3, 4,
5,6, 7, 8,9, 10]. Extrapolation of the high-frequency
part of the Z” vs. Z’ curve in Fig. 4 to the condition
Z"” =0 gives the equivalent series resistance (ESR) of the
cell (Rg), i.e. Rg=Z'(w — )= Ry(w — ). According
to the data in Fig. 4, Rg increases in the order of the
salts MesEtNBF, <EtyNBF, <Et;BuNBF,, i.e. with
decreasing molar conductivity of the electrolyte in the
NPCE cell (i.e. with increasing molar mass of the cation
studied) [33, 34]. Comparison of the data for various
electrolytes at different AE values shows that for
Me;EtNBF, there is only a very weak dependence of Rg
on AE and only at AE> 2.7 V does Rg somewhat in-
crease with increasing AE. For Et;BuNBF, solution, the
dependence of Rg on AE is comparatively high. This
result indicates that the values for Rg are determined not
only by the series resistance of the electrolyte (and
electrode material and other contact resistance values)
[1,2,3,4,5,6,7,8,9, 10], but Rg is a very complicated



function of the NPCE|electrolyte interface structural
parameters, i.e. of the electrolyte matrix conductivity
(i.e. conductivity of the electrolyte solution in the
nanopores), as well as of the very slow (probably fara-
daic) processes occurring at the NPCE|Et;BuNBF,
solution interface at higher AE.

The finite length effects (i.e. the knee in the Z” vs. Z’
plots) [1, 5, 23, 30, 31, 32] at very low frequencies
(f< 0.1 Hz) has been established. It should be noted
that there are two possible finite length effects for porous
electrodes [5, 23, 30, 31, 32]. A knee or kink in the
Nyquist plot can occur for a porous electrode connected
with a double layer closing only as a consequence of the
field penetration into the pores. For higher frequencies
the Nyquist impedance corresponds to Warburg-like
impedance, depending on the double layer capacity and
on the electrolyte resistance inside the pores [31]. On
decreasing the a.c. frequency down from a certain
characteristic frequency value, the penetration of the
pores is complete and the electrode behaviour is similar
to an ideal capacitor [5, 31]. However, a kink in the
Nyquist plot can occur if the diffusion wavelength is
comparable to the thickness of a finite diffusion region
corresponding to the finite length bulk diffusion for
reflective boundary conditions [5, 32]. As shown by
Srinivasan and Weidner [5], differentiating between these
two processes based on a Nyquist plot as above is not
possible. Extrapolation of these nearly linear parts of the
Z" vs. Z' plot in Fig. 4 to the condition Z” =0 gives the
sum (Ry) of the ESR (Rg) and the internal distribution
of the electrolyte resistance values (Rjgr) in the pore
matrix of the EDLC, usually called the distributed pore
resistance (Rpore), 1.6. Ry = Rp+ Rpore. The a.c. response
of the EDLC filled with PC+ MesEtNBF, electrolyte
shows only a very weak dependence of R, on the
potential difference applied if AE<2.0 V, but Ry in-
creases noticeably with AE at AE>2.5V. For the
PC + Et;BuNBF, clectrolyte cell, the values of Rg and
Rpore depend noticeably on AE, in agreement with the
dependence of the phase angle on AE obtained at low
frequencies.

According to the experimental data (Fig. 4), the
deviation of the PC + Et;BuNBF,4/NPCE interface from
the purely adsorption limited stage (ideal capacitive
behaviour) increases with AE, but these deviations are
comparatively small for the Me;EtNBF, and
Me,Et,NBF, salts in PC. Differently from the data for
AN solutions [6, 7, 8], where the very wide plateaus at
f<5%x107 Hz with a phase angle |6/>85° have been ob-
tained, the absolute values of ¢ for PC are noticeably
lower than |d] < 80°. This result is in good agreement
with the data in Fig. 5, where the dependence of the
ratio of the parallel capacitance, C,, to the series
capacitance, Cs, on AE is shown. The values of C,,/C are
somewhat lower than 1.0 (C,/Cs= 1.0 corresponds to the
ideally polarizable electrochemical system [23, 24, 25, 26,
27, 28, 29, 30, 31, 32]), and the inversely proportional
dependence of C,/Cs on AE indicates the deviation of
the NPCE|electrolyte interface from the ideally polariz-
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able electrochemical system. At 0.1 <f<10 Hz for all
electrolytes studied, the very short second plateau with
0=-—45° has been observed. The value of the frequency
corresponding to the phase angle 6 =-45° defines the
supercapacitor relaxation time constant, tg = (2nfg) .
At times shorter than tg, the series capacitance estab-
lished, Cy(w), is lower than half of the low-frequency
series capacitance Cy(w — 0)[1, 2, 3,4, 5, 12, 13, 14, 15].
It should be mentioned that at low frequencies
(f<0.1 Hz) the phase angle values are practically inde-
pendent of electrolyte (i.e. salt cation) studied and, thus,
at very low frequencies the time-dependent (i.e. relaxa-
tion) characteristics of the NPCE|PC +salt system are
mainly determined by the solvent (i.e. PC) characteris-
tics [6, 7, 8].

According to the experimental data in Fig. 6, the
series capacitance at o —» 0 [Cyw — 0)] for the
NPCE|Me;EtNBF,, Me,Eto,NBF4, MeEt;NBF,4 or the
Et,NBF,+ PC interface depends nearly linearly on AE,
but for the Et;BuNBF,+ PC electrolyte a more com-
plicated dependence has been observed. It was found
that at AE>2.0 V (Fig. 5) there is no purely adsorption-
limited stage at w — 0 and, at AE>2.0 V, C; as well as
C, begins to decrease (Fig. 6). At higher frequency, the
C, and C,, values strongly depend on f (i.e. on the a.c.
penetration length) for all electrolytes studied, and, at
fixed /21 Hz, C is practically independent of the TAN "
studied. At 0.005 <f<0.1 Hz the slope of the C, vs. log f
plot as well as the C;, vs. log f plot noticeably depend on
the electrolyte characteristics. At /< 0.01 Hz, the values
of Cs (and Cp) for the Me;EtNBF, + PC|NPCE interface
are 20-25% higher than those for the Et;BuNBF,; or
Et;PrNBF,;+PC clectrolyte. Differently from the
Me3EtNBF4, MezEtzNBF4, MeEt3NBF4 and Et4NBF4
electrolytes, the noticeable frequency dependence of Cg
and C, at f'<0.01 Hz indicates that the adsorption
equilibrium in the whole porous electrode matrix is not
reached for the Et;BuNBF, or for the Et;PrNBF,
electrolytes even at £ < 5x107° Hz. This is mainly caused
by the lower effective diffusion coefficient values for the
larger cations in the NPCE.

0.6

Fig. 6 Parallel capacitance vs. frequency plots for the NPCE cell
filled with 1 M solutions of different salts in PC at AE=2.5V ({,
Me;EtNBF,; 2, EtyNBF,; 3, Et;BuNBF,)
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The crossing of the middle-frequency part of the Z”
vs. Z' plot with the low-frequency nearly vertical part
(Fig. 4) (nearly capacitive behaviour with the heteroge-
neous adsorption-limited stage) defines the “knee fre-
quency” 2 (0°=2nf). Below this frequency the whole
capacitance is mainly reached to establish a finite value
for the Me;EtNBF, and Me,Et,NBF,+ PC solutions
(Fig. 6). According to the experimental data, o’ is
practically independent of electrolyte studied, but «°
somewhat decreases with increasing AE. The small de-
crease of w” with increasing AE is probably mainly
caused by the electrolyte starvation effect [1, 2, 6, 7, 8,
10]. This behaviour can arise because a significant frac-
tion of the otherwise free conducting ions of the elec-
trolyte become electrostatically adsorbed in the
distributed double layer and, thus, diminish the con-
ductivity of the accompanying “free” electrolyte and a
longer time is needed to establish the adsorption equi-
librium between the solution base and the NPCE sur-
face. For electrolytes with higher molar mass (i.e. for
Et;PrNBF,; and Et;BuNBF,; with larger molar vol-
umes), with the rise of AE the limiting Gibbs adsorption
of the adsorbed ions will be established at lower fre-
quencies than 5x10™* Hz. These conclusions are in very
good agreement with the parallel capacitance C, vs.
frequency plots (Figs. 5 and 6). It should be noted that,
for the PC|NPCE interface, a noticeable dependence of
the low-frequency series resistance Ry(w — 0) as well as
R,(w — 0) on the TAN™ molar mass has been estab-
lished, increasing with AE. The comparatively moderate
parallel resistance R, values for the PC+electrolyte
system probably show the very slow rate of the faradaic
processes, increasing only somewhat with AE at
AE>2.5 V.

The values of the real part C'(w) and imaginary part
C”(w) of the capacitance have been calculated according
to following equations:

Cs(w) = C'(o) — jC"(o) (3)
: Z"(») " Z'(w)

Clw)=——"; C'(w =— 4
) ol Z(w)? ) wlZ(w)| @

where Z(w) is the complex impedance [3]. It should be
noted that the low-frequency part of C’(w) for the
NPCE cell corresponds to the static capacitance, which
is measured during the constant current discharge (or
calculated from i vs. AE curves measured at very slow
potential scan rates) [1, 2, 3, 4, 5, 6]. The imaginary
component of the capacitance C”(w) corresponds to the
energy dissipation of the capacitance Cy(w), i.e. it cor-
responds to the energy dissipation by an irreversible
process which can lead to the hysteresis of the electro-
chemical processes [1, 3]. It was found that the values of
C’(w) obtained are in the excellent agreement with the
values of C,(w) calculated using the classical calculation
scheme [26, 27, 28, 29, 30, 31].

According to the results in Fig. 7, the C” vs. f de-
pendences have a maximum at the relaxation frequency

fr. determining the time constant tg = (2nfr)~" (Fig. 7).

Analysis of the data in Figs. 5, 6, 7 shows that only half
of the low-frequency capacitance is reached at tg [2, 3].
It should be noted that according to published ideas [,
3], this time constant has been described as a dielectric
relaxation time and as a supercapacitor factor of merit
[1, 15]. According to the experimental results at mod-
erate AE values, tg is practically independent of elec-
trolyte and AEif AE < 2.0 V. At AE22.0 V, 1R begins to
increase (Fig. 7) and C” depends on the TAN™ cation
studied. Comparison of our data with other data [3]
shows that the values of tg are lower for the NPCE
capacitors than for a cell prepared from PICACTIF SC
produced by the Pica Company [3]. Thus, the ideal
capacitive behaviour for the NPCEPC+ EtyNBF,
electrolyte interface will be established at higher fre-
quencies compared with the PICACTIF
SC|PC + Et4,NBF, interface.

Complex power plots

The values of the complex power can be expressed as [3]:

S(w) = P(w) +jO(w) (5)
where the real part of the power is:

P(w) = oC"(0)|AVims|* (6)
and the imaginary part of the power is:

0(w) = ~0C'()|AVims|’ (7)

With |AVims|* = AViax / V2 (Vmax is the maximal ampli-
tude of the a.c. voltage). An ideal capacitor (i.e. a system
with ideal capacitive behaviour) has no real part, as
there is only the reactive contribution to the complex
power, and Eq. 5 simplifies to:
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Me;EtNBF,
.;&/4///MeEt3NBF4
02 L 3oen——EUNBF,
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- ° 2.
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Fig. 7 Dependence of the imaginary part of capacitance on
frequency for the NPCE cell at AE=2.5V, filled with 1 M
solutions of different salts in PC, noted in the figure



Systems with an ideal resistive behaviour (ideal
resistance) have no imaginary part as this component
only dissipates energy and the complex power takes the
well-known form [3]:

|AVims |
SO ="

©)

It should be noted that real EDLCs oscillate between
the two states mentioned previously: a resistive one at high
frequencies (w — o) and a nearly capacitive one at low
frequencies (w — 0). Between these two states, EDLCs
behave like a resistance-capacitance (RC) transmission
circuit. The dependence of the normalized real part (P(w)/
|S|) and the imaginary part (Q(w)/|S|) for the complex
power are presented in Fig. 8. In good agreement with the
datain Fig. 7, the relaxation time constant tr, obtained as
the frequency of the intersection point of the (P(w)/|S]) vs.
log fand (Q(w)/|S|) vs. log f plots, is practically inde-
pendent of the electrolyte cation used. However, the re-
sults for the same salt in different solvents demonstrated a
very noticeable dependence of Tg on the solvent viscosity,
dielectric permittivity and dipole moment [10]. Thus,
according to these data and the data in Figs. 7 and 8§, the
low-frequency behaviour of the NPCE|PC + electrolyte
interface is mainly determined by the solvent character-
istics. Thus, comparison of the data for the cells filled with
various electrolytes (salts) [6, 7, 8] indicates the huge
influence of the molar conductivity (i.e. viscosity of vari-
ous solvents) and a very small influence of the salt char-
acteristics on the low-frequency characteristics of the
NPCE|nonaqueous electrolyte interface if the same sol-
vent is used.

The dependences of the real (¢) and imaginary (¢”)
parts of the complex dielectric constant on the frequency
at fixed AE are in good agreement with the complex power
data. According to the experimental data, ¢’ is practically
independent of AE, but ¢ somewhat increases with
decreasing molar mass (molar volume) of the TAN™
cation studied [33, 34]. However, this effect is noticeable
only at very low frequencies, i.e. in the region of the lim-
iting static dielectric constant values [1, 23]. In the region
of high frequency the limiting dielectric constant values
€ — €. are independent of AE as well as of the TAN™
cation characteristics. A minimum in the €¢” vs. log f
dependence and the depth of this minimum is inversely
proportional to the molar mass of the TAN™ cation
studied and the frequency of this minimum
(fmin=0.04 Hz at AE= constant is practically indepen-
dent of cation as well as AE if the same salt is investigated).
The depth of the minimum in the ¢” vs. log f plots only
weakly decreases with increasing AEiIf AE < 2.0 V,i.e. as
the rate of the faradaic processes increases.

Fitting the complex plane plots for NPCE capacitors

For a more detailed characterization of the EDLCs
based on the NPCE, the model developed by Srinivasan
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Fig. 8 Normalized reactive power |Q|/|S| (open symbols) and active
power |P|/|S| (filled symbols) vs. frequency plots for the NPCE cell
filled with 1 M solutions of MeEt;NBF, in PC at AE=2.5V

and Weidner [5] (SWM) has been used. In this model it
was assumed that the cell consists of two identical por-
ous electrodes [31] with a separator between them and
an electrolyte throughout. It was assumed that (1) all
faradaic processes result in a current—voltage profile
similar to that of a capacitor; (2) the electrolyte con-
centration is uniform throughout; (3) ohmic losses are
the dominating phenomena behind the heating effect; (4)
the temperature is constant throughout the cell; (5) the
capacitance is constant over the voltage window of the
operation; and (6) the physical properties of the device
(e.g. conductivity and capacitance) do not vary during a
charge (or discharge). According to the SWM theory,
the dimensionless complex impedance Z*(w*) is
obtained as:

Z x (w) = Re * (wx) + jIm* (wx) (10)

where Re*(w*) and Im*(w*) are the dimensionless real
and imaginary parts of the impedance and w* is the
dimensionless frequency [5]. The equations for the real
and imaginary parts of the impedance are given in [5]
and, according to the SWM theory, the impedance of an
electrochemical capacitor is a function of w* as well as
of two other dimensionless parameters, i.e. of [ (the
ratio of the external to the internal resistance, f= Rg/
Rigr) and y (the ratio of the effective solution conduc-
tivity to the matrix phase conductivity, y =x/a).

For the simulation of the experimental Z” vs. Z’
plots, the complex impedance is expressed as [5, 30]:

4(x/0)
[1+(c/0)]*\/jootsinh(y/jor)

2[4/ cotn( )
[ (x/o) Vit

Z(w)=R

2(x/o0)
[1+(x/ )]

5| +Rsep

(11)

where:
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L(k+ o)

R =
Sko

(12)
and R, is the resistance of the electrolyte in the sepa-
rator, obtained as Ry, = Lg/Ssks (Ls is the separator
thickness, x; is the effective conductivity of the electro-
lyte in the separator, and S is the flat cross-section area
of the separator); L is the electrode thickness, x and ¢
are the effective conductivities of the electrolyte in
NPCE and of the electrode material matrix, respectively;
C is the double layer capacitance (F cm ™). The dimen-
sionless time is expressed as:

aCL? (xk + o)
T=—"
2Ko

(13)

where « is the transfer coefficient [5, 30].

The complex plane plots obtained for various EDLCs
filled with different TANBF, salt solutions are given in
Figs. 4 and 9 with the data fitted according to the SWM
theory. For fitting of the Z” vs. Z’ plots, to a first
approximation the high-frequency series resistance
Ry(w — 0) and separator resistance R, have been fixed
[30] according to the suggestion of the SWM theory [5].
As can be seen in Figs. 4 and 9, a very good agreement
for all the electrolytes compared has been established, as
a very small chi-squared function (Xz < 7x107*) and a
weighted sum of squares (A> < 8x107%) [6, 7, 8, 30] have
been obtained. The error bars of individual fitted
parameters are shown in Figs. 10 and 11. According to
the data in Fig. 10a, the effective conductivity, x, for
the electrolyte ions in the nanoporous matrix increases
only very slightly with increasing AFE, explained by
the decrease of the series as well as parallel resistance
values (R, and R,,) with AE (i.e. with increasing the rate
of the faradaic processes at higher AE values). At fixed
AE, the effective conductivity of the electrolyte in the
NPCE|PC solution capacitor increases in the order of
the electrolytes as Me;EtN ™ < Me,Et,N™ <MeEt;N ™' <
Ety,N™ < Et;PrN" <Et;BuN", i.e. with the increase of

15
L 10t
5 -1
o
= 2
N

5 -3

0 1 1

0 5 10 15

7'/ Qcm?

Fig. 9 Complex plane plots for the NPCE cell filled with 1 M
solutions of TANBF, in PC for different electrolytes (/, Me;Et-
NBEF,; 2, EtyNBFy; 3, Et;BuNBF,); symbols: experimental data;
solid lines: fitting according to the Srinivasan and Weidner model
[5, 30])

molar mass of the tetraalkylammonium cation used
(Fig. 10a).

The effective conductivity of the electrode matrix, ¢
(Fig. 10b), depends on the electrolyte studied and ¢ in-
creases in the same order of TANBF, solutions as «, i.e.
with increasing the effective conductivity of the electrolyte
in the porous matrix. However, in comparison with the
datain Fig. 10a, this dependency is very weak. Thus, there
are small problems with the calculation (i.e. separation) of
the values of ¢ and k according to SWM theory [5] for the
NPCE|PC +electrolyte interface because, to a first
approximation, the effective conductivity of the electrode
matrix has to be independent of the TAN ™ studied. Fig-
ure 11 demonstrates the dependence of the dimensionless
time t* on the cell voltage AE for the cells filled with the
different PC+TANBF, electrolytes. t* somewhat in-
creases with AE and at AE=constant, t* increases with
the molar volume of the cation investigated. Therefore the
time needed for the penetration of the electrolyte ions
through the electrolyte soaked in the nanoporous matrix
increases with the molar mass of the electrolyte and, thus,
with the decreasing the macroscopic molar conductivity
of the electrolyte.

800
a Et,BuNBF,
700 |
Et,NBF,
Et,PrNBF,
E 600 |- MeEt;NBF,
T Me,Et,NBF,
< 500 - Me,EtNBF,
400
300
1 1.5 2 2.5 3
AE IV
3
b
Et,BuNBF,
0 ./‘/|/|/‘/’ ELNBF,
L Et,PrNBF,
a
S MeEt,NBF,
§/ Me,Et,NBF,
Me,EtNBF,,
0 o— T 40/?
1 15 2 25 3

AE IV

Fig. 10 Dependences of the effective conductivity of the electrolyte
in the NPCE layer (a) and of the effective conductivity carbon
matrix (b) on cell potential for the NPCE filled with 1 M solutions
of different salts in PC, noted in the figure
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Fig. 11 Dimensionless time t* (a) and parameter aC (b) vs. cell
potential dependences for the NPCE cell filled with 1 M solutions
of different salts in PC, noted in the figure

From the results of simulations according to SWM
theory [5, 30], the resistance of the separator Ry, very
weakly increases with the molar mass of the TAN"
cation in PC. Differently from AN and y-BL systems [8],
Ry, is practically independent of AL for the
PC+ Me;EtN', Me,Et,N™ and MeEt;N ™ solutions.
The effective conductivity of the electrolyte in a sepa-
rator, K, decreases in the order AN>y-BL>PC [8],
but the dependence of Ry, on AE for PC solutions is
comparatively small.

The data in Fig. 11b indicate that the parameter oC
(where o is the transfer coefficient and C is the total
capacitance) is very sensitive to the molar mass of the
TAN™" cation and the very high aC values for the
Et;BuNBF,;+PC solution indicate the noticeable
adsorption of Et;BuN" cations on the negatively
charged electrode surface.

Conclusions

Electrical double layer capacitors based on two ideally
polarizable nanoporous carbon electrodes in PC as the
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solvent for 1.0 M MeEtNBF,, Me,Et,NBF,,
MeEt3NBF4, Et4NBF4, Et3PI'NBF4 and Et3BUNBF4
electrolytes have been tested by cyclic voltammetry and
electrochemical impedance methods. Using the imped-
ance data it was found that the relaxation time con-
stant, obtained from the relaxation frequency, is
practically independent of the TAN™ molar mass in
the region of cell potential AE<2.0 V. At AE>2.0V,
Tr somewhat increases in the order of electrolytes
MeEt3NBF4 < MezEtzNBF4 < Et4NBF4, i.e. with
increasing the electrolyte viscosity and decreasing the
molar conductivity of solution. At very low frequency,

£<0.01 Hz, nearly equilibrium values of the series and

parallel capacitances (Cs and Cp) have been established
for the nanoporous carbon electrode (NPCE)PC+
TANBF, EDLC cells. However, the coincidence of the
Cs and C,, values at f<0.005 Hz, as well as the phase
angle values 0 < —=75° for NPCE|PC cells show, to a
first approximation, that the adsorption equilibrium
will be established only at very low frequencies.

The dependences of the normalized real and imagi-
nary parts of the complex power versus frequency and
phase angle versus frequency plots show that the relax-
ation time constant is independent of the TAN™" cation
characteristics and the low-frequency behaviour of the
NPCE|PC+ TANBF, cell is mainly determined by the
solvent characteristics.

Analysis of the experimental data for various systems
shows that the Srinivasan and Weidner model [5] can be
used to fit the Nyquist plots measured at fixed AE. It was
found that the effective conductivity for the electrolyte
ions in the nanoporous matrix, x, as well as the nano-
porous carbon matrix conductivity, o, increase with AE.
The increase of x and ¢ with AE can be explained by the
migration of ions. Analysis of the impedance data
indicates that the separator resistance increases some-
what with decreasing the molar conductivity of the
electrolyte used in the electrical double layer capacitor.
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