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Electrical double layer and electrochemical characteristics at the nano-
porous carbon | (C2H5)4NBF, + acetonitrile interface have been studied by
the cyclic voltammetry and impedance spectroscopy methods. The value
of zero charge potential (0.23 V vs. SCE in H;0), the region of ideal polar-
izability and other characteristics have been established. Analysis of com-
plex plane plots shows that the nanoporous carbon | z M (C2H5)4NBF, +
acetonitrile interface can be simulated by the equivalent circuit, in which
the two parallel conduction parts in the solid and liquid phases are inter-
connected by the double layer capacitance in parallel with the complex
admittance of hindered reaction of the charge transfer process. The values
of the characteristic frequency depend on the electrolyte concentration and
on the electrode potential, i.e. on the nature of ions adsorbed at the surface
of nanoporous carbon electrode.
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1. Introduction and theoretical background

Electrochemical and electrical double layer characteristics of the carbon elec-
trodes have been studied for a long time, but there are many problems, which have
not been solved at the moment. Electric double layer characteristics of various car-
bonaceous materials are very important as these parameters determine the electrical
behaviour of the electrical double layer capacitors (EDLC-s).

EDLC-s are the energy conservation systems, in which the electrical charge is
stored in the electric double layer and it is based mainly on the electrostatic interac-
tions. As the electrostatic interactions are significantly less detrimental to electrodes

*This paper is dedicated to Jean-Pierre Badiali on the occasion of his 60th birthday
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and solution stability than the usual electrochemical redox reactions, used for the
generation of electricity in the fuel cells as well as in various batteries, EDLC can be
recharged-discharged up to 10° times. The very important advantages of EDLC are
their reversibility and comparatively low temperature coefficient [1]. However, a very
important problem with EDLC is their relatively low energy density compared with
the rechargeable batteries. It is well known that the performance specifications of
electrochemical capacitor e.g. in terms of the relations between the achieved power
densities and corresponding energy densities depend on the equivalent series resis-
tance (ESR) and on the internal distribution of electrode resistance (IER) in the
pore matrix of the electrodes.

The capacitance of EDLC depends mainly on the surface area of carbon material
used for the preparation of the electrodes. Theoretically, the higher surface area of
the activated carbon the higher specific capacitance should be expected. The spe-
cific capacitance should be defined as the specific surface area of carbon multiplied
by the double layer capacitance Cq (F/cm?) [1]. However, the practical situation is
more complicated and usually the capacitance measured does not have the linear
relationship with the specific surface area of the electrode material. In fact, some
activated carbons with smaller specific surface area demonstrate higher specific ca-
pacitance values than those with larger surface area. There are two main reasons for
this phenomenon:

(1) the double layer capacitance Cq varies with various types of activated car-
bons that were made from the different types of precursors (through different
processes and subsequent treatments);

(2) the nanopores with small diameter may not be accessible to the electrolyte
solution, simply because the electrolyte ions, especially big organic ions and
ions with the hydration cell, are too big to enter into the nanopores. Thus, the
surface area of these non-accessible nanopores will not contribute to the total
double layer capacitance of the electrode material.

It should be noted that in the literature there are very big differences between the
values of the electric double layer capacitance of the carbonaceous materials, ranging
from 3 puF/cm? for the basal plane C(0001) (cut surface) of stress-annealed highly
oriented pyrolytic graphite (HOPC) to 70 uF/ecm™2 for the polished graphite edge
plane [1-3]. This surprisingly low non-faradaic differential capacitance value for the
C(0001) plane compared with the capacitance values for metals (18 .. .20 uF /cm? for
Hg, Bi and Cd), having nearly parabolic dependence on the electrode potential, can
be explained on the basis that the substantial fraction of the potential drop between
the solid electrode and the solution occurs in a space charge layer within the HOPC.
In 70* and 80", various physical models were introduced into the electrochemistry,
taking into account the potential drop in the thin surface layer of the electrode.

The model worked out by Amokrane and Badiali [4,5] gives good explanations of
the capacitance data established for different metal electrodes in various aqueous and
non-aqueous solutions [6,7]. In this theory, the metal is described using the density
functional formalism, and the metal-solvent interaction as a sum of an attractive
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term (due to the dispersion forces (Van der Waals)) and a repulsion term (simulating
the exclusion of the metal electrons from the electron cloud of the solvent molecules).

According to the results of investigations [4-7], the inverse inner layer capacitance
can be expressed as

C(ii1 = C;I + 01;1 ) <1>

where C,, is the capacitance of the metal phase. Systematic analysis of experimental
data shows that the inverse capacitance of the solvent layer with a thickness [ can
be obtained as

Cot = dnml — (4r Ny [ekT) {1 — coth®(z) + 1/2%} (2)

where Nj is the number of dipoles per unit area; p is the value of dipole moment;
r = puE/kT (k is the Boltzmann constant) [4,5]. The effective field acting on a
dipole was taken as E = 4wo* /e, where ¢ is an adjustable parameter having the
meaning of an effective dielectric constant; and ¢* is an effective charge density.
The dependence of the capacitance of the carbon phase on the electrode rational
potential (F — E,—q, where E,_q is the zero charge potential), obtained assuming,
to a first approximation, that this simplified model developed in [4,5] is valid for
C(0001) with the cut surface (prepared according to the method described in [8,9])
as well as for polished edge plane of HOPG and glassy carbon electrodes, is given in
figure 1. It should be noted that the Amokrane and Badiali model has been worked
out for the homogeneous planar and smooth surfaces with translational invariance
parallel to the metal surface [4,5]. Therefore, the values of C\, obtained for the cut
C(0001) | 0.1 M NaF +H0 as well as for C(0001) | 0.2 M (C3H7)NBF4+ acetonitrile
interface are realistic as the surface roughness of cut HOPC, i.e. C(0001) plane is
very small [8,9]. The inner layer values used for the calculation of the values of
Ch for other carbon (i.e. glassy carbon) electrodes have been calculated using the
surface roughness factor obtained from impedance data according to the various
models [1,10-17] (Parsons-Zobel plot method, Valette-Hamelin approach, fractal
analysis described more in detail in [12,16,17]). According to the systematic analysis
of experimental data, [12,16], the inner layer capacitance values depend only slightly
on the surface roughness of the solid electrode at |E| > F,—o, if ¢q > 0.1 M. The
values of inner layer capacitance obtained for polycrystalline metal electrodes lie
between the C; values for single crystal planes for the corresponding metal [6,12,16],
have the medium values and, to a first very rough approximation, characterize the
inner layer parameters for metal | electrolyte interface under discussion. Only for
dilute electrolyte systems (cq < 0.01 M) in the region of zero charge potential there
is a complicated dependence of C; on F, but at the electrode potentials |E| > F,—o,
there is a monotonic dependence of C; on E. More detailed analysis of the problems
for polycrystalline metal electrode | electrolyte interface as well as for liquid | liquid
interface are given in [10-17]. Thus, the values of C, for glassy carbon electrodes in
0.1 M electrolyte solution have to be taken with some reservation because the values
of the inner layer capacitance depend somewhat on the surface roughness values used
for the calculation of Cy, values [6,7,10-12]. However, the order of C\, values seems
to be reasonable and, thus, the data in figure 1 indicate that the capacitance of the
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carbon phase depends noticeably on the crystallographic structure of the carbon
material [1-3]. For that reason it seems to us that in any case, the potential drop
in the thin surface layer of carbonaceous material is very important, but additional
studies are inevitable.

It should be noted that the carbonaceous materials show the frequency-depend-
ent capacitance even though the capacitance should be independent of frequency.
This abnormal frequency-dependence is called a distributed characteristic or “fre-
quency dispersion” of the electrical properties [1]. A circuit element with the dis-
tributed characteristic can not be exactly expressed as a combination of a finite
number of ideal circuit elements, except in certain limiting cases. The distributed
characteristic results mainly from the two origins [1,6,18-25].

(1) It appears non-locally when a dimension of a system under study (electrode
thickness or pore length) is longer than the characteristic length (for example,
diffusion length or ac penetration depth), which is a function of frequency. This
type of a distributed characteristic exists even when all system properties are
homogeneous and space-invariant (double layer charging of a porous electrode,
diffusion in diffusion-limited systems, adsorption of anions and cations, surface
reconstruction and transformation in adlayers).

(2) The distributed characteristic is attributed to the various heterogeneities: ge-
ometric inhomogeneity, such as the surface roughness or the distribution of
pore size as well as the crystallographic anisotropy and the surface disorder of
a polycrystalline electrode.

Beginning essentially with the work of de Levie [20,22,23], a large number of
various models have been developed [1,18,19,21,24,25] to theoretically describe the
experimental behaviour of the porous electrodes. A very important direction is the
investigation of the influence of the pore geometry on the data of electrical impedance
spectroscopy (EIS) [24,25]. Some authors used simple modifications of the classical
Randles-Frumkin-Melik-Gaikazyan equivalent circuits, involving a constant phase
element or Warburg diffusion impedance modified according to the boundary con-
ditions [1,21,26-30], as well as the branched transmission line equivalent circuits
[1,18,31]. Paasch et al. [21] developed a theory for macroscopically homogeneous
porous electrode, where the three main processes are considered: (a) ionic conduc-
tivity in the porous electrolyte and electronic conductance in the electrode (solid)
phase; (b) charging the double layer at the solid | liquid interface; and (c) the sim-
ple charge transfer reaction (ctr.) at the interface. The averaged polarization at the
porous surface was described by the diffusion equation with the linear source term
representing the ctr. with the charge transfer resistance R.,. This leads to the po-
larization of the porous electrode. According to this theory the position (x) and
time-dependent () polarization (E(z,t)) (averaged for the porous surface) has been
given (without regard to an unknown constant) as

E(z,t) = ¢1 — 2, (3)

310



Nanoporous electrodes

100
L] -~ 1
i 2
80 | ;3
4
| P
~6
r -7
~ 60 | - -8
£ i
o O
L It
= )
£ 7
© 40
2 et /
20 |
O | | | |
06 04 02 0 02 04
E-E,.o/V

Figure 1. The dependence of the electrode phase capacitance on the rational
electrode potential for various electrode materials: (1) — Cd(0001); (2) — Hg; (3)
— Bi(111); (4) — Sb(111); (5,6) — glassy carbon; (7) — stress annealed pyrolytic
graphite (recalc. from [1-3]); and (8) — stress annealed C(0001) (recalculated from
data in [2]) in surface inactive electrolyte solutions (0.1 M NaF + H»0) (1-6,8)
and in 0.2 M (C3H7)4NBF, + acetonitrile solution (7).
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where ¢, is a value of potential in the solid phase (taken independent of z, ¢ # f(x))
[21]. The potential in the porous electrolyte ¢o depends on the conductivity, double
layer formation parameters and ctr. characteristics of the interface. Averaging this
potential over the volume element containing many pores gives the position- and
time-dependent potential (¢o(x,t)).

The electrochemical impedance of an interface is determined by the potential
drop FEg over an electrode [21]

Ee1<w> = ¢1,a(d7 w) - ¢2,a<07 w) = Ea<d7 w) + (b?,a(da w) - ¢2,a<07 w), <4>

Z(w) = Ea(w)/Aja, ()

where ¢ »(d, w) is the solid phase potential at the contact side (z = d); ¢2..(0,w) is
the electrolyte potential at electrolyte side (z = 0); w is the ac angular frequency;
and j, is the amplitude of the current density (reported to unit geometrical area of
the electrode); A is the flat cross-section electrode area.

Using the conditions, which are usual in electrochemistry [19], the electrode
impedance has been obtained as

2 2 h 2 1
Z(w) — A—l |:p1 + p3 cot (d5> + P1P2 : dp1p2 (6)
pr+p2 B p1+ p2 Bsinh (dB) — p1+ po
with e
1 (k+iw K
b= i ( m ) and w; = oL (6a)

where p; and p, are the resistivities per unit length of the electrode material and
of the electrolyte in the pores, respectively [21,32]; w; is a characteristic frequency,
related to the finite “field diffusion” [21]. Parameter k is the characteristic frequency
proportional to the ratio of the exchange current density j, to the double layer
capacitance C; and K is the so-called “field-diffusion constant”, depending on the
ohmic resistivities (p; and py) and on the value of capacitance. The ac penetration

length A is defined as [21]
2K [k v
A= / 5 . (7)
(1+w?/k2)Y? +1

In the conditions of diffusional hindrance at a planar porous electrode, the value
of charge transfer resistance, R, has to be replaced as follows [21]

Rctr — Rctrz<w) = Rctr (1 + w?/iw) ) (8)

where z(w) = 1/y(w) is the value of volume-averaged hindrance impedance, describ-
ing the deviation of a porous system from the conditions of the real charge transfer
resistance. For the simple electrochemical charge transfer reaction, the characteristic
frequency is given as

w2 = et/ D, (9)
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where D denotes the diffusion coefficient of the electroactive species and ket = koyx +
kreq is a rate constant. For macroscopically homogeneous surfaces the equation (8)
seems to explain the dominant dependence which only has to be corrected for the fact
that the diffusion is finite owing to the small nanopore size. The corrected hindrance
impedance for a single kind of diffusing species, when the boundary condition is not
a transmissive one, will be of the form

2(w) = 1+ y/wy/iw coth (\/M) (10)

with
wsy = D/ZI%, (10a)

where [, denotes the characteristic pore dimension [19]. Compared with the case of
a simple ctr, in the Paasch et al. model I, there are two additional parameters, w»
and ws, i.e. parameters characteristic of the porous electrodes if the finite diffusion
takes place.

2. Experimental

2.1. Electrode preparation and other experimental details

The electrodes were constituted by an aluminium foil current collector and from
the active material layer. The active material used (noted as ID711) consists of
nanoporous carbon (prepared from TiC “stark” by the chlorination method ac-
cording to the preparation scheme presented in [26-30]); of the mixture of binder
(poly-tetra-fluoro-ethylene, PTFE, 60% solution in HoO “Aldrich”) and of the car-
bon black (“Aldrich”). The carbon black was added to decrease the ohmic resis-
tance of the electroactive material layer. This mixture was laminated on the Ni foil
and pressed together to form a very flexible layer of the active electrode material.
After drying and plating under the vacuum, this material was covered by the Al
(99.9999%) layer from one side [34-37]. After that the Al-covered carbon layer was
spot-welded in the Ar atmosphere to the Al foil current collector. The limits of ideal
polarizability of Al foil have been established by cyclic voltammetry as well as by
impedance spectroscopy methods.

The electrolyte used was prepared from the acetonitrile (AN) (0.003% H,O;
Riedel de Haen), stored over the molecular sieves before using, and from the
(CoH5)4NBFy salt (99.9%; 0.005% H,0O; Pred Materials International, Inc.). The
three electrode standard glass cell with the very big counter electrode (apparent
area ~ 30 cm?), prepared from the carbon cloth, was used. The reference electrode
was an aqueous saturated calomel electrode (SCE in HoO) connected through the
electrolytic salt bridge (0.01 M LiClOy4 in H,O | 0.01 M (CoHj5)4NBF, in AN) with
the measurement system [12]. Ar (99.9999 %, AGA) was used for the saturation of
solutions. Specific surface area (Sg), pore size distribution, micropore volume (Vy,),
micropore area (Sy,) and other parameters were obtained using the Gemini 2375
(Micromeritics, Inc.) system and calculated according to the methods described in
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Table 1. Gas phase characteristics for nanostructured carbon ID711.

Parameter Value
BET surface area / m?g~! 950 =4 30
Nano(micro)pore area / m?g™" 660 =+ 20
External surface area / m?g™! 285+ 15
Micropore volume / cm3g™! 0.49 + 0.03
Adsorption average pore diameter (calculated according
to [38]) / A 22+ 1

"o 0.06

e

S 005 f

£

3 0.04 r

(@]

p

2 003}

c

g o002

(O]

£ o001}

- O L L L I T T W | L L L L P11l n b L L L1 1

1 10 100 1000

Pore Diameter / A

Figure 2. Pore size distribution for nanosctructured carbon ID711.

[38]. Some more important characteristics obtained are given in table 1 and in fig-
ure 2. For the determination of the precision of the experimental data, statistical
treatment of the BET and impedance data was carried out. A total numbers of
independent experiments n > 10 for BET analysis (10 different samples) and n > 3
for impedance analysis (three different electrodes) were used. The results of BET
analysis are given in table 1. The ac measurements (for one sample averaged over 10
cycles) were carried out at the amplitude of 5 mV (rms) in the frequency range from
100 kHz to 1 mHz and at fixed electrode potentials. The values of mean capacitance,
total impedance and resistance have been established. It was found that the exper-
imental values of series differential capacitance and resistance can be established
with the relative error smaller than 6% for the whole potential region of ideal po-
larizability of the electrode. In the region of zero charge potential E,—g, the relative
error is smaller than 4% in the concentrated electrolyte solutions (1.5 M and 0.1 M).
For the less concentrated solutions, the relative error in differential capacitance is
somewhat higher, but smaller than 7%. For the more correct statistical analysis of
impedance data, the large number of independent experiments is inevitable and the
results of systematic analysis will be published soon.
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2.2. Cyclic voltammetry (j, E -) curves

The cyclic voltammetry curves for x M (CyHj5);NBF, acetonitrile solution
(0.005 < = < 1.5), obtained at small scan rates of potential v = dE/dt < 5 mV/s,
presented in figure 3, have a nearly rectangular form and a mirror image symme-
try of the current responses about the zero current line. Accordingly, the porous
carbon electrodes are ideally polarizable in the region of potentials from —1.4 to
1.4 V (vs. SCE in H50). The experimental data show that the shape of j, F-curves
is independent of the number of current cycle, n, if n > 5. Thus, the nanoporous
carbon electrodes demonstrate the stable electrochemical properties in this region
of potentials. i.e. in the region of ideal polarizability. At ¢, = const, the current
responses increase almost the expected way with large v values (figure 3a), but with
increasing v > 20 mV/s (1.5 M (CyH5)4NBF, in acetonitrile) the cyclic voltammo-
grams become distorted from the rectangular form expected for an ideal capacitor
material having a constant capacitance [1,39]. The data for more dilute solutions,
presented in figures 3b and 3c, demonstrate that the shape of j, E-curves is indepen-
dent of the potential scan rate if v < 5 mV/s for ¢ < 0.1 M and v < 2 mV/s for
ca < 5-1073 M. At higher scan rates there are very well expressed distortion effects
in the j, E-curves, caused by the higher internal resistance of the system compared
with the 1.5 M solution, as well as by the onset of the so-called “electrolyte starva-
tion” effect, referred to earlier by Conway et al. [1,39] associated with the withdrawal
of the electrolyte ions from the pore bulk electrolyte due to the adsorption of ions
on the double layer interphases when they become charged. Thus, the scan rate at
which the deviation of j, E-curves from the ideal behaviour starts, decreases with
the dilution of the electrolyte solution. Additionally it should be noted that the
establishment of the adsorption equilibrium in the nanopores is a very slow process,
caused by the very small “effective” diffusion coefficient values of ions in nanopores,
discussed more in detail later.

Comparison of data for 1.5 M and 0.1 M electrolyte solutions, obtained at small
scan rates, shows that in the region of potentials —0.1 < £ < 0.5 V (SCE), there is
a minimum of current density for 0.1 M (CyHs5)4NBF} solution, in the case of metal
electrodes explained by the diffuse nature of the electric double layer in the region of
total (or free) zero charge [1,6,12]. Noticeably better-expressed current minima have
been established for the 0.01 M and 0.005 M TEABF,+ AN solutions (figure 3¢c). The
current density at ¥ = const and E = F,;, decreases with the dilution of electrolyte
(figure 4). Thus, this minimum is probably caused by the zero charge potential (or
by the zero total charge potential) of porous carbon electrode. The potential of this
minimum (figure 5) is practically independent of the direction of potential scan if
v < 1 mV/s, as well as of the electrolyte concentration if ce < 0.01 M.

The values of differential capacitance, corresponding mainly to the double layer
capacitance, can be obtained as

C=jvt=j(dE/dt)". (11)

The data in figure 6a, obtained from j, F-curves, indicate that for 1.5 M
(CoHj5)4NBF, + AN solution in the limited region of electrode potential the ca-
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Figure 3. Current density vs. potential curves for nanostructured carbon ID711
in 1.5 M (a); 0.1 M (b); and 0.005 M (c) (C2Hs5)4NBF, + acetonitrile solution at
various potential scan rates: (a) (1) — 10, (2) — 20, (3) — 50; (b) (1) — 0.2, (2) —
0.5, (3) — 1.0; and (c) (1) — 0.2, (2) — 0.5, (3) — 1.0, (4) — 2.0 mV/s.
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Figure 5. Epnin vs. potential scan rate curves for nanostructured ID711 carbon in
0.01M (1,4) and 0.1M (2,3) (CoHj5)4NBF, + acetonitrile solutions, obtained from
Jj, E-curves with positive (1,2) and negative (3,4) direction of potential scan.
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pacitance, C, is practically independent of v only at the values of v < 20 mV/s. It
should be noted that the values of C' established from j, F-curves at v < 10 mV/s
are in good agreement with the Cg, F-curves (figure 6b) (where C is the series
capacitance, calculated from the complex plane (Z”, Z’) plots), measured at ac fre-
quencies f < 10 mHz. According to the experimental data, the series differential
capacitance is independent of f only at f < 0.01 Hz. At higher frequencies, there
is a very big dependence of C on f, caused by the small values of ac penetration
depth (equation (7)) compared with the pore length. The same is valid for the more
dilute solutions (figure 7), but, in the region of capacitance minimum, there is a very
weak dependence of Cg on f, as well as of C' on v, demonstrating that the almost
equilibrium capacitance values have been established in the region of zero charge
potential. At |E| > E,—q, there is a noticeable dependence of Cy on f and C on v.
Thus, only at very small potential scan rates (v < 10 mV /s the “equilibrium” values
of capacitance and thus the maximal values of energy can be stored. The data in
figure 7 show that at E' ~ 0.23 V (vs. SCE in HyO) the very well expressed capaci-
tance minimum (with the potential of the minimum F;,) in C, E-curves has been
observed. The series capacitance at Eyin, Csmin, decreases approximately linearly
with ¢!/? (figure 7c).

At higher scan rates, the value of E,;, depends on the direction of potential scan
(figure 7d), which is caused by the very slow processes of adsorption-desorption and
diffusion of ions in the nanopores. With the decrease of v lower than 1 mV/s, the
difference between the FE,,;, values for positive and negative going potential scans
decreases (figure 4) and the E.;, value, corresponding to the zero charge potential
of nanoporous carbon electrode, can be taken equal to 0.23 V vs. SCE. However,
it should be noted that for a more detailed analysis of the physical nature of the
minimum in the C, E-curves, the future experimental investigations in more dilute
electrolyte solutions as well as in conditions v < 0.5 mV/s are inevitable.

2.3. Analysis of impedance data

The Z", Z'-plots (so-called Nyquist plots, figure 8) were measured for 1.5 and
0.1 M (CyH5)4,NBF, + AN solutions in the range of ac frequency from 1-1073 to
1-10° Hz and in the region of potentials from —1.4 to 1.4 V (vs. SCE in H,0) at
fixed & = const. The results obtained demonstrate that the shape of Z”, Z’-plots
noticeably depends on ¢, as well as somewhat on the electrode potential. The Z”, Z'-
plots (at f = const) were used for the calculation of the values of differential series
capacitance (Cs, series circuit) and parallel capacitance (C},, parallel circuit) values
as well as of the series resistance R and parallel resistance R, values. According to
the data in figure 9a, the Cs and C, values level off to the limiting value of C's(w — 0)
at f < 5-1072 Hz, indicating that the diffusion is a limiting stage of the adsorption
process.

At =14 < E < —0.7 V (SCE), the values of Cs(w = 0) are somewhat higher for
less concentrated electrolyte solutions, indicating that the limiting Gibbs adsorption
values have been established for (CoHs),N™ cations at ¢ > 0.1 M. The inflection
frequency for Cj, f- and C,, f-plots is somewhat higher for the more concentrated
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Figure 7. (a) C,E-curves for nanostructured carbon ID711 | 0.01 M

(CoH5)4NBF4 + acetonitrile interface obtained from j, E' curves at different scan
rates: (1) —0.1; (2) - 0.2; (3) = 0.5; (4) — 1; (5) — 2 ; and (6) — 5 mV/s (positive di-
rection of potential scan). (b) Cy, E' - curves for the same interface obtained from
7', Z" curves at different ac frequencies: (1) — 0.01; (2) — 0.1 Hz. (¢) Ciyin, v/?-
dependences for nanostructured carbon ID711 in (1) — 1.5 M; (2) — 0.1 M; (3) —
0.01 M; and (4) — 0.005 M (C2Hs)4NBF, + acetonitrile solutions. (d) C, E-curves
for 0.005 M (1,2) and 0.07 M (3;4) (C2Hs)4NBF4 + acetonitrile solutions obtained
from j, E-curves at potential scan rate v = 10 mV/s ((1,4) — negative and (2,3)
— positive direction of potential scan).
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Z'/ Qcm?

dR, solid (carbon) phase
——————— electronic current
dCdl
dR,  electrolyte phase

_______ lonic current

Figure 8. Complex plane plots for nanostructured carbon ID711 in 1.5 M (1) and
0.1 M (2) (CoH5)4NBF, + acetonitrile solutions at £ = 1.0 V vs. SCE. Marks —
experimental data; and solid lines — data calculated according to the transmission
line equivalent circuit (i.e. according to Paasch et al. model No. 1 [21,42]), where
dY is the complex admittance of the hindered charge transfer reaction (involving
the hindrance factor y(w) of the charge transfer reaction with the charge transfer
conductance g.); dCy is the double layer capacitance; dR; and dRs are the
ohmic resistance of the porous electrode material and of the electrolyte in the
pore, respectively, in the volume element Adz.
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Figure 9. (a) Cs,v-curves (1,2) and Cy, v-curves (3,4) for nanostructured carbon
ID711 in 1.5 M (1,3) and 0.1 M (2,4) (C2H5)4NBF, + acetonitrile solutions at
E = 0.2 V vs. SCE. (b) Bode plots for nanostructured carbon ID711 in 0.1 M
(1) and 1.5 M (2) (C2H5)4NBF, + acetonitrile solutions at £ = —1.2 V vs. SCE.

electrolyte solution, which is caused by the decrease of the influence of the diffuse
layer effect, i.e. by the decrease of the Debye screening length with the increase of
ca [1,12,40]. At low frequency, the Ry and R, values are lower for less concentrated
electrolyte solutions, which can be explained by the less compact structure of the
adsorption layer of (CyHs)4N™ ions in the pure capacitance region. At E > 0.7 V, the
Cs(w—0) values for more concentrated electrolyte solution are higher than those for
less concentrated electrolyte, indicating that the value of limiting Gibbs adsorption
[nax has not been established for ¢ < 1.5 M (CyH;)4 NBF,+ AN solution if the weak
specific adsorption of BF,; anions takes place on nanoporous carbon.

Comparison of C§ values, obtained from impedance data and from j, E-curves,
demonstrates a good agreement between the differential capacitance values of both
series if f < 107! Hz and v < 1 mV/s. Figure 9b demonstrates the Bode (|Z|, logw)
plots obtained at different electrode potentials £ = const and electrolyte concen-
trations. According to these data, the shape of |Z], logw-plots depends on the elec-
trolyte concentration at ac frequency 5-1072 < f < 5-10? Hz. The higher values
of |Z] for 0.1 M solution are caused mainly by the higher pore resistance values
(discussed more in detail later). At f < 1-1072 Hz, there is no dependence of |Z|
on the electrolyte concentration, and |Z], logw-plots have a slope ~ —45°, which is
characteristic of the kinetically mixed process, i.e. of the process limited by the slow
diffusion and the charge transfer stages (simulated by the equivalent circuit where
the Warburg diffusion impedance and the charge transfer resistance are connected
in series in the equivalent circuit). The dependence of the phase angle § on logw is
in very good agreement with the data in figure 9b.

2.4. Analysis of complex plane plots

The complex plane plots, measured for porous carbon | (CoHs),;NBF4) + AN
interface at £ = const (figure 8), can be divided into the four main sections. At a high
ac penetrability (at very low ac frequency f < 1-107! Hz) the nanoporous carbon
electrode behaves like a planar electrode since the penetration depth A (equation (7))
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Table 2. Electrochemical characteristics nanoporous carbon ID 711 | x M
(CoH5)4NBF4 + acetonitrile interface.

1.5 M (C,H;),NBF, 0.1 M (CoHs),NBF,
E/Vwvs.SCE | 412 402 0 —12|+12 402 0 —1.2
Rq/Qcm 2 | 077 094 095 075 | 084 088 089 0.76
a 091 092 091 087 | 096 096 099 0097
Upore 0207 0241 0241 0200|0224 0.168 0.166 0.153
S, /mZcm ® | 70.8 1037 1038 543 | 865 80.6 743 647
S. /mZg ! 816 1195 1196 626 | 997 929 856 746
Rpoe / Qcm 2| 050 043 043 051 | 1.28 172 1.74 1.88

R — total resistance of system at ac frequency v — oo,

a — constant phase exponent obtained at ac frequency v — 0,
vpore — effective relative pore volume,

Sp, — effective area per unit volume,

S, — effective area per gram,

Rpore — pore resistance.

is larger than the length of the pore so that an ac signal detects a large amount of
the pore volume. In this region of the Z”, Z'-plots (called the planar section [1]) the
phase angle approaches asymptotically to —85 ... — 90 degrees. However, according
to the data in figure 8, the impedance (as well as the phase angle) at low ac frequency,
i.e. at high A values shows non-ideal constant phase element (CPE) behaviour. The
constant phase exponent values « less than 1.0 have been established: a ~ 0.90
for 1.5 M and a ~ 0.98 for 0.1 M solution (o = 1 for the planar ideally smooth
electrode) (table 2). The values of o depend somewhat on the electrode potential (as
well as on the electrolyte concentration), indicating that a weak specific adsorption
of ions at different E values is possible. The dependence of o on ¢q as well as on
|E| indicates that the effectively working surface area of the electrode increases
with the increase of the electrolyte concentration as well as of the surface charge
density [1,6,10-12,16,40]. The increase of « can be explained by the increase of the
effective Debye screening length with the dilution of solution [1,11,40]. Comparison
of the values of the surface area, obtained according to the Ny adsorption data
(BET), with the values of the effective surface area S¢, obtained from the impedance
data (tables 1 and 2), indicates that the very small nanopores are probably not
accessible for the electrolyte ions. According to the model developed in [41], the
deviation of « from unity is caused mainly by the pore size distribution in the
nanoporous material studied. It should be noted that the more detailed computer
simulations are inevitable, but the very small deviation of « from unity indicates
that the nanoporous carbon has the narrow pore size distribution, which is in good
agreement with the BET data (table 1 and figure 2).

At lower penetrability (at higher frequency), the penetration depth is smaller
than the length of the pores, so that the ac signal detects only a part of the pore
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Figure 10. The dependence of the characteristic frequencies wy = kv/3 (a); wr
(equations (6) and (6a)) (b); wa (equation (9)) (c); and w3 (equation (10a)) (d) on
the electrode potential for nanostructured carbon ID711 in 0.1 M (1) and 1.5 M

(2) (C2H5)4NBF4 + acetonitrile solutions.

volume, i.e. the nanopore surface. This is called the porous section of Z”, Z’-plots,
and the phase angle approaches —45 degrees in this region of ac frequency. In ad-
dition, there is a transition section between the porous and the planar sections in
the Z”, Z'-plots. At higher frequencies, there is a very well expressed and slightly
depressed semicircle, with the depression angle S only somewhat higher than zero
(8 = 0 corresponds to the purely charge transfer limited heterogeneous process, and
[ = 45° corresponds to the diffusion limited stage) [1,18,21,41]. So, the very fast
heterogeneous adsorption step (i.e. the partial charge transfer reaction) is probably
possible in the case of the porous carbon | (CoHs5)4NBF,) + AN interface. The val-
ues of effective pore volume vpoe, pore resistance R, and the effective surface area
of the nanoporous carbon electrode material, S, obtained according to the models
[18-25,32], are given in table 2. As it can be seen in table 2, the values of vpere
and S; decrease and Ry increase with the dilution of the electrolyte. Comparison
of the effective surface area of the nanoporous carbon electrode with the values of
nano-(micro-) pore area established by BET method shows that the surface of the
very small nanopores does not contribute to the double layer capacitance.

The data in figures 8 and 10 indicate that the polarization propagates like diffu-
sion (parameter wy = kv/3) through the electrode of finite thickness (related to wj,
equation (6a)), and that at any point, x, the finite diffusion, related to wy and ws
(equations (9) and (10a)), results in a further time delay. The values of characteris-
tic frequencies wy, wy, we and ws, obtained according to equations (6), (6a), (9) and
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(10b) by the simulation program [42], are given in figure 10. According to the results
of the data of non-linear regression analysis [42], the chi-squared function (x?) has
the usual values (x? < 3-1073) for the electrochemistry when the complicated ma-
terials and systems are studied. The errors of individual parameters indicate a good
agreement with the Paasch et al. model I. Therefore, the two parallel conduction
paths in the solid and in the liquid phases are interconnected by the double layer
capacitance in parallel with the complex admittance of the hindered charge transfer
reaction (the equivalent circuit in the inset of figure 8).

Additionally, the Paasch et al. model IT [19,40] was tested, where the polarization
field F(k,w), responsible for the ctr reaction, is not restricted to the volume average
of the polarization at the interface but it can be extended into the solid phase.
The results of the non-linear regression analysis demonstrate the noticeably higher
deviation of the calculated Z”, Z'-curves from the experimental data for this model
than that for Paasch et al. model I, and therefore these data will not be discussed
more in detail in this paper. According to our simulations, ws; w3 < wy, and then
the relative magnitudes of wy, wo and w3 determine the low-frequency behaviour of
the Z”, Z'-plots (figure 10). At very low frequency f < 0.2 Hz, there is a transition
to a pure capacitive behaviour, since both the field diffusion and the species diffusion
are finite. In the region of frequencies 0.2 < f < 10 Hz, the slope equal to 7/4 for
7", Z'-plot was observed around w,, where the diffusion of species dominates in the
solution phase.

According to the data in figure 8, the shape of the complex plots depends on the
concentration of the electrolyte, as well as on the electrode potential. The depen-
dence of the Z”, Z'-plots on the electrolyte concentration is caused mainly by the
interplay of frequencies wg, wi, we and w3 and their dependence on ¢.. Thus, the
characteristic frequencies depend noticeably on the nature and structure of the ions
adsorbed at the nanoporous carbon electrode. At £ < E,—, there are mainly phys-
ically adsorbed (CoHs)4NT cations in the region of the inner layer but, at F > F,_,,
the weak specific adsorption of anions is possible. Between the (CyHs)4N* cations,
the van der Waals attractive interaction prevails, but there is repulsive interaction
between weakly specifically adsorbed BF; anions. At higher frequencies (f > 40 Hz
(0.1 M) and f > 200 Hz (1.5 M)), the shape of the impedance spectra is determined
mainly by the ratio of the wg and w; values, i.e. without regard to the diffusion in
the pores [19].

3. Conclusions

The results of impedance studies at nanoporous carbon | z M (CyHs5)4NBF, +
acetonitrile interface indicate that the series capacitance, series resistance, phase
angle and other parameters depend noticeably on the concentration of electrolyte
as well as on the electrode potential. It was found that the pore resistance, i.e. in-
ternal distribution of the electrode resistance rises noticeably with the dilution of
the electrolyte solution. For the dilute electrolyte solutions, a very well expressed
differential capacitance minima in the series capacitance-potential curves have been

324



Nanoporous electrodes

observed with the potential of the capacitance minimum, F;,, dependent slightly
on ¢ and on the direction of potential scan if ¢, > 0.01 M and v > 1 mV/s. At
ce < 0.007 M, the values of E;, are practically independent of v (¥ < 2 mV/s) as
well as of ¢q. Thus, to a first approximation, this potential value corresponds to the
zero charge potential for the nanoporous carbon | + M (CyHj5)4NBF, + acetonitrile
interface. Analysis of complex plane plots shows that the nanoporous carbon | z M
(CoHj5)4NBF, + acetonitrile interface can be simulated by the equivalent circuit, in
which the two parallel conduction parts in the solid and liquid phases are intercon-
nected by the double layer capacitance in parallel with the complex admittance of
hindered reaction of the charge transfer process [21]. The values of the characteristic
frequency depend on the electrolyte concentration and on the electrode potential,
i.e. on the effective Debye screening length [10,11,16,40] as well as on the nature and
structure of ions adsorbed at the surface of nanoporous carbon electrode.
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EnexkTpoximiyHi BnacTMBOCTI HAHONMOPUCTUX
ByrneueBux eNneKTpoais

E.Nlyct "2, LHypk "2, A.9aHec "2, M.Apynenn 2,
N.NepmanH?, M.Hiry?, N.Mionnep ?

IHCTUTYT i3nyHOI Ximii, YHiBEpcuteT M. TapTty
Byn. Akobi 2, 51014 Tapty, EcToHis

2 T30B “TapTty TekHonooxis”, Byn. Pia 185, 51014 TapTy, EcToHiqA

OtpumaHo 5 xoBTHA 2001 p., B OCTaTO4YHOMY BUMNSAAI — 28 rpyaHs
2001 p.

MeTogamn umMKniyHOi BONbTaMeTPIi Ta iMNegaHCHOT cnekTpockonii 6y-
N1 JOCNigXeHi NOABINHMIA eNEKTPUYHUI LLIAP Ta e1eKTPOXiMIYHI XxapakTe-
pucTtukm midkdasHoi obnactiByrneupb | (C2Hs) 4 NBF 4 +aueToHiTpun. Bynu
BCTAHOBJIEHI 3HAYEHHS NOTeHujany HynboBoro 3apsay (0.23 B BigHOCHO
SEE B H,0) obnacTb ifeanbHOi NoNspu3oBaHOCTi Ta iHLWi XxapakTepucTm-
k1. AHani3 rpadikis B KOMMIEKCHIN NJOLWLMHI Nokasas, Wo nim@asHa 06-
nactb Byrmneup | 2 M (CoH5)4NBF, + aueToHiTpun moxe 6yt 3MoAenbLo-
BaHa eKBiBaJIEHTHUM KOJIOM, B SIKOMY ABi NapanenbHi NPOBiAHI YaCTUHN B
TBEPAil Ta pigkin ¢pasi € 38’a3aHi EMHICTIO NOABIMHOIO Wapy napanesnsHo
3 KOMMJIEKCHOIO MOBHOIO MPOBIAHICTIO 3BOPOTHLOI peakLii npouecy ne-
peHocy 3apsay. SHAaYEHHS XapakTEPUCTUYHOT YHaCTOTN 3a/1EXMNTD BiJ, KOH-
LLeHTpaLjii enekTponiTy Ta NoTeHLUjany enekTpoaa, To6To NpMpoau ioHiB
afcopbOBaHMX HA MOBEPXHI HAHOMOPMCTOrO BYIIELEBOr0 €/1eKTPOAY.

KnrouoBi cnoBa: rnoasitiHui eNeKTpudHui Lwap, HaHorNnopucTui
Byr/i€Lib, NOTEHLIan Hy/ibOBOIro 3apsiay, HEBOAHWV PO34YNH €1EKTPOJIITY

PACS: 68.08.-p, 68.08.De
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