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Abstract Electrochemical characteristics for the nano-
porous carbon|EtyNBF,+ acetonitrile interface have
been studied by cyclic voltammetry and impedance
spectroscopy methods. The influence of the electrolyte
concentration and thickness of the nanoporous electrode
material on the shape of the cyclic voltammetry and
impedance curves has been established and the reasons
for these phenomena are discussed. A value of zero
charge potential, depending slightly on the structure and
concentration of the electrolyte, the region of ideal
polarizability and other characteristics have been
established. The nanoporous nature of the carbon elec-
trodes introduces a distribution of resistive and capaci-
tive elements, giving rise to complicated electrochemical
behaviour. Analysis of the complex plane plots shows
that the nanoporous carbon|Et;NBF,+ acetonitrile
electrolyte interface can be simulated by an equivalent
circuit, in which two parallel conduction paths in the
solid and liquid phases are interconnected by the double-
layer capacitance in parallel with the complex admit-
tance of the hindered reaction of the charge transfer or
of the partial charge transfer (i.e. adsorption stage lim-
ited) process. The values of the characteristic frequency
depend on the electrolyte concentration and electrode
potential, i.e. on the nature of the ions adsorbed at the
surface of the nanoporous carbon electrode. The value
of the solid state phase resistance established is inde-
pendent of the thickness of the electrode material.
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Introduction

Electrochemical and electrical double-layer characteris-
tics of carbon electrodes have been studied for a long
time, but there are many problems which have not been
solved at the moment [1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12,
13, 14, 15]. Electrical double-layer characteristics of
various carbonaceous materials are very important as
these parameters determine the electrical behaviour of
the electrical double-layer capacitors (EDLCs), where
the electrical charge is stored in the double layer (as the
Gibbs energy of adsorption) and is based mainly on
electrostatic interactions (so-called physical adsorption).
The very important advantages of EDLCs are their
reversibility and the comparatively low temperature
coefficient [1]. However, a very important problem with
EDLCs is their relatively low energy density compared
with the rechargeable batteries. It is well known that the
performance specifications of an electrochemical capac-
itor, e.g. in terms of the relations between achieved
power densities and corresponding energy densities, de-
pend on the equivalent series resistance (ESR) and on
the internal distribution of the electrode resistance (IER)
in the pore matrix of the electrode [1, 2, 3, 4, 5].

The capacitance of EDLCs depends mainly on the
specific surface area of the carbon material used for
preparation of the electrodes, as well as on the chemical
composition and geometrical structure of the cations
and anions adsorbed. Theoretically, the higher the sur-
face area of the activated carbon, the higher the specific
capacitance that should be expected. However, the
practical situation is more complicated and usually the
capacitance measured does not have a linear relationship
with the specific surface area of the electrode material.
There are two main reasons for this phenomenon: (1) the
double-layer capacitance, Cg;, varies with various types
of activated carbon that are made from the different
types of precursor (through different processes and
subsequent treatments) [1, 2, 3, 4, 5, 6]; (2) nanopores
with a small diameter may not be accessible to the



electrolyte solution, simply because the electrolyte ions,
especially large organic ions and ions with the solvation
cell, are too big to enter into the nanopores.

In the literature there are very large differences be-
tween the values of the electrical double-layer capaci-
tance of the carbonaceous materials (CMs), ranging from
3 uF cm ™2 for the basal C(0001) plane of stress-annealed
highly oriented pyrolytic graphite, to 70 uF cm™> for the
polished graphite edge plane[1, 2, 3, 16, 17]. The very low
non-faradaic differential capacitance value for the
C(0001) plane can be explained on the basis that a sub-
stantial fraction of the potential drop between the carbon
electrode and the solution occurs in a space-charge layer.
The various physical models developed so far [16, 17, 18,
19, 20, 21] cannot be used for interpretation of the
experimental impedance data for the porous CMs be-
cause the surface roughness factor for nanoporous car-
bon (NPC) is not a very well established parameter.
However, the potential drop in the thin surface layer of
CMs is very important [1, 2, 16, 17, 18].

It should be noted that carbon electrodes show a
frequency-dependent capacitance even through the
capacitance should be independent of frequency. This
abnormal frequency dependence is called a distributed
characteristic or “frequency dispersion” of the electrical
properties and it results mainly from two origins [1, 2, 3,
4,5,6,7,8,9,10, 11, 12, 13, 14, 15]. (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
a.c. penetration depth), which is a function of frequency,
and this type of distributed characteristic exits even
when all the system properties are homogeneous and
space invariant. (2) The distributed characteristic is
attributed to various heterogeneities: geometric inho-
mogeneity, such as the surface roughness or the distri-
bution of pore size, as well as the crystallographic
anisotropy and the surface disorder of a polycrystalline
electrode. A circuit element with the distributed char-
acteristics cannot be exactly expressed as a combination
of a finite number of ideal circuit elements, except in
certain limiting cases.

Theoretical background

Beginning essentially with the work of de Levie [10, 12,
13], a large number of various models have been devel-
oped [1, 2, 8,9, 11, 14, 15, 16, 17] to describe theoreti-
cally the experimental behaviour of the carbon or
porous carbon electrodes. A very important direction is
the investigation of the influence of the pore geometry
on the data for impedance spectroscopy [14, 15]. Some
authors used simple modifications of the classical Ran-
dles—Frumkin—-Melik—Gaikazyan  equivalent circuit
(RFMG) [22, 23, 24, 25, 26, 27] (i.e. so-called Ho model
[28]), involving a constant phase element or Warburg
diffusion impedance modified according to the boundary
conditions [1, 8, 25, 26], as well as the branched trans-
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mission line equivalent circuits [1, 8, 27]. It should be
mentioned that the Ho et al. model [28] does not de-
scribe the impedance of a porous electrode, but describes
the influence of the thickness of an electrode on the
diffusion with the reflective boundary condition in the
frame of the RFMG mechanism [8]. Paasch et al. [11]
developed a theory for a macroscopically homogeneous
porous electrode, where three main processes are con-
sidered: (1) ionic conductivity in the pore electrolyte and
electronic conductance in the electrode (solid) phase; (2)
charging the double layer on the inside porous electrode
surface|liquid interface; and (3) a charge transfer reac-
tion (c.t.r.) on the inside electrode surface or a partial
c.t.r. in our conditions for the nearly ideally polarizable
electrode [29]. The Paasch et al. model [11] includes also
a finite diffusion of the ions due to the small pore size
with reflective boundary condition [8, 11]. The averaged
polarization at the porous surface was described by the
diffusion equation with the linear source term repre-
senting the c.t.r. According to this theory, the position
(x)- and time (7)-dependent polarization, E(x,?) (aver-
aged for the porous surface), has been given (without
regard to an unknown constant) as:

E(x,1) = ¢ — ¢, (1)

where ¢, is a value of the potential in the solid phase
(taken independent of x, ¢; # f(x)) [11]. The potential
for the electrolyte in the pore, ¢, is determined by the
electrolyte  conductivity, double-layer  formation
parameters and c.t.r. characteristics of the interface (or
by the partial charge transfer characteristics for an
“ideally” polarizable electrode). Averaging this potential
over the volume element, containing many pores, gives
the position- and time-dependent potential (¢,(x,?)).
In the case of low conductance for an electrode material,
the resistivity per unit length of the solid phase, pi, is
important. After averaging the potential over the vol-
ume element Adx (with the c.t.r. conductance
dG = g.dx, where g is the charge transfer conduc-
tance per unit length; A is the electrode flat-gross section
surface area), the potential for the electrode matrix, ¢y,
also becomes position dependent, i.e. ¢;=f(x). The
theory of Rousar et al. [9] at p7'V2¢, + p3' V3¢, =0
(p> is the resistivity per unit length of electrolyte in the
porous material leads to the relation:

0E 18,

—C) — —_
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at - +gctrE

2)
where C; is the double-layer capacitance per unit length
averaged similarly to the potential (C,=AS,Cq, where
Sy, is the area of the pores per unit volume, on which an
electrical double layer can be formed, and Cg4; is the
“usual” double-layer capacitance per unit surface area
of the electrode material) and ry is the resistance per unit
length of the solid electrode matrix.

The electrochemical impedance of an interface is
determined by the potential drop, E, over an electrode

[11]:
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Eel(w) = d)l,a(d? CO) - ¢2,a(07 (L))
=E, (d’ w) + ¢2,a(d’ w) - d)z,a(oa CO) (3)

Z(w) = Ea(®)/A]a (4)

where ¢, ,(d, ) is the solid-phase potential at the con-
tact side (x=d); ¢,,(0,w) is the electrolyte potential at
the electrolyte side (x=0); w is the a.c. angular fre-
quency; and j, is the amplitude of the current density
(reported to unit geometrical area of the electrode).

Using the usual electrochemistry conditions [11], the
electrode impedance is obtained as:

_ 1[pitpicoth(dh)  2pipy 1 dpips
Z(w)=4 -
pitpy B p1+p2sinh(dp)  py+p,
(5)
with:
1 (k+iw\"? K
ﬁ:3< e ) andwlzﬁ (6)

where w, is a characteristic frequency, related to the fi-
nite “field diffusion”, and the characteristic frequency k
and “field diffusion constant” K are defined as:

Yetr jol’lF
k=—/—=—— 7
C] ClegT ( )
and:
1
(8)

~ CaSp(py + p2)

In Eq. 7, jo is the exchange current density, R, and F
are the universal gas and Faraday constants, respec-
tively, and n is the number of electrons transferred in the
elementary step of a redox reaction. According to Eqgs. 8
and 7, the so-called “‘field diffusion constant”, K, de-
pends only on the ohmic resistivities p; and p, and on
the double-layer capacitance, and the ratio of the ex-
change current density to the double-layer capacitance
determines the characteristic frequency k.

The a.c. decay length A is defined as [11]:

2K i V2
A= 12
(1 +w?/k?) 7 +1

If finite diffusion to the planar porous electrode takes
place, then the value of the charge transfer resistance is
defined as:

Reyr — Rctrz(w) = Reyr (1 + 14/ 602/160>

where i =+v/—1 and z(w) = 1/y(w) is the value of the
volume-averaged hindrance impedance, describing the
deviation of a system from the conditions of the real
charge-transfer resistance. For a simple electrochemical
charge-transfer reaction, the characteristic frequency w,
is given as:

©)

(10)

wZ:kﬁet/D (11)
where D denotes the diffusion coefficient of the electro-
active species and kpe =kox + kg 18 the rate constant.
For the macroscopically homogeneous surfaces, Eq. 10
seems to explain the dominant dependence that 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 inside the pores (i.e. on the inside
electrode surface), when the boundary condition is not a
transmissive one, will be of the form:

2(w) =1+ «/wz/iwcoth<\/iw/w3> (12)
with:

where /,, denotes the characteristic pore dimension [11].

Compared with the case of a simple c.t.r., in the Pa-
asch et al. model I there are two additional parameters,
w, and w3, i.e. parameters characterizing the behaviour
of the porous electrodes if finite diffusion inside the
pores takes place [8].

Experimental

The electrodes comprised an aluminium foil current collector and
the active material layer. The active material used consisted of
nanoporous carbon (prepared from TiC starck grade C.A. by the
chlorination method according to the published preparation
scheme [2, 6, 30, 31, 32, 33], the mixture of the binder (polytetra-
fluoroethylene, 60% solution in H,O, Aldrich) and carbon black
(Aldrich). Carbon black was added to decrease the ohmic resistance
of the electroactive material. This mixture was laminated on the Ni
foil and pressed together to form a very flexible layer of the active
electrode material. The density of the nanoporous carbon electrode
(NPCE) decreases with the increase in thickness of the NPCE,
Inpck (Fig. 1), but the BET surface area and other characteristics
of the NPCE, obtained from N,-adsorption parameters [34], were
practically independent of /npcg. After drying and plating under
vacuum, the NPCE was covered by a very pure Al layer on one side
[2, 30, 31, 32, 33]. Then the Al-covered carbon layer was spot-
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Fig. 1 Dependence of NPCE material density p on the thickness /
of the electrode



welded in an Ar atmosphere to the Al foil current collector. The
limits of ideal polarizability of the Al foil, established by cyclic
voltammetry as well as by impedance spectroscopy methods, are
wider than those for the NPCE studied.

The electrolytes used were prepared from very pure acetoni-
trile (AN) (0.003% H,O, Riedel-de Haén), stored over the
molecular sieves before use, and from very dry EtyNBF, salt
(99.9%, 0.005% H,O; Pred Materials International), additionally
purified and dried [18, 30, 31, 32, 33]. A three-electrode standard
glass cell with a very large counter electrode (apparent area
~30 cm?), prepared from carbon cloth, was used. In some
experiments, a very large Pt-mesh counter electrode was used, but
the experimental results (i.e. the values of current density mea-
sured) were independent of the counter electrode material used.
The reference electrode was an aqueous saturated calomel elec-
trode (SCE in H,O) connected through an electrolytic salt bridge
(0.1 M LiClO4 in H,0[0.1 M EtyNBF, in AN) to the measure-
ment system [18]. Very pure Ar (99.9999%, AGA) was used for
saturating the solutions. Specific surface area, pore size distribu-
tion, micropore volume, micropore area and other parameters
were measured using the Gemini 2375 (Micromeritics) system and
calculated according to the methods described [34]. Some more
important characteristics obtained are given in Table 1 and in
Fig. 2. According to the data in Fig. 2, the nanopores with a
pore diameter d=1.1-1.2 nm prevail on the surface of nanopor-
ous carbon. The specific area of nanoporous carbon ID 1727,
obtained by the Brunauer, Emmet, and Teller (BET) method, has
a surface area of 11004200 m? g~!, practically independent of
Inpce. Comparison of these data with those published [2, 6]
indicates that the specific surface area for ID 1727 is somewhat
higher than that for nanoporous carbon ID 711 but somewhat
lower than that for ID 1369 [6].

The results of AFM studies for nanoporous carbon ID 1727
show that the NPCE has a very rough and complicated surface
structure.

Table 1 Gas phase characteristics for the electrode material pre-
pared from nanoporous carbon ID 1727

Parameter Value
BET surface area (m? g™ ) 1200
Nano(micro)pore area (m* g~ 930
External surface area (m” g ') 270
Micropore volume (cm> g~') 0.66
Adsorption average pore diameter 20.5
(calculated according to [34]) (A)
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Fig. 2 Pore size distribution for nanoporous carbon 1D1727
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Results and discussion
Cyclic voltammetry curves

The cyclic voltammetry (j vs. E) curves for 0.1 M and
1.0 M Et,NBF4+ AN solutions, obtained at low scan
rates of potential v=dE/ds < 10 mV s~ (Fig. 3a), have
nearly mirror-image symmetry of the current responses
about the zero current line [j= current density, obtained
using the flat cross-section (geometrical) surface area of
the NPCE]. Accordingly, the NPCE is ideally polariz-
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Fig. 3 (a) Current density vs. potential (j vs. E) curves for
Inpce =60 pm thick NPCE in 0.1 M Et4NBF,+ AN at different
potential scan rates v (mV s7!), noted in the figure; (b) C vs. E
curves for NPCE ID1727 in 0.1 M Et4NBF,+ AN interface
obtained from j vs. E curves at different scan rates: (1) 0.1, (2)
-0.2, (3) -0.5 and (4) -1 mV sl (¢) Enin vs. potential scan rate
curves for NPCE ID1727 in 0.1 M Et;NBF4+ AN at different
Inpce values (noted in figure), obtained from j vs. E curves for
positive directions of the potential scan
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able in the region of potentials from —1.4 to 1.4 V (vs.
SCE in H,O) in the Et4NBF;+ AN solutions. The
experimental data show that the shape of the j vs. £
curves is independent of the number of current cycle, n,
if n=3. Thus, the NPCE demonstrates stable electro-
chemical properties in this region of potentials, i.e. in the
region of ideal polarizability. At a fixed electrolyte
concentration, ¢, the current responses increase almost
in the expected way with large v values (Fig. 3a), but
with increasing v>20 mV s~! the cyclic voltammograms
become distorted from the mirror-image symmetry
[1, 2]. The deviation of the j vs. E curves from the mir-
ror-image symmetry is more pronounced for the less
concentrated electrolyte solutions, in good agreement
with published data [1, 2, 3, 4, 5, 6].

If the series resistance R, #0 and I # 0, then for
cyclic voltammetry the applied voltage E, is given as:

E, = Ey+ vt — IR (for 0 < t < Ey/v) (14)

where Ej is the initial potential, ¢ is time and E, is the
upper limit of the potential sweep. Correspondingly,
the voltage applied during the negative direction of the

potential sweep is:
E, = E, — vt — IR, (15)

Assuming that R,=constant and /= f{r), the follow-
ing expressions for the positive current:

dr
I,(E) = Cv—R,C— (16)
dt
and for the negative current:
dr
I(E)=—Cv —RSCE for E/v <t < 2Ep /v (17)

can be obtained when C is the series capacitance of the
electrode. However, according to the experimental re-
sults, this effect depends noticeably on /ypcg and this
effect is very large for the thicker NPCE in less con-
centrated EtyNBF, solutions. Thus, at higher scan rates
for thicker electrodes there are very well expressed dis-
tortion effects in the j vs. E curves, caused by the sig-
nificant resistivity of the electrolyte in the porous
material, as well as probably by the resistivity of the
porous electrode material (i.e. by the significant series
resistance of the experimental system). The first effect
has been explained by the onset of the so-called “‘elec-
trolyte starvation” [1, 35], which is associated with the
withdrawal of the electrolyte ions from the pore bulk
electrolyte due to adsorption of the ions on the double-
layer interphases when they become charged. Compari-
son of the j vs. E curves for different electrolyte
concentrations shows that the scan rate at which the
deviation of the j vs. E curves from the ideal behaviour
starts decreases with the dilution of the electrolyte
solution. Thus, the solution resistance is important but,
on the other hand, the establishment of the adsorption
equilibrium in the nanopores is a very slow process,
which is caused by the very small “effective” diffusion

coefficient values of the ions in the nanopores influenced
by the effective diffuse layer thickness at the electrode
surface, as well as by the increase of the effective Debye
screening length with the dilution of the electrolyte [1, 2,
6, 18, 33, 36, 37].

According to the experimental results (Fig. 3a), in the
j vs. E curves obtained at low scan rates, there is a
minimum of current density in the potential region
—0.1 £ E<0.5V (vs. SCE in H,0), which, in the case of
metal electrodes, is explained by the diffuse nature of the
electric double layer in the region of total (or free) zero
charge [18].

Noticeably better expressed current (i.e. capacitance)
minima have been established for the 0.01 M and
0.005 M Et4,NBF;+ AN solutions (Fig. 3b), in good
agreement with published results [2, 6]. The current
density at v=constant and EF=FE,;;=0.27 V vs. SCE
decreases with dilution of the electrolyte. The potential
of this minimum is practically independent of the
direction of the potential scan if v < 2 mV s~!, as well as
of the electrolyte concentration if ¢,y < 0.1 M. Thus, to a
first approximation, this minimum is probably caused by
the zero charge potential (or by the total zero charge
potential) of the nanoporous carbon electrode in AN
[1, 2, 6, 15, 16, 17, 18]. The value of E,;, is practically
independent of v for the electrodes with /ypcg =60 um
and 100 um (Fig. 3c), but for thicker electrodes there is
a large dependence of E,;, on v at higher scan rates,
which is caused by the very slow desorption process of
the Ety,N™ cations from the negatively charged surface
as well as by the “distortion” effect [1, 2, 6, 35]. For the
1.0 M EtuNBF;+AN system (/npcg <150 pum) the
dependence of E,;, on v as well as on the potential scan
direction is very small, explained by the smaller effective
Debye length values for the electrolyte ions, i.e. by the
quicker establishment of the adsorption equilibrium [1,
2, 6, 30].

Differential capacitance vs. potential curves

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

C =o' =j(dE/di)! (18)

if we assume that the capacitance C = constant and if the
system series resistance R, — 0 or if the current density
j — 0. It is to be noted that, in real conditions, Eqgs. 14,
15, 16, 17, 18 can be used for obtaining the capacitance
values only in the region of low potential scan rates if the
values of the current are very small, as the potential drop
(IR drop) losses are negligible only at these conditions
and the current response is essentially of a pure capac-
itor [1, 2, 5, 6, 35].

The C vs. E curves in Fig. 3b, obtained from j vs. E
curves, show that at E~0.27+0.01 V (vs. SCE) the very
well expressed capacitance minimum (with the potential



of the minimum, E,;,) in the C vs. E curves has been
observed for ¢ <0.1 M solutions. According to the
experimental data, for 0.1 M EtyNBF,+ AN solutions
in the limited region of the electrode potential, corre-
sponding to the zero charge potential E,_, the capac-
itance only weakly increases with the decrease of v'/.
The calculated values of Cpin (F cm™) (Table 2) in-
crease with /ypcg (i.e. with the volume of the effectively
working material). For that reason, the values of C have
been recalculated into units of F g~!, where the active
weight of the nanoporous carbon electrode has been
taken into account. According to the results of the cal-
culations, the value of C (F g™') obtained is practically
independent of /ypck if Inpcg £ 150 pm. The somewhat
lower values of C for thicker electrodes can be explained
by the noticeable diffusion limitations in the nanoporous
electrode matrix. The lower values of C for 0.1 M
Et,NBF,+ AN solution compared with the 1.0 M
solution can be explained by the diffuse nature of the
electrical double layer at E=E,;,. It should be noted
that the values of C established from the j vs. E curves at
v<5mV s are in good agreement with the Cy vs. E
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curves [where Cg is the series capacitance, calculated
from the complex plane (Z” vs. Z’) plots] measured at an
a.c. frequency /< 10 mHz.

According to the experimental data (Fig. 4a, b), the
series differential capacitance for the NPCE with thick-
ness /npcg =60 pum only very slightly depends on fre-
quency in 1.0 M Et4;NBF,4 at < 0.1 Hz, and for the
0.1 M electrolyte at f'< 5x107> Hz. The NPCE with
Inpce =250 pm demonstrates the almost equilibrium
capacitance values only in the 1.0 M solution at
/< 5x107° Hz (Fig. 4a, b). Thus the frequency value at
which the adsorption equilibrium has been established
(feq) depends on Inpcg and ¢ (i.e. on the Debye
screening length) and f., decreases with increasing
Inpce- At higher frequency, C; depends significantly on
f, which is caused by the very small values of a.c. pen-
etration depth (Eq. 9) compared with the pore length.
At |E| > E,, there is a noticeable dependence of Cy as
well as of f,q on E, indicating that the effective Debye
screening length plays an important role in establish-
ment of the adsorption equilibrium. The dependence of
the C; vs. f plot characteristics on the electrode potential

Table 2 Electrochemical

characteristics of the Electrolyte InpcE (Um) Csmin (F cm_z) (f=5 mHz) fmax (Hz) o (f< 10 mHz)
nanoporous carbon ID
1727|xM Et,NBF,+ AN 0.1 M Et4NBF, 60 0.29 3614 0.98
interface 100 0.48 3721 0.97
150 0.71 3455 0.94
200 0.84 2920 0.92
250 1.16 3610 0.91
1.0 M Et4,NBF, 60 0.34 50 0.99
100 0.60 60 0.98
150 0.94 51 0.97
200 1.06 52 0.95
250 1.30 52 0.89
Fig. 4 C vs. E curves for a
NPCE ID1727 in (a) 0.1 M
EtNBF,+ AN and in (b) | M 18 | 1.8
Et,NBF,+ AN at different
InpcE values, obtained from Z”
vs. Z’ curves at an a.c. 15 L 15
frequency of 0.005 Hz ' ’
“c12 b o112
g 250 g
w w
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Fig. 5 C; vs. f curves for NPCE ID1727 in (a) 0.1 M

Et,NBF,+AN and (b) in 1 M Et;NBF,+AN at /ypcg =100 pm
and different potentials (V vs. SCE), noted in the figure

(Fig. 5a, b) demonstrates that the limiting Gibbs
adsorption is higher for BF,” anions than for Et;N"
cations [37].

Analysis of impedance data

The Z” vs. Z’ plots [so-called Nyquist plots (Figs. 6 and
7a)] were measured for the nanoporous carbon|xM
Et;NBF,+ AN solution interface in the range of a.c.
frequencies from 1x107° to 1x10° Hz and potentials
from —1.4 to 1.4 V (vs. SCE in H,0) at fixed E=con-
stant. The Z” vs. Z’ plots have been simulated according
to the modified Frumkin—Melik—Gaikazyan—Randles
model (where formally the Warburg-like diffusion
impedance takes into account the finite diffusion due to
the small pore size with reflective boundary conditions
[8]) (circuit I in Fig. 7b), the Paasch et al. model [11]
(circuit IT) or the modified Meyers et al. model [6, 36, 37,
38, 39]. In the Meyers et al. model [38], the charge
transfer and double-layer charging at the surface, the
intercalation of ions (H " from H>O reduction) and solid
phase diffusion inside the nanoparticle, as well as the
effect of an insulating film at the nanoparticle surface,
have been taken into account [38]. The better fit shown
in Figs. 6 (a and b) and 7a (solid lines) has been estab-
lished for the Paasch et al. model 111, 39], in which two
parallel conduction paths in the solid and liquid phase
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Fig. 6 Complex plane (Z” vs. Z’) plots for NPCE ID1727
(Inpce =100 um)|AN+1 M (a) and 0.1 M (b) EtyNBF, interfaces
at different electrode potentials, noted in the figure (symbols,
experimental data; solid lines, simulation according to Paasch et al.
model [11])

are interconnected by the double-layer capacitance in
parallel with the complex admittance of the hindered
reaction of the charge transfer process inside the elec-
trode surface. The experimental results obtained dem-
onstrate that the shape of the Z” vs. Z’ plots depends
noticeably on E (Fig. 6a) as well as somewhat on ¢
(Fig. 6b) and /Nnpcg (Fig. 7a). The complex plane plot
for the Et;NBF4+ AN electrolyte consists mainly of two
parts: the depressed semicircle at higher a.c. frequencies
(/=240 Hz) with the characteristic frequency fi.x (given in
Table 2), and the double-layer capacitance region at
lower frequencies (so-called “planar electrode” section,
where the finite length effects prevail). The shape of the
Z” vs. Z' plots indicates that there are two limiting
processes (the slow diffusion and slow heterogeneous
adsorption steps [37, 38, 39, 40, 41], with the faradaic
charge transfer or partial charge transfer process)
affecting the rate of the adsorption process of the elec-
trolyte ions at the nanoporous carbon|acetonitrile
interface at f>40 Hz [1, 2, 22, 23, 24, 28, 36, 37, 38, 39,
40, 41]. Differently from the nanoporous carbon ID
711JAN+0.1 M Et4,NBF, interface [2] and from the ID
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Fig. 7 (a) Complex plane (Z” vs. Z’) plots for NPCE
ID1727/AN+1 M E{NBF, interface at potential E=0.2 V vs.
SCE and different /nypcg values, noted in the figure (symbols,
experimental data; solid lines, simulation according to Paasch et al.
model [11]). (b) Equivalent circuits used for fitting the experimental
complex plane plots: I, combined Frumkin—Melik—Gaikazyan and
Randles (so-called Ho [28]) circuit, where R, is the high-frequency
series resistance [Re=Z(w — )], CPE is the constant phase
element, R,q is the charge transfer resistance, Zw is the Warburg-
like diffusion impedance and C,4 is adsorption capacitance; II,
Paasch et al. circuit, 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 dR,
are the ohmic resistances of the porous electrode material and of
the electrolyte in the pore, respectively, in the volume element Adx

(1]

1369(0.1 M LiCIO4 or 0.1 M LiBF,+ AN systems [6],
there is no very well expressed so-called nanoporous
region in the Z” vs. Z’ plots [i.e. there is no section in the
Z" vs. Z' plot where the slope o’ =45°, characteristic of
the diffusion-limited process in the nanopores [1, 2, 6,
34, 36, 38, 39, 40, 41], except at FEn;, (Fig. 6a)].
Accordingly, the “pore resistance” depends on the
effective screening length of the ions in the electrical
double layer [36, 38, 39, 40, 41, 42] and only in the region
of E;, for the 0.1 M Et;NBF,4/NPCE interface there is
a very compressed region, where the Z” vs. Z’ plots are
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almost linear with the slope a’a~45°. It should be noted
that the effective diffuse layer thickness (i.e. the inverse
Debye length of the electrolyte ions) as a function of the
electrode rational potential E=E, —F;_, is given as:

Ketf(E) = kcos(efE/2) (19)

where k is the Gouy length. The Debye length (equal to
k1) is obtained as:
K= (8ﬁ/8nnez)l/2 (20)
where f§ = (/’cBT)f1 (T is absolute temperature and kg is
the Boltzmann constant; n is the bulk electrolyte con-
centration; e is the dielectric constant of the solvent; and
e is the elementary charge) [36, 42]. For that reason, it is
impossible to obtain correctly the -electrochemical
parameters of the pores prevailing at the surface of the
nanoporous carbon material, according to the published
model [12, 13].

The dependence of the slope of the Z” vs. Z’ plot on
the electrode potential in the so-called planar electrode
section (<20 Hz) is caused mainly by the decrease of
the effective screening length of the electrolyte ions with
the increase of the surface charge density at the elec-
trode|electrolyte interface [36, 42, 43]. According to the
experimental data for Et;NBF, in various solvents, the
Walden product Znoxlguws is practically independent of
the solvent studied, and, tHerefore, the effective radius of
Et,N " ion in AN solution, to a first approximation, can
be taken equal to the crystallographic radius of the
cation (rcg = 0.343+0.002 nm) [44, 45] (no is the coef-
ficient of viscosity for the pure solvent and A° is the
limiting molar conductivity of AN with addition of
Et4NBF,). Thus, the dependence of the shape of the Z”
vs. Z' plot on E indicates that the effective pore
dimension is of the same order of magnitude as the
Debye length for the 0.1 M electrolyte+ AN system
(' =0.66 nm for 0.1 M electrolyte in AN at 7=298 K
and E=E;y).

The Z” vs. Z’ plots (at f= constant) were used for the
calculation of the values of the differential series
capacitance Cy (series circuit) and parallel capacitance
C, (parallel circuit) (Fig. 8), as well as of the series
resistance R, and parallel resistance R, values (ZView
for Windows version 2.2, Scribner Inc.). According to
the data obtained, the values of C; and C, for the NPCE
with INpcg=60 um level off to the limiting value of
Cs(w — 0) at low frequency, /' < 0.1 Hz, indicating that
the diffusion-like step is a slow and limiting stage of the
adsorption process of the Et,N ™ ions in the region of
Ein, as well as at E< <E,;,. With the increase of
thickness of the electrode material the inflection fre-
quency noticeably decreases, and for NPCE with
Inpce =250 pm in 0.1 M Et4NBF, electrolyte, Cs and C,
level off only at < 0.005 Hz. For 1.0 M electrolyte the
level of Cp, and C; has been established at somewhat
higher frequencies, f>107> Hz. For a thinner NPCE
there is no dependence of the inflection frequency on
Inpce. Comparison of the C values obtained from
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impedance data with those from j vs. E curves demon-
strates a good agreement between the differential
capacitance values for both series at FE < E;, if
f<102Hzand v< 1 mV s\,

The results in Fig. 9a are in good agreement with
these conclusions, as the values of the phase angle
0~-90° for the NPCE with /\pcg=60 um in 1.0 M
electrolyte at £ < —1.4 V indicate mainly the adsorption
stage limited process of ions on the NPCE at
£<0.01 Hz. The values of [d] £90° for the thicker
NPCE (Iypce> 150 pm) and less concentrated electro-
lytes (Fig. 9a, b) indicate the mixed kinetics (slow dif-
fusion followed by the slow adsorption step) of the
adsorption of ions at the NPCE. It should be mentioned
that for the NPCE with /ypcg =250 pm|0.1 M electro-
lyte interface the adsorption equilibrium has been
established at /< 0.005 Hz. The dependence of |d| on the
electrode potential at f=constant indicates that the
establishment of the adsorption equilibrium depends on
the effective charge of the adsorbed ions (mixed kinetics
for anions) (Fig. 9a, c).

The shape of the Bode amplitude (|Z| vs. logw) plots
for various systems, obtained at different electrode
potentials with E=constant, depends on ¢ as well as on
Inpce- The higher values of |Z| for the 0.1 M Et;NBF,
solution are caused mainly by the higher values of the
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Fig. 9 (a) Phase angle vs. frequency dependences for NPCE
ID1727 (Inpce =60 pm) in 1 M Et4NBF,+ AN solution at differ-
ent potentials (V/SCE, noted in the figure). Phase angle vs.
frequency dependences for NPCE ID1727 in 1 M (b) and 0.1 M (c)
Et;NBF4+ AN solution at E=1.4 V (vs. SCE) for different /\pcg,
noted in the figure

pore resistance (Fig. 6a, b). At 1x107' < f< 1x10° Hz,
there is noticeable dependence of |Z| on frequency at
|E| # Emin, and the higher values of |Z| for NPCE at
E,—( are mainly caused by the higher values of Rpqre.

Analysis of complex plane plots
The complex plane plots, measured and simulated for

the NPCE|xM EtNBF,+ AN interface at different
electrode potentials (Figs. 6, 7 and 10), can be divided
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Fig. 10 Complex plane (Z” vs. Z’) plots (a, b) for ID1727
(Inpce =250 um)|AN+1 M Et4NBF, interface at different elec-
trode potentials, noted in the figure (symbols, experimental data;
solid lines, simulations) according to (a) the modified Randles—
Frumkin—-Melik—Gaikazyan model [8, 11, 22, 23, 24, 41] and (b) the
Paasch et al. model 1 [11]

into four main sections. At high a.c. penetrability [at
very low a.c. frequency, /' < 1x107? Hz, and thus at very
high values of 4 (Eq. 9)] the NPCE behaves like a planar
electrode since the a.c. penetration depth A is large and
the a.c. signal detects a very large amount of the pore
volume. However, according to the data in Figs. 6a and
10, in this region of f, the NPCE|AN interface demon-
strates the non-ideal constant phase element (CPE)
behaviour and constant phase exponent values a of less
than 1.0 have been established (Table 2). The values of «
depend on the electrode potential and are lower at
|E| > Epnin, Indicating that the specific adsorption of
various ions at different electrode potentials (cations at
E< E;, and anions at E> E,;;,) is possible [2, 6, 36]. On
the other hand, at ¢,y = constant, the dependence of o on
|E| is weak and this result indicates that the effective
working surface area of the electrode only very weakly
depends on the Debye screening length at /< 0.01 Hz
[2, 6, 36, 39, 42, 43].

However, according to the model [43], the deviation
of o from unity is caused mainly by the pore size dis-
tribution in the nanoporous material studied. It should
be noted that more detailed computer simulations are
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inevitable, but the somewhat higher deviation of « from
unity for ID 1727, compared with ID 711 and ID 1369
[2, 6], indicates that the nanoporous carbon ID 711 has a
narrower pore size distribution, which is in good
agreement with the BET data (Table 1 and Figs. 1 and 2
and the corresponding published data [2, 6]). The lower
values of « at E> E,;;, than at E < E,;, indicate that the
“effective” radius of the anions is smaller than the
“effective * radius of the cations [44, 45].

At lower penetrability (at higher frequency), the
penetration depth is smaller than the length of the pores,
so that the a.c. signal detects only a part of the pore
volume. This is called the porous section of the Z” vs. Z’
plots, and the phase angle approaches —45° in this region
of a.c. frequency (Fig. 6). In addition, there is a transi-
tion section between the porous and the planar sections
in the Z” vs. Z’ plots at E=E,_,.

At higher frequencies, there is a very well expressed,
slightly depressed, semicircle in the Z” vs. Z’ plot, with
the depression angle, f, decreasing with the negative
polarization of the electrode and with dilution of the
electrolyte. It should be noted that the value of f equal
to zero corresponds to the purely charge transfer limited
heterogeneous process [f=45° corresponds to the dif-
fusion limited stage, and 0<f<45° (depressed semi-
circle) corresponds to a charge transfer process at the
inhomogeneous interfaces] [2, 6, 37, 38, 39, 40, 41, 42].
The value of f<10° for the 1.0M Et;NB-
F4+ AN|NPCE interface (Fig. 6b) indicates that the fast
heterogeneous adsorption step (i.e. the partial charge
transfer reaction) is probably the rate-determining pro-
cess for this system at /240 Hz. For the less concentrated
Et4NBF,+ AN solution, the kinetically mixed (diffusion
and heterogeneous adsorption limited) process has been
established.

Results of non-linear regression analysis (ZView for
Windows version 2.2, Scribner Inc.) for the Z” vs. Z’
plots show (Fig. 10a) that, to a first very rough
approximation, these plots can be formally simulated
using the modified Randles—Ershler-like equivalent cir-
cuit with the chi-square function »*>1.8x107> and
weighted sum of squares A%>0.25 for the 1.0 M Et,NBF,
solution (Fig. 7b, scheme I), where the generalized finite
length Warburg element (GFW) with the reflective
boundary condition (finite length transmission line ter-
minated with an open circuit) is expressed as [46] (ZView
for Windows version 2.2, Scribner Inc.):

Roy coth[(iT0)™]
(iTw)™

where Rp is the so-called limiting diffusion resistance,
the frequency parameter T is expressed as 7'=L?*/D,
where L is the effective diffusion layer thickness and D is
the effective diffusion coefficient of a particle; ow
(Fig. 11a, b) is a fractional exponent varying from 0 to
1. The values of aw higher than 0.5 indicate the devia-
tion of the NPCE|AN+ xM Et;NBF, system from the
classical semi-infinite diffusion model [22, 23, 24],
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increasing with dilution of the electrolyte and with the
decrease of the active NPCE layer thickness and nega-
tive polarization of the NPCE. The parallel charge
transfer (or adsorption) resistance, R, as well as diffu-
sion resistance, Rp (Fig. 11a, b), increase with increasing
the negative electrode potential, and with decreasing the
electrolyte concentration and thickness of the NPCE
active layer. The frequency parameter 7' has minimal
values in the region of E,;_, and T increases with /Npcg
and cq.

However, a better agreement between simulations
and experimental data for the NPCE|xM Et;NB-
F,+ AN interface with the 4 function (3> < 6x10™*) has
been established if the Paasch et al. model I [11] (circuit
IT in Fig. 7b) is used.

According to the results of fitting, the dependence of
the characteristic frequency k = g./C;=]jonF/CyR,T
on the thickness of the electrode material (Fig. 12) is
mainly caused by the decrease of the charge transfer
conductance per unit length with increasing /npcg. The
noticeably higher values of k for 1.0 M Et;NBF, than
for the 0.1 M solution are in good agreement with this
conclusion and can be explained by the noticeable
dependence of charge transfer conductance per unit
length, g, on the electrolyte concentration (i.e. g in-
creases with c¢g).
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Fig. 12 The dependences of the parameter k (calculated according
to Paasch et al. model I) on the electrode potential for NPCE
ID1727 in (a) 0.1 M and (b) 1 M Et;NBF;+ AN solutions at
different /npcg, noted in the figure

The weak dependence of the characteristic frequency
w; related to the finite “field diffusion’:

o1 =K/ = 1/[CaSelpy + p)d’ (22)

on Inpcr (Fig. 13a, b) can be explained by the depen-
dence of p, on IxpcE as well as of p, and Cy; on ¢,. The
dependence of the characteristic frequency @, = kpe/D
on Inpcg (Fig. 14) can probably be explained by the fact
that the value of the diffusion coefficient D is an effective
value and the increase of w, with Ixpcg can be explained
with the decrease of D in Eq. 11 (if we assume that
ket = kox + kieq 1s independent of Inpcg). The noticeably
smaller values of w, for more concentrated electrolyte
solutions can be explained by the higher effective diffu-
sion coefficient values caused by the smaller effective
Debye screening length for more concentrated solutions
[2, 6, 39, 42, 43]. The fact that w, vs. E dependences have
a maximum at E= E;, clearly indicates that at these
potentials the effective Debye screening length is maxi-
mal and, accordingly, the effective D values have to be
minimal.

Figure 15 demonstrates that the value of the char-
acteristic frequency w; decreases with increasing /npcg
(Eq. 12). The very small increase of w3 with the decrease
of Inpcg can be explained by the weak dependence of
the effective value of D on Inpcg, as the characteristic



800 a
60
600 |
TU)
$ 400 +
200 |
100 200
0 oo ,‘_c_v;,\_,_/nﬂl_nz
A5 1.0 05 0.0 05 1.0 15
E /Vvs SCE
60000
b
40000 |
‘TKI)
)
20000 |
0 L 1 1 L 1
15 -1.0 05 0.0 0.5 1.0 15
E /Vvs SCE

Fig. 13 The dependences of the parameter w; (calculated according
to Paasch et al. model I) on the electrode potential for NPCE
ID1727 in (a) 0.1 M and (b) 1 M Et;NBF;+ AN solutions at
different /npcg, noted in the figure

nanopore dimension /, seems to be independent of
Inpce. The very small increase of w; with ¢, can prob-
ably be explained by the weak rise of D with the decrease
of the effective Debye screening length [1, 2, 6, 36, 42].
Thus, very weak dependence of w; for NPCE on ¢, £
and /ypcg In comparison with @, and w; probably
shows that the values of the effective diffusion coefficient
D for ions in the nanopores depend very weakly on the
so-called mass transport characteristics in the macrop-
ores, i.e. on the effective Debye screening length and
solution molar conductivity values in the solution phase.
Thus, the two parallel conduction paths in the solid and
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 Fig. 7b).

Thus, according to simulations, the values of w,,
w3 < <y, and thereby the relative magnitudes of w;, w,
and w3 determine the low-frequency behaviour of the Z”
vs. Z’ plots [11]. For that reason, at very low frequency,
/< 5x107? 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 absolute value of the slope equal to
n/4 at E=E,_, for the Z” vs. Z’ plot was observed
around w,, where the diffusion of the species dominates
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in the solution phase. At higher frequency (f' 240 Hz),
the shape of the impedance spectrum is determined
mainly by the ratio of the @, and w; values, i.e. without
regard to the diffusion inside the pores [11].

The dependence of the function y on E as well as on
ce1 and Inpcg indicates that the value of p, (the electro-
lyte resistance per unit length inside a porous material)
depends very noticeably on the electrolyte concentration
as well as on the electrode polarization. The obtained
value for p; (resistivity of the electrode material per unit
length) is independent of the electrolyte concentration
studied.

Conclusions

The results of the impedance studies for the nanoporous
carbon|acetonitrile+0.1 M and 1.0 M electrolytes
(NPCE|Et;NBF4+ AN) interface indicate that the series
capacitance, series resistance, phase angle and other
parameters depend noticeably on the concentration of
the electrolyte, on the thickness of active material
(nanoporous carbon layer) as well as on the electrode
potential. In the region of electrode potentials
0<E<0.4V (vs. SCE in Hy0), a very well expressed
differential capacitance minimum in the series capaci-
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tance vs. potential curves has been observed with the
potential [2, 6] of the capacitance minimum, E,;,, equal
to the zero (free) charge potential. The values of the
differential series capacitance C,, obtained from the
complex plane (Z” vs. Z’) plots, depend noticeably on
the a.c. current frequency if /21x107> Hz. Only at very
small a.c. current frequency is C, practically independent
of f, indicating that the nearly limiting capacitance val-
ues have been established. Non-linear regression analysis
of the complex plane plots shows that the nanoporous
carbon|acetonitrile + xM Et4;NBF, electrolyte interface
can be simulated by the equivalent circuit, in which two
parallel conduction parts in the solid and liquid phases
are interconnected by the double-layer capacitance in
parallel with the complex admittance of the hindered
reaction of the charge transfer (or partial charge transfer
in our case) process, i.e. by the Paasch et al. model I [11].
The values of the characteristic frequency depend on the
electrolyte composition and on the electrode potential,
i.e. on the nature and structure of the ions adsorbed at
the surface of the nanoporous carbon electrode, as well
as on the effective Debye screening length.
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