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Parametrization of impedance spectra of GC/H,SO, electrode: trials and errors
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Impedance spectra of two differently prepared (polished and anodically oxidized) GC electrodes measured at +0.30
V vs. SCE in 0.5 mol dm™ H,SO, electrolyte have been analysed on the basis of presumed electrical equivalent
circuit(s) and complex non-linear least square fitting procedure. Statistical analysis of model residuals and reliability of
the estimated values of parameters were used as indicators for correct or incorrect modeling. In such a way, the polished
GC electrode has been modeled using not-ideal capacitive element describing relatively flat surface, whereas
anodically oxidized GC electrode has been modeled using not-ideal capacitive element loaded by transmision line

element representing a porous surface structure.
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INTRODUCTION

It has already been shown that oxidized GC
electrodes, like most of other carbon materials [1],
exhibit high capacity values that become relevant
even for advanced electrochemical double-layer
capacitors [2, 3]. In that area, Electrochemical
Impedance Spectroscopy, EIS, technique appears
to be one of the principal methods for examining
fundamental behaviour of electrode materials. This
is primarily due to the possibility of EIS to
estimate not only capacitance values, but also to
follow charge transfer and transport related
phenomena occurring at different time scales, what
is essential for predictions of rate capabilities of
capacitor devices [1, 4]. There are, however, only
few studies available in the literature on the
impedance analysis of GC electrodes. Although for
a polarized carbon electrode, purely capacitive
impedance response has generally been expected
over broad potential region [1-4], more or less
distributed capacitive response is found dominant
for both: not activated and variously activated GC
electrodes in different electrolyte solutions [2, 5-8].
Consequently, impedance models containing
constant phase element(s), CPE, or transmission
line, TL, have been discussed to account for
roughness, including possible fractal geometry [5-
8] or porosity of the GC surface [2].

The goal of the present paper was to find the
optimum parameter set(s) of impedance spectra of
not treated, i.e. only hand polished GC electrode,
PGC, and anodically oxidized GC electrode, AGC,
in H,SO, electrolyte solution. Impedance analysis
based on electrical equivalent circuits, EECs,
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involving lumped RC and/or distributed impedance
elements [9] was applied and submitted to the
statistical analysis of model residuals. The
calculations were performed using the complex
linear least square, CNLS, fitting procedure and
modulus weighting mode [10, 11]. Improvements
were made by replacement(s) and/or addition(s) of
particular impedance(s) to the basic model and re-
fitting this new model to the experimental data.
Criteria for finding the most reliable EEC were
equal frequency distribution and small values of
real and imaginary fitting residuals, A4 and A’
defined as:

o Zk(exp) _Zk(cal)

o Ziew) —Zi
Ak _ k(exp) k(cal) (1)

%
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In Eqn. (1), Z, Z and k are real and imaginary
impedance  and  particular  frequency  of
measurements, respectively. |Z] is impedance
magnitude, while by “exp” and “cal”,
experimentally measured and calculated quantities
are denoted. A fit was considered good for fitting
residuals, A4 and A, being below 0.01 and near
equally distributed over the frequency region of
impedance measurements.

EXPERIMENTAL IMPEDANCE SPECTRA

Bode plots (log of |Z] and phase angle, ¢ vs. log o,
(o= 27f) of PGC and AGC electrodes (0.028 cm’
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Fig. 1. Experimental IS of PGC and AGC electrodes
in 0.5 mol dm™ H,SO, at +0.30 V vs. SCE: (a) Bode
plots, (b) high to medium frequency parts of Z vs. Z
plots

of apparent area) measured at +0.30 V vs. SCE
using three-electrode cell filled with 0.5 mol dm™
H,SO, electrolyte solution are together with high
frequency parts of Z'vs. Z curves, presented in Fig.
1. Visual observation of experimental impedance
spectra, IS, in Fig. la indicates two distinct
domains, almost resistive response at higher and
almost capacitive response at lower frequencies,
respectively. Not prominent shifts of high
frequency intercepts in Fig. 1b pointed to
domination of the solution resistance, R, = 13-15
Q, over any contact and/or intrinsic resistance of
GC electrodes. The values of |Z] and degree of
deviation from ideal capacitive response are higher
for PGC than AGC electrode. The capacitance
values, Cis, calculated at /= 0.1 Hz using the
relation Cis = (@ Z') " are 5.15 x 10” F (1.8 mF
cm ™) for PGC and 1.90 x 10~ F (68 mF cm ™) for
AGC electrode, respectively.

IMPEDANCE MODELING PROCEDURE

As is suggested by visual observation of IS in
Fig. 1 and also by other authors [6-8], impedance
response of GC electrodes can be associated with
R, and almost capacitive electrode impedance with
frequency dispersed CPE having admittance, Ycpg
= (Zcpp)”', defined as:
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Fig. 2. (a) EEC with CPE defined by Eqn. (2) used for
fittings to experimental IS of PGC and AGC electrodes
in Fig. 1, (b) real and imaginary fitting residuals, A'and
A vs. log o

Yepe(io) = O(io)” 2

This model in the form of EEC is drawn in
Figure 2a, together with, Z;* and Z-* involved for
correction of experimental artefacts manifested at
high frequencies [12, 13]. In all present
experiments, L* = 4.1-6.0 x 10°° H and C* = 4.2—
5.7 x 10® F. EEC in Fig. 2a defines 3+2* model
parameter-case (R, O, n, L*, C*). The mean values
of the extracted impedance parameters Q and » are
together with their standard deviations, listed in
Table 1.

Although for both electrodes, the results of
fitting procedure of the EEC in Fig. 2a to IS in Fig.
1 yielded reasonable values for Q and » with low
standard deviations, A" and A" were quite high and
showed significant frequency dispersions (cf. Fig.
2b).

According to Figure 3, similar is obtained when
CPE in Fig. 2a is replaced by the finite
transmission line element, TL, with impedance
defined as [9]:

Z (io)= (Z_Cf;)pcoth(ia)r)” 3)

Generally, TL element with Z7;(iw) defined by
Eqn. (3) can describe a situation within a porous
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Table 1. The best fit main parameter values of the EEC in Fig. 2(a) with Ycpp(iw) defined by Eqn. (2).

Parameter PGC AGC
3+2* parameter-case 104 x Q/Q—1 sn 0.462 +£0.001 17.42 +0.09
n 0.856 £ 0.001 0.888 £ 0.002

Table 2. The best fit main parameter values of the EEC in Fig. 2(a) with CPE replaced by TL and Zr; (iw) defined

by Eqn. (3).
Parameter PGC AGC
4+42* parameter-case Ry/Q 3.8£0.7 47£04
10° x 7/s 0.037 £ 0.009 46+04
p 0.4275 £ 0.0003 0.4464+ 0.0007
describing TL are, together with their standard
(@) deviations, listed in Table 2.
0.08
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Fig. 3. Real and imaginary fitting residuals, Aand A’
obtained after fittings the EEC in Fig. 2(a) with CPE
replaced by TL defined by Eqn. (3) to experimental IS of
PGC and AGC electrodes in Fig. 1, vs. log @.

electrode where the electrolyte resistance in pores is
dependent not only on apparent conductivity of the
electrolyte but also on a pore length [14]. This
impedance/frequency function has already been
applied in the impedance analysis of porous
electrodes [14], including porous carbon [15] and
anodically oxidized GC electrode [2]. In the ideal
case of p = 0.5, impedance spectrum exhibits —45°
inclined line at higher and —90° (capacitive) line at
lower frequencies. Low frequency differential
capacitance is defined here as C = 7/R,, where 7is
relaxation time, while R, represents resistance to
ion transport.

By replacing CPE with TL having impedance
defined by Eqn. (3), the model in Fig. 2a becomes
4+2* model parameter-case (R, Ry, 7, p, L*, C¥).
The mean values of the extracted parameters
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impedance analysis of variously activated GC
electrodes [2], use of TL instead of CPE in Fig. 2a
did not improve results of fittings much. As is
demonstrated in Fig. 3, fitting this model to the
actual IS provided poor fits at large domain of
measured frequencies. Therefore, for improving the
results for GC electrodes, new impedance has to be
added to the model. Generally, this can be done in
two ways, what results with the well known
problem of ambiguity in impedance data analysis
[11, 16]. The first way is to add some new
impedance that is capacitive at low frequency limit,
in parallel connection to CPE (model P in Fig. 4a).
The second is to add new impedance in a form of
parallel R-CPE combination in series connection to
CPE (model S in Fig. 4a).
For GC electrode, the P-type model has already
been applied to account for some possible side
reaction(s), including adsorption of electrolyte ions
at the electrode surface [7,8]. On the other side, the
S-type model is generally used to describe surface
films with properties different than surrounding
media (bulk electrode and electrolyte) [17]. For
powdered carbon electrodes, the S-type model has
also been proposed for accounting inhibition of
charging/discharging of high carbon area surface
caused by (bulk electrode/surface film or surface
film/electrolyte) interfacial charge transfer [18, 19].
Somewhat modified S-type model, with two
parallel CPEs, has already been proposed to
account for different rates of charging/discharging
at basal and edge planes of GC
electroderespectively [5]. By replacing CPE with
either P- or S-types of the models drawn in Fig. 4a,
the EEC in

Fig. 2a becomes 6+2* model parameter-case
(Rs, O1, m, R, Os, my, L*, C*). As is seen from
decreased values of A’ and A’ and their lower



V. Horvat-Radosevi¢ et al.: Parametrization of impedance spectra of GC/H,SO, electrode: trials and error

P CPE,
|
| S |

P PGC
0.04 - v AGC

Iog(mlrads')

(@)

CPE,

Ry

)

s PGC
i v AGC

n L ' L L 1
-1 0 1 2 3 4 5
log (@ /rad s! )

Fig. 4. (a) EECs used instead CPE in Fig. 2(a) for approximation of experimental IS of PGC and AGC electrodes in
Fig. 1, (b) real and imaginary fitting residuals, A and 4 , vs. log ®

Table 3. The best fit main parameter values of the EEC in Fig. 2(a) with CPE replaced by the EECs in Fig. 4(a).

6+2* parameter-case , Parameter S , PGC S » AGC S
10°x 0/ s™ 0.437 £0.003 0.474 +0.001 10.5+0.5
n 0.863 +0.001 0.869 % 0.001 0.90 + 0.06
R/Q 44152 + 8274 373+ 66 11£9
10*x 0,/ " s™ 0.0345 £ 0.003 49403 75
" 0.92 +0.03 0.82 +0.01 0.88 +£0.08
10*x 0,/ s™ 0.437 +0.003 0.474 +0.001 10.5+0.5

frequency dispersions in Fig. 4b, these two models
fit better to both experimentally measured IS in Fig.
1 when compared to the results obtained with
previous models (c¢ff Figs. 2(b) and 3).
Improvements of fits, however, are more
pronounced after using the S-type model. The
extracted main parameter values are together with

their standard deviations summarized in Table
3. For either P- or S-type of the model,
impedance of CPE; remained dominant
impedance of each IS. For the PGC electrode,
there are almost no differences between the
values of parameters Q (n) in Table 1 and O
(1) in Table 3, suggesting minor influence of
additional impedance to the total electrode
impedance. For the AGC electrode, however,
additional impedance is found necessary for
obtaining improvements in fitting results,
suggesting  thus more complex  surface

characteristics of this electrode. Although for the
AGC celectrode, the results using the S-type model
yielded better fits with minor frequency dispersion
(¢f- Fig. 4b), unreasonable values for additional
impedance were obtained (cf Q, = 187 Q's™ and
n, = 0.59 in Table 3). This pointed to another
type(s) of element(s) that should be used instead
CPE, in the S-type of model. As has already been
observed and discussed [1, 2], when carbon
electrodes are polarized to high anodic potential, a
porous surface with high content of oxygen
containing species is formed. For that a reason, TL
element, with impedance defined by Eqn. (4) and
denoted here as TL,, is included as additional
element to either P or S-type of the model. These
two new models that remain 6+2* model
parameter-cases (R, O\, n1, Ro1, 71, p1, L*, C*) are
drawn in Fig. 5a and denoted as P-I and S-1.
Qualities of fittings are shown in Fig. 5b,
whereas the main parameter values are, together
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Fig. 5. (a) EECs used instead CPE in Fig. 2(a) for approximation of experimental IS of the AGC electrode in Fig. 1,
(b) real and imaginary fitting residuals, A4 and A4 , vs. log @
Table 4. The best fit main parameter values of the EEC in Fig. 2(a) with CPE replaced by the EECs in Fig. 5(a)..

6+2*parameter- case 10*x 0/Q7's™ n Ry/Q 7 /s i
P-1 8+6 0.90 £ 0.09 20£15 0.011 +0.004 0.44 + 0.04
S-1 41+5 0.68 £ 0.01 22102 0.006 + 0.001 0.491 + 0.006

with the corresponding standard deviations, listed
in Table 4.

Again, high(er) quality of fitting for the S-I type
model is observed in Fig. 5b. As a consequence of
different ways of connection of two elements in P-I
and S-I models respectively, contribution of CPE,
to total electrode capacitance is higher for the P-I
than for the S-I type of the model. This means that
in the case of S-I type of the model, impedance due
to CPE, becomes some sort of additional
impedance to dominant impedance of TL,.

High value of O, and n; = 0.68 for the S-I type
of the model in Table 4 suggests again that some
element exhibiting “Warburg type” of frequency
response (—45° sloped line) should be used as
additional impedance to the dominant impedance of
TL,. It has already been shown [20] that deviations,
frequently observed from medium to low
frequencies after applying the Eqn. (3), can be
corrected by adding a new TL element with
impedance defined as [9]:

tanh(iw 7)”

4)

. R
Zp (iw)= (o 2)17

Series combination of Zry defined by Eqn. (4)
and Zp. defined by Eqn. (3) has already been
applied in impedance analysis of thin conducting
polymer films to account impedance of two mobile
charge carriers [21-23]. Here, Z1; defined by Eqn.
(4) and denoted as TL, is added to Zy;, defined by
Eqn. (3) and already denoted as TL,, in both types
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of the model in Fig. 5a. For the P-I type of the
model, however, over-parametrization becomes
immediately evident by insensitivity of the
calculation results on the impedance of CPE,. Thus
the P-I model becomes reduced to the series sum of
two TL’s (cf. Figure 6a), what is just the same
situation obtained by substitution of CPE, with Zy,
into S-I type of the model. By using the model in
Fig. 6a instead CPE, the model in Fig. 2a becomes
the 7+2* model parameter-case (R, Ro1, 71, p1, Roo,
o, pa, L*, C*). Frequency dispersion of A and A
showing acceptable results of fittings are presented
in Fig. 6¢, while the values of extracted parameters
are, together with their standard deviations, listed in
the first raw of Table 5. The parameter values in
Table 5 indicate that the total AGC electrode
capacitance originates fully from TL;. Due to
relatively high 7, the contribution of the Warburg
(—45° sloped line) part of TL, is prominent at
mediate to low frequencies. What is observed not
only here, but also elsewhere [22, 23], nj#7,, what
has not been predicted theoretically [21].
Interpretation, however, remains unclear, but full
equivalence between impedance of the series sum
of TL; and TL, and parallel sum of two TL, points
toward possible interpretation in the terms of pores
of unequal lengths [20]. Low 7; value makes TL;
response almost capacitive, what could be a basis
for decrease of the number of model parameters. In
its reduced form, shown in Fig. 6b, the sum of TL;
and TL, is reduced to the sum of



V. Horvat-Radosevi¢ et al.: Parametrization of impedance spectra of GC/H,SO, electrode: trials and error

(a)
n n,
o { — F—o

0.08

TL+TL,
’ reduced

0.04 -

-0.04 -

-0.08 Lt 1 1 1 1 1 !

log (w/rads™)

(©

S 000 b

(b)
o°E, ,

o—{ +H }—o

0.08

0.04 -

-0.04 |-

-0.08 L Il L 1 1 L 1

log (w/rads™)

Fig. 6. (a-b) EECs used instead CPE in Fig. 2(a) for approximation of experimental IS of the AGC electrode in Fig. 1,

(c) real and imaginary fitting residuals, 4 and 4 , vs. log @.

Table 5. The best fit main parameter values of the EEC in Fig. 2(a) with CPE replaced by the EECs in Fig. 6a and b.

Parameters Ry /Q2 10°x 7 /s D1 Ry,/Q2 5 /s )2
7+2* (Fig. 6a) 1.0+0.1 1.0£0.01 0.4594 £ 0.0005 22+1 0.67 £ 0.05 0.50+£0.01
-- 10°x 0/Q7"'s" 1y
6+2* (Fig. 6b) -- 18.25+0.02 0.921 £ 0.001 25+1 0.75+0.05 0.491 £ 0.008

CPE, and TL,. Now the model in Fig. 2a becomes
reduced again to the 6+2* model parameter-case
(Rs, C,, ny, Ry, », pr, L*, C*). The results of
fittings are also shown in Fig. 6¢ and the extracted
parameter estimates are listed in Table 5. Very low
residuals, randomly distributed over the range of
measured frequencies and low standard deviation
of each parameter value, point to the acceptable
model used for fittings. This final model is
checked through the potential dependence of
measured IS of the AGC electrode, shown in Fig. 7
as the complex capacitance spectra, Yo 'vs. Y@,
that has already been found advantageous in
visualization of not-ideal capacitive impedance
responses of various origins [24].

Almost arc shaped curves in Fig. 7 exhibiting
certain tails at lower frequencies, indicate a series
connection of R; and impedance of not ideal
capacitive electrode. More or less prominent
vertical lines observed at low frequencies for some
potential values, indicate some additional and
almost resistive contribution(s), probably due
certain faradaic reaction(s) occurring at these
potentials. The values of total -electrode
capacitances that can graphically be determined as
the crossing points between the corresponding arcs
and Y o' axis, show that the highest capacitance
value is attained at +0.20 V, what is close to the
redox potential of some oxygen containing,
probably quinone-like surface groups, formed at
carbon/H,SO, (pH=0-3) electrodes [1,25]. Just the
same is seen in Table 6, where the main parameter
values estimates, including O, (n;) are listed. In

such a way, the potential dependent contribution
from the redox pseudocapacitance to the total
electrode capacitance is approved. Changes of R,
and 7 values of TL, impedance in Table 6 show
constant increase suggesting continuous change of
the surface structure with increase of E. This,
however, can have a detrimental effect when GC
electrode is under conditions of continuous
oxidation such as in capacitor devices.
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Fig. 7. Potential dependence of experimental complex
capacitance spectra, Yo' vs. Y @', of the AGC
electrode in 0.5 mol dm™ H,SO,

CONCLUSIONS

Experimental impedance spectra of polished,
PGC and anodically oxidized, AGC, electrodes in
H,SO, electrolyte solution have been analysed
using different EECs composed by gradual
addition of different impedance elements.
Statistical analysis of model residuals and
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Table 6. The best fit main parameter values of the EEC in Fig. 2(a) with CPE replaced by the EEC in Fig. 6(b) to
experimental IS of AGC electrode measured at various potentials

E/V vs. SCE 10*x 0,/ 5" n Rp)/Q 5 /s D2
-0.20 4,76 £ 0.01 0.958 £ 0.001 14+5 04+0.3 0.39+0.02
+0.20 13.99 £0.03 0.952 £ 0.001 25+1 0.46 £ 0.04 0.431 £0.006
+0.60 3.322 £0.005 0.922 £ 0.001 23+1 0.077 £0.007 0.450 £ 0.007
+1.00 1.55+£0.03 0.939 £ 0.001 49+2 0.068 £ 0.004 0.492 + 0.006

reliability of parameter estimates have been used
as indicators for correct/incorrect modelling.

It has been shown that PGC electrode can be
analysed as the 3+2* model parameter-case (not
ideal capacitive element in series with electrolyte
resistance), describing relatively flat electrode
surface of PGC with some degree of roughness or
fractal-scaled imperfections.

AGC electrode showed more complex

behaviour and impedance analysis was based on
more comprehensive model. While there was not a
fundamental reason that one EEC is more
significant than the other, several different types of
EECs were applied and all were reduced to the
6+2* model parameter-case (not ideal capacitive
element loaded by an impedance of distributive
type). This model suggests a porous surface
structure of AGC made by anodic oxidation and
formation of high quantity of oxygen containing
surface groups.
Acknowledgements. Financial support from
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is acknowledged.
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OITPEJEJIAHE TAPAMETPUTE HA UMIIEJJAHCHUTE CIHEKTPU HA GC/H,SO4
EJIEKTPO/: ITPOBM N I'PEIIKU

B. Xopsar - Pagomesuu, K. Marauu, K. KBactek
Hucmumym Pyoscep Bowkosuu, buscenuuxa 54, 10000 3azped, Xopsamcka
IMoctermia Ha 20 despyapu, 2012 r.; npuera Ha 20 depyapu, 2012r.
(Pesrome)

VimMnenaHCHUTE CIEKTpU Ha JABa IOATOTBEHH IO pPA3IHYCH HAayMH (MOJMPaH U aHOJHO OKCHIHMPAH)
CTBKJIOBBITIEPOSIHH eleKTpoaa, maMepenu npu +0.30 V cnpsmo SCE B emexrponut or 0.5 mol dm™ H,SO, ca
aHAJIM3MPAaHH BH3 OCHOBA Ha TPEIINOJIaraéMH ENEeKTPHYECKH EKBHBAJCHTHH CXEMH M KOMIUIEKCHA IIpoIeaypa Ha
HEJIMHEHO HalacBaHE M0 METoja Ha Hall-MaJkuTe KBaapaTtu. Karo MHOMKaTOpH 3a MPaBUIHOTO MOJCIUpPAHE €
M3MO0JI3BAaH CTATUCTUYECKH aHAIW3 Ha OCTATBHLUTE B MOJEIA M aHAIW3 HAa HAaJCKAHOCTTA HA OLCHCHUTE CTOMHOCTH Ha
napametpute. I1o TakbB HAUUH, MOTUPAHUST CTHKIOBBIIEPOJCH €IEKTPO] € MOAEINPaH Upe3 HeUAeaneH KanaluTUBEH
€JIEMEHT, ONKCBAILl CPABHUTENIHO IVIAJKa MOBBPXHOCT, JOKATO aHOJHO OKCHIUPAHHAT CTHKIOBBIVIEPOMAEH EIEKTPO] €
MOJIETIMpaH 4pe3 HeuaealeH KallallUTHBEH eJIEMEHT, CBbp3aH C €JeMEHT Ha Jbjira JHMHUS, NPEICTaBAIl HNOpUCTa
CTPYKTYpa Ha IOBBPXHOCTTA.
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