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Editor’s Note

This special issue is the second part of the proceedings of the 6™ Regional Symposium on
Electrochemistry — South East Europe (RSE-SEE 6), held in Balatonkenese, Hungary, from 11-15
June 2017 (part 1 has been published in J. Electrochem. Sci. Eng. 8(1) (2018)). These are some of
the best papers presented at the RSE-SEE 6 meeting and reflect the broad interests of the
electrochemical community, including both new techniques and application areas. Since its start in
2008, the series of RSE-SEE symposia provides a stimulating international forum for
electrochemistry researchers to share their current research results. Following this tradition, more
than 110 participants from 24 countries presented papers in Balatonkenese and discussed recent
progress in electrochemistry and electrochemical engineering.

| would like to thank the authors for their contribution, the reviewers for their professional
work and the jESE-Editorial Office for their assistance in the Proceedings publication. Also, | would
like to acknowledge the financial and other support of the Hungarian Academy of Sciences, the
International Society of Electrochemistry, the Furukawa Electric Group, Jaszplasztik, Ametek,
Zahner, Metrohm, PalmSens, Ivium, and Paks Nuclear Power Plant.

The next 7t" Regional Symposium on Electrochemistry — South East Europe will be organized
jointly with the 8™ Kurt Schwabe Symposium in Croatia in the late spring of 2019.

Gy06z6 G. Lang, Guest Editor

©2018 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/)

doi:10.5599/jese.548 111


http://dx.doi.org/10.5599/jese.548
http://www.jese-online.org/
http://creativecommons.org/licenses/by/4.0/)




J. Electrochem. Sci. Eng. 8(2) (2018) 113-127; DOI: http://dx.doi.orqg/10.5599/jese.478

JESE

Open Access : : ISSN 1847-9286

www.jESE-online.orq

Original scientific paper

Enhancement of the cerium oxide primer layers deposited on
AA2024-T3 aircraft alloy by preliminary anodization

Stephan Kozhukharov*™, Christian Girginov?

ILAMAR — Laboratory, University of Chemical Technology and Metallurgy — Sofia, 8 "Kliment
Okhridsky" Blvd. 1756, Sofia, Bulgaria

’Department of Chemical Sciences, University of Chemical Technology and Metallurgy — Sofia,
8 "Kliment Okhridsky" Blvd. 1756, Sofia, Bulgaria

Corresponding authors e-mail: “'stephko1980@abv.bg; Tel.: +359 899 83 72 82
Received: November 28, 2017; Revised: February 2, 2018; Accepted: February 8, 2018

Abstract

The possibility for combination between anodized aluminum oxide (AAO) and cerium
oxide primer layer (CeOPL) for elaboration of efficient protective coatings for AA2024-T3
aircraft alloy is proposed in the present research. The combined AAO/CeOPL coating
characterizations include electrochemical impedance spectroscopy (EIS) combined with
linear voltammetry (LVA), for extended times (until 2520 hours) to a model corrosive
medium (3.5 % NaCl). Topographical and cross-sectional (SEM and EDX) observations
were performed in order to determine the AAO/CeOPL film thickness and composition.
The AAO/CeOPL layer durability tests were confirmed by standard neutral salt spray
(NSS). The data analysis from all the used measurement methods has undoubtedly
shown that the presence of AAO film significantly improves the cerium oxide primer
layer (CeOPL) protective properties and performance.

Keywords
AA2024-T3 alloy; anodization; Cerium oxide primer layers; Barrier ability; Durability

Introduction

Although the anodization process is well investigated for pure aluminum [1], its highly doped
alloys reveal significant deviations from the expected behavior, due to their compositional and
structural heterogeneity [2-9]. In the latter case, the intermetallic inclusions entirely predetermine
the mechanism and kinetics of both the primer protective layer deposition and the corrosion
processes. Thus, the method applied for preliminary surface treatment completely predetermines
the chemical composition of the Al-oxide surface layer in sense of correlation between anhydrous
aluminum oxide Al;O3 and crystalline boehmite (AIOOH), the hydroxide and adsorbed water
contents, etc. [10,11]. Besides, the surface oxide layer composition, thickness and properties are
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of crucial importance for the primer coating layer adhesion [12,13]. Thus, in a previous work it was
demonstrated that the anodization in sulfuric acid enables the growth of rather thick anodized
alumina oxide (AAO) layers [14], efficiently compensating the AA2024-T3 heterogeneity.

On the other hand, the cerium conversion coatings (CeCC), appear to be an efficient
environmentally compliant chromium substitute [15,16]. However, it is widely accepted to treat
the metallic substrate only by chemical or mechanical methods [14,16], prior to CeCC deposition.
Consequently, the preliminary anodization prior to cerium oxide primer layer (CeOPL) deposition
should have a remarkable beneficial effect on the performance of the obtained AAO/CeOPL
conjunction. The obtained double layer coating systems should possess significantly extended
durability and enhanced barrier properties, providing reliable and durable corrosion protective
ability. The expected synergism between the AAO and CeOPL is not limited only to the additive
effect between the AAO and CeOPL barrier properties but it also includes CeOPL adhesion
enhancement, due to the AAO porosity, providing enlarged contact surface area. Furthermore, the
porous thick AAO provide uniform Ce-oxide distribution and thicker CeOPL layers. In this case,
according to various authors the CeOPL layers should possess significant adhesion, predetermined
by the AlI-O—Ce covalent bonds composing the interfaces of the entire AI/AAO/CeOPL conjunction
[17-21]. Finally, it is worth mentioning that the anodization procedure is easily controllable and
provides AAO parameters variation via relatively simple regime parameter control. As a conclusion
of all the above-mentioned facts, the combination between AAO and CeOPL should provide rather
extended corrosion protective capabilities, being really successful strategy for efficient corrosion
protection of various aluminum and other metallic substrates.

The aim of the present study is to determine the impact of the preliminary anodization process
duration on the subsequent cerium oxide layer (CeOPL) properties and behavior in a model
corrosive medium.

Experimental

Four sets of three AA2024-T3 plates were submitted to a sequence of procedures for
repeatable AAO/CeOPL bi-layer primer coating deposition. Initially, each sample was etched in
50g/l NaOH alkaline medium at 60 °C, and desmutted in diluted HNOs (1:1 v/v). Each procedure
was performed for 2 min, with subsequent vigorous washing with tap water for at least 2 min.
Afterwards, the preliminary treated specimens were additively cleaned by distilled water and
mounted in a two-electrode cell with similar design as described in a previous work [2]. This cell
ensured uniform anodization of circular area of a 4 cm?2. The cathode was platinum mesh and the
electrolyte was composed of 15 %wt. H.SO4 solution. The anodization procedures were performed
in galvanostatic regime (15 mA cm),in triplicate for 12, 24, or 48 min at room temperature and
continuous stirring at 120 rpm.

This procedure was followed by spontaneous CeOPL deposition for 4 min at 60 °C, in cerium
containing aqueous mixture. It was preliminary prepared by mixing of 16.8 g. of 98 % anhydrous
diammonium pentanitrocerate ((NH4).Ce(NOs)s, Fluka Chemica -Switzerland), 20.0 g. NaCl (Sigma-
Aldrich) and 5.0 ml. of 30 % H.0, (Sigma-Aldrich) in a volumetric flask (1000 ml.). This stock
solution was used for all the depositions done. The specimen assignations are shown in Table 1.

Electrochemical studies were performed periodically (once a week), during continuous
exposure to the 3.5 % NaCl model corrosive medium. The measurements were performed using
electrochemical impedance spectroscopy (EIS), from 10 kHz to 10 mHz, distributed in 7 frequency
steps per decade.
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Table 1. Assignations of the investigated specimens

CeOPL coated sets of samples

Samples No References Anodized for 12 min Anodized for 24 min. Anodized for 48 min
1 1S0 1512 1524 1548
2 250 2512 2524 2548
3 350 3512 3524 3548

The AC signal amplitude was 15 to 45 mV, according to open circuit potential (OCP). Its
amplitude was determined as the lowest possible value, enabling the acquisition of readable impe-
dance spectrum. It is worth noting that when the amplitude was too high, inductance appeared,
indicating electrode polarization. The EIS spectra, as well as all the rest electrochemical measure-
ments were recorded versus (Ag/AgCl 3 M KCl) reference electrode. The EIS spectra acquisitions
were followed by linear voltammetry. The voltammetric measurements were performed in subse-
guence of cathodic (from 30 to —600 mV) and anodic (from —30 to 600 mV) ranges, both at 10 mV
s! scan rate. These measurements were performed in similar cells, but without stirring. Besides,
the exposed area was lower (2 cm?), in order to avoid undesirable edge effect phenomena.

The resulting film morphology and thickness was determined by scanning electron microscopy,
(SEM) performed by TESCAN, SEM/FIB LYRA | XMU working at 30 kV. The SEM observations were
combined by elemental analysis, with energy dispersion spectroscopy (EDX) using energy
dispersion spectrometer Quantax 200 of BRUKER.

In order to determine the coating performance in severe service conditions, neutral salt spray
(NSS) test procedure was performed, according to ISO 9227 standard. This procedure was
performed on nine square samples of the same alloy, but with larger dimensions (60x60 mm).
Prior to the test procedures, AAO/CeOPL double layered coatings were deposited following the
procedures described above. The surface areas of the double coatings were with 40 mm of
diameter, (providing 12.50 cm?). The test procedure was performed for one complete week cycle
(168 h) in VSN 1000 humidity chamber (Heraeus-Vétsch GmbH, Germany) by spraying of 5 % NaCl
aqueous solution with pH range between 6.5 and 7.2. The samples were positioned at 20 + 5 ° of
slope. The in-chamber humidity was high enough to enable water to condense of at least 1 to
2 ml h'l. The corrosion impact rate was observed visually and estimated as a number of localized
corrosion damaged domains from the entire exposed surface, according to the Bulgarian National
Standard, BDS 15258-81, method C.

Results and discussion

Performance in a model corrosive medium - The performance of the obtained AAO/CeOPL
double layers was determined by electrochemical measurements executed once of week during
extended exposition of the investigated samples to 3.5 % NaCl model corrosive medium. This
approach enabled determination of the corrosion protective properties of the obtained oxide bi-
layers, conditionally divided into: barrier ability and durability [22].

Barrier ability - This property is actually the capability of any coating to obstruct the corrosive
species access to the metallic surface. It can be evaluated by the electrical resistance increase,
determined by electrochemical measurements (EIS and LVA), performed at the initial exposition
period. Although the initial measurements were performed at the 24" hour of exposure to the
NaCl solution, it was preferred to represent the results acquired after 168 hours of exposition.
After one week of exposure, the reference samples, (prepared by CeOPL deposition without
preliminary anodization) were obviously affected by pitting corrosion unlike the double layered
specimens. The average EIS spectra, acquired after 168 hours of exposure are shown in Fig. 1.
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Figure 1. EIS spectra acquired after 168 hours of exposure for the investigated specimens for
CeOPL deposited coatings after 0, 12, 24 and 48 minutes of preliminary anodization.

As can be seen from Fig 1, the average spectra obtained for the respective sample sets are
rather distinguishable among themselves.

The already corroded references (0 minutes of anodization) show simple spectra. Their Nyquist
plots consist of slightly depressed semi-circles and Warburg diffusion tails (i.e. sloped straight
lines). Besides, the phase shift/frequency lines in the Bode plots showed only one, very narrow
minimum at about 10 Hz.

The maxima in the spectra of the combined coating layers were wide (due to the overlapping of
at least two peaks). Obviously, the appearance of additional peak is a contribution of the AAO
formed during the anodization. This supplemental layer contributes for the increase of the total
impedance logarithm (log|Z|) values, registered at 10 mHz, as well. These values increased from
10* Q cm? for the references to almost 10° Q cm? for the combined coatings.

The impedance spectra acquired after 168 hours of exposure were fitted to two different

equivalent circuits (Fig. 2a, and b).
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Figure 2. Equivalent circuits used for EIS-data fitting
Rei— 3.5 % NaCl electrolyte resistance; Qceory/anosedi— Total CPE of the CeOPL, AAO, and the metal/electrolyte electric
double layer; Rceopyanosct - Total resistance of the CeOPL, AAO, and the charge transfer across the metal/electrolyte
interface; Wqir — Warburg element for description of the diffusion of the corrosive species across the CeOPL defects;
Qceoryano — CPE of the AAO/CeOPL interface; Raaosceori - Resistance of the AAO/CeOPL interface; Qeqi— CPE of the
electyric double layer the metal/electrolyte interface; Rt - charge transfer across the metal/electrolyte interface

Rct

Thus, the spectra of the corroded reference samples have simple shapes, corresponding to only
one RQ unit (parallel resistance and constant phase element circuit), which includes a Warburg
diffusion element, related to the diffusion limitations against the access of corrosive species
towards the metallic surface, across the surface layer defects. All the rest specimens (with
additional AAO underlayer) revealed two consecutive RQ units.
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Each one of the acquired impedance spectra, obtained after 168 hours of exposure was
submitted to numerical fitting analysis by the equivalent circuits (Fig. 2). The obtained data for the
impedance spectra elements are shown in Tables 2 and 3.

Table 2. Fitting results of the EIS spectra recorded after 168 hours for the referent CeOPL coated specimens

Element Unit Sample 1S0 Sample 2S0 Sample 35S0

Rel Q cm? 19.44 £ 0.59 19.18 £ 0.49 20.02 £0.59
Qeoatoxyct s"Qlem 0.76 £0.03x10™* 1.19 + 0.04x10* 1.12 £+ 0.05x10*

n - 0.83+£0.95 0.82 +0.91 0.81+0.01
Rcoatoxy+ed Qcm? 17.98 + 1.40x103 12.56 + 0.87x103 7.68 + 0.46x103
Wit S5 0tem? 3.68 +0.68x10™ 6.50+ 1.30x10* 12.70 +£0.29x10*

The numerical data for the referent samples (Table 2) show relatively low deviations. These
specimens, with clear corrosion features (i.e. multitudes of pits) have shown total admittance
between 0.29x10* and 1.12x10* s" Q' cm™ and ohmic resistance between 7.68 and 19.98 kQ cm?.
These values are in the typical range for corroded bare AA2024-T3 alloy, established in previous
studies [23-25]. Besides, the data fitting for these specimens required addition of Warburg
element. This fact is an evidence of free diffusion of corrosive species across both the native
Al-oxide and CeOPL layers. Both these findings indicated that the directly deposited CeOPL layer
does not possess any protective activity after 168 hours of exposure to 3.5 % NaCl model corrosive
medium. That was the reason for termination of the exposure tests after this period.

On the other hand, the data results for all the CeOPL coated specimens after anodization were
more appropriate for fitting to the other equivalent circuit (Fig. 2b), composed by two-time
constants. It should be noted that these time constants are not related to the interfaces between
the AAO and CeOPL layers, but rather these correspond to the interfaces between the AAO/CeOPL
conjunction, the AA2024-T3 metallic base and the aqueous NaCl electrolyte. Probably, this
conjunction is composed by covalent Ce-O-Al bonds, suggesting that there is not clear interface
between the AAO and CeOPL layers. Besides, both AAO and CeOPL layers are composed by
metallic oxides with apparent dielectric properties.

Due to these reasons, the equivalent circuit used for the reference specimens (Fig. 2a) was
inappropriate for EIS data result fitting of the spectra acquired for the preliminary anodized
AA2024-T3 samples. The second equivalent circuit (Fig. 2b) has shown to be more suitable and the
fitting results are shown in Table 3.

The data acquired by the EIS spectra fitting to the equivalent circuit (Fig 2b) possess
different deviations rates among the results for each sample. Thus, the CeOPL specimens coated,
after only 12 min of anodization possess remarkable deviations, in the range of entire orders of
magnitude. This fact indicates that this anodization time is obviously insufficient for creation of
thick enough AAO films with uniform coverage. Besides, probably the randomly distributed
intermetallic inclusions of the alloy substrate interrupt this film.

The comparison between the charge transfer resistance (Rct) data in Table 3 with the combined
resistance (Rcoatroxy+edi), in Table 2 show obvious barrier ability elevation after the preliminary
anodization. Consequently, the observed barrier ability improvement after anodization is an
indication for the beneficial role of the preliminary anodization procedure on CeOPL performance.

Following the concept for island growth of Ce oxide layers [26], it should be assumed that the
CeOPL formation begins from exactly these intermetallics. Besides, the most active CeOPL growth
initiation centers should be the copper rich S-phase and 6-phase inclusions [3], according to the
following reactions [3, 26]:

doi:10.5599/jese.478 117



J. Electrochem. Sci. Eng. 8(2) (2018) 113-127

CERIUM OXIDE DEPOSITED ON AA2024-T3 AIRCRAFT ALLOY

Table 3. Fitting results of the EIS spectra acquired after 168 hours of exposure for the anodized,
CeOPL coated specimens

12 minutes of anodization

Element Unit Sample 1512 Sample 2512 Sample 3512
Rel Q cm? 15.36 +0.21 22.78 £2.54 33.06 £ 8.95
Qcoat+oxy s"Qlem? 4.35 + 0.06x10° 0.79 £ 0.10x10° 0.15 + 0.05x10°
n 0.78 £ 0.002 0.77 £0.02 0.68 + 0.003
Rcoatoxy Q.cm? 23.71 + 0.96x10° 6.72 +1.15x10° 7.68 + 0.34x10°
Qeal s"Otem? 30.92 +5.18x10° 2.89 + 0.55x10° 0.05 + 0.08x10°
n 0.75+0.08 0.67 £0.04 0.95+0.01
Ret Q cm? 2.42 +0.24x10° 0.91 + 0.08x10° 78.40+ 5.42x10°
24 minutes of anodization
Element Unit Sample 1524 Sample 2524 Sample 3524
Rel Q cm? 16.46 + 1.69 45.86  6.28 17.28 +1.73
Qcoat+oxy s"Qlem? 2.52 +0.48x10° 1.78 £ 0.32x10°® 0.90 + 0.09x10°®
n 0.71+0.01 0.76 £0.02 0.71+0.02
Rcoatoxy Qcm? 2.39 + 0.44x103 1.36 + 0.20x103 4.62 +0.23x103
Qeal s"Qlcm? 1.31+0.42x10° 1.15 +0.24x10°® 0.88 + 0.08x10°®
n 0.86 £ 0.04 0.87 £ 0.03 0.94 £ 0.02
Ret Q cm? 4.91 +0.19x10° 7.58 + 0.31x10° 30.64 + 1.32x10°
48 minutes of anodization
Element Unit Sample 1548 Sample 2548 Sample 3548
Rel Q.cm? 27.44 +6.91 25.82 +12.12 71.60 £17.95
Qcoat+oxy s"Qlem? 6.52 + 0.02x10°® 2.43 £ 0.09x10°® 0.96 + 0.07x10°®
n 0.58 £ 0.003 0.63 +0.004 0.67 £ 0.008
Rcoatoxy Q.cm? 3.74 + 0.18x103 2.60 + 0.06x10° 5.74 + 0.14x103
Qeal s"Qlcem? 0.90 + 0.10x10°® 1.36 £ 0.07x10°® 1.93 +0.07x10°
n 0.97 £0.02 0.96 £ 0.009 0.94 £ 0.009
Ret Q cm? 2.70 £ 0.06x10° 11.16 £ 0.31x10° 111.20 +1.22x10°

Oxygen reduction:

0, + 2H,0 + 4e” - 40H (1)
Formation of intermediated complex species:

2Ce¥,q + H20; + 20H- - Ce(OH)2%4. (2)
Reaction of the obtained complex ions with hydroxyl ions near to the metallic surface:
Ce(OH),%*2q. + 20H > Ce(OH)4 (3)
Subsequent conversion of the cerium hydroxides to the respective oxides:

Ce(OH)s = CeO3 + 2H0 (4)

According to the authors, these reactions proceed accompanied by the following supplemental
reaction of direct interaction of the Ce3* with the hydroxyl ions:

Ce® + 30H - Ce(OH)3 (5)

However, all this chain of consecutive reactions is strongly dependent on the available anodic
area, composed by the Al-matrix under the oxide layer defects, since it provides the electrons
necessary for the oxygen reduction and the resulting in OH- ion generation. Namely, the
predominant hydroxyl ion generation (i.e. alkalization) near these intermetallics causes Ce(OH)3
and/or Ce(OH)4 precipitation. Consequently, the oxygen reduction cathodic reaction rate on the
intermetallics is strongly dependent on the anodic Al-dissolution (Reaction 6):

Al° > AP* + 3e (6)

Applying this model for the CeOPL deposited AA2024-T3 samples after anodization, it can be
anticipated that the AAO film hinders the CeOPL formation, because it covers the Al-matrix anodic

118 (cc) ETE



S. Kozhukharov and C. Girginov J. Electrochem. Sci. Eng. 8(2) (2018) 113-127

area, necessary to supply electrons for the cathodic OH- generation reactions, and the resulting
Ce-hydroxide precipitation.

Nevertheless, this concept is in contradiction with the data in Table 3. All the acquired
resistance data (i.e. Rcoat+oxy @and Rct) reveal remarkably distinguishable dissipations among the
specimens of each group (e.g. 12, 24 and 48 min of anodization). Simultaneously, the result
deviations possess very similar deviation rates and orders of magnitude among the respective
sample groups. Thus, no clear trend of these values was observed, although the obvious oxide
layer thickness increases within the anodization procedure continuation, established in a previous
work [27]. These facts provide undoubted evidence for the low oxide layer density due to its
probably porous structure. In addition, the difference between the equivalent circuits suitable for
the EIS-data fitting of the references and the anodized specimens reveal completely different
mechanism of CeOPL deposition after AAO formation. Following the concepts of Arenas and
Damborenea [28], it can be assumed that the AAO/CeOPL conjunction is alumina layer with partial
substitution by Ce-ions. Obviously, the CeOPL layers deposited on thicker AAO layer, formed at
extended anodization times possess better coverage. Indeed, Conde et al. [29] remark that the
CeOPL layer formation is based on chemisorption processes on the superficial hydrated oxide layer
of the aluminum, as follows:

-Al-OH?* <> -AlOH + H+ (7)

-Al-OH + Ce3* &> [-Al-O---Ce(lIl)]?* + 2H* (8)

Consequently, CeOPL deposition mechanism alteration occurs on the more completely
hydrated AAO layers, occupying the entire metallic surface. Thus, the CeOPL deposition follows
the mechanism, proposed by Conde et al. [29], described by reactions (7) and (8).

These trends of barrier ability enhancement by the preliminary anodization have been evinced
by the concordance of the results acquired by both the EIS data analysis and the polarization
curves, described below. Fig. 3 illustrates the general trends (of current densities decrease,
combined by corrosion potential (Ecorr) shift in positive direction) for the polarization curves
recorded after 168 hours of exposure.
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Figure 3. Cathodic (a) and anodic (b) polarization cures recorded after 168 hours of exposure

Current density A cm™
3,
/
Current density A cm™

The polarization curves have been submitted to further Tafel plot analysis for determination of
Ecorr and polarization resistance (Rp). The numerical data of the obtained results for all the
investigated specimens are represented in Table 4. Some trends can be seen from the inferred,
regardless the considerable result dissipation. The largest E.or difference between the cathodic
and anodic curves belongs to the reference samples, showing that the relaxation time of about
hours is not sufficient for E.r value restoration, after the cathodic curve acquisition. Unexpec-
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tedly, the Ecorr values of the anodic curves are with about 100 mV more positive, although cathodic
polarization of the specimens. Thus, during the cathodic curve acquisition, the investigated
specimens (being negatively charged) attract cations from the model corrosive medium, like Na*
and HsO0*, shifting Ecorr in positive direction. This assumption is additionally confirmed by the
occurrence of Warburg diffusion elements, commented in the previous section.

Table 4. Tafel plot analysis of the obtained results from the polarization cures,
recorded after 168 hours of exposure

Cathodic Anodic

Ecore/ V vs. Ag/AgCl R, / kQ cm? Ecorr/ V vs. Ag/AgCl R, / kQ cm?

1S 25 3S 1S 25 3S 1S 25 3S 1S 25 3S

Ref. -0.658 -0.685 -0.718 17.8 14.0 8.6 -0.557 -0.565 -0.536 184 10.0 8.4
12 min  -0.628 -0.595 -0.611 300.0 240.0 160.8 -0.589 -0.631 -0.608 248.6 220.0 170.0
24 min  -0.633 -0.607 -0.773 480.0 280.0 19.0 -0.571 -0.615 -0.685 600.80 380.0 214.0
48 min -0.673 -0.617 -0.639 1980.0 3800.0 2200.0 -0.676 -0.653 -0.614 2345.0 3600.0 2400.0

The cathodic curves acquired from the reference specimens approximated straight lines,
possessing indistinguishable curvature. Their slopes are probably result of electrolyte ohmic drop,
and diffusion hindering in the electrolyte bulk. All other polarization curves obtained from the
preliminary anodized samples had more similar Ecorr values, with deviations of about 35 to 40 mV.
Besides, their cathodic curves stay at lower current densities compared to those of the reference
samples. Consequently, the AAO/CeOPL conjunctions possess much better insulating properties,
compared to the reference CeOPL monolayers. This inference is additionally confirmed by the
relatively higher R, values of the combined layer coatings, although the considerable value
deviations among the samples. In all cases, the CeOPL coated specimens after 48 min of
anodization possess at least an order of magnitude higher R, values, compared to those, anodized
for only 12 min. The specimens treated for 24 min have intermediate position, being similar either
to the former, or to the latter specimens. The higher barrier ability of the AAO/CeOPL layers
suggests extended durability, and this fact was the reason to continue the experiments, related to
the sample exposure to the model corrosive medium.

Durability — This property was evaluated by further extension of the sample exposure until
corrosion pits appear, combined with regular EIS and LVA measurements, according to the
regimes, described in the experimental section. Since this approach has provided a huge number
of data collections, only the final measurements will be commented in detail. The sample
durability of the specimens increases progressively with the anodization process duration (and the
24 mins 48 wiine AAO thickness, respectively). Thus, the
reference  CeOPL monolayers have
already failed until the 168™ hour of
exposure, whereas the AAO/CeOPL
layers, obtained by 48 min of anodization
have resisted whole 2,520 hours in the
model corrosive medium (Fig. 4)

The EIS spectra recorded for the

final exposure times were appropriated
for fitting to the equivalent circuit shown
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min, their results were not submitted to fitting. Furthermore, the significant difference of the
exposure times registered for these samplers (e.g. the anodized for 24 min) should lead to
remarkable deviation among the respective EIS data fitting. The results, obtained from the final EIS
spectra fitting are represented in Table 5.

It is worth mentioning, that at the final measurements (Fig. 4) all the preliminary anodized
specimens possessed superior charge transfer resistance (Rc) values (Table 5), compared to those
of the references after 168 hours of exposure (Table 2). Although the fact that the equivalent
circuit was appropriate for data fitting in both cases of the specimens, preliminary anodized for 12
and 48 min, their spectra had rather distinguishable shapes (Fig. 5). Since the specimens anodized
for 24 min have shown great deviations among themselves, their spectra are not shown.
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Figure 5. Averaged EIS spectra Bode plots of CeOPL deposited coatings after 12 and 48 minutes
of anodization, acquired at the end of the exposition to the model corrosive medium

Both the real (Z’) and the imaginary (-Z”) values of the smples anodized for 48 min are much
superior to these of the samples with 12 min of anodization (Fig. 5a). The real impedance
component reaches 250 kQ cm? for the thicker AAO layer, whereas in the other case, its value is
only 25 kQ cm?. Similar difference is observable for the logarithm of the total impedance in the
respective Bode plot (Fig. 5b). The ¢(f)-dependence recorded after 2,520 hours of exposure have
two clearly distinguishable maxima, related to the AAO and CeOPL layers, at the lower and the
higher frequency ranges. These maxima are almost completely overlapped in the EIS spectra
acquired after (504/672 hours of exposure) of the samples anodized for 12 min. This fact indicates
that the coatings deposited after 48 min of anodization possess residual protective capabilities,
although the interruption of their integrity after 2520 hours of exposure to the model 3.5 % NacCl
corrosive medium.

The EIS results are further confirmed by the respective LVA measurements, performed after the
sample exposure, shown in Fig. 6.
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Figure 6. Cathodic (a) and anodic (b) polarization curves acquired at the end of the exposure of CeOPL
coated samples after 12 and 48 minutes of anodization
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The cathodic polarization curves acquired after the corrosion tests for the specimens anodized
for 12 and 48 min overlap, where there is obvious difference between the respective anodic
curves. This fact is indication for the almost equal cathodic activity in the former case. However,
there is a sharp current rise, in the anodic curve of the sample anodized for 12 min, as a result of
localized corrosion activity as is proposed elsewhere [30]. Consequently, the corrosion processes
proceed with almost the same rate, but with a different mechanism.

Table 5. Fitting results for the anodized CeOPL coated specimens at the final exposure measurements

12 minutes of anodization

Element Unit Sample 1512 Sample 2512 Sample 3512
After 504 hours After 504 hours After 672 hours
Rel Qcm? 14.18 £ 0.20 18.92 £ 0.67 57.48 + 16.28
Qcoat+oxy s"Qtem? 0.68 +0.01x10™* 2.00 +0.06x10°° 1.44 +0.09x10°°
n 0.86 £0.03 0.82 +0.05 0.66 £ 0.06
Rcoatoxy Qcm? 22.08 + 1.00x10° 44.94 + 2.36x103 11.62 +0.74x103
Qe s"Ql cm? 0.51 +22.96x10°3 3.42 +£12.92x10* 0.78 £ 0.08x10®
n 0.95+0.09 0.96 £ 0.01 0.92 +0.02
Ret Q.cm? 49.24 + 15.20x103 10.20 + 68.63x103 3.52 +0.21x103
48 minutes of anodization
Element Unit Sample 1548 Sample 2548 Sample 3548
After 2520 hours After 2520 hours After 2520 hours
Rel Qcm? 187.20 £ 10.95 85.60 + 10.46 48.56 *+ 3.88
Qcoat+oxy s"Qtem? 0.681 + 0.06x10° 3.22 £0.09x10°® 4,10+ 0.43x10°
n 0.65+0.01 0.57 £ 0.03 0.69+0.01
Rcoatoxy Qcm? 15.06 + 4.29x103 23.04 +0.96x10° 19.36 + 7.22x103
Qeal s"Qlem? 0.81 +0.43x10°® 0.94 + 0.07x10°® 2.37 +1.08x10°®
n 1.00+£0.11 0.99 £ 0.02 1.00 £1.48
Rct Qcm? 21.84 +11.40%x10° 12.30 +£0.27x10° 71.60 + 6.29x10*

The anodic areas of the specimens, anodized for 48 min suffer uniform corrosion and the
current density is distributed equally on the entire aluminum matrix, probably due to the initial
galvanic corrosion stage. On the other hand, strong localized corrosion occurs for the samples
anodized for 12 min, after only 504/672 hours of exposure. This fact shows that the durability of
the samples anodized for 48 min exceeds 2,520 hours, whereas the other samples (anodized for
12 min) have already failed. All the polarization curves, recorded at the sample exposure
termination, were submitted to further analysis and the obtained results for 12 and 48 min of
anodization are summarized in Table 6.

Table 6. Tafel plot analysis of the polarization curves, recorded at the end of the exposure period

Cathodic Anodic

Ecorr / V vs. Ag/AgCl Ry, / kQ cm? Ecorr / V vs. Ag/AgCl Ry, / kQ cm?
12 min  1S12 2512 3512 1512 2512 3S12 1512 2512 3512 1512 2512 3512

504h -0.673 -0.637 - 32.0 62.0 - -0.568 -0.655 - 16.4 42.0 -
6,672 h - - -0.641 - - 17.8 - - -0.699 - - 1610.0

48 min 1548 2548 3548 1548 2548 3548 1548 2548 3548 1548 2548 3548
2,520h -0.623 -0.656 -0.627 142.0 460.0 38.0 -0.624 -0.627 -0.538 134.0 1380.0 960.0

In both cases of the CeOPL coated samples anodized for 12 and 48 min, the R, values are by
entire orders of magnitude higher than those of the reference samples, registered after 168 hours
of exposure (Tables 4 and 6). Furthermore, the values of the samples anodized for 48 min are
similar or slightly higher than those of the treated for only 12 min. The R, values of the anodized
specimens do not vary remarkably for the entire exposition period. Besides, this trend is in
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concordance with the EIS data fitting (Tables 3 and 5). All these facts indicate that both sets of
anodized specimens possess residual barrier ability even after extended exposure periods. This
conclusion was additionally confirmed by the morphological observations, which show weaker
corrosion impact of the preliminary anodized samples.

Scanning Electron Microscopy and EDX-chemical analysis - The CeOPL coated AA2024-T3
specimens after 12, 24 and 48 min of anodization were submitted to systematic SEM observations
before (Fig. 7) and after (Fig. 8) the corrosion tests, described in the previous sections.

The comparison among the positions in Fig. 7 reveal clear differences among the CeOPL layers,
deposited after different anodization durations. Although the CeOPL layers were deposited,
following the same procedure, these possess rather distinguishable morphologies, predetermined
by the AAO underlayer formation process duration. Obviously (positions (a) and (b)), the AAO
formed for only 12 min is disrupted over the alloys’ intermetallic particles locations. That is the
reason for the occurrence of brighter coarse particles in the locations of the coating disruptions.
For comparison, such intermetallics were not observed in the other cases (24 and 48 min).
Another distinguishable feature observed in the case of 48 min of anodization (positions (c) and
(f)) is the occurrence of net of cracks throughout the entire AAO/CeOPL layer surface.

This coating cracking is an indirect indication for a probably greater CeOPL layer thickness,
achieved after 48 min of anodization. Besides, the cracks are not deep enough to cross the AAO
underlayer, because these AAO/CeOPL conjunctions have shown remarkable durability, as was
already commented. The concavities on the metallic surface observed for all the samples are
result of the preliminary sample treatment procedures, as is discussed in previous works [31 - 33].

Similar systematic SEM observations have been done on the already corroded specimens. (i.e.
CeOPL coatings after 0, 12, 24, and 48 min of anodization and subsequent corrosion tests for 168,
504, 1008 and 2520 hours of exposure). The obtained SEM images are shown in Fig. 8.

Sou BSE 200 pm Ia Source: BSE 200 pum C Source: BSE 200 pm

Magnification x 500  ———— Magnification x 500 Magnification X 500  e————

J T [ R TR | e S,
Figure 7. Low (a, b, c) and high (d, e, f) resolution SEM images of the investigated specimens
after 12 (a, d), 24 (b, e) and 48 (c, d) minutes of exposure

The SEM images in Fig. 8 clearly demonstrate the lack of corrosion pits on the sample, anodized
for 48 min, whereas in all the other cases occurrence of such pits was observed. Consequently, the
AAO/CeOPL combined layers coatings, formed at the largest anodization duration possess
durability superior to 2,520 hours. In addition, these samples did not show any remarkable
differences before and after the corrosion tests (Fig. 7 and 8). This fact is additional evidence for
the superior sample durability.
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Figure 8. Low resolution SEM images of CeOPL coatings deposited after:
(a)— 0, (b)—12, (c) — 24 and (d) — 48 minutes of anodization

The SEM observations were followed by EDX chemical analyses, in order to illustrate the
coating chemical compositions, the elements distribution regularity, and the AAO/CeOPL coverage
rate before the corrosion test procedures (Fig. 9 and 10).

Eol =

Map data
MAG: 3000 x HV: 30.0 kV WD: 11.1 mm

Figure 9. EDX map nalyes of CeOPL coated AA2024 73 samp/es
after (a) - 12, (b) — 24 and (c) — 48 minutes of anodization

The EDX map analyses reveal uniform element distribution, indicating uniform coverage of the
metallic surface by the AAO and the further CeOPL layers. The basic alloy (Al, Cu and Mg), AAO (Al,
S and O) and CeOPL (Ce and O) elements were selected for observation.

The EDX images clearly reveal Mg re-deposition and sulfur entrapment in the AAO/ CeOPL layer
composition. Unlike the results from previous works [8] the CeOPL layers deposited on the already
anodized AA2024-T3 samples cover completely the metallic surface possessing dense structure
and uniform element distribution (Fig. 10).

The SEM cross-sectional observations (Fig. 11) reveal gradual increase of the oxide layer
thickness from 8 to 18 um, within increasing of the anodization process duration from 12 to
48 min, respectively.
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.

Figure 10. Element distribution of CeOPL coated AA2024-T3 samples,
after (a) — 12, (b) — 24 and (c) — 48 minutes of anodization

da

The correlation between the anodization process duration and the resulting AAO/ CeOPL layer
thickness reveals an AAO thickness growth rate of about 600 nm mint. An interesting trend was
established when the coating thickness and durability (Section 3.1) were compared.

For instance, the mathematical ratio between the durability test data (504 h) and the film
thicknesses (7.5 um) of the AAO/CeOPL obtained after 12 min of anodization results in 70 h um™.
For the thickest film (18.8 um), obtained after 48 min of anodization with 2,520 h of durability this
relation has 134 h um™. This difference leads to the assumption that the anodization procedure
proceeds with simultaneous film densification.

8.89 ym 10.04 pm ’ ‘
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7.45 pm 10.58 ym \ ¢ »

r

18.89 pm \

18.86 pm { !
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Magpnification x 3000 [rr— Magnification x 3000 [rr—

Figure 11. Cross-sectional SEM images of AAO/CeOPL double layered coatings deposited after:
(a)—12, (b) — 24 and (c)— 48 minutes of anodization

Another interesting point is the element distribution inside the AAO/CeOPL film. The EDX map
analyses reveal relatively equal cerium- and sulfur distributions across the investigated films
(Fig. 12).
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Figure 12. Cross-sectional EDX maps of AAO/CeOPL double layered coatings deposited after:
(a)—12, (b) — 24 and (c) — 48 minutes of anodization

NSS-test procedures - The excellent performance of the AAO/CeOPL combined coating primers
obtained by 48 min (18.8 um) of anodization was undoubtedly confirmed by the NSS test
procedures, because no corrosion pits were not registered after entire 168 hours of spraying with
relatively concentrated NaCl solution.

Conclusions

The possibility for combination of Anodized Alumina Oxide (AAO) and Cerium Oxide Primer
Layer (CeOPL) for elaboration of efficient protective coatings for AA2024-T3 aircraft alloy was
proposed. The correlation between the anodization process duration (the resulting film thickness,
respectively) and protective capabilities was evaluated by systematical characterization
procedures. These procedures included electrochemical measurements (EIS, LVA), combined with
morphological observations (SEM) and chemical element distribution (EDX). The protective
properties of all investigated coatings were evaluated by extended exposure (up to 2,520 hours) to
a 3.5% NaCl model corrosive medium and regular electrochemical measurements. Additional
cross-sectional SEM and EDX observations were performed in order to determine the AAO/ CeOPL
film thickness (related to the anodization duration).

The obtained results regarding significant AAO/CeOPL layer durability were confirmed by
standard neutral salt spray (NSS) test. The combination among these characterization methods has
enabled to create complementary image for the coating properties and their performance. In
addition, the correlations between the applied deposition procedures and the resulting
AAOQ/CeOPL coating layers were determined.

The measurement results have shown that the AAO/CeOPL conjunctions possess remarkable
corrosion protective capabilities, unlike the reference CeOPL monolayers. The EIS spectra of the
AAO/CeOPL conjunctions registered after 168 hours of exposure reveal much higher resistance
values, compared to the referent CeOPL. Furthermore, the EIS spectra fitting required equivalent
circuit for combined AAO/CeOPL layers, different from those for CeOPL reference coatings. This
fact has revealed completely different performance in the model corrosive medium for both kinds
of coatings. These conclusions from the EIS spectra analysis were confirmed by the respective po-
larization curves. The R, values of the AAO/CeOPL layers were by entire orders of magnitude
higher than those of the CeOPL references. The layers’ durability increases progressively with the
anodization duration. The specimens anodized for 12 minutes have resisted only about 600 hours,
whereas 48 min of anodization has led to more than 2,520 hours of exposure until pitting appear-
ance. The further data analysis, based on the film thickness determination has led to the inference
that the coating durability increases progressively with the thickness growth (the ratio between
the coating durability (600 to 2,520 hours) versus the film thickness (from 7.5 to 18.5 um).
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The cross-sectional EDX map analyses have undoubtedly evinced the uniform distribution of the
AAO/CeOPL combined layer components (O, Al, S and Ce).

The NSS test procedures have undoubtedly confirmed the excellent performance of the thickest
AAQ/CeOPL combined coatings (with 18.5 um, obtained by 48 min of anodization).
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National Scientific Research Fund, under contract NFNI: AIM-19/6 - 2017.
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Abstract

In recent decades, more and more electronic systems (start-stop, drive-by-wire, brake-
by-wire) have been developed in the automotive industry therefore reliable power
sources are necessary. It is essential to understand thoroughly the detailed behaviour of
the battery to increase its efficiency, stability and monitorability which is the most
popular field nowadays. Over-discharge plays an important role in aging because it
increases the probability of initiation of grid corrosion, sulfation and loss of active mass.
In this work, the effects of over-discharge of lead-acid battery have been investigated via
internal resistance increase and temperature change separately for both the negative
and the positive electrode. Most of the measurements were carried out in a prepared
test cell (which contained a negative and a positive plate, an Ag|Ag.SOs reference
electrode, a shunt for measuring current accurately) connected to a dummy battery and
an electronic load.

Keywords
Energy storage; Deep discharge; Aging; Battery sensor

Introduction

Despite of the fact that the lead-acid battery is a 150-year-old system, its over-discharge
characteristic is a less investigated area. During this process, different reactions can occur which
lead to the aging of the battery (for example sulfation, loss of active mass or loss of water) [1-4]. In
the 21° century, lead-acid batteries are still used in most of cars for starting the gasoline or diesel
engine and for the operation of the electronic system (drive-by-wire, brake-by wire, start-stop
systems) too. In this case, reliable and well-monitorable power sources are necessary. For this
purpose, better understanding of over-discharge is still necessary.

At the end of the 20" century, Garche et al. [5] estimated the basic reactions during over-
discharge. The cell voltage, the potential of the positive and the negative electrode, the intensity
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of gas evolution and the density of sulfuric acid at the top of the cell were measured. It was stated
that the basic reaction during discharge proceeded to a lesser extent and was replaced by other
reactions (for example increased gas evolution). In case of positive electrode, the capacity loss is
mainly caused by mechanical stress, because of different molar volumes of the reactants
(Viead-dioxide: Viead-sulfate: Viead=1.4:2.7:1.0). In case of negative electrode, the main reason of the aging
is the irreversible oxidation of the expanders.

This capacity loss was investigated by Blank et al. [6] setting depth of discharge (DOD) from
100 % to 130 %. It was stated that significant part of the initial capacity was lost because of over-
discharge just after a few cycles. The amount of decreasing was closely related to DOD level, at
higher DOD, the loss of capacity was also larger. It is also stated by the authors that the area of
deep discharge has so far been mostly neglected in published research apart from fundamental
material investigations [7].

In this paper, we present the effects of over-discharge on the internal resistance of the negative
and the positive electrode and the whole cell and on the temperature of the electrolyte at
different places of the cell (in the vicinity of the negative and the positive electrode and in the bulk
solution).

Experimental

Two types of batteries were investigated. We used a Furukawa HiDash battery (type: flooded,
voltage: 12V, capacity: 48 Ah) for the internal resistance measurements and a test cell which
contains a negative and a positive plate of a dry Unibat battery (type: flooded, voltage: 12V,
capacity: 9 Ah) and 650 ml 37 m/m% sulfuric acid for temperature experiment.

Internal resistance measurement

The potential of the positive and the negative electrode against Ag|Ag,SOa4 reference electrode
and another cell voltage were measured by using labjack data acquisition device. We apply 4.8 A
current [which is the C/10 current for a battery which capacity (C) is 48 Ah] until it reduced to the
10 % of its initial value. During this procedure, we measured the impedance of the battery every
10 minutes at 1 kHz excitation frequency which is good approximation to the battery's internal
resistance (Figure 1). The 1 kHz-resistance Riki. is defined as the real part of the battery
impedance at 1 kHz frequency. This is a practical definition, since it is quickly measurable with an
active excitation device. The standard handheld battery testers usually measure this value. [8]
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Figure 1. Measured impedance spectrum of the examined cell during discharge (Nyquist plot)
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Temperature experiment

An Ag|Ag,SOs|saturated aqueous K;SOs solution (0.69 V vs. SHE) reference electrode and
J-type thermocouples were used. The schematic representation of the experimental system is
shown in Figure 2.

Four thermocouples were used to measure the temperature at different places in the cell, their
positions are presented in Figure 3. We used a heat chamber to hold the external temperature
constant (25 °C).

Electronic
load Reference electrode
?
] = -~
H Thegative
Telectrolyte
Tpositive
ey CEL b
Battery
+ - -+ x
Figure 2. Experimental system Figure 3. Temperature measurement
The procedure is summarized in Table 1.
Table 1. Procedure of the measurements
Operation (details) Circumstances (7T = 25 °C)
1 Cell preparation -
Preparation
2 Immersion Uen>2.1V
3 Charge him=0.16 A; Uim=2.4V;t=2h
4 Discharge I=0.16 A;t=1h
5 Charge him=0.16 A; Uim=2.4V;t=2h
Pretreatment
6 Discharge I=0.16 A;t=1h
7 Charge him=0.16 A; Uim=2.4V;t=2h
8 Discharge I=0.16 A;t=1h
9 Charge him=0.16 A; Uim=2.4V; 1 <0.016 A
Achieving full charge
10 Delay -
11 Capacity measurement Discharge =016 A; Ucen < 1.75V
12 "OVer_d,'scharge” DiSChal’ge 1=0.16 A, t= tcapacity measurement * (X‘l)
14 Charge him=0.16 A; Uim=2.4V;t=16h
»Recharge”
15 Delay -
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In step 12, x can be 1.0, 1.1 and 1.2, which means that the DOD level is 100 %, 110 % and
120 %. The duration of step 12 is the product of the duration of step 11 (tcapacity measurement) and x-1.

Results and discussion

Internal resistance measurement

Negative electrode

In Figure 4 (regarding to the end of step 11, step 12 and 13 and the beginning of step 14 of
Table 1), it can be seen that during the over-discharge (between ca. 3-8 h) the negative electrode’s
internal resistance changed to nearly 100 times of its initial 2-3 mQ value when a large change in
the potential of the negative electrode occurred. When the potential has become practically
constant (there is only a small decrease because of the uncertainty of potential measurement),
the electrode's internal resistance has begun to decrease at a similar rate to the previous one and
reached about 2 times of its initial value. The internal resistance of the negative electrode hasn’t
changed until the end of discharge, but when the current has become zero (between ca. 8-9 h) a
significant increase could be observed. This process lasted until the charging has been started.
During recharging (between ca. 9-16 h), the internal resistance highly decreased and returned to
its initial value after several minutes.
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Figure 4. Change of the potential of the negative electrode (multiplied by minus 1) and internal
resistance during a discharge-charge cycle

During discharge (between ca. 0-3 h), porous metallic lead is converted to lead sulfate at the
negative electrode (Reaction 1).
Pb + HSO4~ - PbSO4+ H* + 2 e~ (Reaction 1)

The specific volume of PbSO, is approximately 3 times higher than the specific volume of Pb
and its conductivity is lower by orders of magnitude [9]. Thus, the porosity decreases during this
process as well as the pores become clogged (so the diffusion coefficient of the different species in
the electrolyte decreases). At the same time, sulfuric acid reacts with lead, that’s why its
concentration becomes smaller and the amount of acid required for the reaction isn’t available on
the surface of the active material. As the result of these two processes, the potential of the
negative electrode and the internal resistance highly increase.
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The Nernst equation provides an approximate calculation of the potential of the negative
electrode. Although the system is not in equilibrium during discharge, this relationship can be used
to interpret the direction of the processes.

0 RT | Opyso,d,

PbSO, /Pb — E PbsO, /Pb T ;In a

E (1)

a
Pb™Hs0,~

Where Epbso,/pb is the potential of the negative electrode, E°so,/pb is the standard electrode
potential of the PbSO4/Pb system (-0.356 V vs. SHE), R is the gas constant, T is the temperature of
the system, F is the Faraday constant and arbso,, arb, O+, GHso,- are the activities of the given
species.

Based on Equation 1, if the lead ion or the sulfate ion activity changes on the electrochemically
active surface of the electrode, the potential of the negative electrode will change too. The
concentration (also the activity) of the sulfuric acid decreases continuously during discharge, due
to this, the potential also gradually increases. The reason of the high change at the end of
discharge is the decrease of both species’ activity.

At more positive potential, other reactions can take place. The most significant reactions are
the following:

PbSO4 + 2 H,0 - PbO2 + HSO4 +3 H*+ 2 e~ (Reaction 2)

2H,0>4H"+02+4 e (Reaction 3)

In Reaction 2 lead sulfate with high resistance and specific volume is converted to lead dioxide.
Due to this reaction, the electrode's internal resistance is decreased and the average size of the
pores is increased. In Reaction 3 (which is significant when the polarity reversal of the negative
electrode takes place), oxygen gas evolves, which phenomena was observed by Garche et al. [5].
On the one hand, these gas bubbles mix the electrolyte, so the inhomogeneities can be
eliminated. On the other hand, a non-conductive layer of gas is formed on the active surface
resulting in increased internal resistance. If all electrochemically active lead reacted due to the
Reaction 1, the potential changes (even the potential of the positive electrode can be reached)
and the Reactions 2 and 3 take place. Based on this, the over-discharge of the negative electrode
is very similar to the charge/over-charge of the positive electrode. During this process, the internal
resistance of the electrode doesn’t change significantly until the end of over-discharge.

After over-discharge, the system is left alone for 2 hours and synproportionation can occur
(Reaction 4), in which the remaining lead content of the active mass reacts with lead-dioxide
generated during over-discharge (Reaction 2).

Pb + PbO; + 2 HSO4™ + 2 H* & 2 PbSO4 + 2 H,0 (Reaction 4)

In this case, the concentration of sulfuric acid decreases, lead and lead dioxide with lower
resistance and specific volume converted to lead sulfate with high resistance and specific volume.
Based on these phenomena, pores can become clogged and the internal resistance can
significantly increase.

During the recharge, both lead sulfate and lead dioxide can be converted into lead with better
conductivity and lower specific volume. Although the transformation of the whole amount of lead
sulfate requires a long time, the internal resistance significantly decreases during ca. 10 minutes.
This phenomenon can be explained with the opening of pores and higher sulfuric acid
concentration inside them which resulted in low resistivity connectors to the grid. Several hours
later, the internal resistance reaches to its initial value.
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Positive electrode

The observed phenomena during discharge of the positive electrode (Figure 5) were similar to
the previously mentioned ones. In Figure 5, the end of step 11, step 12 and 13 and the beginning
of step 14 of Table 1 are shown. The internal resistance increased continuously as the cell lost its
capacity (“normal” discharge between ca. 0-3 h) and when high decrease of the potential
occurred, it increased by approximately two orders of magnitude compared to the initial value.
During over-discharge (between ca. 3-8 h), it approached its initial value, and after that, when
discharge was over (between ca. 8-9 h), we experienced some increase again. After starting the
recharge (between ca. 9-16 h), it reached its initial value in about half an hour.
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Figure 5. Change of positive electrode’s potential and internal resistance during a discharge-
charge cycle

In this case, the potential of the positive electrode can also be estimated from the Nernst
equation.

3

E —E° RT| anOzaH*aHso; 2

PbO, /PbSO, — = PbO,/PbSO, +E n 2 (2)
Tobso, Ah,0

where Epno,/poso, is the potential of the positive electrode, E°uo,/ros0, is the standard electrode
potential of the PbO,/PbSO4 system (+1.685 V vs. SHE), R is the gas constant, T is the temperature
of the system, F is the Faraday constant and apbo,, Grbso,, GH,0, GH*, GHso,- are the activities of the
given species.

This case is a little bit more complex than the case of negative electrode. Although, the reason
of the potential’s monotone decrease is the sulfuric acid consumption, but the fall of potential can
be caused by several processes: the decrease of activity of lead-dioxide (in extreme case when the
battery is “fully” discharged, almost the whole surface of the active material is covered by lead-
sulfate, so the activity of the lead-dioxide must be less than one) or sulfuric acid or the increase of
activity of water next to the electrochemically active surface (the activity of the water in such a
concentrated electrolyte is less than one [10]). It can be stated that the potential doesn’t change
dramatically when the over-discharge of the positive electrode completed. There may be two
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different explanations: Reaction 4 isn’t significant during over-discharge at all or it becomes
significantly important before the process is over. It can be distinguished betweem the two
possibilities by analyzing the results of the resistance measurement.

Looking at the change in internal resistance of the positive electrode, the phenomenon is
similar to the case of the negative electrode. The initial increase is caused by clogged pores and
high resistivity lead sulfate. The interpretation of sudden decrease in the potential is practically
the same as mentioned before, but there is an important difference in the further part of over-
discharge, the internal resistance begins to increase before the process is over. Based on this, it is
concluded that the Reaction 4 becomes significant before over-discharge is over.

Cell

In Figure 6, the voltage of a whole cell is shown (regarding to the end of step 11, step 12 and 13
and the beginning of step 14 of Table 1). Besides the previously mentioned phenomena,
interesting behavior could be observed after the cell reversal (between ca. 5-8 h) and after the
over-discharge was finished (between ca. 8-10 h). The internal resistance of the cell didn’t
decrease during the over-discharge period as much as shown in the previous sections. This
phenomenon can be justified by the worse structural properties of the active material. If the pores
inside the electrodes and the electrochemically active surface of them are smaller, the effects of
the same processes can be much larger as it can be seen until the beginning of recharge (between
ca. 5-10 h). After the end of discharge, the internal resistance increased just as in the case of the
negative and positive electrode, but the rate was much higher than it can be expected, which also
refers to the poor structural properties of the electrode. But after this region, the resistance
decreased (between ca. 8-10 h). If we consider that the impedance measurement has an impact
on the system, it can be explained by the discharge current which was applied in every 10 minutes
for a short time resulting in a decrease of internal resistance (the pulsating curve also suggests this
phenomenon).
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Figure 6. Change of cell’s voltage and internal resistance during a discharge-charge cycle

Based on this, it can be said that during the measurements when current flowed through the
system, this phenomenon hadn’t caused an error, because the current was applied for a short
time. It was only significant when neither discharge nor charge was executed. In the experiments
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shown in Figure 4 and Figure 5, this phenomenon was negligible because the system was not in a
labile state contrast to the measurement shown in Figure 6.

Temperature measurement

Over-discharge

In Figure 7, it is shown that during the negative electrode polarity reversal, at first the value of
that thermocouple changes (Thegative) Which is located in the direct vicinity of the negative
electrode and the other ones follow later. The temperature near the positive electrode (Tpositive)
and in the bulk electrolyte (Telectrolyte) Starts to increase 15 minutes after the negative electrode
polarity reversal. According to our expectations, Thegative Changed the biggest (0.4 °C), Tpositive and
Telectrolyte iNncreased by 0.3 °C. The phenomenon regarding to the positive electrode polarity
reversal was essentially the same.

15 246
/E(positive electrode)
1.0 - 24.4
O
(DN
X 05 L 242 O
© .
0 [0)
o . 3
@, 00 -240 ©
i o
g X T(negative) g—
< e o
- -0.5 - -238
2
> T(external)
w 104 - 236
E(negative electrode)
-15 : : . : - ; . : . - . 234
0 2 4 6 8 10 12

Time, h

Figure 7. Temperature change due to over-discharge (potential of negative and positive
electrode, temperature in the vicinity of the negative and the positive electrode, in the
electrolyte and in the heat chamber)

These changes may not seem very significant at first sight, but if they are converted for the
original cell, the effects are much higher. In Table 2, the most important differences between the
test cell and the original cell are summarized.

Table 2. Parameters of the cells.

Test cell Original cell
Amount of electrolyte, ml 650 75
Number of negative electrodes 1 5
Number of positive electrodes 1
Measured capacity, Ah ca. 3 ca. 8

Based on the measured values by the thermocouple placed in the electrolyte, it can be
assumed that the temperature of the whole cell has increased by more than 0.3 °C. During over-
discharge if the same processes take place, the original cell generates about 3 times as much heat
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as the test cell based on the capacity differences. The cell voltages are practically the same in
these cases, but approximately 3 times higher charge goes through the original cell than the test
cell. The generated heat can be calculated as the product of voltage and charge based on
Equation 5.

We need to estimate the heat capacity of the electrodes. For this calculation, we used the
following molar heat capacity values: 2 J/(mol-°C) for lead, 103 J/(mol-°C) for lead sulfate and
61 J/(mol-°C) for lead dioxide. The weight of the negative electrode is approximately 40 g of which
the lead grid is 12 g and the active mass is the remaining 30 g (we suppose that it contains mostly
lead at the beginning of the measurement). The positive electrode’s weight is approximately 50 g,
of which the lead grid is 12 g and the active mass is 38 g (we suppose that it is mostly lead dioxide
at the beginning). By the time the cell was discharged, approximately 3 Ah of charge was passed
through it. According to the Faraday law, it is possible to calculate how much active mass was
converted during discharge procedure (Table 3, Table 4).

Table 3. Transformation of active material and sulfuric acid in the test cell during discharge

Negative electrode Positive electrode Electrolyte
Compound Lead Lead !_ea_d Lead Sulfuric acid Water
sulfate dioxide sulfate
Mbeg / 8 28 0 38 0 308 524
Mirans / 8 -12 +17 -13 +17 -11 +2
Mend /8 16 17 25 17 297 526

We used the following data for the calculation: p (37 m/m% sulfuric acid) = 1.28 g/cm3;
M(Pb) = 207.2 g/mol; M(PbSQO4) = 303.3 g/mol; M(PbO,) = 239.2 g/mol; M(H2S04) = 98.1 g/mol;
M(H20) = 18.0 g/mol; F=96500 C/mol.

Table 4. Transformation of active material and sulfuric acid in the original cell during discharge.

Negative electrode Positive electrode Electrolyte
Lead Lead Lead
Compound Lead sulfate dioxide Compound Lead sulfate
Mbeg / 8 140 0 152 0 36 61
Mtrans / & -31 +45 -36 +45 -29 +5
Mend /8 109 45 116 45 6 66

Based on the measured capacity of the original cell, it is stated that approximately 8 Ah charges
could pass through the cell until reaching the fully discharged state. At that time, the mass fraction
of the sulfuric acid in the test cell was 36 m/m% [heat capacity=2.9 J/(g-°C)] and it was 9 m/m% in
the original cell [heat capacity=3.9 J/g-°C). [11]

Based on Table 3, Table 4 and the above-mentioned data, the heat capacity of the cells can be
calculated (active mass+grid+electrolyte): Ciest cet=2410 J/°C, Coriginal cet=374 J/°C.

We can make a calculation to estimate the generated heat (Qtest cenl) in the test cell:

Quest cell = Ctest cell ATtest cell = 2410 ) / °Cx0.3°C=723)~ Qoriginal cell/3 (3)

where ATiest cell is the temperature change during the negative electrode polarity reversal, Qorginal cell
is the generated heat in the original cell due to the previously mentioned effect.
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Based on this, we can roughly calculate how many degrees of Celsius the original cell will warm
with the same current density and process:
732Jx3
AT ~ =

o RN i
original cell original cell J

364

5.8°C (4)

o

The temperature in the original cell would increase by about 6 °C due to the electrode polarity
reversal. However, it is important to note that this will be the average value in the whole cell, so
inside the electrode, the temperature can rise significantly higher which has a very significant role
in aging processes. [12]

It can be assumed that not the different reactions cause the temperature rise, because the
system cools down later and it approaches its initial state in the vicinity of the electrodes’ surface,
although the reactions don’t change significantly at that time. However, the high resistance
increase can cause this phenomenon.

The initial resistance of the cell was 0.02 Q, the current (/) during the whole procedure was
0.16 A, the duration (t) of the temperature rise (also the duration of the high resistance increasing)
was approximately 1 hour. The generated heat (Q) can be estimated from Equation 5.

Q=Pt=Ucllt=RIt (5)
where P is the electrical power, U is the cell voltage and R is the resultant resistance.

We can calculate the resultant resistance from Equation 6.

Q 7231

R=—= ~ (6)
Pt (0.16 A)> x3600 s

Although the calculation contains many approximations and estimates, it shows that the
resultant resistance, as in the previous section, increased by more than two orders of magnitude
during over-discharge process (when the potential of the electrode and the temperature greatly
changed at the same time).

“Recharge”
The recharging of an over-discharged cell is shown in Figure 8.
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Figure 8. Temperature change due to “recharge” (potential of negative and positive electrode, temperature
in the vicinity of the negative and the positive electrode, in the electrolyte and in the heat chamber)
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During the recharging, temperature rise was also experienced which was similar to the
previously described one (during over-discharge) and the heat capacity of the cell was practically
the same. Based on these results, we can state that the internal resistance of the examined cell
increased by several orders of magnitude compared to its initial value during the recharging.

Conclusions

By investigating a lead-acid test cell, it was proved that the internal resistance highly increased
during the cell reversal. This process and the increasing gas evolution caused significant
temperature to rise inside the electrode undergoing the reversal and consequently in the whole
cell. This is a very reproducible phenomenon which has a serious influence on aging specifically on
the loss of capacity because there is high temperature increase and gas flow at the same time.
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acknowledged.
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Abstract

Products of titanium dissolution in the active state are investigated in fluoride contain-
ing 1 M H3S04 solutions. The novel method of dual dynamic voltammetry, applied to Ti
disk/Pt ring rotating ring—disk electrodes, is utilized for the simultaneous detection of
different dissolution products. Potential regions where certain products (primarily, Ti"
and H;) are formed are identified by a 3D electrochemical map constructed based on
the ring—disk electrode measurements. Besides dissolution in the form of Ti"" species
and hydrogen evolution, the formation and prompt oxidation of Ti" can also be

presumed under the applied conditions.
Keywords

Rotating ring—disk electrodes; electrochemical map; cyclic voltammetry; dental implant materials;
corrosion

Introduction

Due to its extensive application, the electrochemical stability of titanium has been the subject
of investigations for more than fifty years [1-14]. The pure metal itself, and also some of its
alloys are widely applied as materials of dental implants and braces. Thus, being aware of the
possible dissolution processes of Ti, which can take place in acidic media and in the presence of
fluoride ions, is paramount. Assessing the possible corrosion products of Ti alloys that contain
materials with toxic forms is of special importance. Accordingly, the literature of the topic is
abundant and continuously expanding [1-22].

In this paper we demonstrate the applicability of a novel experimental method, dual dynamic
voltammetry [23-25], for the detection of different dissolution products of titanium. The
described technique is applicable to the vast majority of generator-collector systems, in what
follows, however, we will concentrate on rotating ring—disk electrodes (RRDEs).
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In conventional RRDE experiments the potential (or the current) of at least one of the two
working electrodes is held constant. It was recently shown, however, that independent and
dynamic potential programs can also be applied simultaneously to the disk and the ring
electrodes [23-26]. By means of dual dynamic potential control, the sensitivity of the RRDE
system can significantly be increased, and this control technique also enables the application of
several new methods such as the so-called fast ring scanning technique [24]. In this paper, we
apply this latter technique for investigating the dissolution of titanium in the presence of fluoride
ions.

Since dual dynamic potential control is not feasible by the application of commercially
available bipotentiostats, our measurements were carried out by using our self-built
measurement station [27]. As it is going to be shown, fast ring scanning experiments on an RRDE
can be applied very effectively for studying the dissolution of titanium in acidic media, and in
particular, for the detection of different dissolution products.

In order to demonstrate the advantages of this technique, we chose a relatively simple target
system: a Ti disk/Pt ring RRDE immersed into 1 M H,SO4 solutions, containing F~ in different
concentrations.

Titanium dissolution under similar conditions has been investigated before. Titanium exhibits
excellent corrosion resistance in sulfuric acid solutions, due to the easy formation of a highly
protective oxide film (mainly TiO,). This oxide coating possesses a rather high chemical stability
[2,3], preventing the corrosion of the metal. However, researchers seem to agree that fluoride
ions, when present in the electrolyte solution, can dissolve the protective oxide layer, exposing
fresh titanium surface, and thus destroying the corrosion resistance [2,4,5].

Titanium dissolution in sulfuric acid solutions can also be observed in the absence of F~ [6-10],
although at a considerably lower rate compared to F~ containing media. Dissolution in the
oxidation state of Ti"V is likely to occur at positive potentials, in the passive potential region [7],
while the formation of Ti"' and Ti" species is supposed to occur at negative potentials, in the
active potential region [6]. Ti" can, however, easily be oxidized in aqueous media, resulting the
formation of elemental hydrogen [6,11]. At negative potentials, evolution of hydrogen occurs in
two parallel paths: one path involves the usual solvated proton and the other involves the
adsorbed surface species (TiOH)*aq4s, followed by a fast recombination reaction [11].

The aim of this work is to present how dual dynamic voltammetry, when used with RRDEs, can
allow the simultaneous detection of the different dissolution products of titanium, formed in a
broad potential range.

Experimental

Measurements were carried out with rotating ring—disk electrodes in standard four electrode
cells. In all cases, the cell contained a separate reference compartment being connected to the
cell by a Luggin capillary positioned close to the RRDE surface. A NaCl saturated calomel
electrode (SSCE) was applied as reference and two glassy carbon rods surrounding the RRDE tip
were connected and used as a counter electrode. During the presented measurements the
electrode tip was rotated at 500 min~.

The 1 M H,SO4 solution was made by dilution of concentrated sulfuric acid (Merck) with
Milli-Q water. The fluoride ion containing solutions were prepared by addition of a 1 M H;SO4 +
+ 1M NaF solution, made from solid NaF (VWR Chemicals). Solutions were purged by and
maintained under argon. Measurements were carried out in a water-jacketed glass cell at 37 °C.
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All the glass parts used in the experiments were previously immersed in piranha solution for
several hours, rinsed with de-ionized water, and cleaned by steam.

RRDE measurements were controlled by our self-built electrochemical workstation [27]. This
system relies on the state-of-the-art data acquisition devices of National Instruments (PCI-4461
and PCI-6014 boards) that can be used in combination with analogue bi-potentiostats. For the
measurements presented here, the measuring system was equipped with a PINE Model AFCBP1
bi-potentiostat. The measuring system was controlled by a software written in the National
Instruments LabVIEW development environment.

During the experiments we used the following three configurations.

Configuration A

For the experiments concerning titanium dissolution in 1 M H,SO4 solution and in 1 M H,SO4 +
+ 20 mM NaF solution we applied a PINE AFE6R1PtPK ChangeDisk rotating ring—disk electrode tip
containing a fixed platinum ring (Ar = 0.1100 cm?) with a PINE AFEDO50P040 titanium disk
(99.999 %, Ag = 0.1963 cm?). The gap size between the ring and the disk was 0.75 mm. Collection
efficiency calculated from the geometric parameters is 25.6 % [28]. Prior to measurements, the
disk and the ring were separately polished by SiC paper and diamond suspension (finest grain
size: 1 um). After polishing, the electrode surfaces were rinsed with pure ethanol and Milli-Q
water.

Before recording the presented experiments, the titanium disk was left for 1 hour in
1 M H3SO;4 solution at OCP. Meanwhile, high speed cyclic voltammograms were recorded at the
ring in order to clean its surface and to gain a stable baseline CV shape for the collection
experiments [24]. After the addition of the fluoride ion containing solution the disk was etched
for 15 min at OCP, then we started to polarize it slowly towards positive potentials. The
presented data are results of the first cathodic sweep.

Configuration B

Experiments investigating hydrogen evolution and oxidation on platinum were carried out
with the PINE AFE6R1PtPK ChangeDisk rotating ring—disk electrode tip containing a fixed
platinum ring mentioned above. Instead of the titanium disk insert, in this case we used a PINE
AFEDO50P040 platinum (99.99 %) disk. The geometric parameters and the applied polishing
procedure were the same as in case of configuration A. Before recording the presented data,
high speed cyclic voltammograms were simultaneously recorded at the disk and ring electrodes
for 1 hour.

Configuration C

For the experiments demonstrating the effect of fluoride ion concentration in the electrolyte
we used a fixed “home-made” titanium (99.99 %) disk/platinum ring rotating ring—disk electrode
(Ag = 0.1963 cm?, Ar = 0.2134 cm?) with collection efficiency of 37.5 %, calculated from the
geometric parameters [28]. The gap size between the ring and the disk was 0.60 mm. Prior to
measurements, the surface of the electrode tip was renewed by lathe machining followed by
rinsing with ethanol and Milli-Q water.

The presented measurement series were carried out with step by step additions of fluoride
ion containing solution. After every addition step, the titanium disk was etched for 15 min at OCP
before starting the individual measurements.
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Figure 1. (a) Control signal of the disk and the ring electrodes. While the disk electrode was
polarized at a relatively slow sweep rate (1 mV/s), high speed cyclic voltammograms were
recorded at the ring electrode (sweep rate: 100 mV/s). (b) Measured current at the disk and
the ring electrodes as a function of the electrode potential. The emphasized cyclic
voltammograms on the ring (1-4) were recorded while the disk potential was at the marked
values. (c) 3D representation of the measured data created by bilinear interpolation (grid
resolution: 50 x 50 mV). The current measured on the ring electrode during the anodic ring
scans is plotted as a function of the disk and ring potentials, Egisk and Eying.

Results and discussion

For the investigation of titanium dissolution in the active potential region in the presence of
fluoride ions, a special example of dual dynamic voltammetry, the fast ring scanning
technique [24] was applied. The essence of this technique is that the disk electrode is polarized
at a sufficiently low and the ring electrode at a sufficiently high scan rate. Potential and current
data measured this way can be used for the creation of a 3D map that may reveal the
electroactive products or intermediates formed in the electrode processes taking place on the
disk electrode.

The results of the measurements with a Ti disk / Pt ring RRDE in 1 M H,S04 + 20 mM NaF and
the applied potential program can be seen in Figure 1. The disk electrode was polarized at
1 mV/s sweep rate from 100 mV vs. SSCE, towards negative potentials. At the same time, cyclic
voltammograms were recorded at 100 mV/s on the ring between potential limits of =200 mV and
1200 mV vs. SSCE. These experiments were carried out using cell configuration A (described in
the Experimental section). Due to the hydrodynamic flow created by rotation, the products
formed on the disk reach the surface of the ring where the electroactive species can be detected.
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When using fast ring scanning, the current yielded by the detected species is superimposed on a
baseline, the cyclic voltammogram of the ring.

H, + Ti" Ti""

-0.8
Figure 2. Difference (Al,ing) of the ring current and the reference anodic scan
(Eref. disk = 0 V' vs. SSCE) as a function of Egisk and Eing from two different perspectives: (a) and (b).

In Figure 1(b) it is apparent that the polarization of the disk towards negative potentials
results in no significant change of the ring CVs; at least, until no current on the disk is measured
(see point 1 on the disk voltammogram in Figure 1(b) and the corresponding ring CV). As the disk
current starts to increase (2), the positive potential parts of the ring CVs start to lift and, later on
(3), the negative potential parts also start slowly to increase. After the disk current reaches its
maximum, the positive potential parts of the ring CVs tend to fall back, while the negative
potential parts keep increasing. In order to show all these changes at the same time, a 3D map
can be constructed (Figure 1(c)) by means of bilinear interpolation, using the measured disk
potential, ring potential and ring current data. For details of the interpolation algorithm, see [29].

The ring scan marked as 1 in Figure 1(c), recorded while the disk was at about 0 V vs. SSCE,
was chosen as reference and subtracted from the 3D map in order to obtain the “surface of
changes”: the changes measured in the ring currents resulted by the polarization of the disk
(Aling) as a function of the disk and ring potentials. Figure 2 shows the electrochemical map
constructed in this way from two different view-points.
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For the identification of the peaks on Figure 2, similar measurements were carried out in
1 M H,S04 solution with a Ti/Pt, and also with a Pt/Pt RRDE using cell configuration A and B,
respectively. Figure 3 shows the results of these experiments. During the slow cathodic
polarization of the platinum disk electrode in 1 M H,SOa, the evolution of hydrogen starts to
occur at suitably negative disk potentials. The hydrogen originating from the disk can be oxidized
on the ring electrode, resulting in the changes of the measured Pt CVs, as shown in Figure 3(a).

We note that similar changes in the ring CVs can be measured if we supply hydrogen from an
outside source (gas bottle) to the electrolyte. At most potentials, where the platinum surface is
active, the collected hydrogen causes an increase of the measured ring current. This increase
seems to be independent of the electrode potential of the ring over a broad potential range.
When the ring potential is high enough, however, so that the platinum surface is oxidized, the
oxidation rate of hydrogen is much slower [30-32]. Thus, the positive potential parts of the ring
CVs hardly lift during the experiment.

The situation is rather different in the case when a Ti disk is applied in combination with a
Pt ring (1M H,SO4). In case of a slow, negative-going polarization, the titanium disk begins to
dissolve even in a fluoride-free electrolyte, as a result of a passive-active transition. This is shown
by the moderate hump in the polarization curve of Ti, shown in Figure 3(b) at point 2. As a result,
a moderate increase of current can be observed at positive ring potentials: an effect that was not
present in the case of Pt, and which is due to the collection of Ti"" species [6]. At more negative
potentials (see point 3), hydrogen evolution and slow titanium dissolution take place
simultaneously [6,9] and current signals related to hydrogen detection dominate the ring CVs.
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rng 1 _sg 1{ -s0
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Figure 3. (a) Hydrogen evolution resulted by a slow, negative-going scan on the platinum disk and
oxidation of the produced hydrogen on the platinum ring of a Pt/Pt RRDE in 1 M H»50.. (b) Slow, negative-
going scan on the titanium disk and oxidation of the formed products and intermediates on the platinum
ring of a Ti/Pt RRDE in 1 M H,SO,. In both cases the disk electrode was polarized towards negative
potentials at 0.25 mV/s sweep rate while on the ring cyclic voltammograms were recorded between
—200 mV and 1200 mV vs. SSCE at 100 mV/s scan rate.

Based on the experiments presented in Figure 3, we can come to the conclusion that the lift of
the positive potential parts of the platinum CVs in Figure 1(b) and 1(c) is caused mainly by the
collection of Ti" species formed on the disk, while the lift of the negative potential parts of the
ring CVs corresponds to the oxidation of hydrogen.
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Figure 4. lllustration of the effect of varying the fluoride ion concentration on the detectable ring current
changes during fast ring scanning measurements. Measurements were taken in 1 M H;SO4 solutions
containing NaF at different concentrations as indicated. Measurements were taken using configuration C,
as described in the Experimental Section. A reference disk potential of 0 V vs. SSCE
was used for creating the presented surfaces.

Here we note that hydrogen detection on the ring electrode may either be a result of direct
hydrogen formation or of Ti" production on the disk. As Ti' is unstable in aqueous environments,
it is expected to react quickly with water and/or protons to form hydrogen and Ti"' [11].
Accordingly, at negative disk potentials, Ti"' formed as a result of Ti" oxidation may contribute to
the Ti" collection signal.

It is interesting to note that the 3D surfaces of Figure 2 apparently exhibit three, relatively
distinct features. While one of these clearly corresponds to the collection of H, and another to
that of Ti" species, the third peak-like feature —based on the results shown in Figure 3— can be
attributed to the combined collection of hydrogen and Ti"' species.

In our interpretation, Figure 2 describes the following scheme: while at not very negative
potentials, the main dissolution product is Ti"", at more negative potentials, the disk generates
H,, Ti" and, probably, also Ti". As Ti" is very unstable in aqueous solutions, it gets oxidized
resulting the formation of Ti"' and additional hydrogen. Note that the ring signal corresponding
to Ti"" does not fully decay, not even at extreme cathodic disk polarization (Figure 2(b)). Thus it
can be assumed that even at these very negative potentials some Ti'" is formed on the disk or
that —more likely— the disk generates Ti", the subsequent oxidation of which results in the
collection of Ti'"" on the ring. In a narrow potential region on the ring, the collection of Ti"' and
hydrogen co-occurs, resulting in the peak-like feature marked as “Ti"' + H,” in Figure 2(b).

The qualitative interpretation of the measurements, outlined above, remains the same for
fluoride concentrations between 5 and 20 mM, although the intensity of the ring current signals
(the amount of dissolved species) grows in strict correlation with the fluoride concentration. This
is shown by Figure 4 and can also be expected based on literature [5,14].

Summary

By using the method of dual dynamic voltammetry, applied to a Ti disk/Pt ring RRDE, products
formed during the polarization of titanium in 1 M H,SOs + 20 mM NaF solution in a broad
potential range were simultaneously detected. In the applied fast ring scanning technique, high
speed cyclic voltammograms were recorded on the ring electrode while the disk electrode was
polarized slowly from the edge of the passive potential region to the active potential region. As a
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result, a 3D electrochemical map of the dissolution products was constructed, giving a
comprehensive illustration of potential regions where the different products are formed and
where they can be converted electrochemically. Besides dissolution in the form of Ti'' species
and hydrogen evolution, the formation and prompt oxidation of Ti" can be presumed under the
applied conditions.
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Abstract

Time dependence of the electrochemical impedance of an overoxidized glassy
carbon[poly(3,4-ethylenedioxytiophene) (PEDOT)[0.1 mol-dm sulfuric acid (aq.) elec-
trode has been investigated. To follow the changes occurring at the film/substrate
interface after the overoxidation procedure, successive impedance measurements were
carried out. Although the system is intrinsically nonstationary, the charge transfer resis-
tance (Rct) corresponding to different time instants could be determined by using the so-
called 4-dimensional analysis method. The same post-experimental mathematiccal/ana-
lytical procedure could be used also for the estimation of the charge transfer resistance
corresponding to the time instant just after overoxidation of the PEDOT film. The
increase of the charge transfer resistance of the overoxidized system with respect to that
of the pristine electrode suggests that during overoxidation the electrochemical activity
of the film decreases and the charge transfer process at the metal/film interface beco-
mes more hindered. After the overoxidation procedure, when the electrode potential
was held in the “stability region” (at E = 0.4 V vs. SSCE in the present case) the R.: decre-
ased continuously with experiment time to a value somewhat higher than that of the
pristine electrode. By comparing the properties of the GC/|PEDOT|0.1 M H,SO4 and the
Au[PEDOT[0.1 M H,SO4 electrodes a possible mechanistic explanation for the observed
behavior has been proposed. This is based on the assumption that in the case of the
GC|PEDOT/|0.1 M H»S04 electrode two processes may occur simultaneously during the
impedance measurements: (a) reduction of the oxidized surface of the GC substrate,
including the reduction of the oxygen-containing surface functionalities and (b) read-
sorption of the polymer chains (polymer chain ends) on the surface.

Keywords
Non-stationary system; 4-dimensional analysis method; substrate-polymer interaction; oxidation of
glassy carbon.

* This paper is dedicated to the memory of our friend and colleague Professor Zdravko Stoynov in recognition of his
great contribution to electrochemistry.
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Introduction

Intrinsically conducting organic polymers such as polythiophenes, polyanilines and polypyrroles
have been studied intensively during the last decades. Poly(3,4-ethylenedioxythiophene) [1], often
abbreviated as PEDOT, and its derivatives are relatively stable compared to other conducting
polymers. The conjugated polymer backbone, consisting of alternating C-C double bonds, provides
for m-orbital overlap along the molecule. PEDOT can be doped with many anions, including
macromolecular polyanions such as poly(styrene sulfonate) (PSS). Previous studies have shown
that PEDOT is highly insoluble in most solvents, electroactive in aqueous solutions [2-4], and
exhibits a relatively high conductivity. The behavior of PEDOT in electrochemical systems is a hot
topic nowadays due to its important applications in a variety of fields. Many studies have been
performed recently to investigate the electrochemistry of PEDOT in more detail by using
voltammetric techniques (in most cases cyclic voltammetry). It has been found in Refs. [5-9] that
at sufficiently positive electrode potentials, degradation of the polymer occurs. The oxidative
degradation of polypyrroles, polythiophenes is known as , overoxidation”. That is, when the
positive potential limit of the cyclic voltammogram (CV) is extended to the region in which the
“overoxidation” of the polymer film takes place, an oxidation peak (without a corresponding
reduction peak) appears in the 1 CV (with a maximum in the vicinity of 1.4V vs. SCE in
0.1 M H,;S04 solution). The oxidative degradation of PEDOT has been studied most frequently
using cyclic voltammetry, impedance spectroscopy (EIS) or electron spin resonance (ESR)
spectroscopy [5,10-13]. On the other hand, in Refs. [6-8] it has been shown that PEDOT films in
modified electrodes undergo structural changes during the degradation process. The most
probable stages involved in the overoxidation/degradation process are:

1) Overoxidation results in stress generation in the PEDOT film [14].

2) Formation of cracks due to internal stress.

3) The products of the degradation of the polymer leave the polymer layer.

4) After the formation of the line cracks, the film stress is partially released.

5) The partial delamination of the polymer layer leads to the exposure of the underlying metal

substrate to the electrolyte solution.

Nevertheless, the polymer film still present on the substrate after overoxidation remains
electroactive; and the areas with the polymer form a barrier between the metal substrate and the
surrounding electrolyte solution. Apart from the morphological changes, overoxidation can also
affect the charge structure of the polymer film. Poly(3,4-ethylenedioxythiophene) is a redox
conductive polymer that incorporates counterions from the electrolyte solution to maintain
electroneutrality; thus, its charging processes involve a detectable counter-ion flux leaving the film
[15]. The above conclusions seem to be confirmed by the experimental data, but they give no
information about the processes occurring after overoxidation of the polymer film.

For instance, it is known that the impedance spectra of overoxidized poly(3,4-ethylen-
edioxytiophene) (PEDOT) films on gold recorded in aqueous sulphuric acid solutions differ from
those measured for freshly prepared films [12]. The most interesting feature is the appearance of
an arc (or a “depressed semicircle”) at high frequencies in the complex plane impedance plot. The
time evolution of the impedance spectra is another remarkable feature of the electrodes with
overoxidized PEDOT films [16,17]. According to this observation, the charge transfer resistance
(Rct) at the (electronically conductive) substrate/polymer film interface decreases continuously
over several hours when the potential is held in the “stability region” after overoxidation of the
film. This means that the impedance spectra recorded using the consecutive frequency sweep
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mode (typical of EIS) are corrupted by typical errors caused by the system evolution during the
experiment. According to the usual interpretation of the concept of impedance, impedance is not
defined as time-dependent and, therefore, there should not exist an impedance out of stationary
conditions. This means that if the requirement of stationarity in impedance spectroscopy is in
conflict with the essential properties of the object, the measured data points are not
“impedances”, the obtained sets of experimental data are not “impedance spectra” and they
cannot be used in any analysis based on impedance models.

There are some methods proposed in the literature to deal with a non-stationary behavior.
Stoynov proposed a method of determining “instantaneous” (“calculated”, “corrected” or
“synthetic”) impedance diagrams for non-stationary systems based on a four-dimensional
approach [18-22] (see Supplementary Material). Recently, the method have been successfully
applied for the determination of the charge transfer resistance and some other characteristic
impedance parameters of the gold|poly(3,4-ethylenedioxytiophene) (PEDOT)| sulfuric acid (aq)
electrode corresponding to different time instants, including the time instant just after the
overoxidation of the polymer film, demonstrating that the 4-dimensional analysis method can not
only be used for the correction of the existing (experimentally measured) impedance data, but it
opens up the possibility of the estimation of the impedance spectra outside the time interval of
the impedance measurements. According to the results presented in [16,17], the high and
medium frequency regions of the impedance spectra are stronger affected by the time evolution
than the values measured at low frequencies.

In ref.[17] the following explanation was given for the decrease of the charge transfer
resistance with time after overoxidation: During overoxidation at sufficiently positive potentials a
significant fraction of the polymer chains become detached from the substrate surface (i.e.
“desorption”, “deactivation” or “delamination” occurs). In contrary this, at a less positive potential
the readsorption of the polymer chains (polymer chain ends) becomes possible, that is the number
of the polymer chains directly contacted with (adsorbed on) the substrate surface is increasing
with the passing time. This means that during overoxidation the “effective” coverage of the
substrate by the polymer decreases, and at less positive potentials the coverage may start to
increase again. The direction of the change in R is in complete agreement with this hypothesis.
On the other hand, there are also objections that can be raised against the above arguments. For
instance, an opponent could argue that the gold oxide layer formation on the gold substrate
surface plays the most important role in the observed relaxation process by preventing adsorption
(or readsorption) of the polymer chains on the surface. However, this would mean that the
behavior of the pedot/gold system is special, and in case of other substrates (e.g. glassy carbon)
the post-overoxidation properties of the PEDOT-modified electrodes are different.

In the present study the electrochemical properties of poly(3,4-ethylenedioxythiophene) films
deposited on glassy carbon substrates have been investigated in aqueous sulfuric acid solutions
with the aim to reveal the similarities and differences between the behavior of PEDOT-modified
glassy carbon (GC) and gold electrodes.

Experimental

All electrochemical measurements were performed with a computer driven electrochemical
workstation (Zahner IM6 controlled by a Thales software package) in a three-electrode
arrangement.
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Electrodeposition of PEDOT: Poly(3,4-ethylenedioxytiophene) films were prepared by
galvanostatic deposition on both sides of thin gold and glassy carbon plates from 0.01 mol-dm™3
ethylenedioxytiophene (EDOT) solution containing 0.1 mol-dm= Na,SOs supporting electrolyte.
Analytical grade 3,4-ethylenedioxythiophene (Aldrich), p.a. Na;SO4 (Fluka), and ultra-pure water
(specific resistance 18.3 MQ cm) were used for solution preparation. All solutions were purged
with oxygen-free argon (Linde 5.0) before use and an inert gas blanket was maintained throughout
the experiments.

The deposition was performed with galvanostatic method. The gold or glassy carbon plate in
contact with the solution served as the working electrode (WE). A Pt wire immersed in the same
solution served as the counter electrode (CE), and a KCl-saturated calomel electrode (SCE) as the
reference electrode (RE). A constant current density of j = 0.2 mA-cm™ (/ = 0.2 mA) was applied for
1000 s (the geometric surface areas of the working electrodes were A =1.0cm?). The film
thickness was estimated from the polymerization charge by using the charge/film volume ratio
determined earlier by direct thickness measurements [2,23,24]. The average thickness of the
PEDOT film was about 0.8 um, the structure of the PEDOT film was globular, cauliflower-like[8,9],
i.e. the thickness of the film was non-uniform.

Cyclic voltammetry and impedance measurements: Solutions used for cyclic voltammetric and
impedance measurements were prepared with ultra-pure water and p.a. H,SOs4 (Merck). The
solutions were purged with oxygen-free argon (Linde 5.0) before use and an inert gas blanket was
maintained throughout the experiments. In the conventional three-electrode cell configuration
the PEDOT-modified gold or glassy carbon substrate in contact with the solution was used as the
working electrode (WE), a bended gold plate immersed in the same solution as the counter
electrode (CE), and a NaCl-saturated calomel electrode (SSCE) as the reference electrode (RE). The
counter electrode was arranged cylindrically around the working electrode to maintain a uniform
electric field. The overoxidation of the PEDOT film was carried out in 0.1 mol-dm™3 H,S04 solution a
day after the deposition.

Results and discussion

Cyclic voltammetry

According to Fig.1 cyclic voltammograms in the potential range -0.1 — 0.6 V vs SSCE were
recorded before the overoxidation. Both in the cases of Au |PEDOT and GC |PEDOT the cyclic
voltammograms change significantly if the positive limit of the electrode potential is extended to
1.5 V vs. SCE (“strong” overoxidation, curves 2—4 in Fig. 1a and 1b). It is well known [5-9,12,25]
that between —0.3 and 0.8 V vs. SSCE the oxidation-reduction process of the PEDOT films is
reversible. However, at more positive potentials irreversible degradation of the polymer layer
occurs. As it can be seen in Fig. 1a and in Fig. 1b (curve 1), the cyclic voltammograms of PEDOT-
modified electrodes show almost pure capacitive behavior in the potential range between -0.1V
and +0.6 V, i.e. if the positive potential limit is kept below 0.8 V vs. SSCE. If the polarization
potential exceeds this critical value an oxidation peak without corresponding reduction peak
appears (see curves 2-4 in Fig. 1a and 1b).

As can be seen from from Fig. 2 the charge consumed during the oxidation process is different
for the two types of electrodes. According to the results the overoxidation is more intensive in the
case of Au|PEDOT electrodes than in the case of the GC|PEDOT system. The different shapes of
the 2"¢ and 34 CV-s may indicate that the anodic overoxidation results in a more passive surface in
the case of the GC substrate.
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Fig. 2 Change of the (a) anodic and (b) cathodic charges with the number of overoxidation cycles.

The decrease in the cathodic charges of the (over)oxidized polymer films are considerably
smaller.

Fig. 3 shows the schematic representation of the suggested process in connection with the
Au|PEDOT system. In the beginning, i.e. in the pristine films, the sulfur atoms of the PEDOT chains
are connected to the gold surface. As already mentioned in the introduction, during overoxidation
at sufficiently positive potentials a significant fraction of the polymer chains become detached
from the substrate surface. In parallel with this process the oxidation of the electrode leads to the
formation of a gold oxide layer. This atomic oxide layer can block the active surface temporarily
and ad interim hinders the adhesion interactions with the polymer chains. This effect may be
operative in the present case too. On the other hand, after the overoxidation treatment, at a less
positive potentials the readsorption of the polymer chains (polymer chain ends) becomes possible.
This means that during overoxidation the “effective” coverage of the substrate by the polymer
decreases, and at less positive potentials the coverage may start to increase again. The direction of
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the change in R is in agreement with this
hypothesis. In the case of glassy carbon
substrate, the overoxidation of PEDOT can
take place in the same way in the polymer
chains, however, no reduction peak can be
observed in the cyclic voltammograms of
the GC|PEDOT|0.1 M H,SO. electrode (see
Fig. 1b). This difference can be explained on
the basis of the electrochemical properties
of the two substrates. It is well known that
the electrochemical behavior of gold in
aqueous media has been thoroughly
studied, and the voltammetric behavior of
gold in acidic media can be explained by
monolayer oxide formation/removal and
adsorption phenomena. The structure and
electrochemical characterization of vitreous
or glassy carbon has been the subject of
research since it was first produced in the
early 1960s. Some early structural models
assumed that both complex sp2- and sp3-

re-adsorption polymer chains during the overoxidation
process and after overoxidation (when the potential is

held in the “stability region”).

bonded carbon atoms were present, but
this idea is now discarded and many of the
properties suggest a 100 % sp2 bonding
[27]. The Jenkins—Kawamura [28] model suggests that glassy carbon consists a long, narrow and
imperfect aromatic ribbons. More recent studies have revealed that glassy carbon be made up of
graphitic sp2 ribbons (i.e. the structure of glassy carbon consists of long, randomly oriented
microfibrils, however, it has also been suggested that glassy carbon comprises a fullerene-type
structure [29]) and hybridized carbon atoms with oxygen-containing groups (including oxygen-
containing surface functionalities as hydroxyl, phenol, lactone, carbonyl, o-quinone and p-
quinone, etc.) along the edges of these ribbons where the graphite layer terminates [30,31].
PEDOT that contains ethylenedioxy-bridge and sulfur atom at the end of the polymer chain can
easily grow on and strongly adhere to the GC surface. Cyclic voltammograms recorded in 0.1 M
sulfuric acid solution reveal that irreversible oxidation of the (bare) glassy carbon surface takes place
at electrode potentials more positive than about 0.6 V vs. SSCE (Fig 4a). The negative limit of this potential
range roughly coincides with the PEDOT overoxidation onset potential region therefore the surface
oxidation may occur in parallel with the (gradual) desorption of the polymer chains.

On the other hand, the smooth surface of the pristine polished GC becomes roughened with
electrochemical oxidation [32,33], the surface becomes more and more porous and the effective surface
area increases. The electrolyte solution can penetrate into the pores, which leads to the increase of
the capacitance.

The contribution of pseudo-capacity to double-layer charging/discharging currents originates
mostly from fast faradaic reactions of redox active surface carbon oxygen containing species (e.g.
hydroquinione/quinone couple), formed at the exposed edge plane sites of carbon [34]. As it can
be seen in Fig 4b there is no significant difference between cyclic voltammograms obtained before
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Fig. 4. a) Cyclic voltammograms recorded on bare glassy carbon in 0.1 M H,SO,4 vs SSCE. Curve 1 was
recorded before, and curve 5 after the three subsequent oxidation cycles (curves 2-4). The sweep rate was
50 mV /s. b) Complex plane impedance diagram of the bare GC in 0.1 M H»SO, recorded at 0.4 V vs. SSCE
before (O) and immediately after (@) three oxidation cycles. The impedance spectra were recorded at 60

discrete frequencies between 0.1 Hz and 100 kHz (amplitude: 5 mV rms).

and after the oxidative treatment. (It should also be noted here that the same statement is true
for the charge transfer resistances determined by impedance spectroscopy before and after the
oxidation.)

Impedance measurements

After overoxidation, subsequent impedance measurements were performed on the
GC|PEDOT|0.1 M H,S04 electrode at the electrode potential E = 0.4 V vs. SSCE over a frequency
range from 100 mHz to 100 kHz as described in the experimental section (starting at 1 in Fig. 5a).
The Fig. 5b and Fig. 5¢ data points were measured using AC signal amplitude of 5 mV at 60 discrete
frequencies in the frequency region investigated during each scan. The time moment correspond-
ing to T2 was taken as the starting time of the impedance measurements (“timestamp”: t = 0 s),
and 63 successive impedance spectra were recorded. It is (somewhat arbitrarily) assumed that the
overoxidaton process stopped completely at 13, i.e. at t = -50.0 s and At = 50.0 s (see Fig. 5a). The
recording time of a "single" spectrum was about 346 s. In Fig. 5b and in Fig. 4b the results are
presented in the complex plane (where Re(Z2) is the real part and Im(Z2) is the imaginary part of the
complex impedance, respectively). For the sake of comparison sets of impedance data measured
for an Au|PEDOT|0.1 M H,SOs electrode after overoxidation under similar conditions are
presented in Fig. 5c. As we can see from Figs. 5b and 5c, the pristine PEDOT films show very small
charge transfer resistances and close to ideal capacitive characteristics. On the other hand, the
diameters of the capacitive arcs at high frequencies (and hence the charge transfer resistances)
increase significantly during overoxidation both in the case of GC|PEDOT|0.1 M H,SO; and
Au|PEDOT|0.1 M H,SO4 electrodes. The analysis of the impedances obtained for the
GC|PEDOT|0.1 M H,SO04 electrode were carried out in the same way described in refs [16,17,21,
see also Supplementary Material]. The calculation of the “instantaneous” impedance diagrams
was carried out using the real and imaginary parts of the impedances measured at identical
frequencies (,isofrequential components”). The charge transfer resistances at t=0s has been
obtained by extrapolation of the iso-frequency dependencies to this time instant.
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The values of the charge transfer resistances at t=0s and at the other time instants were
estimated by fitting the high-frequency part of the “instantaneous” spectra with the impedance
function (Eqg. 1) corresponding to the equivalent-circuit analog shown in the inset of Fig. 6.

Z(w)=R +;_ (1)

Y Bliw)* +R;

In Eg. 1 R is the charge transfer resistance and R, is the uncompensated ohmic resistance
(which is mainly the resistance of the electrolyte solution between the working and the reference
electrode). This simple equivalent circuit is based on the model proposed e.g. in [13,35], wherein
the high frequency (“double layer”) capacitance (Cy) at the substrate/polymer interface has been
replaced by a constant-phase element (CPE), which more accurately imitates the nonideal
(distributed) behavior of the double layer (Zcpe = 1/B(iw) %, where i is the imaginary unit, B and «
are the CPE parameters, and w is the angular frequency, respectively).

The estimated values of the parameters (obtained by complex non-linear least squares (CNLS)
fitting program based on the Gauss — Newton — Levenberg - Marquardt method with inverse
magnitude weighting) are shown in Table 1. The spectra calculated (simulated) by using the “best-
fit” parameters are shown Fig. 6.
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Table 1. Results of CNLS fitting of impedance data of GC|PEDOT system: the estimated values of the
parameters. R, is the uncompensated ohmic resistance (resistance of the solution), R., is the charge transfer

resistance, B and a are the parameters of the CPE, AR,, AR, AB and Ao are the corresponding 95 %
confidence intervals.

data set t/s R./Q AR,/ Q Rt/ Q AR/ Q B/ Qs AB/ Qls® a Ao

E -50.0 7.8 +1.5 1391.4 +1.3 2.91-10° +0.12-10°° 0.878 +0.045
S1 0 7.22 +0.42 1222.4 6.7 2.55-10° +0.41-10°° 0.863 +0.019
S2 346.6 6.15 +0.57 728.2 6.7 2.11-10° +0.64-10°° 0.855 +0.037
S3 692.5 5.96 +0.58 507.2 5.3 1.82-10° +0.75-10°° 0.849 +0.047
S4 1039.4 5.99 +0.51 384.9 +4.3 1.93-10° +0.76-10°° 0.845 +0.051
S5 1386.7 5.69 +0.54 258.6 3.6 1.76-10° +0.95-10°° 0.831 +0.070
S6 1765.0 5.83 +0.42 219.9 2.9 1.76-10° +0.87-10°° 0.829 +0.066
S7 21135 5.93 +0.33 190.7 2.4 1.76-10° +0.74-10°® 0.828 +0.059
S8 2464.7 5.39 +0.56 172.6 3.1 1.57-10° +0.16-10°® 0.807 +0.097
S9 28239 5.56 +0.42 153.7 2.5 1.59-10° +0.99-10°® 0.809 +0.084
S10 3173.1 5.88 +0.30 138.2 1.9 1.62-10° +0.82-10°® 0.810 +0.071
S11 3522.3 5.73 +0.20 125.6 +1.5 1.63-10° +0.61-10°® 0.811 +0.054
S12 3872.1 5.88 +0.14 114.9 +1.1 1.65-10° +0.47-10°® 0.812 +0.043

Some of the charge transfer resistance values (the R« vs. t plot) determined for the
GC|PEDOT|0.1 M H3SO04 by using the “instantaneous” impedances are shown in Fig. 7a. It can be
seen from Table 1 (and from Fig. 7a), that the highest value of R is about (1391.4+1.3) Q. This
value corresponds to the time instant just after overoxidation of the film. Similarly to the
Au|PEDOT|0.1 M H,SO4 electrode (see Fig. 7b), starting from this value, R.: decreases continuous-
ly with experiment time to a value somewhat higher than the charge transfer resistance of the
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pristine electrode. It can clearly be concluded that the charge transfer resistances measured for
the GC|PEDOT|0.1 M H,SO, electrode after overoxidation are significantly higher than those
measured for the Au|PEDOT|0.1 M H,SO4 electrode, however, the relative rate of the relaxation
process is apparently higher (the “half-life” of R« for GC|PEDOT is about t1/2,6c= 400 s, while for
Au|PEDOT ti/2au= 860 s).
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Fig. 7 Time evolution of the charge transfer resistance during the experiment in the case of
GC|PEDOT|0.1 M H,S0, electrode (a) and Au|PEDOT|0.1 M H,S0, electrode (b, see insert).
Rctvalues were determined using the calculated impedance spectra. In both cases:

The Rctvalue designated by E corresponds to the time instant of the presumed end of the overoxidation
processes: t =-50.0 s (GC/PEDOT) and t =-53.0 s (Au[PEDOT).

As it can be seen from the results, the direction, dynamics and nature of the temporal change in
Rt are consistent with the hypothesis outlined in [17] and in the introduction to this study. We can
assume that during overoxidation a significant fraction of the polymer chains become detached
from the substrate surface. The partial delamination of the polymer layer leads to the exposure of
the underlying substrate material to the electrolyte solution. In areas where the substrate is in
direct contact with the electrolyte solution, practically no charge transfer across the interface
occurs (i.e. the local charge transfer resistance is close to infinite). Nevertheless, the polymer film
still present on the substrate after overoxidation remains electroactive. At the electrode potential
of E=0.4V vs. SSCE the readsorption of the polymer chains (polymer chain ends) becomes
possible, i.e. the number of the polymer chains directly contacted with (adsorbed on) the
substrate surface is increasing with the passing time. In other words, during overoxidation the
“effective” coverage of the substrate by the polymer decreases, and at less positive potentials the
coverage starts to increase again, leading to the decrease of the charge transfer resistance.

The reasoning above leads us to the conclusion that in the case of the GC|PEDOT|0.1 M H,SO04
electrode the number of irreversibly oxidized (desorbed or deactivated) polymer chains (or
polymer chain ends) per unit area is greater than in the case of the Au|PEDOT|0.1 M H,SO4
electrode. However, this fact does not explain the apparent difference in the relative rates of
decay of Rct in the two systems.

A plausible mechanistic explanation of this behavior is based on the differences in the chemical
states of the substrate surfaces. In the case of Au|PEDOT|0.1 M H,SO, after the last overoxidation
CV (at E=0.4V vs. SSCE, the electrode potential was kept at this value during the impedance spec-
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troscopy measurements, as well) the whole of the oxide is completely reduced, as is evident from
the appearance of the reduction peak in Fig. 1a (and is well known from the electrochemistry of gold
[36,37]). On the other hand, it is quite clear from Fig. 4 that immediately after an oxidation cycle up
to a positive potential limit of E=1.4V vs. SSCE, the electrochemical reduction of the surface of
glassy carbon at 0.4 V vs. SSCE is incomplete. This means, that in the case of the GC|PEDOT|0.1 M
H,S04 electrode two processes may occur simultaneously during the impedance measurements: (a)
reduction of the oxidized surface of the GC substrate, including the reduction of oxygen-containing
surface functionalities and (b) readsorption of the polymer chains (polymer chain ends) on the
surface. The extent of the first process will clearly influence the rate at which the other can proceed,
manifesting in the increase in the rate of decay of the charge transfer resistance.

Nevertheless, it should be noted here, that other processes may also occur during the
overoxidation process, i.e. chemical changes in the polymer chains that affect the extent of
charging and the conjugation of the PEDOT chains and slow conformational relaxation phenomena
of the polymer structure that may not be necessarily influenced by the substrate.

Conclusions

The 4-dimensional analysis method, originally proposed by Stoynov, was successfully applied
for the determination of the charge transfer resistance of a glassy carbon|PEDOT|0.1 mol-dm-
3sulfuric acid (ag.) electrode corresponding to different time instants after overoxidation. During
the impedance measurements carried out almost immediately after the overoxidation procedure
the electrode potential was held in the “stability region” of the system (at £=0.4 V vs. SSCE in the
present case). The post-experimental mathematical/analytical procedure could be used also for
the estimation of the charge transfer resistance corresponding to the time instant just after
overoxidation of the PEDOT film. The decreasing capacitance and the increasing resistance suggest
that during overoxidation the electrochemical activity of the film decreases and the charge
transfer process at the metal/film interface becomes more hindered than in the case of pristine
films. During the impedance measurements the charge transfer resistance decreased continuously
with experiment time, the “starting” (calculated) R« value was approximately 1391 Q-cm?. After
50 seconds this value fell to about 1222 Q-cm?, i.e. it decreased by ~12 % in the first minute after
the overoxidation procedure.

By comparing the properties of the GC|PEDOT|0.1 M H,SO4 and the Au|PEDOT|0.1 M H,S04
electrodes a possible mechanistic explanation for the observed behavior has been proposed. This
is based on the assumption that in the case of the GC|PEDOT|0.1 M H,SOs electrode two
processes may occur simultaneously during the impedance measurements: (a) reduction of the
oxidized surface of the GC substrate (including the reduction of oxygen-containing surface
functionalities), and (b) readsorption of the polymer chains (polymer chain ends) on the surface.
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The four-dimensional analysis method is based on the assumption for the continuum of the
object’s state and parameters space. It requires several impedance spectra recorded subsequently
at the same set of frequencies (Fig.S1a). Every measured data at a given frequency should
additionally contain the time of measurement (these so-called “timestamps” can be the starting or
ending times of the measurements of the individual impedance values, arithmetic or other
suitably selected averages, etc.).

Thus, the experimental data form a set of 4-dimensional arrays, containing frequency, real and
imaginary reconstruction of calculated instantaneous impedances. For every measured frequency
two one dimensional functions of “iso-frequency dependencies” (e.g. for the real and for the
imaginary components, Figs S1b and Slc) are constructed. On the basis of the continuity of the
evolution, interpolation is performed (e.g. by using interpolating or smoothing cubic spline or
other interpolation techniques) resulting in instantaneous projections of the full impedance-time
space and “reconstructed” instantaneous impedances related to a selected instant of the time (i.e.
the beginning of each frequency scan, Fig S1d). By extrapolation of the iso-frequency depen-
dencies to an instant outside the time interval of the impedance measurements the impedance
diagram corresponding to the assumed starting time of the measurement series can be
constructed.
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Figure S1. Scheme of the four-dimensional analysis method. 3-D representation of the impedance and
time evolution in the coordinates Re(Z), —Im(Z) and t (a), where Re(Z) and Im(Z) are the real and imaginary
parts of the complex impedance, respectively, t is the time. e: data points (impedances) measured at
frequencies f;; t;: starting time of the j-th frequency scan. b) Calculation of the instantaneous (corrected)
Re(Z) values (x)by interpolation of the measured Re(Z) data. c) Calculation of the instantaneous
(corrected) —Im(Z) values (x) by interpolation of the measured Im(Z) data. d) 3-D representation of the
“reconstructed” instantaneous impedances related to the beginning of each frequency scan. x: corrected
data points (impedances) assigned to frequencies f..

S10 (cc) ETE



J. Electrochem. Sci. Eng. 8(2) (2018) 163-170; DOI: http://dx.doi.orqg/10.5599/jese.481

JESE

Open Access : : ISSN 1847-9286

www.jESE-online.orq

Original scientific paper

Electrochemical behaviour of sildenafil citrate at gold and
cystein modified gold electrode in acid solution

Jelena Lovi¢™, Nemanja Tridovi¢?, Jelena Antanasijevi¢!, Milka Avramov lvié

ICTM, Department of Electrochemistry, University of Belgrade, Njegoseva 12, 11000, Belgrade,
Serbia

IFaculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, Belgrade, Serbia
Corresponding author E-mail: “jlovic@tmf.bg.ac.rs; Tel.: +381-11-337-0389; Fax: +381-11-337-0389;

Received: November 30, 2017; Revised: February 14, 2018; Accepted: March 21, 2018

Abstract

Electrochemical behavior of sildendfil citrate (SC) at gold and cystein (Cys) modified gold
electrode (Au/Cys) in 0.1 M H2SO4 was investigated by cyclic voltammetry (CV) and by square
wave voltammetry (SWV). Effect of scan rate on the CVs of SC standard was performed in
order to examine the mode of transport and irreversibility of process. SC as standard is
determined by SWV in acid solution at Au electrode in a range: 103, 102, 0.1, 0.5, 1 uM and
on Au/Cys in a range: 103, 107, 0.05, 0.1 uM. The presence of Cys causes two-time larger
peak currents and shifting of the incipient potential of the SC oxidation to 0.1 V in negative
direction. In investigated range of concentration of SC standard in acid solution on modified
and unmodified Au electrodes SWV method have excellent linear regression coefficient with
value 0.997 promoting SWV for reliable determination of SC.

Keywords
Sildenafil citrate standard; cystein modified electrode; sensitivity; quantitative analysis.

Introduction

Sildenafil citrate (SC) is chemically designated as 1-[[3-(6,7- dihydro-1-methyl-7-oxo-3-propyl-
1H-pyrazolo[4,3-d]pyrimidin-5-yl)-4-ethoxyphenyl]sulfonyl]-4-methylopiperazine citrate. SC is the
active ingredient of one of the widely used pharmaceutical formulations of Viagra. Studied initially
for its use in treatment of hypertension and angina, Viagra was very efficient for the treatment of
erectile dysfunction. Nonmedical use of SC has increased over the years [1,2]. SC treats and
recovery of extreme tiredness after a long flight [3]. The most common adverse effects of SC use
included nasal congestion, impaired vision (blurriness, loss of peripheral vision, photophobia) and
headache. Serious adverse effects include severe low blood pressure, heart attack, stroke,
increased intraocular pressure, sudden hearing loss [4].
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Many various methods for determination of sildenafil citrate in pharmaceutical preparations
and biological samples have been described. The most frequently used method for determination
of SC is high performance liquid chromatography [5-7]. Other reported methods for confirmation
of SC in pharmaceutical preparations or biological fluids are optical methods such as UV-VIS
spectrophotometric methods [8], NMR spectroscopy [9] or Electrospray tandem mass spectro-
metry (ESI-MS-Ms) spectrophotometry [10] and electroanalytical methods [11-15]. Among electro-
chemical methods different electrodes and voltammetric techniques were used. The SC
determination at pH 2.0 was performed by SWV and adsorptive stripping techniques at hanging
mercury drop electrode [16]. At glassy carbon electrodes (GC), CV and SWV were applied in
determination of SC in the mixture with paracetamol and carvedilol [17] and in biological and
pharmaceutical formulations [14]. The cyclic and linear sweep voltammetric methods as well as
differential pulse voltammetry (DPV) and SWV at GC were applied for oxidative determination of
SC in solutions containing 30 % (v/v) acetonitrile at different pHs [18]. By SWV at Pb film modified
GC a new method for determination of SC is developed [19].

Different electrodes were used for electrochemical examination of SC. For example, electroana-
lytical methods were applied at boron-doped diamond and at diamond paste electrodes [12,20].
Delolo et al. used GC modified with a chitosan-supported ruthenium film in order to prepare
sensor for SC [13].

The aim of this work is to examine the electrochemical behavior of SC at Au and Au/Cys in
0.1 M H,S04 by CV and SWV. Scan rate studies were carried out to assess whether the process on
Au and Au/Cys was under diffusion or adsorption-controlled. Linear dependency of peak currents
from concentrations is established using SWV in order to investigate the sensitivity of the
electrodes. Also, the linear dependency was constructed as a calibration curve and tested for
guantitative determination of SC.

Experimental

Sildenafil citrate, provided by Hemofarm A.D. Stada, was used as SC standard and as content of
Sildena® tablets (pharmaceutical formulation) with excipiences: lactose monohydrate, cellulose,
microcrystalline, hydroxypropylcellulose, croscarmellose sodium, sodium stearyl fumarate, silica
colloidal anhydrous, Opadry Il Blue, Opadry fx silver. L-cysteine and H,SO4 were purchased from
Sigma Aldrich.

For CV and SWV measurements, PGZ 402 Volta Lab (Radiometer Analytical, Lyon, France) was
used and the three-electrode electrochemical cell. Polycrystalline gold (surface area 0.5 cm?)
which served as the working electrode, was polished with diamond paste, cleaned with a mixture
of 18 MQ cm deionized water and sulfuric acid and further cleaned with 18 MQ cm deionized
water in an ultrasonic bath. A gold wire was used as the counter electrode and a saturated calomel
electrode (SCE) as the reference electrode. All potentials are given vs. SCE. The electrolytes were
deoxygenated by purging with nitrogen.

Electrode modification and stock solutions were prepared according to [21]. All the solutions
used were prepared with high purity water (Millipore, 18 MQ cm resistivity).

Results and discussion

The electrochemical behavior of SC on Au and Au/Cys electrode was studied by cyclic
voltammetry (CV) and its determination in pharmaceutical formulations was carried out by square
wave voltammetry (SWV). The CV of SC standard on gold electrode in 0.1 M H,SO4 alongside the
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voltammetric response of Au electrode in blank solution (dot line) is presented in Fig. 1. In the
presence of SC, the CV was changed so that current increase occurs in the region of oxide
formation. It can be said that highly developed gold oxide on surface is necessary as a catalyst for
the beginning of the SC electrooxidation reaction.
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Figure 1. CV of Au electrode using 0.1 M H,SO, (dot line) and after the addition of 1 uM SC

standard (full line), scan rate: 100 mV s. Inset: CV of 1 uM SC standard on Au (dash line) and
Au/Cys (full line) electrode, scan rate: 20 mV s,

In order to improve the activity, the electrode was modified with cysteine as was previously
described [21]. In the inset of Fig. 1 it is show that in the presence of Cys the electrode becomes
more active for the electrochemical oxidation of SC. The improved activity of the modified electro-
de in 0.1 M H,S04 could be due to the increase of the electrode surface area according to the ob-
served differences in morphology of the gold surface modified with Cys as was confirmed by op-
tical microscope [21]. The role of Cys can also be explained by the mechanism proposed by Ozkan
et al. for the electrochemical oxidation of SC on a GC electrode in an aqueous solution containing
30% (v/v) acetonitrile [18]. The authors indicated that acid—base equilibrium precedes the
electrooxidation of the piperazine moiety at pH 5.5. Cys is chemisorbed on an Au surface through
the thiol group, while its amino and carboxylic groups remain available to interact with SC. As
suggested by Wang and Du [22], it seems that Cys act as a mediator of the electrode reaction and
as an electron-transferring accelerator. Possible mechanism of interaction between SC and Au/Cys
is presented in detailed in [21], explaining the observed reactivity for SC electrooxidation.

Sildenafil citrate was used as SC standard and as content of Sildena® tablets (pharmaceutical
formulation) containing excipients. Figure 2 show CVs of SC standard and SC in pharmaceutical
formulation on modified and unmodified Au electrode. Overlap of CVs confirm that excipients are
electrochemically inactive and did not affect the SC electrooxidation.

Furthermore, effect of the scan rate on the CVs of SC standard was studied on Au/Cys electrode
as is presented in Fig. 3. Scan rate studies were carried out to assess whether the process on
modified gold electrode was under diffusion or adsorption-controlled.
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Figure 2. CV of SC standard (full line) and SC tablet (dot line) on Au electrode (a), CV of SC standard (full line)
and SC tablet (dot line) on Au/Cys electrode (b); 1 uM SC + 0.1 M H,50,4 scan rate: 100 mV s,
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Figure 3. CVs of SC standard on Au/Cys electrode for different scan rates 20-140 mV s,

Figure 4 demonstrates the dependency of peak current and peak potential from scan rates
recorded in the range 20-140 mV s (data are taken from Fig. 3). The peak current densities are
linearly proportional to the scan rates suggesting adsorption-controlled electrode process (Fig. 4a).
Furthermore, plot of logarithm of anodic peak current vs. logarithm of scan rate gave a straight
line with a slope of 0.89 close to the theoretical value of 1.0, which is expected for an ideal
reaction for the adsorption-controlled electrode process [23]. The peak potential was also depen-
dent on scan rate. The plot of E, versus log v was linear suggesting that it is irreversible electrode
process (Fig. 4b). Nevertheless, close inspection of the dependency of peak potential from scan
rates in backward direction indicates partially deviation from linearity for slower scan rates
suggesting the interference of some reaction intermediates on the electrode process. The same
experiments were performed on Au electrode exhibiting the same conclusion about the mode of
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transport and irreversibility of process. Effect of scan rate on SC at GC [14,18] and at the hanging
mercury dropping electrode[24] demonstrate also the adsorption-controlled process.
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Figure 4. Electrochemical behavior of SC standard on Au/Cys electrode for scan rates 20-140 mV s™,
presented as dependence of peak current vs. v (a) and peak potential vs. log of scan rates (b).

Apart from apparent increase in the voltammetric response caused using higher scan rates, the
significant improvement in sensitivity can be achieved by employing SWV method. In order to
establish the optimal parameters in SWV pulse size, scan rate and accumulation time were varied.
The peak current appeared with maximum values for an accumulation potential of -400 mV while
the accumulation time of 60 s enables electrode surface saturation. With increasing scan rate, the
peak current increases also but the peak becomes less sharp and poorly defined. Higher peak
current was observed by increasing the pulse size, but the background current also increases. The
peak current increases linearly with step size up to 5 mV. Thus, the best defined voltammetric
signal for the determination of SC was recorded under the conditions: step size 5 mV, pulse size 25
mV, scan rate 10 mV s, accumulation time 60 s at - 400 mV.

SC standard is determined by SWV in 0.1 M H,SO4 at Au in a range: 1073, 1072, 0.1, 0.5, 1 uM as
is shown in Fig. 5. It can be notice that the selected concentrations of SC standard start to oxidize
with the beginning of oxide formation on gold electrode. SW voltammograms recorded at Au
electrode for increasing amount of SC standard concentrations showed a linear increase of anodic
peak currents with the concentration (inset of Fig. 5) with an excellent correlation coefficient
(R = 0.997). Obviously, the linear dependency can be used as a calibration curve for quantitative
determination, providing a convenient way for quantitative analysis.
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Figuﬂe 5. SW voltammograms of SC standard (103, 10?, 5x107?, 10, 5x10%, 1.0 uM) on Au electrode using
0.1 M H,S0.. Step size 5 mV, pulse size 25 mV and scan rate 10 mV s, accumulation time 60 s at -400 mV.
Inset: the linear dependency of anodic peak currents vs. concentration of SC standard.

SC standard is determined by SWV at Au/Cys electrode in a range: 1073, 1072, 0.05, 0.1 uM as is
shown in Fig. 6. The currents increase with increasing the concentration of SC standard, shifting
the peak current towards less positive value. A linear increase of anodic peak currents with the
concentration with an excellent correlation coefficient (R = 0.997) is observed and presented in
inset of Fig. 6. Comparing the equations for linear dependency of peak currents from concen-
trations it can be notice that higher slope of calibration curve is obtained on Au/Cys electrode indi-
cating the higher sensitivity of SW voltammetry for concentration detection. Nevertheless, linear
dependency can be obtained in extensive concentration range on Au electrode regarding Au/Cys.
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Figure 6. SW voltammograms of SC standard (103, 10, 5x10°, 10, 5x10?, 1.0 uM) on Au electrode using
0.1 M H,S0.. Step size 5 mV, pulse size 25 mV and scan rate 10 mV s, accumulation time 60 s at -400 mV.
Inset: the linear dependency of anodic peak currents vs. concentration of SC standard.
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Better insight in the obtained activity of Au and Au/Cys electrode in SC standard
electrooxidation can be observed by overlapping of SW voltammograms for a chosen concentra-
tion, as is presented in Fig. 7. Comparing the results of SW voltammograms two times larger peak
currents and 100 mV more negative incipient potential obtained on Au/Cys in regard to Au
electrode can be noticed. It could be explained by possible oxidation mechanism and by different
electrode surfaces morphology [21]. Concerning SW voltammogram of SC tablet on Au/Cys
electrode, the same shape and peak position was obtained. Examination of the electrochemical
behavior of various concentrations of SC tablet by SWV reveal excellent fitting in the calibration
curve, as is presented in [Error! Bookmark not defined.]. Besides, unknown concentrations of SC
tablet are confirmed by HPLC-UV method. It was highlighted that in contrast to HPLC-UV,
electrochemical method is more sensitive and can be used for the measurements of very low

concentrations of analyte.
80
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Figure 7. SW voltammograms of 0.1 uM SC standard on Au and Au/Cys electrode and of 0.75* uM SC tablet
using 0.1 M H,50.. Step size 5 mV, pulse size 25 mV and scan rate 10 mV s7,
accumulation time 60 s at -400 mV.

Table 1 presents comparative characteristics of the quantitative determination of SC obtained
with different electrochemical methods. The calibration curves provided reliable linear responses
on a suitable range although with Au/Cys electrode linear concentration range was extent to a
very low concentration (up to nanomoles per liter magnitude order).

Table 1. Comparison of electrochemical methods for SC determination

method electrode Linear range, M LOD, M reference
AdCSV Bismuth film/GC 107-10° 1.8x10 [25]
potentiometry Ppy/Cit/Graphite 3.4x10°-1.7x1073 3x10° [26]
SWV screen-printed GC 10%-1.4x10° 5.5x108 [14]
SWV Au/Cys 10°-107 1.04x10°8 Present work
Conclusions

Investigation of electrochemical behavior of SC at Au electrode in acid solution reveal that
highly developed gold oxide on surface is necessary as a catalyst for the beginning of the SC
electrooxidation reaction. Effect of the scan rate on the CVs of SC standard was studied on Au/Cys
and Au electrode suggesting adsorption-controlled electrode process since the peak current
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densities are linearly proportional to the scan rates. Also, the peak potential was linear dependent
on logarithm of scan rate suggesting that it is irreversible electrode process. SWV measurements
indicate wider range of currents vs. concentrations linearity on Au electrode compared to
modified electrode. Nevertheless, with Au/Cys an enlargement of SC anodic currents and shift of
the incipient potential of 0.1 V to the negative direction is noticed. In investigated ranges of SC
standard concentration in acid solution on modified and unmodified Au electrodes SWV method
have excellent linear regression coefficient with value 0.997 and SWV can be used for reliable
determination of SC.
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Abstract

A brief introduction to the use of digital simulations in electrochemistry is given by a detailed
description of the simulation of Cottrell’s experiment in the LabVIEW programming language.
A step-by-step approach is followed and different simulation techniques (explicit and implicit
Euler, Runge—Kutta and Crank—Nicolson methods) are applied. The applied techniques are
introduced and discussed on the basis of Padé approximants. The paper might be found
useful by undergraduate and graduate students familiarizing themselves with the digital
simulation of electrochemical problems, as well as by university lecturers involved with the
teaching of theoretical electrochemistry.

Keywords
Explicit and implicit Euler method; Runge—Kutta methods; Crank—Nicolson method; Padé
approximants.

Introduction

At the 6" Regional Symposium on Electrochemistry for South-East Europe (6™ RSE-SEE), | gave
a keynote lecture [1] on the kinetics of hydrogen evolution in mildly acidic solutions. Under these
chemical conditions — at low to moderate pH values (1 < pH < 4) — the reduction of H* ions and
that of water molecules both give a significant contribution to the measured cathodic current. In
my talk, | presented digital simulations (and a simplified analytical model) that can describe
polarization curves measured on rotating disk electrodes immersed into mildly acidic solutions.

Results presented in my talk at the 6™ RSE-SEE were published [2] just a few weeks before the
conference. Instead of further discussing these results, | chose to focus more in this paper on the
applied method of digital simulation (DS).

DS presents a powerful tool that can be used for the qualitative understanding, as well as for
the quantitative description of electrode processes. When carrying out DS, we create a numerical
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model of the electrochemical system within a computer and allow this model to evolve according
to a set of simple algebraic equations. These equations are derived from the physical laws that
govern the electrochemical system under study. In effect, we carry out a simulation of the
experiment with the aim to extract numeric representations of current, concentration profiles,
potential transients, and so on [3]. The results of digital simulations can then be compared to
measured quantities, so that the physical parameters of the system can be fine-tuned in
subsequent simulations, until the measured data are reproduced at a desired accuracy.

DS thus allows the determination of kinetic parameters, such as charge transfer rates and diffu-
sion coefficients, etc. DS can yield important quantitative information even for complex electroche-
mical systems where the often-complicated set of partial differential equations, describing the trans-
formation and movement of material, can be solved in closed form with difficulty or not at all [3].

In this paper | give a very brief and practice-oriented introduction to digital simulations and
their use in electrochemistry. Instead of reviewing the topic of digital simulations in detail —
several good textbooks are dedicated to the subject and are recommended to the reader [3,4] — |
choose a rather straightforward approach: that is, giving a step-by-step guide to the simulation of
a simple electrochemical problem, that is known as Cottrell’s experiment [5].

The paper is intended to be a starting point for undergraduate or graduate students, interested
in digital simulations. Furthermore, the paper may also be found useful by university lecturers, as
it contains a simpler than usual description and classification of different partial differential
equation solving methods, based on Padé’s approximants.

Experimental

Cottrell’s experiment, first described in 1903 by F.G. Cottrell, is one of the oldest problems in
electrochemistry that has a well-known analytical solution. The simulation of Cottrell’s experiment
is thus expedient, since the success of any simulation can directly be tested [6] by comparison to
analytically obtained results.

In order to understand Cottrell’s experiment, consider [7] a large planar electrode, of surface A,
initially at rest, in contact with a semi-infinite layer of unstirred solution that contains some excess
electrolyte and a small amount of a redox-active species R with a bulk concentration of ¢*. At the
instant t =0, the electrode potential is suddenly changed to a value at which the species R is
oxidized to some product O in the one-electron reduction

R—>0+e (1)
and the concentration of R, close to the electrode surface, is brought to essentially zero.

In this experiment, the reaction rate (and thus, the current) is determined by the rate of
transport at which the species R is resupplied at the electrode surface. That is, the partial
differential equation governing the system is that describing Fick’s law,

se_poe

ot ox (2)

Equation (2) is a second-order partial differential equation where ¢ denotes the concentration
and D the diffusion coefficient of the species R, while x and t denote the space and time variables,
respectively. To obtain an analytical solution of Equation (2), we take two boundary conditions
into consideration: i.) that the concentration of the species R is zero at the electrode surface at
any t>0 and ji.) that the concentration at infinite distance from the electrode surface never
changes and remains equal to c®
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Figure 1. The graphical user interface (top) of a simple LabVIEW program that simulates Cottrell’s
experiment. Snippets (code details) are shown in the blue boxes; see the text for explanation
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Taking the above boundary conditions into consideration leads to the solution:

t)=c”erfl —— |,
c(x,t)=c"er (\/ﬁj 5

where the function erf(z) denotes Gauss’s error function, defined by the integral:

erf exp(—

)= = Jool

The current density j(t), passing the electrode surface at any time t > 0 is thus:

j(t)=FD Iim(ic(x,t)j =Fc” 2,
x>0\ Ox mt (4)
where F =96485.3 C mol™ is Faraday’s constant.

Equation (3) makes it straightforward to calculate the concentration of species R at any given
time t > 0 at a distance x measured from the electrode surface; while from Equation (4), the well-
known Cottrell equation, the current density can be calculated for any t> 0. These analytical
formulae will be used below for testing the results of digital simulations.

Simulation approaches

LabVIEW, developed by National Instruments, is an easy-to-use, interactive, graphical
programming language that helps users write sophisticated programs and applications in a short
amount of time without needing a computer science degree [8]. The popularity of LabVIEW
continuously increases amongst students and scientific researchers, also in electrochemistry,
mostly due to its versatility in measurement automation. However, LabVIEW also provides simple
means for digital simulations and | therefore chose to present the basics of simulation algorithms
in this programming language. Figure 1, discussed extensively below, shows the user interface of a
program written for the simulation of Cottrell’s experiment, as well as some details of the code.
The main routine is that shown by the simulate.vi snippet.

In most digital simulation schemes, we consider the electrolyte solution in terms of discrete
and small (Ax wide) volume elements, as illustrated by Figure 2. When we apply this approach to
the simulation of Cottrell’s experiment in NI LabVIEW, we create a 1l-dimensional array of
concentrations, containing n entries, which we denote by c. At the start of the simulation process,
all entries of the array ¢ will be set equal to ¢* (the bulk concentration). The initialization of the ¢
array in LabVIEW is shown by the create ¢ array.vi snippet of Figure 1.

Each i entry of the array c (the index i can take values between 0 and n—1 in LabVIEW)
corresponds to the concentration of the species R at a certain distance from the electrode surface,
as shown by Figure 2. For accurate simulations, the Ax width of the control volumes must be small,
thus to include a big enough space in the simulations, a sufficiently high number of the control
volumes is required. (See Table 1 for numeric parameter values, used for the simulations
presented in this paper.)

When carrying out digital simulations, we iteratively modify the entries of the c array, as shown
by the simulate.vi snippet of Figure 1. Each iteration step represents a At time-step in which
we replace the first element of ¢ with zero (thereby realizing the boundary condition of the expe-
riment) and then multiply the array (vector) ¢ with a so-called stepper matrix, denoted here by S.
As the iteration proceeds, we continuously “update” the ¢ array, which at the end of the iteration
will turn to be a discrete representation of the concentration profile, corresponding to the time t.
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Table 1. Simulation parameters.

Symbol Meaning Value
Ax width of the control volumes 0.001 cm
n number of the control volumes 100
D diffusion coefficient 10%cm?s?t
c” bulk concentration 107 mol cm™
At time-step varied between 1 msand5s
0 1 i-1 i i+1 n—2 n—-1

glectrode surface

Figure 2. Scheme for the digital simulation of Cottrell’s experiment

The multiplication of the ¢ array with the stepper matrix S in each iteration step mimics the role
of transport in the simulation process, thus the construction of the stepper matrix has a deep
impact on both the accuracy and the speed of the simulation.

To understand the role of the stepper matrix S in digital simulations, let us consider Figure 2,
and assume that in each control volume shown, the concentration values are different. Let us then
try to estimate the changes of concentration in the control volume marked by the index i during a
small time-step At. Fick’s first law of diffusion allows us to calculate the Jieft and Jrignt fluxes of
material from the left-hand (i — 1) and the right-hand (i + 1) neighbours, directed to the i*" control
volume as:

1 An Cc.—C
o =— left =_p- i-1 (Sa)
A At Ax
and
1 Angg, C.—C
=T __p il 5b
right A At AX ( )

where Anier and Anyignt denote the amount of substance arriving to the it" cell from its left and right
neighbours, respectively. In each time-step At, the amount of substance that enters the /™" cell is

An=An, +An,,., and taking into consideration the volume of the cell (AAx), this results in a

% _ (Jleft +Jright)A -D C4 —2Ci +Ciq (6)
At AAx Ax?

concentration change in the it control volume. We note that the fraction on the right-hand side of
Equation (6) approximates the second spatial derivative of the concentration profile, and that
Equation (6) is in fact a discretized version, with respect to both space and time, of Equation (2),
Fick’s second law.
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Equation (6) dictates that in a time-step of At duration, the change of concentration in the /*"
control volume depends on the concentrations in the i, (i— 1) and (i + 1)™ control volumes, as
well as on the model parameters D, Ax and At. Equation (6) may be re-written in the form of a
matrix-vector equation as:

by defining the so-called Laplacian matrix L, an n x n matrix as:
1 ifi=k+1
L, =1—deg(i) ifi=k (8)
0 otherwise

where deg(i) is the number of neighbours of the " control volume. For the simulation scheme
shown in Figure 2, the Laplacian — a negative semi-definite matrix — takes the following form:

-1 1. 0 0 0 O
1 -2 1 0 0 O
o 1 . 0 0

L= . (9)
0 O 1 0
0 0 0 1 -2 1
0 0 0 0 1 -1

Note that Equation (7) contains a finite difference (with respect to time) on its left-hand side,
approximating a time derivative. For infinitesimally small time-steps, Equation (7) may be re-

written as:
d D
Pl o

which is a differential equation for the vector c¢. Assuming that the concentration vector ¢* is

known at any k'™ step of the simulation, the ¢*** vector in the next step, At time later, could be

calculated by solving Equation (10) in the form:

Y —exp(L, ), (11)
where L, denotes the so-called weighted Laplacian, defined as:
D At
L="oL (12)

The LabVIEW code used for the calculation of the weighted Laplacian is shown by the
weighted Laplace matrix.vi snippet of Figure 1.

As can be seen in Equation (11), the “ideal” choice for the stepper matrix S we introduced
before would be that S:exp(LW); the multiplication of the concentration vector ¢ in each
simulation step with this matrix could model the time evolution of the system, leaving the
resolution of spatial discretization the only factor that limits the accuracy of calculations.

The problem is, however, that the exponential of the weighted Laplacian is not known and can
only be approximated. One feasible way of approximating the exponential of a matrix is to
truncate its Taylor series at a given order; another, more accurate way, is to use its Padé
approximant [9].
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It is this latter approach which | will follow here, as many digital simulation techniques — such
as the explicit and implicit Euler, the Runge—Kutta and the Crank—Nicolson methods [4] — may be

interpreted as techniques relying on the use of different Padé approximants.
Given a function f(x) and two integers m > 0 and n > 0, the Padé approximant of the function

f(x) of order [m/n] is the rational function:

Zijj
£ (13)

which agre]e(; with f(x) to the highest possible order, which amounts to:
f(0)=R(0) (14a)
f'(0)=R'(0) (14b)
£'(0)=r"(0) (14)
(14d)

£ (0)=""(0)

Equation (14) is a system of Equations, by solving which the parameters a; and b; of
Equation (13) can be determined up to one degree of freedom; it is usually assumed that bo = 1.

In what follows, | will use Pmn(x) to note the Padé approximant of the exponential function
exp(x). Exact expressions for Pmn(x) are tabulated in Table 2 for different values of m and n. Some
Padé approximants to the exponential function are plotted, together with exp(x), in Figure 3 to

show the “goodness” of these approximations.
Padé approximants, when applied to matrices instead of scalars, form the basis of many known

simulation techniques, as will be discussed below.

i = ! (x
- Q) . Puolx
a @ Q*Q'\/'/ o
3 /'/ o2 - Pz,o(x)
e AT e
st e P.oX)
o - X
(S - 2,0
v ol
SZRT
2 5255
= /.»"/'/’/
LT
£ Pyolx)
P
1
e+
+ + >
-1 1 2 3
S ol
.27,
P el
Y Il R
Pn,\( ) = - /
" /
- /
-2
g / e
/'/ /
o !
jo I
7 [} -3
N ] — e T
o S I
.z 4 Ve 2

Figure 3. Some Padé approximants Pmn(x) of the function exp(x)
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Table 2. Some Padé approximants Pm n(X) of the function exp(x)

m\" 0 1 2 3
0 1 1 1
1 —x+1 1x’—x+1 =13 +1x —x+1
ix+1 3x+1 ax+1
1 x+1 1 2, 1,3, 14,2_3
1
—;x+1 X —ix+1 — X X —ix+1
142 42 1421 14,2 ,2
2 12 x4 X +ix+1 X tox+1 X +ix+1
2 -1x+1 Lx’—1x+1 -2 +3x-3x+1
3 12 2 60 20 5
143 41,23 1,31 3,2_3 143, 1,2 1
3 L i il X Fix +Hox+1 X X +Ix+1 o X tigX +ox+1
o —1x+1 L —2x+1 — XA —1x+1
2 20 5 120 10 2
1,4 1,3 3,2, 4 1,4 14,3 314,22 1,4 2 314,24
4 ix4+lx3+lxz+x+1 EX +EX +EX +§X+1 %X +§X +§X +§X+1 mx +ﬁx +7X +7X+1
24 6 2 1 14,2 _1 143, 14,2_3
—§X+1 EX —§X+1 —mx +ﬁX —7X+1

The P1 (explicit Euler) method

The explicit Euler method is the most straightforward one applied for the solution of partial
differential equations. It is based on the P1,0(x) Padé approximation

exp(L,)~I+L, =S, (15)

where I is the n x n identity matrix (see the identity matrix.vi snippet of Figure 1). When
plugged into Equation (11), it yields that

¢V =(1+1,)c. (16)

The construction of the stepper matrix S, used for simulations based on the explicit Euler
method, is shown in the create stepper matrix.vi snippet of Figure 1.

Note that as Ac:c(k”)—c(k), Equation (16) can also be directly obtained by rearranging
Equation (10). The explicit Euler method can thus be interpreted as approximating the differential
dc/dt in Equation (10) with the finite difference Ac/At. Consequently, the explicit Euler
method, a linear approximation, may only yield accurate results when a small enough time-step
At is used. In-fact, when At>Ax2/2D, the explicit Euler method fails to converge and gives

erroneous results, as will be discussed later.

The P30, P30 and Pso (Runge—Kutta) methods

The overall error of the explicit Euler method can be decreased by taking higher order terms
into consideration. This can be achieved by using the P,,, P30 and P4oPadé approximants, which
are in-fact Taylor series expansions of different orders to the exponential function. This forms the
basis of the so-called 2™, 3™ and 4% order Runge—Kutta methods [10]. While the explicit Euler
method could be interpreted as a technique that takes the slope (but not the curvature) of the
concentration vs. time dependence into account, Runge—Kutta methods aim to correct this error.

When applying Runge—Kutta methods, the stepper matrix S is constructed as

1
exp(L, ) ~1+L, +§sz =S for the 2" order, (17)
1, 15, d
exp(L, )=I+L, +ELW +gLW =S for the 3™ order, (18)
and
1, 1, 1., @
exp(L, )~I+L, +5LW +gLW +ZLW =S for the 4" order method. (19)
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The construction of the stepper matrix S, used for simulations based on the 4" order Runge—
Kutta method, is shown by the respective create stepper matrix.vi (detail)
snippets of Figure 1. Note that — similarly to the Euler method discussed above — Runge—Kutta
methods are still explicit; that is, in each iteration step, they calculate the state of a system at a
later time from the state of the system at the current time.

The Po,1 (implicit Euler) method

The implicit (also called backward [4]) Euler method differs largely from explicit methods. The
method is implicit, meaning that it finds a solution for the state of the system at a later time by
solving an equation that involves both the current state of the system and the later (yet unknown)
state. The stepper matrix used by the implicit Euler method, as also shown by the respective
create stepper matrix.vi (detail) snippet of Figurel,is

exp(L,)~(I-L,)" =S (20)

Note that due to the implicit nature of the method, the creation of the stepper matrix involves
matrix inversion. This clearly requires some extra computation, yet implicit methods can become
very useful for the solution of stiff problems where explicit methods require the application of
impractically small At values. As implicit methods are numerically stable, they can be applied with
larger time-steps, and as usually the matrix inversion in Equation (20) has to be carried out only
once (at the beginning of the iteration), implicit methods still require small computation times.

The P11 (Crank—Nicolson) method

The method named after Crank and Nicolson [11] was developed for the numerical solution of
partial differential equations, but it lies on the basis of the trapezium method of solving ordinary
differential equations. The method is semi-implicit and is unconditionally stable; although when
applied for stiff systems with large time-steps it may still be prone to spurious (decaying)
oscillations. The stepper matrix used by the Crank—Nicolson method, as also shown by the
respective create stepper matrix.vi (detail) snippet of Figure 1, is

exp(L, )~ (I+3L)-1L,)" =S. (21)

Comparison of the different simulation methods

As expected, applying Padé approximations of different order for the construction of the
stepper matrix S yields solutions that also behave differently. The efficiency of the methods was
tested by simulating concentration profiles corresponding to t = 5 s, using the parameter values of
Table 1 and At values ranging between 1 ms and 5s. Each simulated concentration profile was
compared to the theoretically expected one, Equation (3), and the square-root of the mean
squared deviation was plotted as a function of the used time-step in Figure 4.

Figure 4 clearly shows a major difference with respect to the stability of fully explicit (explicit
Euler and Runge—Kutta) and implicit (implicit Euler and Crank—Nicolson) methods; at about
At>Ax2/ZD, all explicit methods begin to diverge (see also Figure 5). Compared to the explicit
Euler, the 2" order Runge—Kutta method brings a significant improvement of the error; this
improvement is less significant for the 3" and 4* order Runge—Kutta methods.

The stability of the implicit Euler and the Crank—Nicolson methods is better (see also Figure 5),
although the error of these methods is also significant at larger time-steps.
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Figure 4. The error of six different digital simulation methods, as a function of the applied time-
step. Other simulation parameters are tabulated in Table 1
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Figure 5. Concentration profiles simulated using six different methods for t = 7 s, using a relatively large
time-step (At = 700 ms). Faded thick curves show theoretical profiles, as calculated from Equation (3). For
the values of other simulation parameters, see Table 1

Summary

In this paper | attempted to describe numerical methods used for the digital simulation of a
rather simple, however instructive electrochemical problem, Cotrell’'s experiment. The same
techniques may also be used — by modifying the near-electrode boundary condition — for the
simulation of more complicated electrochemical experiments, such as cyclic voltammetry. The
described simulation strategies may also be extended to take into account homogeneous
reactions [12], or effects related to ohmic drop [13,14]. The further discussion of more
complicated systems is, however, beyond the scope of this paper: my only intention here was to
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give a starting point for undergraduate or graduate students who decided to familiarize
themselves with digital simulations. Accordingly, | attempted to describe basic numerical
procedures in a simpler than usual manner, following a classification scheme based on Padé’s
approximants. Readers interested in the topic of digital simulation in more detail are referred to
other sources [3,4].
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Abstract

Electrochemical impedance spectroscopy (EIS) technique is used for characterization of
single cell symmetric capacitors having different mass loadings of activated carbon (AC).
Relevant values of charge storage capacitance (Cr) and internal resistance (ESR) were
evaluated by the single frequency and multi-frequency analyses of measured impedance
spectra. Curve fittings were based on the non-ideal R-C model that takes into account the
parasitic inductance, contributions from electrode materials/contacts and the effects of
AC porosity. Higher Crand lower ESR values were obtained not only for the cell with higher
mass of AC, but also using the single vs. multi-frequency approach. Lower Crand higher
values of ESR that are generally obtained using the multi-frequency method and curve
fittings should be related to the not ideal capacitive response of porous AC material and
too high frequency chosen in applying the single frequency analysis

Keywords

Double-layer capacitor; electrical response; porous electrodes; storage capacitance, internal
resistance

Introduction

Electrochemical capacitors/supercapacitors are high power energy storage devices composed
basically from two electrodes built-up from an active material put on current collectors and
immersed in a liquid ionic conductor (electrolyte) [1-8]. In these devices, energy is stored reversibly
or quasy-reversibly by either ion adsorption at the electrode/electrolyte interfacial regions
(electrochemical double layer capacitors — EDLC), or ion adsorption combined with some fast
surface redox (faradaic) reaction (supercapacitors — SC). Various types of EDLC/SCs were already
derived, including symmetric and asymmetric devices. Symmetric EDLC/SCs utilize the same

doi:10.5599/jese.536 183


http://dx.doi.org/10.5599/jese.536
http://www.jese-online.org/
mailto:vhorvat@irb.hr

J. Electrochem. Sci. Eng. 8(2) (2018) 183-195 IMPEDANCE CHARACTERIZATION OF SINGLE CAPACITOR CELLS

electrode material (usually carbon) for both electrodes, while asymmetric types use different
materials for electrodes, including a battery-like electrode in asymmetric hybrid devices [8—10].

Charging/discharging of an EDLC/SC device containing purely capacitive electrodes is initiated by
on/off switching of dc voltage (V) and related to separation of charges in double-layers formed at
each electrode in contact with electrolyte. The scheme of the single cell of an EDLC/SC device
containing two separated and equal material electrodes (positive and negative) in an electrolyte is
presented in Figure 1.
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Figure 1. Schematic presentation of symmetric single cell capacitor

The charge storage ability (or capacity) of a capacitive cell is determined by the positive and
negative electrode capacitance values (C: and C-), what makes the total capacitance (Cy) of cell to
be defined as:

1/CGr=1/C_+1/C: (1)

The overall performance of an EDLC/SC capacitive device is usually described in terms of the rated
charge storage capacitance (Cy), dc voltage (V) and electrical series resistance (ESR) values. ESR
comprised the internal resistance of a device including resistances of current collectors, electrodes,
electrolyte, separator and all contact regions formed in between. The values of these three
characteristic parameters (Cr, V and ESR) are essential for estimation of important comparative
topics for EDLC/SC energy devices such as specific energy (Esp =CrV2/2n) and the maximal deliverable
specific power (Pspmax)=V2/4nxESR). Here, n denotes the normalization parameter such as mass,
volume, surface area, etc. Use of high surface area porous carbon materials, conductive electrolytes
with high breakdown potential and highly ion-permeable separators have strongly been
recommended for attaining beneficially high Cr and V and low ESR values, i.e. high energy and high
power EDLC/SC devices [11-19].

Determinations of Cr and ESR values for devices containing new materials and also upon
conventional testing of EDLC/SCs have usually been performed using different electrochemical
techniques. The most commonly used are cyclic voltammetry (CV) and galvanostatic charging/dis-
charging measurements [16—26]. By using CV experiments, Cr values are estimated from the
constant (capacitive) currents measured within a voltage window (V) at low scan rates. By use of
charging/discharging experiments performed at some constant current value within the voltage
window (V), Cr values are obtained from measured V vs. time linear plots. At the same time, the
voltage drop appearing at the initiation of the constant current discharge is commonly used for
determination of ESR.
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Electrochemical impedance spectroscopy (EIS) [25,27—29] is another electrochemical technique
that can provide both, Cr and ESR values at various voltage (V) levels of a capacitive device that
should be in causal, stable, linear and time invariant conditions. EIS is usually performed by applying
a small sinusoidal (current or potential) perturbing signal and measuring impedance (Z) or
admittance (Y) vector as a function of the angular frequency (®). Impedance vector is defined as:

z=1/y=|z|ev=2+iz" (2)

In eq. (2), Z‘ and @ are magnitude and phase angle of impedance vector, while Z' and Z" are the
real and imaginary parts in its complex number presentation. Impedances of capacitive devices are
commonly measured in the linear frequency (f = w/2n) range between 50 kHz — 0.01 Hz.

Impedance spectra of EDLC/SC capacitive systems have generally been presented as Nyquist
(2’ vs. Z') [11,12,17-19,21,23,24,26,28,30-42], Bode (log|Z|and ¢ vs. log @) [19,24,26,30,31,33,
38,42] and complex capacitance (Y/i@ = C) plots. In this last case, complex capacitance spectra can
be presented as C” vs. C' and/or C” and C’' vs. log w (log f) plots [12,18,31,33,34,37,40,42].

In applying of either single frequency or multi-frequency EIS method for characterization of
capacitive devices, ESR and Crvalues are usually obtained using the one time (lumped) constant R—C
model [1,2,6,28,37] for a capacitive device, having the impedance/frequency response defined as:

Z(®) = ESR + 1/iwCr (3)

According to eq. (3), a capacitive device will behave as a pure resistor at high and pure capacitor
at low frequencies, with some transition region in between. The product of ESR and Cr determines
the time constant capacitor value, ESR x Cr = 7. This time constant characterizes the rate of a
capacitor charging up to about 63 % of its final capacity (or about 37% of its depletion on
discharging) and is important merit in comparing EDLC/SC devices.

ESR and Cr values can be estimated directly from measured impedance values at high
(ESR = Z'(»>x)) and low (Cr=—1/@Z” (»-0)) frequencies, respectively. The other way of identifying ESR
and Cr parameters is the curve fitting procedure. This procedure is usually made by assigning the
impedance function defined by eq. (3) across the entire range of measured frequencies, where all
departures can easily be detected through the least square approach.

Departure from eq. (3) has usually been noticed through appearance of inductive impedance
(having positive imaginary part) at the highest frequencies [11,17,21,24,35,36,41] and another one
impedance showing characteristic —45° phase angle in the transition region between pure resistive
and pure capacitive impedance responses [2,18,24,31-36,38—-41]. Whereas inductive impedance
response has usually been observed for low impedance (highly capacitive) systems, the
characteristic —45° phase angle impedance response is almost always noticed in impedance spectra
of capacitive devices with highly porous electrodes. Therefore, this impedance was usually ascribed
to a distributed electrode structure, reactivity and/or porosity effects [2,35,40]. All these
observations changed the ideal R—C model described by eq. (3) to the one which takes into account
the parasitic inductance and the effects of electrode porosity according to the following relation
[11,18,24,35,36,41,43,44]:

Z(w)= Z(w) + Rur + Zs(w) (4)

Eg. (4) shows that the total impedance of a non-ideal capacitive device is composed from three
impedances, i.e. inductive impedance (Z.), high frequency resistance (Ruf) and pore impedance (Zs).
Frequency response of an inductive impedance is defined as Z(®) = iwL, where L is inductance that
is measurable at high frequenciesas L =2""/w[21,24,43]. Frequency response of Z;, however, is more
complex as it should describe the frequency dependence of a capacitance generated at pore walls,

doi:10.5599/jese.536 185



J. Electrochem. Sci. Eng. 8(2) (2018) 183-195 IMPEDANCE CHARACTERIZATION OF SINGLE CAPACITOR CELLS

as well as ionic resistance distributed within electrode pores. In order to account for —45° phase
angle at high-to-medium frequencies that is followed by pure capacitive response at lower
frequencies, various models of Zs(w) have already been recommended in the literature. Some of
these models include either a pure capacitor in series with two or more parallel RC combinations
[24,36,41,43,44], or the vertical ladder network [45], both mimicking different time constants in the
pores. The most frequently, however, the concept based on the De Levie’s theory of porous and
rough electrodes [46] has been applied by which Z(iw) is ascribed to the impedance/frequency
response of a single rail RC transmission line element (TLE) [2,29,35,36,39,43,44,47].

Whereas Cr value is beneficially increased by using highly porous carbon as electrode material,
appearance of an additional resistance distributed within the pores is generally considered
detrimental. This is because any additional resistance would increase internal resistance,
ESR = Rur + Rs(w) [31-33] and make the high-frequency resistance Rur= Z'(»—x) in €q. (4) to be only
a part of ESR.

For some capacitive cells, however, a semicircle impedance response has additionally been
noticed at higher frequencies, i.e. between Rur and characteristic —45° and/or vertical shape of
Zs(w) [18,23,32,33,39,40,43]. This impedance loop has increased ESR by another resistance
component and shifted the capacitive response to smaller frequencies [32,33]. Some between many
explanations for such impedance response were ascribed to the charge transfer of possible pseudo-
capacitive reaction, formation of a passive layer at current collectors, formation of the interfacial
region between current collector and electrode material or even pure dielectric polarization effects
of the bulk solution [18,32,44]. In spite of diverse interpretation, a semicircle in impedance spectra
of capacitive devices can simply be accounted for by a resistor-capacitor (RC) combination, defining
its impedance/frequency response as Zrc(w)=Rrc/(1+iwRrcCrc) [32,39,40,45]. Thereby, eq. (4) that
has already been defined as the sum of three impedances becomes enlarged by inclusion of Zrc(®)
impedance according to:

Z(w)= Zi(@) + Rur + Zrc( @) + Zs( @) (5)

Impedance spectra defined by eq. (5) is composed of four characteristic frequency regions and
described by six impedance parameters (L, Rur, Rre, Cre, Rs and Cs) that all can be determined by the
curve fitting procedure. In these conditions, Cr = Cs and ESR = Rur + Rrc + Rs(@). In using the single
frequency method, however, just contributions of different resistance components to ESR are the
reason why ESR should inevitably be defined at lower frequencies [17,19] and why ESR=Z"'at f=1
kHz has been recommended for determination of ESR of technical capacitor devices using the single
frequency EIS method [22,27].

Hereinafter, impedance characterization of the single cell (-)AC//AC(+) capacitors, prepared
within realization of the ESU-CAP project of the Croatian National Foundation will be elaborated.
Single and multi-frequency analyses will be performed and several approaches to analyze
impedance data will be applied. The final results concerning total storage capacity (Cr) and internal
resistance values (ESR) will be compared and discussed.

Experimental

Preparation of single cell AC//AC capacitors

The electrodes for AC//AC single cell capacitors were prepared from a slurry of the activated
carbon (AC), carbon black and polyvinylidene difluoride (PVDF). The pre-determined weights of the
slurry were coated onto Al foils pieces of 2 cm?, dried and hot-pressed, forming electrodes with 6.5
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and 20.5 mg of active material. The single cell capacitor assembly was performed within a high purity
argon filled glove-box. Glass-fiber was inserted as a separator between two electrodes and solution
of 0.25 mol dm tetraethylammonium tetrafluoroborate (TEABF4) in acetonitrile (ACN) served as
the electrolyte. The capacitors containing electrodes with 3.2 and 10.2 mg cm™ of the total active
material were denoted as AC-1 and AC-2, respectively. All details of preparation were described
previously [48].

Electrochemical impedance spectroscopy

Among various possibilities and equipment for impedance measurements [49,50], the present
impedance measurements were performed using the Biologic Potentiostat SP-200 under EC-Lab
software. The AC//AC cells were measured in discharged states at the open circuit voltage (V= 0.00
V) after being charged/discharged in 5 cycles between 0.00 and 2.7 V, at 4 mA cm™ for AC-1 and 10
mA cm for AC-2 cell, respectively. AC signhal of = 14 mV amplitude was applied and impedances at
10 measured points per decade were measured in the range of 1x10°% to 0.01 Hz. Prior
measurements the cells were left for about one hour to attain steady-state which was controlled by
subsequent impedance measurements of each cell.

Impedance results were analyzed using the Zview (Scribner Ass.). The complex non-linear least
squares (CNLS) program using a presumed model and modulus weighting mode was applied for
impedance data fittings. Cr and ESR values obtained by the single frequency method served as initial
values for the fitting procedure and all parameters were stated free in calculations. Statistical
criteria for defining reasonable fits were small (< 9x107%) standard deviation of the overall fit, 3%

' o " TR
Zz _ s (Zk(exp) _Zk(ca/)) +(Zk(exp) _Zk(ca/)) (6)
k=

2
1 |Zk(ca/)

Ineq.(6),Z, 2", kand N are real and imaginary impedances, particular frequency of measurement
and total number of measured frequencies (data points), respectively. |Z] is impedance magnitude,
while “exp” and “cal” denote measured and calculated quantities. More details of corrections and
statistical criteria for reasonable fits of impedance spectra are described elsewhere [51].

Results and discussion

Single-frequency impedance analysis

Figure 2 shows Nyquist (Z”’ vs. Z') plots of two tested AC//AC single capacitor cells containing two
near equal electrodes with different active material mass loadings (AC-1 and AC-2). Both Nyquist
plots showed near vertical lines, indicating capacitive impedance responses for both AC//AC cells.
Higher impedance observed for the electrode with less mass of active material (AC-1) is in
agreement with literature data on similar AC//AC cells [31].

ESR values that according to eq. (3) should be obtained as Z'(» ), are at f = 1x10° Hz estimated
as 3.07 Q for the AC-1 and 2.11 Q the AC-2 cell. Gy values calculated using Cr = —1/wZ” at the lowest
measured frequency of 0.01 Hz were estimated to be 0.082 F and 0.297 F for the AC-1 and AC-2
cells, respectively. From these Cr values, specific capacitance per unit mass of one electrode,
calculated using Csp (F g1) = 4 x Cr/m, where m denotes the total mass of both electrodes [20], were
25 F/g for the AC-1 and 29 F/g for the AC-2 cell, respectively.

In another way of impedance data presentation, the concept of complex capacitance is applied
due to the following capacitive impedance definition [27,29]:

Z(@) = [M(o)] ™ =[iaC(w)]™ (7a)
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Figure 2. Nyquist (Z” vs. Z’) plots of AC-1 and AC-2 capacitor cells

The complex capacitance (C =Y/iw) has also vector properties and in terms of real and imaginary
components can be defined as:

Clw)=C(w)—iC"(w) (7b)
For the pure R—C model defined by eq. (3), C'(w) and C”’(w) are defined as:

C(w) = —Cr /(1+ & CrESR) (8a)

C’(®) = @ CrESR/(1+@PCr2ESR) (8b)

In this context, C'(w) defined by eq. (8a) is a term related to the energy stored, while C’(w)
defined by eq. (8b) is a term related to the energy dissipation [18,23,31,34,38,42].

As shown in Fig. 3A, C’ vs. C’ formed semicircle shapes for both AC//AC cells, tending to zero at
high and Cr values at low frequencies. In accordance with eq. (8a), Cr values can be scanned directly
from Fig. 3B as C’' at ®—0. Such determined values were 0.082 F and 0.295 F for AC-1 and AC-2 cells,
respectively. As expected, these results are equal to that calculated above using Z”’ value at 0.01 Hz.

Time constant () values of 0.38 s and 0.77 s for AC-1 and AC-2 cells respectively, were estimated
using the relation 7. = (@c)?, where @ is the cutoff frequency at top of semicircles in Fig. 3A, or from
maximums of C”’ vs. log w curve shown in Fig. 3C[18,23,33]. More commonly discussed and 27 times
higher values of the relaxation time constants defined as n = (fo)* [12,18,31,34,38,40,42] were
estimated from the maximums of C’ vs. log f curves shown in Fig. 3C as 2.39 s and 4.83 s,
respectively.

Both relaxation time values (7. and ) can also be obtained from the phase Bode plots shown in
Figure 4, by determining frequency values fo =an/2m at which Z’ = Z”” and ¢ =—-45° [30,33,40] as 0.42
and 0.21 Hz, respectively. Using the relation ESR=17,/Cr, ESR values were calculated as 4.63 Q and
2.61 Q, respectively. Somewhat higher ESR values than were estimated as Z’ values at 1x10° Hz,
suggested some extent of departure between measured data and eq. (3).
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Figure 3. A) C” vs. C’, B) C’ vs. log wand C) C” vs. log @ and log f dependences of
AC-1 and AC-2 capacitor cells

Bode presentation of a pure R—C combination described by eq. (3) is expected to show a linear
magnitude line with 0° phase angle at higher frequencies and a sloping linear line with —90° phase
angle at lower frequencies. Certain discrepancies from this expectance can be noticed in Figure 4 as
appearance of phase angles different than 0° (including positive values) at the highest frequencies
of impedance spectra of both single capacitor cells.
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Figure 4. Bode (log |zl and ¢ vs. log w) plots of AC-1 and AC-2 capacitor cells

Figure 5 shows more precisely that almost ideal resistive and/or capacitive responses predicted
by eq. (3) and labeled by dashed lines are obtained only within limited ranges of frequencies
[21,24,28,30,35]. Vertical lines in Fig. 5A shows that frequency independent Z’ values, suggesting
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almost pure resistive cell responses, are for both AC//AC cells obtained within limited regions of
high to medium frequencies.

A B
12 3
p A o AC-1
10 | o AC-2 ?
4 © 1kHz o
- o o
G o] -
- Q N
N 6 "ch i N
™N ‘(L/‘LQ*“{: Y =
ab Epanst D L O LSOO ST R Freey E}%f\: mmmmmmen 8)
Jﬂ} boyy U.Q%‘.l
i DR M. 2
2k L D R e R R T nu‘,tg_\[—:}g,ﬁ_:{ i
O 1 1 1 ] 1 1 1 1 _2 1 1 1 1 R 1 1 1
-1 0 1 2 3 4 5 6 -1 0 1 2 3 4 5 6
log (@/rad s") log ( [/ rad s

Figure 5. A) Z’ and B) log Z” vs. log @ dependences of AC-1 and AC-2 capacitor cells

The estimated ESR values at the recommended 1 kHz frequency [22,24,28,33] (denoted by the
arrow in Figure 5A) are higher than those obtained as ESR = Z’ at f = 1x10° Hz and are equal to 4.36
Q and 2.29 Q for the AC-1 and AC-2 cells, respectively. Fig. 5B shows that the sloping linear lines,
suggesting pure capacitive responses are observed at @ < 100 (< 15 Hz) for the AC-1 cell and at o<
10 (< 1.5 Hz) for the AC-2 cell, respectively. Pure capacitive responses squeezed to low frequency
region have already been noticed in Figure 4.

All these results suggest that the R—C model described by eq. (3) is insufficient to present
impedance of AC//AC capacitor cells but can be used as an approximation at rather low frequencies
only. Therefore, in using the single frequency method, Cr should be estimated at the lowest
measured frequency, while ESR values should not be estimated at too high frequencies
[24,31-33,35].

Multi-frequency impedance analysis

As has already been stated in the Experimental part, impedance spectra of both AC//AC cells
were measured over eight decades of frequencies (10°—0.01 Hz). The results of CNLS fittings of eq.
(3) to measured impedance spectra of both AC//AC cells are listed in Table 1. In spite of acceptable
standard deviations obtained for Crand ESR parameters values, huge 2 values have indicated the
complete fail of the R—C model for both AC//AC capacitor cells. As is also shown in Table 1, similar
has happened after use of the R—CPE model, where pure capacitive impedance in eq. (3) is replaced
by impedance of the constant phase element (CPE) [26,40,43]. Impedance of CPE, Zcpe (@) defined
by eq. (9) has usually been applied in order to account for some inclination from the ideal vertical
capacitive line in Nyquist plots and phase angle different than —90° in Bode plots and ascribed to
surface inhomogeneities of various kinds [26,40,43].

Zcpe (a)) = 1/T(ia))"‘ (9)

In eq. (9), Zcre (@) is described by two frequency independent parameters (T and «), where T
becomes pure capacitive parameter C for = 1. For a# 1 and in the terms of eq. (3), the effective
capacitance value, (Cr)., can be calculated using eq. (10) [52,53]:

(Cr)e = TV x ESR (- (10)
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Table 1. Results of CNLS fittings of C—R and R—CPE models to impedance spectra (10°—0.01 Hz)
of AC//AC capacitor cells.

AC//AC Model ESR/Q Cr/F T/ Fs*! a *(Cr)e/ F b
Eq. (3) 4.06%+0.08 0.080+0.003 --- -- -- 11
ACt Egs. (3)+(9) 4.01+0.08 -- 0.077+£0.002  0.95%+0.02 0.072 6.38
AC Eqg. (3) 2.3310.03 0.286+0.008 --- -- -- 8.23
Egs. (3)+(9) 2.28+0.03 --- 0.261+£0.008  0.92+0.01 0.249 3.57

*(CGr)c - calculated by eq. (10)

Fails of either the R—C model described by eq. (3) or R—CPE model described by eq. (3) combined
with eq. (9) in the curve fittings of impedance data measured at frequencies from 10° to 0.01 Hz,
pointed to another impedance(s) influencing the measured impedance spectra of both AC//AC cells.
These additional impedances can clearly be noticed in the enlarged view of high-to medium
frequency parts of Nyquist plots presented in Figure 6. For both AC//AC cells shown in Figure 6,
inductive impedance responses at the highest frequencies (region |) are followed by prominent
semicircle paths (region Il). Some differences between two cells, however, can be noticed at lower
frequencies. Whereas for the AC-1 cell, the semicircular shape dominated down to ~100 Hz after
which an almost vertical (capacitive) response is observed, for the AC-2 cell, a semicircular shape is
observed down to ~1000 Hz and then followed by the characteristic —45° phase angle type of
response (region lll) being prominent down to ~1 Hz. Only below 1 Hz, a capacitive line (region IV)
becomes dominating for this AC//AC cell. Slow transition, or prominent —45° phase angle response
(region 11l) for the AC-2 capacitor cell can be related to an inhibited transport of electrolyte within a
porous structure of active material having higher thickness generated by higher mass loading.
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Figure 6. High-to-medium frequency region of Nyquist plots of AC-1 and AC-2 capacitor cells

Nyquist plots with four characteristic shapes (I-IV), i.e. (inductive, semicircular, —45° and
capacitive), have already been observed for EDLC/SC devices [35,43] and discussed here together
with eq. (5). In applying eq. (5) as the impedance model equation in the fitting procedure, Zs (o)
should be primarily defined. To account for the characteristic impedance —45° shape at
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intermediate frequencies followed by an almost purely capacitive response at the lowest
frequencies, the TLE concept will be applied. In such a way, Z(w) in eq. (5) is described in terms of
the TLE impedance, Z(w).e, defined by the following relation [2,35,36,40,43,44,47]:
Zs(®) = Z1ie (0)= Rs (iow) P coth (iw7s)P (12)
For highly electronically conducting porous layer, Rs and Cs = 7s/Rsin eq. (11) denote the total
electrolyte resistance within pores and double-layer capacitance induced at pore walls. In the ideal
case, the exponent p = 0.5, but due to the same reasoning as for CPE impedance defined by eq. (9),
the exponent p in eq. (11) can be lower than ideal 0.5 [35,40], thus making Cs to be similar in its
explanation to the CPE parameter T [51]. The characteristic time constant (%) that is determined by
pore and electrolyte properties is directly responsible for the characteristic shape of
impedance/frequency response. At two w limits, eq. (11) with p=0.5 becomes reduced to [2,35]:

Z(w—>o) = (RS/CS)O'5 (iw)_o's (12a)
Zs(w—0) = Rs/3 + 1/(iw)Cs (12b)

Now, it is easy to show that at frequencies higher than as = 1/%, eq. (12a) defining the phase
angle of —45° is operative, while at frequencies lower than ax = 1/ 7, eq. (12b) is operative describing
the ideal R—C response having the phase angle of —90°.

Eq. (5) combined with eq. (11) is generally described by six frequency independent impedance
parameters (L, Rur, Rre, Cre, Rs and Gs) that are for not ideal impedance responses increased for two
more parameters (a and p). The values of these eight frequency independent impedance
parameters obtained by CNLS fittings of eq. (5) involving Zs(w) defined by eq. (11) and Zgrc(w)
corrected by eq. (9), to measured impedance spectra of two AC//AC cells are listed in Table 2. The
corresponding fitted curves are drawn by full lines in Figures 4 and 6.

Table 2. Results of CNLS fittings of the eq. (5) combined with eq. (11) to measured impedance spectra of

AC//AC capacitor cells
AC//ACcell 107xL/H Rur/Q 10%%Tac/Fs*! « Rrc/ Q R/ Q /s p *Ts/Fs?t! ;(2
AC-1  2.60+0.01 1.24+0.03 4.610.4 0.82 3.10+0.04 0.71+0.04 0.048+0.003 0.48  0.068  6.9x10%
AC-2 2774001 1.0+0.1 3.1+0.4 0.85 1.240.1 1.5740.02 0.428+0.006 0.49  0.273  53x10*

*T,calculated as 7/Rs

Well fitted results indicated by acceptable »?values and low errors of all individual parameters
have pointed that eq. (5) was a reasonable model function applied in the impedance analysis of two
AC//AC capacitor cells. Cr values calculated from T and p values from Table 2 using eq. (10) with «
= 2p are listed in Table 3, together with ESR values calculated as ESR = Rur + Rrc + Rs/3. The
corresponding data obtained by the single-frequency method and impedance data plotted in Figures
2, 3 and 5 are also listed in Table 3.

Table 3. Cr and ESR values of AC-1 and AC-2 capacitor cells obtained by single and multi-frequency methods

Method AC-1 AC-2
Frequency range G/ F ESR/Q Cr/F ESR/Q
Single frequency (Fig.3) -- 0.082 (0.01Hz) | 3.07 (10°Hz) | 0.297 (0.01Hz) | 2.11 (10°Hz)
Single frequency (Fig.6) - 0.082 (0.01Hz) | 4.36 (10Hz) | 0.297 (0.01Hz) | 2.33 (10%Hz)
Single frequency (Fig.4) -- 0.082 (0.01Hz) | 4.63(0.42Hz) | 0.297 (0.01Hz) | 2.61 (0.21Hz)
Curve fitting by egs. (5)+(11) 1x10%-0.01 Hz 0.065 4.58 0.271 2.72
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Comparison of Cy values listed in Table 3 shows that generally lower Cr values were for both
AC//AC capacitor cells obtained by the curve fitting procedure performed using eq. (5) combined
with eq. (11), than by using the single frequency method and usual approximation Cr=—1/wZ"” at
f=0.01Hz. Almost 10—-20% lower Cr values obtained for two cells using the multi-frequency method
should be ascribed to influence of not ideal responses of capacitances induced at pore walls of AC
electrode materials and seen through 2p < 1 (cf. Table 2). ESR values determined by the single
frequency method showed significant dependence on the chosen frequency of evaluation,
suggesting significant contribution of distributed electrolyte solution resistance within porous AC
electrode material to the evaluated data. The present results also show that for here characterized
AC//AC cells, the recommended f = 1 kHz is too high for proper ESR evaluations. Only when the
frequency of ESR evaluation was rather low, ESR values become similar to that determined by the
multi-frequency analysis and curve fitting procedure, where distributed resistance effects have
already been taken into account by applying eq. (5) combined with eq. (11).

Conclusions

The characteristic values of total charge capacitance (Cr) and internal resistance (ESR) of two
single cell AC//AC capacitors with different quantities of active electrode materials were analyzed
using the single and multi-frequency analyses of measured impedance spectra.

Single frequency Cr and ESR values were determined on the basis of ideal C—R model, using
impedance magnitude values measured at low and high (or already recommended) frequencies,
respectively. Multi-frequency analysis involving curve-fitting procedure was performed over all
measured frequencies and based on the non-ideal R—C model. Non-ideal R—C model assumed
various impedance contributions including inductive, resistive inherent to the electrode material
and/or contacts and that of AC electrode porosity.

Although close Cr and ESR values were generally obtained, not any single frequency result was
found to agree with the multi-frequency fitting results. Beneficially higher Cr and lower ESR values
were generally obtained using the single frequency method, what can be explained by an
assumption of ideal capacitive response and too high frequency value of ESR evaluation. At the other
side, lower Cr and higher ESR values obtained using the multi-frequency analysis are based on
anticipated contributions from porosity and pore surface inhomogeneity of AC electrode material,
which all have been taken into account by the non-ideal R—C model used for curve fittings.
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