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Abstract: A method for accurately determining the chemical composition of deposits at the bottom
of pores during the electrocoloring (e-coloring) of aluminum anodic oxide (AAQO) layers in tin-based
solutions is developed. The aluminum samples were AC e-colored after DC sulfuric anodization.
Free-standing, tin e-colored aluminum oxide film was obtained by selective dissolution of the
metallic aluminum from the AAO in copper chloride solution to access the deposit directly at the
bottom of the pore. This allowed us to take XPS analysis directly from the deposits at pore bottoms
without any interference from the base material or insulating barrier layer. The results revealed the
presence of a mixture of tin oxide and metal in the deposits, which were richer in oxide content.
Furthermore, a cyclic voltammetry experiment mimicking real polarization conditions during AC
conditions was optimized and used to gain a deeper understanding of the electrochemical reactions
that occur during AC electrocoloring. The comparison of CV results in tin-free and tin-containing
electrolytes indicated that the tin deposited during a cathodic cycle is oxidized in the anodic cycle.
The formation of tin based deposits radically changed the CV behavior. The XPS and cyclic
voltammetry results consistently show that the deposits formed during e-coloring comprised a
mixture of metallic and oxidic tin species richer in oxide content.

Keywords: aluminum; anodization; electro-coloring; cyclic voltammetry; cathodic behavior; anodic
behavior; tin

1. Introduction

Under ambient conditions, aluminum metal already has a very thin oxide film on its surface.
However, the corrosion resistance of this oxide film needs to be improved since it is thin,
inhomogeneous, and incoherent. [1-5]. With the anodic oxidation process, a thick, homogenous, and
protective oxide film can be grown on the aluminum surface with higher hardness, corrosion, and
abrasion resistance. If the anodic aluminum oxide (AAO) film is formed in acidic electrolytes, the
morphology of the resulting film will be highly porous. The thin, dense, and dielectric barrier layer
is the first structure that forms on the surface, and it builds the basis for the growth of the porous
layer [4-6]. The mechanism of pore formation is still a matter of discussion [2-7]. The morphology
(pore dimensions and shape) of the AAO layer changes with electrolyte type, applied voltage, current
density, temperature, and process time [3,5].

Sulfuric acid is the most widely used electrolyte for the production of AAO layers because of its
low cost, speed, lower energy consumption, and suitability of pore structure for further coloring. In
addition, the porous nature of AAO layers makes them suitable for coloring using different methods
that find extensive use in architectural and decorative applications. AAO layers can be colored with
organic, inorganic dyes, or by integral coloring. However, the most preferred coloring method is
electrolytic (e-coloring) since it has an extended service life compared to the other methods while
preserving the metallic texture of the substrate even after the coloring process. [7-25]
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Electrolytic coloring of AAQ is generally carried out in an acidic solution that contains metal
ions such as Ni, Co, Sn, and Cu. During the process of coloring, species are deposited in the AAO
pores using AC/DC or pulse polarization. Today, the most common e-coloring electrolytes are tin-
based, and is realized by applying 10-20 V AC voltage on sulfuric acid anodized aluminum alloys.
With this process, all shades of bronze to black colors can be obtained [8,9]. The mechanism of the
electrolytic coloring of AAO and the chemical nature of the deposit in the pores has yet to be fully
established [11-25]. Many studies in the literature are devoted to understanding the nature of the
deposits that form in the AAO by using different e-coloring electrolytes and characterization
techniques. In a variety of studies, the nature of the deposit is claimed to be colloidal or nano-sized
metallic particles [8,9,13-15,19-22,24,25]; there are also a limited number of studies that claim the
presence of a mixture of metallic and oxidic species in the pores [10,11]. We found only two studies
on the industrially most widely used tin-based e-coloring electrolytes. Cohen et.al. analyzed the
deposits by Mdssbauer spectroscopy and concluded that metal deposition in the pores occurs on a
resistive oxide surface [23]. Jagminas et al. used Cu, Ni, Co, and Sn-based electrolytes and
characterized the deposits with FT-IR studies. Their results showed that Me(OH)x-type structures
were formed in the pore base [18].

As presented above, the characterization results obtained from different sources in the literature
contradict each other. Since the nature of products within the pores defines the mechanism of
coloring, a sound method is needed to determine the nature of deposits in the pores. Additionally,
considering the high magnitude of positive and negative voltages applied and the possible local
chemistry changes within the restricted volumes of pores during e-coloring, a discrete
electrochemical method that can simulate the complex conditions during AC e-coloring is also
required. In the literature, we found no electrochemical studies conducted under AC e-coloring
conditions. Accordingly, the study aims to develop a sound method to determine the chemical nature
of the deposits formed at pore bottoms and a reliable electrochemical method that can simulate the
conditions during AC-coloring and intercorrelate the results to clarify the mechanism of e-coloring
in tin-based electrolytes.

2. Materials and Methods

2.1. Preparation and Characterization of Free-Standing AAO Layers

Before anodization, high, purity aluminum sheets (99.999%, 0.7 mm thick) were annealed at 450
°C for 3h to obtain the ordered nanostructure after two-step anodization [26,27]. Annealed samples
(20 mm x 80mm in size) were then electropolished in 80% phosphoric +20% sulfuric acid solution at
a constant voltage of 17 V for 5min at 70 °C. First, anodization was carried out by applying 16V DC
at 19 °C in a 170 g/l H2SOs solution in a conventional two-electrode cell with an aluminum counter
electrode for 30 minutes. After dissolving this layer in chromic acid solution, a second anodization
step was performed under the same conditions. In these experiments, only one face of the aluminum
was exposed to the anodization solution by masking the other surface with cellulosic lacquer. During
this step, the anodization time was increased to obtain an AAO thickness of 40 um. Increasing AAO
thickness is crucial to obtaining a free-standing AAO layer after the selective dissolution of remnant
metallic aluminum below the AAO layer.

Electro-coloring was carried out in an Sn-based solution consisting of 190g/1 SnSO4, 18g/1 HaSOs4,
and sulfosalicylic acid as a stabilizer. The coloring time was kept between 10 and 12 minutes at an
AC of 17 V. After the coloring process, samples were sealed in hot water to protect Sn species
deposited at the bottom of the pores during the selective dissolution of metallic aluminum substrate.
Self-standing AAO layers were produced by the selective dissolution of metallic aluminum in 3%
CuClz solution after dissolving the lacquer layer in acetone, covering the metallic Al. By stripping, it
became possible to obtain free-standing films ready to be analyzed by different techniques without
the interfering effects of the base metal.

The structure and chemistry of the self-standing films were characterized by FE-SEM (JEOL
JSM_7000F field emission gun scanning electron microscope).
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The XPS investigations were conducted using a Thermo Scientific K-Alpha X-Ray Photoelectron
Spectrometer with a monochromatized Al K-alpha X-ray source. The binding energy scale was
calibrated with respect to Cls (285 eV). Before the analyses, the barrier layer of free-standing film is
removed with argon sputtering. A flood gun was also used to avoid valence state-changing problems
associated with Ar etching. Casa XPS software is used to deconvolute the spectra.
Gaussian/Lorentzian functions and Shirley background were used during the XPS spectra
deconvolution. The area ratios of doublets and the energy difference between the doublets were kept
constant during deconvolution.

2.2. Electrochemical Investigation Methodology for the Determination of the Coloring Mechanism of AAO in
Sn-Based Electro-Coloring Solutions
2.2.1. Preparation of AAO Films for e-Coloring

In these experiments, the most commonly anodized aluminum alloy (AA6063-T6) was used as
the substrate to determine the e-coloring mechanism in Sn-based solutions. Their composition is
specified in Table 1.

Table 1. Composition of AA6063-T6 used in experiments.

Alloying Si Fe Cu Mg Cr Zn Mn Al
Element
% 0.41 0.11 0.05 0.51 <0.10 <10 <10  Balance

These alloys were anodized after alkaline etching in a sodium hydroxide solution (10 %NaOH,
60 °C, 3 mins.) followed by nitric acid-based neutralization. The AAQO films with 11+1 um thicknesses
were grown by applying 16V DC at 19 °C in a 170 g/l H2504 aqueous solution in a conventional two-
electrode cell with an aluminum counter electrode. In all e-coloring experiments, the anodization
parameters were kept constant.

2.2.2. CV-Controlled E-Coloring Experiments

In the industrial practice, E-coloring of AAO in Sn-based solutions is realized by the application
of 10-20 V of AC voltage (50 Hz) in an acidic solution consisting of 12g/l SnSOs, 18g/1 H2504 and
stabilizer at room temperature. Accordingly, very high scan rates and high potentials are required to
simulate these parameters with a CV method. The high-rate CV experiment potential limit of the
available potentiostat is +/-10V, and the scan rate that can obtain reliable data collection results is 100
V/s. The potential limit of 10 V is sufficient for e-coloring [15,21]. On the other hand, in the case of
frequency, a 10-fold decreased frequency can be obtained compared to 50 Hz. Thus, checking the
possibility of e-coloring using these limit parameters became necessary.

Accordingly, the first experiments were conducted to determine the limits of scan rate for e-
coloring. A series of experiments with scan rates 100 V/s and in the potential range of +/-10V were
realized in a three-electrode cell consisting of an Ag/AgCl reference electrode (Ag/Ag/Cl, +0.197
V/NHE), a graphite counter electrode, and the anodized aluminum working electrode.

After determining the suitability of the scan rate and potential range for e-coloring, time (cycle)
dependent CV experiments were conducted in Sn-free and Sn-containing acidic solutions. Cycle-
dependent changes in the morphology of the AAO layers were investigated by FEG SEM.

3. Results and Discussion

3.1. Chemical Characterization of Tin Deposits in Free-Standing AAO Films

XPS analysis of free-standing e-colored AAO films obtained after stripping the metallic
aluminum from their backside and sputtering the barrier layer covering the deposits was conducted.
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SEM images taken from the backside of the films after XPS analysis revealed the presence of Sn-based
deposits that show themselves as brighter spots (Figure 1)
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Figure 1. FEG-SEM images of the back side of the free-standing AAQO layer after sputtering.

The major peaks in the XPS survey were related to different binding states of Al, O, C, S, and Sn.
The occurrence of sulfur in AAO is related to the use of sulfuric acid as the anodization electrolyte
[1,5]. Figure 2 presents high-resolution scans of Al, Sn, O, and S.

As expected, the position of the Al 2p peak at 74.6 eV is consistent [34,35] with the binding energy
of Al:Os (Figure 2a).

The deconvolution of the S2s peak revealed the presence of elemental (0) and (+3) valent S
species with binding energies of 162.1 and 163.7 eV, respectively. These binding energy values are
also consistent with the literature [28,29] (Figure 2b).

The deconvolution 10s spectra of the sample comprised three different peaks centered at
530.3eV, 531.5eV, and 532.8eV (Figure 2c). The Ols line at 530.3eV corresponded to the tin oxide
species, and the others are oxygen bound to aluminum oxides and sulfur, respectively [28,30,31].
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Figure 2. XPS spectra of freestanding AAO film e-colored in tin based electrolyte (a) Al 2p, (b) S2s, (c)
Ols, (d) Sn 3d.

The deconvoluted 3d region of Sn peaks of samples revealed the presence of metallic tin and tin
oxide species in the deposits (Figure 2d). After the deconvolution, two separate peak groups with
5n3d5/2 binding energy at 486.7, 485 eV and Sn3d3/2 binding energy at 495.23eV, 493.53eV, were
observed. The peaks at 493.5 and 485 eV represent 3d3/2 and 3d5/2 of metallic tin [39,40]. The binding
energies Sn+2 and Sn+4 have binding energies very close to each other (0.5 eV) that fall into the
detection sensitivity range of 0.6 eV of the instrument (3d5/2 for +2 and +4 valent Sn: 486.3+0.6 eV)
[30-33] that makes a differentiation between them very difficult. Despite this difficulty, it is not wrong
to say that the tin species in the pores consisted of a mixture of metallic and oxidic tin species.

These results indicated the formation of tin oxide species in the deposits at AAO pore bottoms.
In the following sections of the study, the mechanism behind the formation of these deposits will be
investigated using a CV method compatible with the AC e-coloration process.

3.2. Electrochemical Analysis of e-Coloring Process with High Scan Rate CV

In this section, studies are presented for optimizing a CV method compatible with AC e-coloring,
followed by studies in tin-free and tin-containing electrolytes using optimized CV parameters.

3.2.1. Determination of the Suitability of Potential and Scan Rate Limits for e-Coloring

To control the possibility of e-coloring within voltage and scan rate limits of the potentiostat, CV
measurements of anodized samples in the potential range of +/-10V and with 100V/s scan rate for 10
min (2500 cycles) were realized. After this experiment, the typical brown color of anodized aluminum
in tin-containing electrolytes was obtained. SEM cross-section of the same sample indicated the
deposition of tin species in the pores of AAO (Figure 3). Accordingly, the +/-10 V range and 100 V/s
scan rate are used for further CV experiments.
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Figure 3. Cross-section image of tin e-colored samples produced by using potential range +/-10V and
100V/s scan rate for 10 min (2500 cycles), (a) 20K magnification, (b)100K magnification.

3.2.2. CV Experiments in Tin-Free and Tin-Containing Electrolytes

CV experiments were conducted first in the base e-coloring electrolyte free from tin ions to
determine the contribution of tin ions in the electrolyte. Before detailing the CV behavior, the
meanings of the potentials and currents observed during cathodic and anodic polarization need to
be explained to understand the behavior of AAO layers while cycling. In Figure 4, the critical
potentials are marked from 1 to 6. The CV is presented on an E-logi scale to show potential positions
more precisely.
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Figure 4. Critical potentials recorded during CV in Tin free electrolyte.

The cycling starts from point 1 towards the cathodic direction, giving very low cathodic currents
limited by the presence of the barrier layer till point 2. This potential is called cathodic breakdown
potential, indicating the breakdown of the barrier layer, followed by vigorous hydrogen evolution at
the metal-oxide interface [33-36] that leads to the alkalinization of the electrolyte in the pores in which
AAO is chemically unstable. Breakdown of the barrier layer depends on the amount of charge build-
up during cathodic cycling [37,38], showing a strong dependence on scan rate, the defect density of
the AAO, and electrolyte properties. Lower scan rates lead to the earlier breakdown of the barrier
layer since the charge build-up is time-dependent. Thus, a sufficiently high scan rate is required to
prevent total dissolution of the barrier layer due to local alkalinization and further build-up of porous
AAO in the anodic cycle [38]. Upon reversal of scan direction (point 3), the cathodic current decays,
showing a hysteresis behavior, indicating ongoing activity of the cathodic reaction till point 4. The
potential at point 4 is the corrosion potential of the aluminum in the alkalinized pore [39-42]. Starting
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from point 4, a low anodic current starts to flow until point 5, at which AAO formation and OER
start. The charge build-up on AAO is released upon reversing the potential towards the cathodic
direction, indicating a capacitive behavior [43,44]. After releasing the anodic charge, the cathodic
charging of the AAQO layers starts at point 6 and continues till the breakdown potential.

The possible chemical and electrochemical reactions at different potential regions are listed
below.
e At Point 2 after cathodic breakdown till point 4;

H?* 4+ 2e~ - H? (1)

2H,0 +3e™ >3/, H, + OH~ )
AL+ OH™ +3/,H, > Al(OH); ©)
AlLO5 + OH™ + H,0 - 2A1(OH); (4)

The electrochemical cathodic reactions (reactions 1,2) followed lead to alkalinization that
induces the chemical dissolution of Al and Al:Os by producing aluminate ions.
e  At4 Point for till Point 5

At point 4 Al metal is not protected at pore bottoms thus corrosion starts at the mixed potential
of the anodic (reaction 5) and cathodic (reaction 6) half-cell reactions in aluminate rich pore bottom
electrolyte. Followed by active dissolution and passivation of Al (reaction?)

Al - APB* + 3e” )
2H,0 +3e™ >3/, H, + OH~ (6)
AT + H,0 + 3e™ - Al,0; + H, (7)
e AtPointb
Oxygen evolution reaction (OER) and further anodic oxidation starts.
H,0 —» 0, + 4H* + 4e~ (8)
AT + H,0 + 3e™ - Al,0; + H, 9)
e AtPoint6
The discharge of anodic charge on the dielectric AAO and initiation of cathodic charge build up
starts.

3.2.3. Variation of CV Behavior with Cycling in Tin Free Electrolytes

Cycle-dependent E vsiand E vs logi relations are presented in Figures 5a and b. The breakdown
shifts to more negative potentials (-4 to -5.30V) with cycling, indicating the requirement of more
charge build-up for breakdown related to the change in the barrier layer properties of the AAO layer
that forms at the potential range between 4 and 5. The SEM images of the AAQO layer (Figure 6) after
cycling indicate that a new AAO layer is formed during the anodic cycles. The possibility of AAO
growth with AC polarization has already been shown in several studies [45-49]. The new AAQO layer's
morphology differs from that of the original anodization electrolyte. The AAO is more porous and
irregular and possesses larger pore diameters than those formed in lower pH anodization electrolytes
(Figure 6). This new oxide morphology can be attributed to changes in pH in the pores and/or
precipitation of aluminum hydroxides within the pores [34-36,45] during cathodic cycling that
dehydrates during anodic polarization. The shift of breakdown potentials can be related to the thicker
barrier layer of the new AAO that forms in higher pH solutions. Another indication of increased pore
bottom pH is the magnitude of cathodic currents after breakdown. The cathodic maximum currents
decrease after 20 cycles from -145 to -57 mA/cm?), which can be related to the lower activity of
hydrogen ions due to the alkalinization (Figure 5a).
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Figure 5. Cyclic voltammograms obtained in the potential range of +/-10V and 100 V/s in tin Free
solution; presented in (a) E-Logi and (b) E-i scales.

(b)
Figure 6. SEM image of newly created AAO layer (a) after 1000 cycles, (b) after 2500 cycles in tin free

electrolyte.

The potential at point 3 is only observed after cathodic breakdown, indicating the corrosion
behavior of aluminum. The potential values (-1.57+0.2V) lie close to the corrosion potential of
aluminum metal in alkaline solutions [35,39,41,50,51]. After point 4, the variation of anodic currents
is negligible due to the well-known diode behavior of aluminum [38,46]. The onset of anodization
potential (point 5) did not vary with cycling. However, the increase in cycling decreases the
maximum anodic currents from 17 to 13 mA/cm?2, which can also be attributed to the increased
thickness of AAO and higher pH within the pores. The discharge potentials at point 6 (+5.7 V+ 0.1V)
did not vary significantly, indicating similar capacitive behavior of the layers after cycling.

3.2.4. Tin Ion Containing Electrolytes

The CV behavior during the first 20 cycles is similar to that of a solution free from tin ions.
However, after 20 cycles, cathodic (peak A) and anodic (peak B) peaks appear, and the CV behavior
changes completely (Figure 7a,b).
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Figure 7. Cyclic voltammograms obtained in the potential range of +/-10V and 100 V/s presented in
(a) E-i and (b) E-logi scales in tin-containing solution.

At the 20th cycle, after the realization of the cathodic breakdown and hydrogen evolution, the
deposition of tin becomes apparent at point A. The tin's deposition potentials at point A are
comparable with the electrodeposition potential of tin in alkaline electrolytes containing stabilizers
[52,53]. After the deposition of tin in the pores, the potential at point 4 also starts to change in a
positive direction towards the corrosion potential of tin in alkaline electrolytes [53-55]. With the
change of potential towards anodic direction, oxidation of deposited tin starts to commence at point
B [54-59]. After the oxidation of metallic tin, a very low anodic current is recorded even beyond the
anodic oxidation potential (oxygen evolution reaction) (point5), similar to the anodic behavior of tin
in alkaline solutions anodized at high anodic potentials. All of these observations indicated that after
the deposition of tin in the pores, the tin deposits govern the electrochemical behavior. Another
support for this observation is the lack of new AAO growth (Figure 8) contrary to the ones subjected
to cyclic polarization in tin-free electrolytes. Upon reversal of the potential, the capacitive behavior
of the system also changed dramatically towards more positive potentials, indicating higher charge
accumulation ability that aroused from the presence of tin oxide species in the pores [60,61].
Interestingly, no sign of cathodic reduction is observed upon reaching the reduction potential of tin
ions during cathodic cycling. That can be attributed to the non-conductive nature of tin oxide species
in the pores or a thin AAO barrier layer below them. The potential (point 2) at which cathodic
reduction starts also switches to higher cathodic potentials after the build-up of tin oxide species in
the pores. The charge transfer reactions through the barrier layer strongly depend on their thickness;
if the oxide layer thickness is lower than approx. 10 nm [36] charge transfer is realized at the oxide
solution interface. However, when the thickness is higher than 10 nm, the charge transfer reaction
occurs via proton transfer at the metal-oxide interface. Assuming the presence of a thinner barrier
layer at point 2, allowing charge transfer at the oxide solution interface in the presence of tin ions is
not wrong because of their hindering effect on oxide growth at point 5 (Figure 8). Charge transfer
through a thinner barrier layer is expected to occur at lower cathodic potentials, which means the
charge will be readily available to reduce hydrogen ions. The delay of initiation of HER in the
presence of a tin oxide-covered barrier layer can be explained by the conversion of nonconductive +4
tin oxide species towards a conductive nature by conversion into a sub-stoichiometric conductive
oxide [53] during cathodic polarization or by the difficulty of charge transport through relatively
thick tin oxide layer. The shift of cathodic breakdown potential to more negative values with cycling
and thickening of the tin oxide layer may indicate that the second mechanism better explains this
shift. The observation of lower cathodic currents at point 2 is due to the well-known high overvoltage
of HER on tin oxides [52,54]. With the increase in cycle numbers beyond 20, the reduction and
oxidation current increases (points A and B) and stabilizes after 50 cycles.
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Figure 8. SEM cross section images of AAOQO after CV experiments in tin based solution.

In the presence of tin ions in the solution the possible changes in the chemical and
electrochemical reactions with respect to tin free electrolytes can be summarized as follows:

e At point 2 after cathodic breakdown till point A, rates of reaction 1 and 2 decreased because of
high over potential of HER on tin oxides. The rates of chemical dissolution of AAO layer
(reaction 3) and Al (reaction 4) at the pore bottom is also decrease because of limited
alkalinization.

. At Point A;

Metallic tin deposition at the pore bottom is realized Sn?t +2e” - Sn° (10)

e AtPointB;
Primary, secondary passivation of metallic tin and dehydration of anodic oxide occurs [59].

Primary passivation Sn+ 20H™ — Sn(OH), + 2e~ (11)
Primary passivation = Sn(OH), — $Sn0O + H,0 (12)
Secondary passivation SnO + H,0 + 20H™ - Sn(OH), + 2e~ (11)
Dehydration of anodic oxide Sn(OH), — Sn0O, + 2H,0 (12)

e Atpoint5
Reactions 8 and 9 take place at a lower rate compared to tin-free electrolytes because of the presence
of tin oxides at the pore bottom.

When the deposit chemistry determination and cycling voltammetry results are evaluated together,
it is concluded that the pores of AAQO in tin-based e-coloring solutions are a mixture of metallic and
oxidic tin species. These results indicate that the semiconductor nature of the deposited tin oxide
species will also contribute to the coloring of AAO by absorption and explain different color tints
observed while using different e-coloring electrolytes.

4. Conclusions

The analysis of free-standing e-colored AAO with XPS showed that the pore deposits are a
mixture of tin and tin oxides.

It is determined that cyclic voltammetry in the +/-10V potential range and 100V/s scan rate can
simulate the e-coloring process using AC voltage.

Five critical potentials, the cathodic breakdown, corrosion potential, anodic oxidation potential,
and discharge potential, are present in the CV of AAO in tin-free e-coloring electrolytes. It has been
determined that after cathodic breakdown, alkalinization of the electrolyte at the bottoms is realized,
which is supported by the appearance of corrosion potential during switching from cathodic to
anodic cycle. Under the conditions utilized, an AAO layer with a more porous and irregular nature
is formed.
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Significant differences exist between the CV behavior of AAO in tin ion-bearing electrolytes and
tin-free electrolytes. Additional peaks related to the reduction of tin ions and oxidation of metallic
peaks appeared after 20 cycles, indicating the deposition of metallic tin during the cathodic cycle and
its oxidation during the anodic cycle.

After the deposition of tin species in the pores, the cathodic breakdown potential shifted toward
a more cathodic potential, the corrosion potential switched toward the corrosion potential of tin in
alkaline solutions, and the anodic oxidation and discharge potentials shifted toward more positive
values. Related currents decreased.

The presence of tin ions in the electrolyte hindered the growth of a new AAO layer during anodic
polarization.

The results of CV experiments supported the findings of XPS analysis, which indicated the
presence of a tin oxide-rich tin metal and oxide mixture in the AAO pores.

The methodology used in this study can be applied to other e-coloring processes to understand
the nature of deposits in the AAO.

Further work is required to clarify the chemical and electrochemical reactions occurring at
different regions of anodic and cathodic polarization during cycling.
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