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Abstract: The electrochemical performances of an oxygen-evolving anode produced by the re-
activation of waste Ti substrate by a typical IrO2-Ta2O5 coating are correlated to the textural
(non)uniformities of the coating and its exhaustion state. Coating degradation is considered oper-
ational loss of the activity in a metal electrowinning process. It was found that (pseudo)capacitive
performances can vary over the coating surface by 20–30% and depend on the type of dynamics of
the input perturbation: constant through cyclic voltammetry (CV) or discontinuous time-dependent
through electrochemical impedance spectroscopy (EIS). CV-EIS data correlation enabled profiling of
the capacitive properties through the depth of a coating and over its surface. The correlation was
confirmed by the findings for the analysis of coating activity for an oxygen evolution reaction, finally
resulting in the reliable proposition of a mechanism for the operational loss of the anode. It was
found that the less compact and thicker coating parts performed better and operated more efficiently,
especially at lower operational current densities.

Keywords: IrO2-based anodes; operational efficiency in metal electrowinning; electrochemistry of
porous electrodes; distributed electrochemical capacitance; anode disfunction

1. Introduction

Titanium electrodes with a catalytic coating based on iridium oxide are known to have
the best performance for oxygen evolution in industrial electrolysis. These oxygen-evolving
anodes (OEAs) are unavoidable in the field of electrogalvanization, water electrolysis, the
mining industry, wastewater remediation, impressed current cathodic protection and
wastewater electropurification [1–6].

OEAs based on noble metal oxides led to a revolution in electrochemical technolo-
gies, owing to their good process stability and excellent catalytic activity [7–9]. However,
during the oxygen evolution reaction, simultaneous anodic dissolution of electrochem-
ically active oxide occurs. For example, the much shorter service life of RuO2-based
anodes in comparison with IrO2-based anode coatings is due to the much lower anodic
stability of RuO2 [10–12]. RuO2 or IrO2 in gas-evolving anodes act as electronic catalysts,
while TiO2 and Ta2O5 preserve the chemical and mechanical stability of the anode oxide
coatings [13–15].
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Owing to their stabilizing role, valve metal oxides such as Ta2O5 and TiO2 as well as,
for example, SnO2, which can partially operate as a catalyst, reduce the required catalytic
powder production costs of the anodes [16–18]. Comninellis and Vercesi [19] showed that a
coating with 70 mol% Ir and 30 mol% Ta on Ti has the best activity for oxygen evolution
reactions (OERs) and consequently the longest service life in sulfate solutions [20–22].

Coatings for OEAs can be prepared by different methods, such as thermal decomposi-
tion of metallic salts, electrodeposition, sol-gel and the Pechini method [23,24]. The anodes
used in industries are usually produced with the thermal decomposition method, due to the
low cost and simplicity of the process itself. In thermal decomposition, the corresponding
precursor salts dissolved in organic or aqueous solutions are applied onto Ti substrate.
The coatings obtained under these conditions suffer from inhomogeneous distribution
of their properties, with a large number of cracks and the presence of crystalline IrO2
aggregates among the cracks and amorphous Ta2O5 [25]. The electrocatalytic properties,
stability and operational efficiency of the coating are strongly influenced by its surface
and microstructural homogeneity degree [26,27]. Consequently, the main challenge is to
improve the service life of OEAs in expanding industrial areas, especially at low pH values,
moderate electrolyte temperatures and at extremely high current densities [28].

It has been claimed [29] that layered Ir-based coatings of different layer compositions
considerably influence the service life of oxygen-evolving electrodes. It follows that the
IrO2 in the surface layer (e.g., IrO2-Ta2O5, 85/15 metal mole ratio) rules the anode service
life, which can be considerably improved by 2–2.5 times if coating and support intermediate
layers of low IrO2 contents or even without IrO2 are introduced. The compositions of the
intermediate layers are based on different transition metal oxides. This stabilizing effect of
the Ti support and coating intermediate layers was minimally reported for different testing
current densities, and it is by far being considerably more pronounced with respect to other
increased service life effects by different coating compositions [30,31].

For this certain benefit of the layered coating, it is required to know how the composi-
tion and in-depth distribution of the coating’s bulk and surface electrochemical uniformity
are correlated for a given application of OEAs. In addition, it is fairly unknown what
in-depth changes in activity are taking place in the coating upon anode operation and
degradation and how these changes affect the OEA’s service life. We present an approach
which reveals the changes in activity throughout the IrO2-Ta2O5 coating upon its destabi-
lization at different current densities of oxygen evolution at low pH levels. The approach
is based on analysis of the dynamic electrochemical responses of a coating of an apparent
uniform composition to reveal its in-depth operational changes for future modeling of
layered structures. Additionally, surface coating uniformity differences are correlated to an
in-depth operational coating profile.

2. Materials and Methods
2.1. Electrode Preparation

An IrO2-Ta2O5 porous coating was prepared with the conventional thermal decom-
position method [32]. Before applying the coating, the Ti substrate (industrial waste of
commercial OEA, 3 cm × 15 cm × 3 mm) was sandblasted, degreased in acetone (for analy-
sis EMSURE® ACS, ISO, Reag. Ph Eur, Supelco, Merck, Kenilworth, NJ, USA) and washed
with deionized water (18MΩ, Merck Millipore, Burlington, MA, USA). The subsequent
etching was performed in boiling 10% oxalic acid (ACS reagent grade 99%, Sigma Aldrich,
St. Louis, MO, USA) for 2 h in order to remove TiO2 and generate a surface with a uniform
roughness. The precursors, H2IrCl6xH2O (36.0–44.0% Ir, Sigma Aldrich, USA) and TaCl5
(reagent grade 99%, Sigma Aldrich, USA) at an Ir:Ta mole ratio of 70:30 were dissolved
in n-butanol (0.2 M), (ACS reagent 99.4%, Sigma Aldrich, USA) and applied in layers to
the Ti substrate with the drop casting method. After application, each layer was dried at a
temperature of about 50 ◦C for 5 min, placed in a drying oven at 100 ◦C for another 5 min
and finally annealed in a high-temperature furnace at 500 ◦C for 15 min. The procedure
was repeated four times, with the final annealing lasting for 2 h. The total amount of oxides
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applied on the substrate was projected to be 1 mg/cm2. A digital image of the coated
electrode is given in Figure 1.
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Figure 1. Digital image of coated electrode.

2.2. Electrochemical Measurement

Electrochemical characterization of the as-prepared and exhausted electrode was
performed at three randomly selected positions on the electrode’s surface using potentiody-
namic polarization, cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS)
and an accelerated stability test (AST). All measurements were performed in a 10% H2SO4
solution in a high-density polyethylene cell, where a platinum electrode was used as a
counter electrode and a saturated calomel electrode (SCE) was the reference. All potentials
mentioned are in reference to the SCE scale. The working area of the electrode was 1.33 cm2,
whereas the working area of the counter electrode was 20 cm2. All measurements were
performed using a Biologic—SP 240 potentiostat (BioLogic, Seyssinet-Pariset, France). For
anodic potentiodynamic polarization, the scan rate was 2 mV/s. The cyclic voltammetry
curves were recorded within a potential window of water stability at a scan rate of 50 mV/s
for the 11th steady state cycle. For the EIS measurements, an AC sine signal amplitude of
the root mean square of 10 mV was applied around the open circuit potential in a frequency
range of 10 mHz–1 MHz. The impedance spectroscopy data obtained were fitted to an
appropriate equivalent electrical circuit using ZView® software (version 3.2b).

The AST was conducted under galvanostatic electrolysis conditions, with a current
density of 2.0 or 3.0 A/cm2 at a controlled temperature of 48 ◦C. The tested electrode was
used as the anode, and a platinum wire was used as the cathode. The voltage between the
anode and cathode was monitored and recorded. When the voltage reached approximately
a 50% increase with respect to the initial voltage of about 6.5 V (set below the potential
of the Ti substrate’s oxidative breakthrough), the tested electrode was considered to have
reached the end of its service life (exhausted electrode). Under the applied conditions, the
service life of the prepared electrode was found to be roughly 100 h.

Three randomly selected positions on the electrode’s surface were studied to determine
the performance uniformity of the coating.

3. Results

Figure 2 shows the cyclic voltammograms (CVs) of the prepared IrO2-Ta2O5 coating at
three surface positions on the coating surface before and after the accelerated stability test
(AST). The CV responses before and after the AST, as well as all others, were collected from
the same positions to check the surface uniformity of the coating’s properties. The CVs were
of typical shapes and features for noble or transition metal oxide coatings on Ti, with redox
peaks in the range from 0.6 to 0.8 V, which is assignable to Ir(III)/Ir(IV) pseudocapacitive
redox transitions [32,33]. Figure 2d shows the corresponding voltammetric capacitances,
which were assumed to be proportional to the number of active sites in the porous coating
accessible via the applied CV dynamic conditions. The pseudocapacitive characteristics
were of a moderately homogeneous distribution over the coating’s surface; the difference
among the three different positions was below 20%. The values at different positions,
although randomly chosen, show that positions 1 and 3 reflected the far ends of the
characteristics, with position 2 fairly reflecting average characteristics.
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The number of active sites (coating composition) as well as their distribution and
accessibility throughout the porous layer (coating porosity) affect the pseudocapacitive
characteristics [34,35]. The former causes the maximal coating performances at the applied
composition, while the compact coating surface layer with a small real surface area can be
of a lower coating capacitance. Hence, local deviations in the surface coating composition
from the nominal composition can produce lower capacitances at the more compact po-
sitions (positions 2 and 3), whereas a less compact coating morphology at position 1 can
cause a higher capacitance due to the higher number of accessible active sites from the
coating’s interior.

Another insight into the differences between the surface positions comes from the
comparison of the voltammetric capacitances registered after the AST (Figure 2d). The
shapes of the CVs with their main features appeared to be unaffected but were clearly
tilted with respect to the CVs of the as-prepared coating. This indicates that the coating
resistance increased upon application of the AST, being most pronounced for the lowest
initial capacitance at position 3. The tilt was not followed by a decrease in voltammetric
capacitance, except to some degree for position 1. It can be mentioned that less pronounced
surface coating exhaustion during the AST at the initially less compact position 1 did not
uncover much of the internal active sites, as was the case for positions 2 and 3. The more
compact surface was relatively more exhausted, which allowed the unhindered access to
initially loose internal active sites at positions 2 and 3 upon the AST being carried out.
The unaffected capacitance values during the AST indicate that active sites, possibly not
being distributed along the surface evenly, might have been evenly distributed through



Metals 2024, 14, 1339 5 of 13

the coating’s bulk. Consequently, the relative difference between the capacitance values
at the three positions after the AST decreased to 12% at most, with respect to 20% for the
as-prepared coating state.

To prove and analyze further the proposed operational changes in the coating’s
structure/performance relationship, the impedance response of the coating was registered
to discretize its electrochemical parameters through the coating. Figure 3 shows the Bode
plots of the EIS data, with the corresponding impedance and capacitance complex plane
plots as insets. EIS data from the high-frequency domain of the as-prepared coating obeyed
the capacitive-like response down to several hundreds of mHz in the form of well-resolved
capacitive loops, with the sizes following the order indicated by the CV response. At the
lowest frequencies, the capacitive response resembled the distributed resistor–capacitor in
series, thus indicating the discretized time constants of the layers in the coating interior.
This manifested as a tail in the capacitance complex plane plots and a phase angle peak
of about 0.1 Hz in the Bode plots, which appeared at somewhat higher frequencies for
positions 2 and 3 (noted in the CV analysis as being more compact). This agrees with
the CV finding that position 1 had a less compact structure (with wider cracks and pores)
with a thin surface layer, whereas the coating interior was of a similar structure to that
of positions 2 and 3. This could also explain the registered decrease in CV capacitance
upon administering the AST exclusively for position 1. The less compact thin layer was
exhausted more and consequently uncovered more of the coating interior for the AST. It
follows that, aside from fluctuations in the surface coating compositions among different
surface positions, the coating could also be of a distributed thickness. Considering that
thermal stress during the coating formation on Ti should increase with the coating thickness,
more cracked surface layers could be formed for a thicker coating. The stress should be
even more pronounced if the coating is deposited with a layered thermal treatment. The
thicker, more cracked coating could produce different performance levels at position 1
through CV and be recognized in the capacitive and distributed elements transition issue
for the EIS data.

The coating degradation under the AST almost completely disturbed the clear capaci-
tive response of the as-prepared electrode, with no signs of a high-frequency capacitive
loop. The EIS data seemed to obey the distributed elements’ behavior in a much wider
frequency range, with the appearance of a high-frequency semicircle in the complex plane
plot, as is typical for coating failures in the AST [36]. The semicircle features differed for
different surface positions, being well resolved at position 1 with a clear phase angle peak
at approximately 4 kHz and much like the shoulder extending from position 2 to position 3.
The corresponding phase angle feature was moved to lower frequencies. If it is assumed
that the semicircle is related to an IrO2-deficient surface coating layer [37], then it can
be noted that the layer was best defined and the least compact (appearing at the highest
frequency) at what was the least compact surface initially (position 1). The discrete EIS
feature caused by coating degradation is seen as resolution of the mid-frequency phase
angle region, in addition to the mentioned high- and low-frequency ones. Additional peaks
or shoulders, depending on the surface position, appeared. This indicates that the time
constants became resolved better upon coating degradation via the AST, since more porous
and less compact layers remained.

Bearing in mind the characteristic physicochemical features recognized in the EIS
spectra, the equivalent electrical circuit (EEC) which fit the EIS data best was found to be a
transmission line of the form Rs(C1(R1(C2(R3. . .Cn−1(RnCn))))). The resistor Rs bears the
parameter of solution resistance, whereas resistor Ri and capacitor Ci represent the coating
pore resistance and capacitance of less and less accessible parts of the coating, respectively,
from its surface at i = 1 toward the least accessible interiors for i = n. The increasing n
can thus be anticipated to be the coating “penetration depth” of the EIS input signal. EIS
data for the EEC are given as lines in Figure 3, for which the relative error of the circuit
parameters did not exceed 20%, with chi-squared and sum of squares values below 5%
and 10−4, respectively. For all coating positions before the AST (as-prepared state), the
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EEC of n = 5 returned reliable fitting results, while EECs of n = 6 or 7 (only for the EIS
data at position 3) were required to quantify the EIS data after the AST, due to the more
pronounced distribution of the time constants.

Metals 2024, 14, x FOR PEER REVIEW 6 of 13 
 

 

highest frequency) at what was the least compact surface initially (position 1). The discrete 
EIS feature caused by coating degradation is seen as resolution of the mid-frequency 
phase angle region, in addition to the mentioned high- and low-frequency ones. 
Additional peaks or shoulders, depending on the surface position, appeared. This 
indicates that the time constants became resolved better upon coating degradation via the 
AST, since more porous and less compact layers remained. 

Bearing in mind the characteristic physicochemical features recognized in the EIS 
spectra, the equivalent electrical circuit (EEC) which fit the EIS data best was found to be 
a transmission line of the form Rs(C1(R1(C2(R3…Cn–1(RnCn))))). The resistor Rs bears the 
parameter of solution resistance, whereas resistor Ri and capacitor Ci represent the coating 
pore resistance and capacitance of less and less accessible parts of the coating, 
respectively, from its surface at i = 1 toward the least accessible interiors for i = n. The 
increasing n can thus be anticipated to be the coating “penetration depth” of the EIS input 
signal. EIS data for the EEC are given as lines in Figure 3, for which the relative error of 
the circuit parameters did not exceed 20%, with chi-squared and sum of squares values 
below 5% and 10−4, respectively. For all coating positions before the AST (as-prepared 
state), the EEC of n = 5 returned reliable fitting results, while EECs of n = 6 or 7 (only for 
the EIS data at position 3) were required to quantify the EIS data after the AST, due to the 
more pronounced distribution of the time constants. 

A 3D distribution of the circuit parameter values as a function of the “effective 
coating depth” (n value) and surface position is presented in Figure 4 for the as-prepared 
and exhausted coating. 

  
(a) (b) 

 

 

(c)  
Figure 3. Plots of the EIS data (symbols) of the IrO2-Ta2O5 coating on Ti obtained at the open circuit
potential before (full symbols) and after (empty symbols) an accelerated stability test (AST) in 10%
H2SO4 for coating surface positions 1 (a), 2 (b) and 3 (c). The responses of the transmission line’s
equivalent electrical circuits are shown as lines.

A 3D distribution of the circuit parameter values as a function of the “effective coating
depth” (n value) and surface position is presented in Figure 4 for the as-prepared and
exhausted coating.

Both the capacitance and pore resistance of the coating changed within two orders
of magnitude through its depth, with opposite trends for the as-prepared and exhausted
states. The capacitance was the highest and the resistance the lowest for the coating surface
layer with respect to the interior layers. Upon degradation under the AST, the capacitance
of the surface layer collapsed by three orders of magnitude, while that of the interior layers
seemed to be unaffected. Owing to pore widening during the AST, the pore resistance
gradually decreased for all layers except on the surface (n = 2), for which the resistance was
doubled in comparison with the as-prepared state. Since the coating surface was exhausted
the most, access to the active sites beneath was harder to reach for the capacitive response.
These findings clearly indicate that the coating’s misfunction was caused exclusively by
exhaustion of the active sites from the coating surface, while those in the interior stayed
intact. This degradation mechanism would cause poor active material efficiency and
indicate the requirement for its in-depth distribution to form its surface allocation under
adequate coating preparation conditions.
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interface, and ∅ = no data for n = 7 at position 3 after the AST.

Another observation in Figure 4 additionally supports the proposed mechanism and
concerns the comparison of surface capacitances (n = 1) among random surface positions.
As also found in the CV analysis (Figure 2), the surface capacitance was highest at posi-
tion 1 for the as-prepared state, which was accessible through the lowest pore resistance
(Figure 4a,b). Although this difference in pore resistance with respect to the other two
positions became even more pronounced during the AST (Figure 4d, n ≤ 4), which allowed
easier access to the internal capacitance (which was by far the highest for position 1 at n
= 4), and the surface capacitance was the lowest during the AST (Figure 4c, n ≤ 2). This
shows that surface exhaustion of the coating’s active material was the most pronounced
and surface-localized at position 1. However, this behavior during the AST should not be
expected, since the AST condition for position 1 was 2 A/cm2, whereas the higher current
of 3 A/cm2 was applied to positions 2 and 3. The applied difference was intended to
supply data for the influence of the AST-imposed current on the degradation mechanism
of provisionally the same coating characteristics. The findings in Figure 4c were the op-
posite of the expectations, since higher AST currents should produce more vigorous gas
evolution and consequently more pronounced inaccessibility to the coating interior (i.e.,
coating degradation more localized to its surface). According to Figure 4c, a lower AST
current apparently affected the degradation at the coating’s surface more than hindered
accessibility to the coating interior at higher AST currents did. It could be that the lower
pore resistance at position 1 allowed much easier evolution of the smaller gas bubbles,



Metals 2024, 14, 1339 8 of 13

(Their generation rate was below the critical value to allow extending above the critical
bubble radius, approaching the pore radius.) which is beneficial for accessibility of the
coating interior. These considerations additionally promote the unique requirement of
careful planning of the active material’s distribution through the coating toward the surface
allocation, independent of whether the anode operational conditions would be moderate
or vigorous.

Although it followed that an analysis of the CVs (Figure 2) did not supply information
about the coating degradation in comparison with the EIS (except for a moderate tilt in
the curves), there is other valuable information which can be gained from CV-EIS data
correlation. The pseudocapacitive (PC) redox transition processes of noble metal oxides
require the insertion (cathodic) or rejection (anodic) of H+ [38], which takes place in a wider
potential charging and discharging window applied in CV but not in EIS (rms amplitude
of only 10 mV). The voltammetric capacitances from Figure 2d should hence contain a
PC contribution of a much higher degree than the overall EIS capacitance through the
n branches in Figure 4a,c. If the CV sweep rate as the input charging and discharging
perturbation is low enough to penetrate the porous coating, as it would for the lowest input
frequencies in EIS, then it can be assumed that a comparison of the CV-EIS capacitances
can quantify the PC contribution. Since this contribution is strictly related to the number
of active sites, the comparison of the CV-EIS data for the as-received coating at different
positions can give insight into the coating composition’s uniformity (Table 1).

Table 1. Total coating capacitance of as-prepared electrode before accelerated stability test (ΣCEIS,ap)
and after accelerate stability test (ΣCEIS,ex); the relative contribution of the electrode surface capac-
itance (ηSurface); and the pseudocapacitive contribution to the total coating capacitance obtained
from the difference between the total capacitance calculated from cyclic voltamograms and the total
capacitance calculated from EIS (δpc = CCV − ΣCEIS,ap). Calculations for negligible coating pore
resistance (Rn < 1 and n ≤ 2) are given in brackets. Data for three different positions are given in
the table.

Parameter Position 1 Position 2 Position 3

Before AST

ΣCEIS,ap/mF 48.4 38.8 27.6

ΣCEIS,ap,S/mF
(n ≤ 3(2), Rn < 10(1) Ω) 33.5 (25.5) 24.4 (19.3) 18.2 (14.3)

After AST

ηSurface, % 69 (53) 63 (50) 66 (52)
δpc/% 14 26 42

ΣCEIS,ex/mF 25.9 31.1 18.4
ΣδCEIS,ap-ex/% 47 20 33

δpc/% 76 57 112

The total coating capacitance through EIS was lower with respect to the voltametric
capacitance, but this PC contribution in CV could be considerably different, depending
on the coating structure and state. It follows that the PC contribution (δpc) is higher if the
total EIS, as well as the voltametric capacitance, are lower (i.e., if the coatings are more
compact, thick and of a smaller real surface area). The apparent exception is position 2
after the AST, which indicates that this position was the least compact one upon the AST’s
application, since position 1, found to be the least compact position in the as-prepared
state, was exhausted the most by the AST at a lower current density. (This is also clearly
indicated by the highest ΣCEIS,ap-ex value at position 1). Indeed, Figure 4d,c clearly shows
that position 2 had the lowest pore resistance and highest capacitance for n = 5 and 6 after
the AST.

Different PC contributions caused by the difference in coating structure now appear to
be the main cause of the finding that CV was not able to register the difference between the
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as-prepared and exhausted coating states. The same cause also affected the difference in
capacitive performances among different surface positions. In CV, this difference was found
to be below 20%, but in the EIS analysis, with a reduced PC contribution, it was found that
the difference in total capacitance exceeded 25%, and it was even greater for the surface
layers (ΣCEIS,ap,S). This indicates that the nonuniformity in the coating morphology was
more pronounced, especially for the surface texture, than the difference in PC performances
affected by the structure of the active sites as well as their number.

The surface layers of the coating were thus found to be the main source of the coating’s
structural nonuniformity and consequently governed both the basic electrochemical perfor-
mance and the mechanism of the loss of operational activity. Table 1 presents the values of
the surface contribution to the total coating capacitance (ηSurface) down to a certain depth,
taking the pore resistance value as the input perturbance limit for penetration. For negligi-
ble coating pore resistance (Rn < 1 Ω for n ≤ 2; Figure 3b) approximately 50% of the total
available coating capacitance (ΣCEIS,ap) was easily accessible and created the registered
electrochemical performance. This was quite similar at all positions, which indicates that
the coating was rather uniform with respect to the in-depth composition. (There was no
segregation of the coating components). If the pore resistance increased up to 10 Ω (which
appeared to be its order of magnitude for the exhausted anode), then the relative increase
in the surface contribution was only about 15% on average and still similar at all positions.
This confirms that the surface led the operation of the anode. Once the surface properties
were lost under the AST, there was still roughly 50% of the coating which stayed intact, as
was found via CV. However, it was hidden behind a considerably higher resistance, leading
to spending higher voltages at the applied AST current densities.

The analyzed coating performances (basic and operational) also affected the coating
activity for the oxygen evolution reaction (OER). Figure 5 shows the polarization curves at
three different positions on the coating surface for the as-prepared and exhausted states.
The data were made to compensate for IR drops to find the true OER activity and Tafel
slopes (Figure 5a) and additionally normalized by the total EIS capacitance to reach the
true values of the current densities (Figure 5b) (i.e., the rates of OER). The measured values
of the Tafel slopes are given in Table 2.
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Table 2. Tafel slopes of all three positions before and after accelerated stability test (AST).

Position Tafel Slope Before AST (mV dec−1) (TS ± SD) Tafel Slope After AST (mV dec−1) (TS ± SD)

1 64 ± 0.1 Low overpotentials *
99 ± 0.5 High overpotentials ** 123 ± 1

2 78 ± 0.4 Low overpotentials
131 ± 0.7 High overpotentials 143 ± 1

3 73 ± 0.1 Low overpotentials
126 ± 0.6 High overpotentials 143 ± 0.2

* Region of the low overpotential was below a potential of 1.35 V vs. SCE. ** Region of the high overpotential was
above the potential of 1.35 V vs. SCE.

In accordance with the findings for CV and EIS, the least compact and possibly thickest
part of the as-prepared coating (position 1 before the AST) appears to be the most active
one (i.e., highest apparent current densities both at low and high OER overpotentials). The
more compact positions (positions 2 and 3) showed almost identical activity, despite the
differences in capacitive performances. If the total capacitance was taken as a measure
of the real surface area to normalize the currents, then all positions were of similar OER
activity levels, which indicates that the differences in the apparent currents in Figure 5a
were due to differences in the coating texture and not the distributed nonuniform activity.
A similar conclusion can also be reached if the Tafel slops are analyzed.

In the as-prepared state, the regions of low and high Tafel slopes were found at the
negative (low OER overpotentials) and positive (high OER overpotentials) potentials at
approximately 1.35 VSCE, respectively. The slopes were close to the theoretical ones (60 and
90 or 120 mV) proposed for the reaction mechanisms of charge transfer or adsorption as rate-
determining steps [35]. A unique slope for the exhausted coatings close to or higher than
120 mV was found. This suggests that the most probable slope in the electrocatalytic sense
is 120 mV, whereas the halved value of 60 mV at low overpotentials could be due to halving
of the activation energy according to the theory of electrocatalysis of porous electrodes [39].
Without delving into the details, it could be mentioned that at low overpotentials, the
coating’s behavior is porous until saturation of the pores with previously evolved and
then dissolved oxygen. Upon saturation and an increase in the amount of evolved oxygen
bubbles, which filled the pores at higher overpotentials, the coating’s surface participated
in the OER, behaving much like a flat electrode. This caused a transition from 60 mV
for the porous structure to a “real” slope of 120 mV for a “flat” electrode. Since the
exhausted coating had considerably wider pores (considerable decrease in pore resistance;
Figure 4b,d), the condition of “electrocatalytic flattening” was not fulfilled, and a unique
slope of 120 mV was registered.

These considerations also allow the existence of mixed porous and flat behavior in a
high overpotential region if the pores and cracks are wide enough. This behavior can be
assigned to the least compact position (position 1) for which the bubble evolution dynamics
from the pores allow a great electrocatalytic contribution from the porous structure with a
somewhat lower slope of about 90 mV (Figure 5a).

The investigation of the OER kinetics thus supports the findings of the analysis of the
coating’s electrochemical performances in CV and EIS (i.e., the way the coating texture is
reflected by the capacitive and electrocatalytic properties) as well as the coating operation
in electrolysis and, consequently, the service life and exhaustion state.

4. Conclusions

The standard electrochemical performances of the oxygen-evolving anode IrO2-Ta2O5/
Ti were investigated through capacitive behavior at constant perturbation dynamics through
cyclic voltammetry (CV), discontinuous dynamics under electrochemical impedance spec-
troscopy (EIS) and electrocatalytic activity for oxygen evolution reactions (OERs) via
polarization measurements. Performance (non)uniformity was checked over the surface
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and through the depth of the coating at three different positions on the coating’s surface.
For in-depth coating performance profiling, the approach of distributed time constants due
to time-dependent electrical perturbation was applied. Since the aim was to correlate the
texture and uniformity of a coating and its performance to define a pathway for the anode’s
operational disfunction during the side water electrolysis of the metal electrowinning
process, the coating was analyzed in its as-prepared and exhausted states.

More than half of the quantified coating electrochemical activity was found to be
related to its surface layers, which also suffered from a considerable loss of activity upon
anode disfunction via electrolysis. The performances of the coating interior were affected
only negligibly. This finding held for different coating textures, morphologies and electroly-
sis operational conditions, as it was found to be characteristic of coating nonuniformity due
to the thermal procedure of coating formation through drop casting deposition in separate
layers. As a guideline for the generation of more efficient coatings, the findings clearly
suggest a modified procedure for the distributed composition of deposited layers with top
coating layers more rich in the active component IrO2.

Correlation of CV-EIS and OER activity data also indicate that more porous and
cracked surface layers, which are more likely to be generated if the coatings are thicker, are
more electrochemically efficient, being able to allow the coating to operate more uniformly
in electrolysis. In other words, a more porous and thicker coating with a surface enriched
by the active component should have a longer service life and better and more uniform
material efficiency.
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