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The electrodes of Ti/IrO,+RhOx + ZrO, were prepared with varying proportions of RhOx using thermal
decomposition treatment at 550 °C. The microstructure of these coatings was investigated by SEM and
XRD methods. The electrochemical behavior of coatings was assessed through accelerated life test (ALT),
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). The results showed that
increasing the RhOy content led to superior service lifetime and lower electrical conductivity of the
coatings. Also, the results of cyclic voltammetry tests confirmed that the anodic voltammetric charge was
enhanced by increasing the concentration of RhOy in coatings. The EIS examination of the coatings
indicated that the charge transfer resistance at the external active surface of the coatings was increased
by adding the RhOx content. Furthermore, it was found that the formation of TiO, passive layer at the
interface of the substrate/oxides layer was the main destruction mechanism of the coated anodes.
Among the tested anodes, the anode with 10%IrO,-60%RhOx-30%ZrO; coating exhibited larger electro-
chemically active surface area, higher stability and inferior electrocatalytic activity for oxygen evolution.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Titanium substrates coated with mixed metal oxides (MMOs)
are widely used as anodes in different electrochemical processes
like electroplating, chloral alkali industries, electro-winning of
metals, sewage treatment, oxidation of organics, and organic syn-
thesis. Titanium electrodes coated with MMOs also named
dimensionally stable anodes (DSAs) have shown advantages for use
in cathodic protection [1—7]. Depending on the substrate and
coating, DSAs possess the unique properties of high electro-
catalytic activity, long-term stability, low dissolution rate, high
current efficiency, high anodic current density, low cell potential
and excellent corrosion resistance in highly concentrated chloride
solutions [3,5,8—11]. Recently, different attempts have been made
to enhance the electro-catalytic activity, electrical conductivity, and
chemical stability of these electrodes. It has been well documented
that the coating composition is a major factor in controlling the
electro-catalytic properties of the DSAs [12].

There are coatings which have high electro-catalytic activity and
chemical stability; as well, they are affordable; the noble metal
oxides such as IrO; and RuO», or other compounds like TiO2, Ta,0s,
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Zr0;, Co304, Si03, NbyOs5 and CeO; belong to this group. Accord-
ingly, different types of these coatings, such as Ru0;—Tay0s,
[r0,—TiOy, Ir0;—Tay0s, Ir0,—Nby05 and IrO,—ZrO;, have been
developed for DSAs since the last decades [1,7,13—16].

Shao et al. [15] developed the IrO,—ZrO, double component
coatings prepared by the thermal decomposition method on tita-
nium electrodes and observed that the electrode with 70 mol% IrO,
showed the largest charge/discharge efficiency [15].

In another attempt, it has been reported that the presence of
RhOy can accelerate the hydrogenation of the unsaturated organic
molecules and the dissociation of the nitrogen oxide. The coating of
RhOy on Ti substrate was found to be beneficial for O, evolution in
acid solution [17]. Swette et al. [18] reported that the electrodes
coated with of RhO5 are highly stable against oxygen evolution and
reduction. Compared to the RuO; and IrO,, the coatings containing
RhO, showed more increase in hydrogen evolution activity in acidic
solutions [18].

However, Hrussanova et al. [19] stated that the electro-catalytic
activity of RhOy in the oxygen evolution was similar to IrO; in the
0.5 mol L~ sulfuric acid solution, but RuO, showed more activity in
the same solution [19]. As a matter of fact, combination of two or
more oxides would change the electro-catalytic activity of DSAs
due to the changes in the morphologies and the surface chemical
composition [3,17].


mailto:m.atapour@cc.iut.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2019.135158&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2019.135158
https://doi.org/10.1016/j.electacta.2019.135158

2 R. Alibek et al. / Electrochimica Acta 329 (2020) 135158

In recent years, ternary and multiple oxides have also been
introduced as other strategy to improve the stability and electro-
chemical activity of DSAs. Several investigations have been re-
ported on oxide mixtures and their effects on the electrode
performance. For example, Liu et al. [20] prepared RuO,-doped Ti/
IrO,—Zr0O, anodes and observed that the electrocatalytic activity
was improved by increasing Ru content. Qin et al. [21] demon-
strated that ternary IrO,—Sn0,—Sb,05 anodes with large mean
curvature tend to increase the stability and durability for O, evo-
lution even at 70°C.

In this study, an effort was made to produce coatings with the
composition of 70%IrO,— 30%ZrO, by means of thermal decom-
position. The use of electrodes consisting of IrO,—ZrO, coatings has
been studied previously [15] and it was found that this system is a
promising candidate for electrochemical supercapacitors. However,
IrO, is much expensive and its activity is not high [21]. To save cost
and enhance the coating performance, the iridium oxide was
substituted by different mole percent of Rhodium oxide to produce
a triple component coating of IrO;—RhOx-ZrO; on the titanium
substrates. In addition, ZrO, has a high corrosion resistance as well
as excellent thermal stability, and has been used in a variety of
applications such as fuel cells [15].

To the best of our knowledge, no studies have been conducted on
the influence of the RhOx amount on the electrochemical perfor-
mance of IrO,—ZrO, coating system. The aims of this work are
therefore to study the microstructure and electrochemical charac-
terization of IrO,+RhOx + ZrO, coated titanium anodes. X-ray
diffraction, scanning electron microscopy, chrono-potentiometry
(the potential versus time in constant current density), electro-
chemical impedance spectroscopy and cyclic voltammetry tests were
used to study the effect of the changes in the chemical composition of
the coatings on the structure, morphologies, chemical activity, elec-
trical conductivity, coatings capacitance, electrochemically active
surface areas and the coatings corrosion resistance.

2. Experimental
2.1. Materials preparation

The substrate for all coatings consisted of the pure commercial
TA2 class titanium sheets with 2 mm thickness. Correspondingly,
the sheets were sand blasted and cut in rectangular shapes with
15 x 15 mm dimensions. The substrates were soaked for 4 min in a
boiling 50 vol% HCI solution. This step helped to clean the surface
from any residual corrosion products, oxide layers and solid parti-
cles. Furthermore, the substrates were ultrasonically degreased in
acetone for 15 min. Additionally, the substrates were acid washed
for 2 h in the 10% boiling oxalic acid solution in order to obtain gray
surfaces with the uniform roughness. Finally, the treated substrates
were washed using double distilled water and kept under acetone.

Different metallic precursors like IrCl3.xH;0, ZrOCl,-8H,0 and
RhCl3-3H,0 were individually dissolved in double distilled water
for 2 h (the metallic cations concentration was 0.02 M) and then
mixed together with different mole ratios. The traditional thermal
decomposition method was used to make the precipitation of the
mixed metal oxides on the substrate surface. First, the substrates
were immersed in the solutions for 5 min and then brought out of
the solution with the rate of 80 mm/min. However, the coated
specimens were kept in the oven under 100 °C for 15 min in order
to ensure the evaporation of the solvents.

Subsequently, the specimens were sintered in an air circulation
furnace for 15 min and at 450 °C in order to form metal oxides on
the surface. However, the last sequences were repeated 7 times to
reach the adequate coating thickness. Finally, the specimens were
heated in an air circulation furnace with the slow heating rate of

1 °C/min up to 550 °C; the temperature remained steady at 550 °C
for 2 h. Then, the specimens were kept in the furnace to be cooled
down; this was done to complete the final annealing procedure.

2.2. Materials characterization

2.2.1. Microstructure and chemical composition analysis

In order to verify the microstructure, surface morphology and
elemental analysis of the coated electrodes, the Philips XL30
scanning electron microscope was used. Also, X-ray diffraction
(XRD) patterns were used to evaluate and detect the oxide phases
formed on the surface of the coated electrodes.

2.2.2. Electrochemical measurements

The electrochemical characterization of the thermally decom-
posed electrodes was performed using the accelerated life test
(ALT), electrochemical impedance spectroscopy (EIS), and cyclic
voltammetry (CV). All of the electrochemical tests were carried out
in the 0.5 mol L~! H,S0y4 solution in a three-electrode corrosion cell
with platinum as the counter electrode, saturated calomel elec-
trode (SCE) as the reference electrode, and each specimen as the
working electrode. All the tests were done using a potentio-stat,
PAR 2273 model, after the OCP test for 3600s. The CV curves
were recorded in a range between 0.16 and 1.16 Vys scg at the
scanning rate of 20 mV s~ L. Cyclic Voltammetry test was also car-
ried out during and after ALT in a range of 0.16—1.16 Vs scg and the
scanning rate of 20 mV s~ . The EIS measurement was taken at the
potential of 1.35 Vs scg, the frequency range of 10 mHz—100 kHz,
and the potential amplitude of 5 mV at 41 points. Also, the EIS test
was taken during and after ALT at 1.35 V. The impedance data were
fitted to the appropriate equivalent electric circuit using the Z-view
software. ALT was carried out under electrolysis at a constant cur-
rent density of j=2 Acm~2 in the 0.5 mol L~! H,SO4 solution.

3. Results and discussion
3.1. Morphology characterization

The SEM micrographs of the IrO,-RhOx-ZrO, coated Ti elec-
trodes are presented in Fig. 1. Fig. 1a shows a cracked muddy
structure with some smooth areas (needle-like crystals) in the case
of 70%Ir0,+30%Zr0, coating before the final annealing treatment.
Some agglomerated small particles are also distinct in the cracked
area. The formation of cracks, which is very classical for DSA elec-
trodes, can be attributed to the difference between thermal
expansion coefficients of the titanium substrate and the coating
components. Also, the solvent volatilization and generation of
thermal stresses during continuous heating and cooling cycles are
other sources of cracking [22].

In fact, one of the disadvantages of 70%Ir0,+30%ZrO, coatings
may be the existence of such cracks, providing the routes for oxy-
gen and electrolyte and allowing the substrate to be oxidized faster.
However, the existence of these cracks could increase the effective
surface of the electrode, which would have a relatively positive
effect on its electro-catalytic behavior. It has been reported that
these cracked morphologies could cause chlorine and oxygen to be
released more easily [3,15]. As shown in Fig. 1b, the cracks were
covered by glowing prismatic columnar crystals (with the diameter
of 40—80 nm) after final annealing at 550 °C for 2 h. The mentioned
crystalline particles could increase the electrical conductivity of the
electrode. It has been reported that the critical crystallization
temperature of the Ti/lrO,—ZrO, electrodes was in the range of
340—-360°C [15]. The changes in the oxide coating morphology
showed the higher crystallization degree in the final annealing step
at 550°C, in comparison to the sintering at 450 °C.
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Fig. 1. SEM micrographs of Ti/70%IrO,—30%ZrO,: a. before final annealing, and b. after final annealing.

The surface morphology of different IrO,+RhOy + ZrO, coatings
are presented in Fig. 2. These coatings reveal a typical porous
“cracked mud” morphology. Some oxide particles were deposited
inside the cracks. Also, it can be seen that the increase in the mole
percentage of RhOy accelerated the formation of cracks. This phe-
nomenon [23] can be explained by the low interaction of the TiO»,
IrO; and RhO; tetragonal structures with the rhombohedral Rh,0s.
Accordingly, different crystallographic structures of coating com-
ponents could be responsible for the formation of non-compact
coatings with a high porosity/roughness degree that accelerating
the formation of the passive layer [23,24]. Fig. 2e shows the for-
mation of some wide and deep cracks with cellular morphology in
the case of 10%IrO,+60%RhOx+30%ZrO,.

3.2. XRD analysis

The X-ray diffraction patterns of different mixed metal oxide

anodes are shown in Fig. 3. The XRD pattern of the 70%IrO,+30%
ZrO; coating revealed the characteristic peaks of IrO, and the sharp
peaks of Ti substrate. The related 26/degrees of the IrO, tetragonal
phase peaks were 27.8492, 34.5654 and 53.7753, which were
shifted to the lower degrees in comparison to the standard peaks.
The standard 26 values for the mentioned peaks are 28.055, 34.715
and 54.025. The mentioned phenomenon showed the increase of
the mean space of the crystalline lattice of IrO,. Based on crystal-
linity considerations, it seems the increase in lattice volume is due
to some substitution of Ir** ions with 0.0625 nm radius by Zr** ions
with 0.072 nm radius. These results can be an important evidence
on the formation of IrO,—Zr0O5 solid solution. Also, these interstitial
defects can lead to the lattice distortions [15].

The XRD patterns of Ti/lrO»-RhOx-ZrO, anodes contained Ti,
RhOy and IrO; peaks. The Ti peaks came from the substrate. The
presence of RhO, and IrO, tetragonal phases confirmed that there
was a RhO,—IrO; solid solution in the surface coating. It should be
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Fig. 2. SEM micrographs of the coated anodes: a. Ti/70%IrO,—30%ZrOs, b. Ti/55%IrO,-15%RhOx-30%Zr05, c. Ti/40%Ir0,-30%Rh0x-30%Zr0,, d. Ti/25%Ir0,-45%Rh04-30%Zr0,, and e. Ti/

10%Ir0,-60%RhO-30%Zr0».

noted that rhodium ions have two forms of Rh** in the tetragonal
phase of RhO, and Rh3* in the rhombohedral phase of Rhy03 [17]. It
seems some small amounts of RhO, transformed to the Rhy03
rhombohedral phases. It is due to the high calcination temperature
(higher than 500 °C).

3.3. Accelerated life test (ALT)

The stability of the IrO,+RhOy + ZrO, anodes was examined by
accelerated life test (ALT) carried out at high current density
(j=2Acm™2). As shown in Fig. 4, all electrodes exhibit a similar

curve consisting of three different stages of activating, stability and
deactivation. Similar trends have previously been reported for the
majority of MMO anodes [10]. The small drop in the first step of
exposure can be related to the penetration of the electrolyte into
the inner surfaces like cracks, porosities and grain boundaries. As
mentioned before, these defects were formed during the thermal
decomposition process and provided some active surface points for
OER during the electrolysis. After a small drop, the potential was
increased and then remained relatively constant in steady state
condition. The rising of the potentials can be due to the removal of
non-adherent oxides (elimination of the active layer’s outer pores)
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Fig. 3. X-ray diffraction patterns of a. Ti/70%IrO;—30%ZrO,, b. Ti/55%Ir02-15%RhOx-30%Zr0>, c. Ti/40%Ir02-30%Rh0x-30%Zr0,, d. Ti/25%Ir02-45%Rh0x-30%Zr0,, and e. Ti/10%Ir0O,-

60%RhOx-30%ZrO0,.

Fig. 4. Chrono-potentiometry curves of a. Ti/70%[rO,—30%ZrO,, b. Ti/55%IrO,-15%
RhOx-30%Zr0,, c. Ti/40%Ir02-30%Rh0x-30%Zr0,, d. Ti/25%Ir0,-45%Rh0x-30%Zr0,, and
e. Ti/10%Ir0,-60%RhOx-30%Zr0, in the 0.5 mol L~ H,S0, at j=2Acm™2.

by corrosion and erosion. Finally, the elimination of the electro-
catalytic layer and the anodic growth of TiO, middle layer would
cause a sharp increase in the potential and initiation of the de-
active region [3,9,10].

According to the Fig. 4, the accelerated service time for the
specimen with 60%RhOy (10%IrO2+60%RhOx+30%Zr0O,) was the
highest (52500 s), while that for the coating without RhOy was the
lowest (12000s). In other words, the anode service time was
enhanced by increasing the concentration of RhOy in coatings.
Some researches [5,9] stated that the addition of IrO; increased the
stability of the coatings. However, the formation of soluble species
like IrO3~ at high potentials such as 2 V that occurred in this work
leads to the rapid destruction of the coating [25]. According to the
results of ATL evaluations, the addition of RhOy promoted the ser-
vice life of anodes because of the lower dissolution rate of the

Fig. 5. X-ray diffraction patterns of a. Ti/70%IrO,—30%ZrO,, b. Ti/55%Ir02-15%RhOx-30%
Zr0,, c. Ti/40%Ir0,-30%Rh0x-30%Zr0,, d. Ti/25%Ir02-45%Rh0x-30%Zr0,, and e. Ti/10%
Ir0,-60%RhO-30%Zr0, after ALT.

catalytic layer. However, more systematic studies are needed to
evaluate the electrochemical stability of Ti/70% RhOx-30%ZrO,
electrodes. In an attempt, Swette et al. [18] evaluated the electro-
chemical stability of the RhO; electrodes and reported that these
types of electrodes are very stable in terms of oxygen evolution and
reduction. Roginskaya et al. [26] studied the electrochemical
properties of Ti/RhOx electrodes made by thermal decomposition
method. Their results clarified that rhodium oxide (RhOy) is much
more stable than RuO, and IrO, in acidic solutions. Hrussanova
et al. [19] focused on the electrochemical behavior of RhOy elec-
trodes based on the oxygen evolution in acidic solutions. They re-
ported that the oxygen evolution was not able to degrade the RhOy
electrodes after the initial removal of loose particles. Therefore, it
can be deduced that the RhOx coatings are able to show high sta-
bility. Also, the Ti/70%RhOx-30%ZrO, electrode is expected to have
the higher stability than the Ti/70%IrO,—30%ZrO, electrode.

After the end of the electrolysis time, the amounts of voltam-
metry anodic charge for all electrodes were in the range of 12—25%
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Fig. 6. Cyclic voltammetry curves of a. Ti/70%IrO,—30%ZrO,, b. Ti/55%Ir02-15%Rh0x-30%Zr0,, c. Ti/40%Ir02-30%RhO0x-30%Zr05, d. Ti/25%Ir02-45%Rh0x-30%Zr0,, and e. Ti/10%Ir0,-
60%Rh0y-30%Zr0; as a function of chemical composition in the 0.5 mol L' H,SO4 at the scanning rate of 20 mV/s.

Table 1
Two pairs of the redox transition peaks values for the all coatings.
Specimen First pairs of redox transition peaks/V Second pairs of redox transition peaks/V
70%Ir02,—30%Zr0; 0.4-0.7 0.84—-1.04
55%Ir0,-15%Rh0x-30%Zr0, 0.4—-0.76 0.84—1.04
40%Ir0>-30%Rh0x-30%Zr0; 0.4-0.8 -
25%Ir02-45%RhOy-30%Zr0, 0.44—0.64 -
10%Ir0,-60%Rh0x-30%Zr0, 0.6—0.92 0.96—1.08

of the initial values. Moreover, an increase of the anodic potential in
the de-active region can be related to the destruction of the oxide
layer and the formation of a non-conductor TiO; layer (with rutile
structure) in the Ti/oxide layer interfaces. This was confirmed ac-
cording to the presence of some sharp peaks for TiO, in the XRD
patterns (Fig. 5). Also, the physical impedances relating to the inner
surface of oxide layer and the Ti/oxide interface were also sharply

increased similar to other investigations [10,27].

3.4. Cyclic voltammetry

Fig. 6 shows the cyclic voltammetry diagrams of different an-
odes in 0.5 mol L~' H,S04 solution at a sweep rate of 20 mV/s and
the potential range of 0.16—1.16 Vs scg. The selected potential range
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Fig. 7. Cyclic voltammetry curves of a. Ti/70%IrO,—30%ZrO5, b. Ti/55%Ir02-15%RhO0x-30%Zr0s, c. Ti/40%Ir02-30%Rh0x-30%Zr05, d. Ti/25%Ir0,-45%Rh0x-30%Zr0,, and e. Ti/10%IrO,-
60%RhO,-30%Zr0, as a function of the electrolysis time in the 0.5 mol L~! H,SO4 at the scanning rate of 20 mV/s.

Table 2

q* values vs electrolysis time for the all coatings, with the scanning rate of 20 mV/s in the 0.5 mol L~ H,SO4 solution (tg, is the electrode service life).

Specimen q*y/mC.cm2 (t; = 0) q*a/mC.cm2 (t, = 0.5 tgy) q*,/mC.cm 2 (t3 = tgy)
70%1Ir0,—30%Zr0O, 23.49 11.63 5.94
55%Ir0,-15%Rh0x-30%Zr0, 46.13 20.44 6.89
40%Ir02-30%Rh0x-30%Zr0, 65.15 13.69 11.37
25%Ir05-45%Rh0x-30%Zr0, 72.46 20.00 5.25
10%Ir02-60%Rh0x-30%Zr0, 104.12 20.09 10.72

was between the hydrogen and oxygen evolution ranges. Voltam-
metry charge could be used to estimate the electrochemically active
surface regions [8]. Fig. 6 represents the effect of the increasing the
Rh content in the surface coating of the MMO anodes. Based on
Fig. 6, all coatings exhibited approximately similar curves with two
peaks of redox at the potential range of 0.4—0.8 V and 0.84—1.12 V.
These peaks show the presence of the solid-state redox transitions
Ir(IIN/Ir(IV) and Ir(IV)/Ir(V) [6]. Two pairs of the redox transition
peak values for the all specimens are shown in Table 1.

According to the anodic-cathodic symmetry observed in Fig. 6, it
can be concluded that the redox sites were reversible and exhibited
a quasi-capacitor behavior. Moreover, it has been reported that the
MMO anodes preserve their initial surface conditions in terms of
species absorption and valence variation due to the occurrence of
reversible redox reactions [3,28]. The observation of two pairs of
broad cathodic and anodic peaks in the CV plot of 10%IrO,+60%
RhOx+30% ZrO, anode can be due to the heterogeneity of the active
sites on the surface of coating [29]. It seems the peaks associated
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Fig. 8. Nyquist diagrams of a. Ti/70%IrO,—30%Zr0,, b. Ti/55%Ir02-15%RhOx-30%Zr05, c.
Ti/40%Ir0,-30%RhO0x-30%Zr0,, d. Ti/25%Ir0,-45%Rh0x-30%Zr0,, and e. Ti/10%Ir0,-60%
RhO,-30%Zr0, in the 0.5molL~'H,S04 at the potential of 1.35 Vscg, (geometric
shapes) the experimental data, and the (—) fitted data.

Fig. 9. Bode-phase plots of a. Ti/70%Ir0,—30%Zr0,, b. Ti/55%Ir0,-15%Rh0x-30%Zr0,, c.
Ti/40%Ir02-30%Rh0x-30%Zr0s, d. Ti/25%Ir02-45%Rh0x-30%Zr0,, and e. Ti/10%Ir0,-60%
RhO,-30%Zr0, in the 0.5molL 'H,S04 at the potential of 1.35 Vscg, (geometric
shapes) the experimental data, and the (-) fitted data.

with redox reactions of Rh (III)/Rh (IV) were disappeared due to the
presence of chloride in the oxide layer [30]. Similarly, it has been
reported that for Ti anodes with the RhOy coating made by H3RhClg,
the obvious band of redox transitions was not observed in their CV

Fig. 10. The equivalent electrical circuit model used to simulate the impedance data.

Table 4
Caiy and Cqj o values for all specimens were calculated using the equation (2) and the
impedance parameters shown in Table 3 in a stable potential of 1.35V ys scg.

Specimen Caig/mF.cm™2  Cyio/mF.cm™2  Chi-squared
70%Ir0O, + 30%ZrO, 0.00007 3.07 33x103
55%IrO; + 15%RhOx + 30%ZrO,  1.02 6.10 8.7x 1073
40%1r0, + 30%RhOy + 30%Zr0, 0.75 6.44 511073
25%Ir0O, + 45%Rh0y + 30%Zr0, 0.44 5.46 79%x 1073
10%IrO; + 60%RhOy + 30%ZrO, 0.02 5.25 1.5x 1072

curves. The solid-state surface redox transitions exhibited a quasi-
capacitor behavior associated with the transmission of protons. The
most common proton exchange reaction is based on the Eq. (1) [3].

MOy (OH), + 6H* + de~ = MOy_5(OH), 5 (1)

The anodic voltammetry charge (q*) was measured by graphical
integration of the j-E curves. q* specifies the amount of the
exchanged proton and it is proportional to the number of surface
active sites. Fig. 6 illustrates that q* is dependent on the type of the
chemical composition of the applied coating on the substrate. The
surface active areas of the electrode were raised by increasing the
RhOy concentration due to the formation of more porosity and
cracks in the morphology of the coatings. In other words, the q*
increased by improving the electro-catalyzer activity due to raising
the active areas. Several authors [23] introduced a parameter to
identify the degree of electrode instability from the E versus t-re-
sults. It is named as tgy which provides the electrode service life.
The overall outcome is that while the 70%IrO,—30%ZrO, coating
exhibited a good electrical conductivity, but it was not a good
candidate for proton exchange. In order to achieve more details
about the dynamics of the changes occurred on the coatings, the
cyclic voltammetry tests were carried out on the specimens at
different anodizing times, as shown in Fig. 7. It can be seen that the
CV curves were changed in different times and the voltammetry j
reduced with raising t. The q*, values for all specimens at different
anodizing times were extracted and presented in Table 2.

Generally, it can be seen that for all coatings the q*, decreased
with increasing t, in accordance with the results reported by Da
Silva on the Ti/(Ru + Ti + Ce)O-system. Such behavior can be
explained based on the following phenomena [9,23]:

1 The erosion of loose and non-adhesive oxide particles due to the
aggressive gas evolution in the primary times.

2 The corrosion of oxides associated with the high over-potentials
let to the creation of some soluble species.

3 The passivation of the Ti substrate due to the presence of a
porous coating and the penetration of electrolyte into coating
and its interactions with substrate.

3.5. Electrochemical impedance spectroscopy (EIS)

The EIS response of different IrO,-RhOx-ZrO, coated Ti anodes in
H,S04 solution was evaluated at an applied dc potential of 1.35V

Table 3

The fitting EIS parameters of different specimens in 0.5 mol L~! H,SO,, Eappt =135V s sce.
Specimen Rs/Q.cm? Qf/Q '.cm 25" n Re1/Q.cm? Qu/Q L.cm2s" n Ret,0/Q.cm? L/H.cm?
70%IrO3 + 30%ZrO, 0.71 3.1x1073 0.70 0.05 56 x 1073 0.90 16.63 3.7x 1077
55%Ir0O, + 15%RhOyx + 30%ZrO, 1.48 1.0x 1072 0.75 0.151 1.8x1072 0.78 16 -
40%Ir0, + 30%RhOy + 30%ZrO, 1.68 1.0x 1072 0.69 0.34 13x1072 0.85 19.79 —
25%Ir0O; + 45%Rh0x + 30%ZrO, 0.74 1.5x 1072 0.61 043 13x1072 0.85 28.94 2x1077
10%Ir0; + 60%RhOy + 30%Zr0, 0.05 35x107° 0.95 0.56 2.1 %1072 0.83 3041 52 %1077
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Fig. 11. (a), (b) and (c). Nyquist diagrams of Ti/70%IrO,—30%Zr0, at, respectively, t; =0, t, = 0.5ty and t3 = tg, in the 0.5 mol L~ H,S0, at the potential of 1.35 Vscg, (d). Bode-phase
plots of the specimen 1.

Fig.12. (a), (b) and (c). Nyquist diagrams of the Ti/55%Ir0,-15%RhOy-30%ZrO, at, respectively, t; =0, t, = 0.5tg, and t3 = tg, in the 0.5 mol L~! H,SO, at the potential of 1.35 Vs, (d).
Bode-phase plots of the specimen 2.

(vs. SCE) and presented in Figs. 8 and 9. As shown in the Nyquist ranges. The oxygen evolution reaction (OER) and the physical
plots (Fig. 8), the impedance spectra of the coatings were similar in impedance covering the interface of the oxide layer/Ti substrate,
form, all consisted of a well-developed semi-circle at low and were identified as the main phenomena in the low and high fre-
middle-frequency ranges and a small semi-circle at high-frequency quency domains, respectively [10]. The formation of the irregular
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Fig.13. (a), (b) and (c). Nyquist diagrams of the Ti/40%IrO,-30%RhO,-30%Zr0, at, respectively, t; =0, t = 0.5tg, and t3 = tg, in the 0.5 mol L~! H,S04 at the potential of 1.35 Vs, (d).
Bode-phase plots of the specimen 3.

Fig. 14. (a), (b) and (c). Nyquist diagrams of Ti/25%Ir0,-45%Rh0,-30%Zr0, at, respectively, t; =0, t, = 0.5tg, and t3 = tg, in the 0.5 mol L~! H,S0, at the potential of 1.35 Vscg, (d).
Bode-phase plots of the specimen 4.
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Fig. 15. (a), (b) and (c). Nyquist diagrams of the Ti/10%Ir0,-60%RhO,-30%Zr0; at, respectively, t; =0, t, = 0.5t, and t3 = tg, in the 0.5 mol L' H,SO, at the potential of 1.35 Vs, (d).

Bode-phase plots of the specimen 5.

semicircles can be related to the resistance of TiO, film and OER in
the internal regions of the coatings [23]. Da Silva et al. [23] reported
that the impedance at high frequencies can be affected by the
crystallinity of the oxide layer and the level of doping of the TiO, by
other coating components. It seems the physical characteristics of
the porous structure of coatings are important because the center
of the high-frequency arc was not located on the real axis [5].
Furthermore, the presence of inductance (L) was probably due to
the porous nature of the coating produced by the thermal
decomposition method [5,23]. Da Silva et al. [31] have recently
suggested that the main reason for the inductive behavior can be
the irregular charge transfer through the complex microstructure
of the oxide layers. The equivalent electrical circuit model used to
simulate the impedance data was Rs (Rety, Cail) (Reto, Caio) L
(Fig. 10). The fitting parameters were extracted and shown in
Table 3, where R, Rerj and Ret,o represent the solution resistance,

Table 5

charge transfer resistance at the internal active surface and the
charge transfer resistance at the external active surface, respec-
tively. Cqy; is the double-layer capacity at the interface between the
internal surface/electrolyte and Cq) o is the double-layer capacity at
the interface between the outer surface/solution. The ideal capac-
itors were replaced by the constant phase elements (Qq and Q)
because of the porous and cracked nature of the coatings.

The EIS results of the coatings presented in Table 3 demon-
strated that the charge transfer resistance at the external active
surface increased with addition of RhOy content. It can be also
deduced that the addition of RhOy decreased the electro catalytic
activity for oxygen evolution on the coated electrodes. The coating
without RhOy exhibited the lowest Rt 0. Also, it was found that the
electrical conductivity of coatings was decreased by increasing the
rhodium oxide.

According to the literature [15], the degree of crystallinity is also

Impedance parameters for all specimens at different electrolysis times extracted from fitting the experimental data to the equivalent electrical circuit in 0.5 mol L™! H,SO4,

Eappl =135 Vvs SCE-

Specimen t/s Rs/Q.cm? Qf/Q '.cm 25" Ret1/Q.cm? Qq/Q '.cm 25" n Ret,0/Q.cm? L/H.cm?
70%1r0; + 30%Zr0, 0 0.71 31x1073 0.70 0.05 5.6 %1073 0.90 16.63 3.7 x1077
6000 1.08 6.0x 107> 0.84 3.17 47x1073 0.69 26.52 -
12000 1.55 7.0x10°° 0.92 18.92 33x1073 0.67 76.02 -
55%IrO, + 15%RhOx + 30%Zr0, 0 1.47 9.6 x1073 0.75 0.15 1.8 x 1072 0.78 16 -
8250 0.11 21x107% 0.92 0.26 2.1 %1072 0.63 16.61 -
16500 0.22 28x107° 0.84 36.03 15x 1073 0.63 1385 -
40%Ir0; + 30%RhOy + 30%Zr0, 0 1.68 1.0 x 1072 0.69 0.34 1.3 x 1072 0.85 19.79 -
16500 0.60 19x10°° 0.92 7.25 9.0x 1073 0.66 30.66 -
33000 0.53 22x107° 0.88 30.89 22x1073 0.57 156.9 -
25%Ir0; + 45%RhOy + 30%Zr0, 0 0.75 1.5x 1072 0.61 0.43 1.3 x 1072 0.85 28.94 1.9x 1077
18000 0.71 1.8x107° 0.94 4.16 1.3 x 102 0.75 28.452 -
36000 1.48 1.8x10°° 0.82 3219 1.5%x 103 0.70 260.5 -
10%Ir0; + 60%RhOy + 30%Zr0, 0 0.06 35%x107° 0.95 0.56 2.1 %1072 0.83 30.41 52x 1077
26250 1.23 26%x107° 0.89 13.30 1.6 x 102 0.69 37.96 -
52500 1.02 12x10°° 0.91 60.27 14x1073 0.69 520.85 -
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a key factor influencing the electrochemical parameters. The crys-
tallinity critical temperature (T;) of the binary coatings with the Ir/
Zr = 7/3 M ratio is reported to be in the range of 340—360 °C[15]. T¢
of the coating films containing RhOx was about 500°C [29]. The
sintering temperature of the anodes was 450°C and the final
annealing temperature was about 550 °C and these temperatures
were much higher than the T, of the binary coatings. Thus, it is
expected that the IrO,—ZrO, coated anodes exhibit very high de-
gree of crystallinity and high electrical conductivity. 550 °C was
slightly higher than the crystallinity, T., of the films containing
RhOy. Therefore, it can be concluded that the presence of a mixture
of crystalline and amorphous phases let to the increase of Ret;. The
capacitances (Cqi0 and Cqyy) of the double layer was calculated
according to the Equation (2) and shown in the Table 4 [6]:

-1

Cdl:(YO)%-<RlS+RlC[> ' 2)

At the applied potential of 1.35V, the lowest Cq;o values were
obtained for the IrO,—ZrO, coated anode and the highest Cqo
values was related to the ternary coated anode with 30% RhOy. It
means that the ternary coatings have the highest specific surface
area. This result is in accordance with the CV curves and SEM mi-
crographs (the observation of a cracked-mud morphology for these
coatings). The capacitance of the ternary coatings was much higher
than that of the coatings without RhOy. These results are in
accordance with De souza et al. [30] achievements about pseudo-
capacitive behavior of Ti/RhOx + Co304 electrodes.

To better understand the electrochemical behavior of the coat-
ings, the EIS examinations were carried out on the specimens as a
function of anodization time. As can be seen in Figs. 1115, the
semi-circle radius was dependent on the anodizing time in the low-
frequency range at 1.35 Vys sce. Therefore, the charge transfer
resistance at the active outer surface (R¢t0) could be also depend on
time. Moreover, by increasing the anodizing time, the charge
transfer resistance was also raised. The Bode-phase plots
(Figs. 11d—15d) revealed that the phase angle was increased at high
frequency domain by time probably due to the growth of the
middle layer (TiO;). In contrast, the phase angle was reduced by
increasing the anodizing time in the low-frequency regions, which
can be related to the destruction of the active catalytic layer [9,10].

Anodic voltammetry charge (q*,) is considered as a direct
measurement of the electrochemical active surface area [30]. As
mentioned before, the decrease of q*, is due to the erosion or
corrosion of the active dense layer. Therefore, if the wear of elec-
trode’s coating is accompanied by q*; reduction, Re o will be a
function of the anodizing time, as displayed by the equation (3)

[23]. Based on the section 3-4, it could be clearly seen that as the
anodizing time was increased, the anodic voltammetry charge or
the electrochemical active surface areas were decreased at an
approximately constant rate.

K
Reto =+
O g (t)

According to the equation (3), the charge transfer resistance is
enhanced by increasing electrolysis time. Experimentally, in the
Nyquist diagrams obtained for different times, the length of the
semi-circles was increased in the low-frequency ranges for the
coatings with different compositions. According to the Table 5, after
t=0.5 tey, Rer,0 remained almost constant for the specimens 55%
IrO2+15%Rh0x+30%ZrO, and 25%Ir0O,+45%RhOx+30%Zr0O,. How-
ever, for other electrodes, after this time and the end of the stability
region, the charge transfer resistance was increased on the active
outer surfaces. Typically, this phenomenon is the result of the se-
lective dissolution of the active catalysts presented in the oxide
coatings. However, the increase in the charge transfer resistance at
the external active surface after the complete destruction of the
anode and the deactivation of the electrode could be ascribed to the
catalytic materials deficient in the oxide coatings, as well as the
passivation of the titanium substrate [9,23].

In the electrodes with the high porosity/density ratio, the wear
in the electrode is typically accompanied by a decrease in the actual
surface area. Da Silva et al. [23] have shown that the dependence of
Cai,0 on the anodizing time is in accordance with the equation (4):

3)

Fig. 16. Inductance dependence on electrolysis time and [RhOy] in the
0.5 mol L~ H,S0, at the potential of 1.35 Vscg, the unfilled circle: t; =0, the red filled
circle: t; = 0.5t, and the blue filled circle: t3 = tgy.

Table 6
Caip and Cqy0 values for all specimens were calculated using the equation (2) and the impedance parameters shown in Table 5.
Specimen No t/s Cgiy/mF.cm 2 Cai,o/mF.cm—2 Chi-squared
70%IrO, + 30%ZrO, 0 0.00007 3.07 30x1073
6000 0.01 0.41 41x1073
12000 0.003 0.24 12x1072
55%IrO, + 15%RhOx + 30%ZrO; 0 1.02 6.10 8.7x1073
8250 0.08 0.61 46x1073
16500 0.003 0.01 33x10°3
40%IrO; + 30%RhOyx + 30%ZrO, 0 0.75 6.44 51x1073
16500 0.007 0.60 1.3x1072
33000 0.005 0.01 1.1x1072
25%Ir0, + 45%RhOx + 30%ZrO, 0 0.44 5.46 79x1073
18000 0.008 2.59 8.7x1073
36000 0.005 0.11 41x1073
10%Ir0, + 60%RhOy + 30%ZrO, 0 0.02 5.25 15%x 1072
26250 0.007 2.69 9.0x 1073
52500 0.004 0.07 40x107*
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Car,o(t) =K.Ag.(rf (1)) (4)

where K is a constant, Ag is the geometric area of the electrode and
rf is the roughness factor of the surface.

For all the MMO anodes, the capacitance of the double layer was
reduced by increasing the anodizing time. It can be attributed to the
wear and erosion of the coating’s surface and the subsequent
decrease of roughness in the surface. By comparison of the results
of Tables 5 and 6, it can be concluded that the behavior of capaci-
tance of the double layer (on the outer surface interface) with time
was in a good agreement with the obtained values for Rt o.

However, changes in Cgjpo vs time can be correlated with the
active surface area and the number of active sites [9]. The amount of
Cai,0 was decreased by the increasing time. This phenomenon is
related to the removal of the non-sticky oxide coating and the
corrosion of the active dense layer. A sharp decline in Cqjp, as
compared to the initial values, indicated the inactivity of the anode.
The values of n for the Qg constant phase element were between
0.55 and 0.75. The decrease in n values represented the process of
electrolyte penetration into the inner surface of the coating over
the electrolysis time. Further, the values of n for Qf during the
electrolysis time were between 0.60 and 0.94. The initial n values
were as high as 0.6. This n value, which was calculated before the
accelerated lifetime test, was related to the formation of the het-
erogeneous oxide layer at the coating/substrate interface or the
formation of the non-stoichiometric TiO,-x) middle layer [9]. Some
researches believed that the increase in the n value could be due to
the growth of the TiO, layer by oxidation [9]. It was also found that
the growth of the oxide layer formed during the calcination process
with the stoichiometric structure could be another reason for the
increase in n value. In the work carried out by Audichon et al. [32], it
was reported that increasing the n values up to 0.9 for the titanium
electrode coated with Irg.3Tig.705 could be due to the formation of
TiO, dielectric layer in the substrate-coating interface. These results
were in agreement with the significant increase in the TiO, in-
tensity in the X-ray diffraction patterns after ALT (Fig. 5) [10,32].

Moreover, the data listed in Table 5 revealed that Re was
increased rapidly in all coatings due to the complete destruction of
the coating and the initiation of the passivation process. Also, by
increasing the electrolysis time and the growth of the TiO, insu-
lation layer, the Cq; value was decreased sharply [23].

The another point extracted from the data of Table 5 is that both
Rct; and Reto were increased after electrolysis, but, Rer; showed a
more significant increase than R o, as compared to the initial
values. Also, the addition of RhOy increased the micro porosity level
of the coatings and, thereby improved their charge transfer resis-
tance at the active internal layer. In other words, penetration of the
electrolyte in the micro-porosity of the coatings containing RhOx
promoted the formation of passive layer and a significant increase
in the charge transfer resistance occurred due to the next thick-
ening of the anodic layer throughout the interface region. It could
be inferred that although the oxide coatings were worn and
destroyed, the main mechanism for the destruction of the anode
during the electrolysis time was not the dissolution of the oxide
coating. In fact, in this case, the passivation of the Ti substrate was
the main destruction mechanism [9]. In contrast, in the binary
coating (Ti/70%IrO,—30%Zr0;), the lower increase in charge trans-
fer resistance was due to the coating’s dense nature. Also, in this
case, less electrolyte could penetrate into the MMO bulk layer and a
delay was occurred in the formation of the oxide layer. Therefore,
the main reason for the deactivation of the Ti/70%IrO,—30%ZrO,
after anodizing was the further dissolution of the surface oxide
layer. It is important to discuss about the presence of the inductive
behavior observed in this work in accordance with the other

researches in EIS examinations of rugged/porous electrodes [33].
The inductive behavior of different coatings as function of anod-
ization time is shown in Fig. 16. Interestingly, the inductance value
observed to be reduced by increasing the time. This trend can be
ascribed to the reduction of active surface areas and enhancing the
thickness of the intermediate layer of TiO, [23]. According to the
data reported in Table 6, it was found that the inductance values of
the coating without RhOy and the coatings with 45% and 60% RhOy
were reduced by increasing the time. The changes in the chemical
nature and the morphology of the oxide coating during anodizing
were reported to be the main responsible factors for this behavior.
The inductance values recorded for other coatings were near zero,
evidencing the increase in the resistance (R0, and Re) over the
anodizing time [23].

4. Conclusions

In this study, the effect of RhOx concentration on the deactiva-
tion and corrosion behavior of Ti/IrO,-RhOx-ZrO, electrodes were
investigated in 0.5 mol L 'H,S04 solution. The coatings were
fabricated using thermal decomposition of a chlorine precursor
mixture at 550 °C. The microstructural investigations revealed that
a cracked muddy structure with smooth areas. By increasing the
RhOy molar percentage, more cracks were formed in the coating
structure. ALT results clarified that the anode service life was
dependent on the RhOyx molar percentage. Ti/10%IrO,-60%RhOx-
30%Zr0; electrode had the highest service life and Ti/70%IrO,—30%
ZrO; electrode showed the lowest electrochemical stability. The CV
results demonstrated a quasi-capacitance behavior for coatings and
the amounts of voltammetry charge and the electrochemical active
surface areas were increased by enhancing the RhOy content.
Further, with the lapse of electrolysis time, anodic voltammetry
charge was decreased for the all specimens. The EIS results revealed
that increasing the amount of RhOy increased the charge transfer
resistance of the outer active surfaces and decreased the ability of
coatings for oxygen evolution. Also, the electrical conductivity of
coatings was decreased by increasing the rhodium oxide. Further-
more, it was found that (the EIS examinations after ALT) the for-
mation of TiO, passive layer at the interface of the substrate/oxides
layer was the main destruction mechanism of the coated anodes.
Finally, it was concluded that the anode with 10%IrO,-60%RhOx-
30%Zr0O; coating revealed larger electrochemically active surface
area, higher stability and inferior electrocatalytic activity for oxy-
gen evolution.
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