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Abstract: The catalytic performance of two oxides coated anodes (OCSs) meshes and one OCA plate was investigated in a zinc
electrowinning electrolyte at 38 °C. Their electrochemical behaviors were compared with that of a conventional Pb—0.7%Ag alloy
anode. Electrochemical measurements such as cyclic voltammetric, galvanostatic, potentiodynamic, open-circuit potential (OCP) and
in situ electrochemical noise measurements were considered. After 2 h of OCP test, the linear polarization shows that the corrosion
current density of the Ti/(IrO,~Ta,Os) mesh electrode is the lowest (3.37 pA/cm?) among the three OCAs and shows excellent
performance. Additionally, after 24 h of galvanostatic polarization at 50 mA/cm?”and 38 °C, the Ti/MnO, mesh anode has the highest
potential (1.799 V), followed by the Ti/(IrO,—Ta,0s) plate (1.775 V) and Ti/(IrO,—Ta,0s) mesh (1.705 V) anodes. After 24 h of
galvanostatic polarization followed by 16 h of decay, the linear polarization method confirms the sequence obtained after 2 h of OCP
test, and the Ti/(IrO,—Ta,0s) mesh attains the lowest corrosion current density. The Ti/(IrO,—Ta,Os) mesh anode also shows better
performance after 24 h of galvanostatic polarization with the overpotential lower than that of the conventional Pb—Ag anode by about

245 mV.
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1 Introduction

In the zinc electrowinning industry, a considerable
amount of energy is expended to overcome the high
overpotential of the oxygen evolution reaction at the
anode. Considering the industrial significance, it is
necessary to reduce this overpotential. Most currently
proposed systems utilize an oxides coated anode (OCA)
based on a titanium substrate coated with a material that
is catalytic toward oxygen evolution. The most common
base used for OCAs is titanium [1]. Dimensionally stable
anodes (DSAs) consist of mixed metal-oxide coatings,
usually on titanium or nickel substrates [2]. The oxides
that can be used in the oxide coatings include tantalum
oxide (Ta,Os), iridium oxide (IrO;), ruthenium oxide
(Ru0,), tin oxide (Sn0,), etc. [3—6]. MSINDO et al [2]
found that a DSA plate had a higher corrosion resistance
than a DSA mesh. Additionally, for the DSA coated with
iridium oxide, the surface electrochemistry for the DSA

mesh and plate is controlled by the Ir(IIT)/Ir(IV) redox
transition. DSA meshes generally have larger working
areas for oxygen evolution than DSA plates and lead
anodes.

The development of activated titanium anodes for
oxygen evolution that are based on DSA (DSAs are
widely used in chloride-alkaline electrolysis) can
optimize the electrochemical behavior in the
hydrometallurgical processes for the production of pure
metals (Cu, Zn, Co, Cd, etc.). Such an anodic material
would allow operation with a small and constant gap
between the electrodes and without contamination of the
electrolyte by metal dissolved from the anodes. This can
result in decreased electrical energy consumption and
increased cell productivity [7].

Iridium oxide alone or in combination with other
less expensive oxides has attracted attention as a possible
anode coating for oxygen evolution [8]. Thus, attempts
have been made to test an IrO,-coated anode in a
laboratory copper winning cell [9]. To make iridium cost
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effective, it is heavily doped or mixed with oxides of
non-noble metals, such as Ti, Zr, Ta, Sn, Mn,
Co [10—13]. Already, there exist a number of examples
of composite materials used for oxygen-evolving anodes,
such as Co;04 particles [14], mechanically treated
SnO; [15], Irg.1500.8502 [16].

MnO, was used to prepare OCA on a conductive
polymeric substrate of polypropylene, rubber, graphite
fiber and carbon black [17]. A wide variety of techniques
for applying the pressed oxide coatings were evaluated
before a suitable method was chosen. Hot pressed MnO,
coatings into a carbon—polypropylene composite
substrate showed better results [1]. MnO, was considered
in this study to fabricate the pressed oxide powder
coatings electrode.

The aim of this work is to investigate a suitable
OCA which could decrease the overpotential of oxygen
evolution reaction in zinc electrowinning practice. The
anode should have a good stability with low corrosion
rate during the polarization and potential decay. Also, the
factor that influences the fabrication method such as the
number of coating layer on the substrate of Ti/(30%IrO,—
70%Ta,05s) examined. Then, the
performance of one mesh and one plate anodes
composed of Ti/(30%IrO,—70%Ta,0s5) and a second
mesh anode with the composition of Ti/MnO, was
studied in a zinc electrolyte at a current density of
50 mA/cm® and 38 °C, close to industrially utilized
conditions. Electrochemical techniques, such as open-
circuit potential (OCP) measurements, galvanostatic
measurements, cyclic voltammetry and potentiodynamic
measurements were employed to characterize the
electrochemical behavior of the mesh and plate OCAs. In
addition, a conventional Pb—0.7%Ag anode was
considered for galvanostatic polarizability studies.

samples was

2 Experimental

2.1 Materials and sample preparation

A conventional thermodecomposition technique was
used to prepare the oxide coatings [18]. The substrate for
all the anodes was degreased, etched in 3.0 mol/L HCI
solution, and then rinsed with deionized water. The
14 mm x 2 mm x 0.4 mm Ti/(IrO,—Ta,Os) mesh
(experimental area of 2.13 cm?) and the 1 mm x 1 mm x
0.4 mm Ti/(IrO,—Ta,05) plate (experimental area of
1 cm®) anodes were mainly fabricated from Ti/
(30%IrO,—70%Ta,0s). The precursors were prepared by
mixing the necessary amounts of H,IrClg6H,0, and
TaCls in alcohol and isopropanol (volume ratio of 3:5)
solutions. Then, the substrates were painted with coating
solution using brushes. The plate substrate was brushed
three layers of coating, while mesh substrate was brushed
five layers of coating. The 1.4 mm x 2.3 mm x 0.4 mm

(experimental area of 2.56 cm?)Ti/MnO, mesh consists
of a Ti substrate coated by a MnO, layer, employing
power spray on the mesh Ti substrate.

The Ti/(IrO,—Ta,Os) mesh, Ti/(IrO,—Ta,0s) plate,
and Ti/MnO, mesh anodes were connected with a copper
wire isolated with plastic and cast in glue, leaving 2, 0.85
and 2.5 cm® of exposed surface areas, respectively. The
fresh, as-received surfaces of the mesh and plate anodes
were employed to perform the cyclic voltammetry
studies. The composition of the Pb—0.7%Ag plate anode
examined is given in Table 1. At least 45 elements were
analysed by fluorescence X and only the elements with
the mass fraction higher than 0.05% were given. The Ag,
Ti and Fe contents were analysed quantitatively by
atomic absorption technique. It was cut into small pieces
of l cm x 1 cm X 1 cm, connected with a copper wire
isolated with plastic and cast in acrylic resin, leaving
exposed surface area of 1 cm”. The surface was polished,
ground with 600 soft grit SiC paper, and rinsed with
ethanol to avoid the inclusion of SiC particles into the
electrodes.

Table 1 Chemical composition of Pb—0.7%Ag anode (mass
fraction, %)

Ag Fe Ca Al Mn
0.684 0.015 <0.001 <0.05 <0.05
S Si Ti Zr Pb
<0.05 0.23 0.19 0.2 Bal.

The composition of the electrolyte is similar to that
currently used in industrial practice: 60 g/L Zn*", 180 g/L
H,S0,, 8 g/L Mn*", 250 mg/L CI", 3 mg/L glue. Zinc
sulfate  (ZnSO4,7H,0) and manganese sulfate
(MnSO4H,0) from Sigma-Aldrich Fine Chemicals and
sodium chloride and sulfuric acid from Merck KGaA
were used to prepare the supporting electrolyte with
doubly distilled water. Gelatin (glue) was a product of
BDH Inc. The chemicals meet analytical chemical
standard (ACS) specifications (except for the gelatin)
and were used as-received without further treatment. All
the concentrations of H,SO, and Zn®' stated were the
initial concentrations.

The cathodes were prepared from Al alloy (for
current-efficiency measurements) or Pt (for corrosion-
rate measurements). The reference electrode was a
mercurous sulfate electrode (MSE): Hg, Hg,SO4/
K,SOy, and a saturated K,SO, salt bridge, which is
used close to the anode (0.636 V (vs SHE)). Ag,
AgCl/KClg, (0.202 V (vs SHE)) was employed as the
reference electrode in the electrochemical-noise
measurements (ENM). All the potentials are with
respect to the standard hydrogen electrode (SHE)
reference.
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2.2 Experimental setup

The electrolyte (1000 mL) was introduced into a
double-walled beaker cell and heated by a flow of
thermostated water (3840.2) °C. The working electrode
and the counter electrode were mounted in a suitable
Teflon holder, and the distance between them was fixed
at 2 cm. The experimental device was an EG&G
PARSTAT 2263 potentiostat/galvanostat controlled by an
IBM computer.

The standard ASTM G61-86 [19] was used to
perform the cyclic potentiodynamic polarization. The
cyclic potentiodynamic curves were traced at a scan rate
of 20 mV/s without solution agitation. For the Pb—Ag
alloy electrodes, the range was from —300 to 1800 mV
versus the OCP. The measurements of the potentials of
the mesh and plate anodes were performed by
galvanostatic polarization at a current density of
50 mA/cm’® and 38 °C. The standard ASTM G5-94 [20]
was employed to perform the potentiodynamic test, and
the potentiodynamic curves were traced at a scan rate of
0.166 mV/s and a scan potential range of 50 mV with a
cathodic polarization of —25 mV versus the corrosion
potential.

ENM were performed using a setup in the
electrochemical noise (EN) mode of a zero-resistance
ammeter (ZRA) without agitation. Two identical
specimens were used as the working electrodes and a
saturated silver chloride electrode (Ag, AgCl/KClg,
(0.202 V vs SHE)) was used as the reference electrode.
The electrochemical current noise was measured as the
galvanic coupling current between the two identical
working electrodes (WE) maintained at the same
potential. A potentiostat GAMRY model PC4/750 linked
to a personal computer was used to log the potential, and
current values sampled at a scan rate of 10 Hz for 102.4 s,
giving a total of 1024 readings. The EN experiments and
the data treatment were calculated using the GAMRY
ESA400 software [21]. The noise data were collected for
a 16 h immersion of the working electrodes by ENM in
the solution, following a 24 h of polarization at a current
density of 50 mA/cm’. The noise data were also
transformed into the frequency domain using a fast
Fourier transform (FFT) algorithm and presented as the

power spectral density (PSD), calculated in the
frequency domain from 0.05 to 5 Hz.
The electrolyte was magnetically stirred at

412 r/min by a stirrer (4 cm in length and 1 cm in
diameter) during all of the electrochemical
measurements except for the CV and ENM tests.
Duplicate measurements were performed for all of
the experiments, and triplicates were considered in
certain cases, as discussed below. For example, the
reproducibility of the potential, corrosion current density,
and ENM values were +3%, +4% and ~5%, respectively.

2.3 Consecutive series of electrochemical testing

The following series of experiments
considered: a 2 h of open-circuit potential, linear
polarization; a 24 h of polarization, linear polarization; a
potential decay period of 16 h during which the
electrochemical noise measurement mode of the zero-
resistance ammeters (ZRA) was used, followed by linear
polarization. An additional potential decay period of 6 h
and a linear polarization measurement were performed to
determine the corrosion potential (¢..,) and the corrosion
current density (J.or) €ach time.

were

3 Results and discussion

3.1 Open-circuit potential measurements

In the 2 h of OCP tests, a two-electrode arrangement,
involving the working reference (anode specimen) and
the reference electrode, was used. The potential resulting
from the electrochemical reactions at the anode/solution
interface was then recorded by the potentiostat for a
period of 2 h for the three specimens (Fig. 1).
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Fig. 1 Open-circuit potential (OCP) of fresh, as-received
surfaces for Ti/(IrO,—Ta,0s) mesh (a), Ti/MnO, mesh (b) and
Ti/(IrO,—Ta,0s) plate (c) anodes in zinc sulfate solution
magnetically stirred at pH value of 0.2 and 38°C, shown in

duplicates

Figure 1 shows that the Ti/(IrO,—Ta,Os) mesh
electrodes remain relatively stationary. One of the two
curves for Ti/MnO, mesh decreases slowly from 0.55 to
0.48 V (vs SHE), the other increases sharply from 0 to
0.16 V at the beginning 15 min, then increases slowly
until the end of 2 h experiment. The potential of the
Ti/(IrO,—TayOs) plate electrode remains almost
stationary for 2 h. After 2 h of OCP test, the
Ti/(IrO,—Ta,Os) plate electrode obtains the highest
potential (1.363+0.013) V among the three anodes,
followed by the Ti/(IrO,—Ta,0s) mesh (1.312+0.019) V,
and finally by the Ti/MnO, mesh (0.561+0.160) V

(Fig. 1).
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It can be seen that the results of the duplicate
measurements of the corrosion potential for the
Ti/(IrO,—TayOs) plate and mesh specimens are
satisfactory (£1%). In contrast, the Ti/MnO, mesh
electrode specimen gives a large deviation in the
potential after 2 h of OCP test. However, the difference
in the OCP values for the Ti/MnO, samples is very small
(less than 8 mV) after 5 h (not shown in Fig. 1).

3.2 Corrosion rate from linear polarization

After 2 h of OCP test, a linear polarization of the
three anodes was performed, and the results are shown in
Table 2.

Table 2 Corrosion potentials and corrosion current densities
determination after 2 h of OCP test by linear polarization of
three specimens in stirred zinc sulfate solution (pH value of 0.2)
at 38 °C

Corrosion potential Corrosion current
Anode

(vs SHE)/V density /(uA-cm?)
Ti/(IrO,—Ta,05) mesh 1.316+0.011 3.37+1.84
Ti/MnO, mesh 0.518+0.188 223.5+92
Ti/(IrO,—Ta,0s) plate 1.358+0.023 10.51+1.22

After 2 h of polarization, the corrosion potentials, as
deduced from the linear polarization studies, confirmed
the results obtained from the open-circuit potential
measurements in Fig. 1. The corrosion potential values
of the mesh electrode (Ti/MnQ,;) were not reproducible.
However, the average value of potential (0.518 V) of the
Ti/MnO, mesh specimen is much lower than the
reproducible values of the Ti/(IrO,—Ta,Os) plate
(1.358 V) and mesh (1.316 V) anodes (Table 2).

The corrosion current density of the Ti/(IrO,—Ta,0s)
mesh electrode is the lowest ((3.37+1.84) pA/cm?)
among the three electrodes. The corrosion current density
of the Ti/(IrO,—Ta,0s) plate is higher than that of the
Ti/(IrO,—Ta,0Os) mesh electrode. However, it is
significantly lower than that of the Ti/MnO, mesh, which
is extremely high ((223.5+92) pA/cm?®) compared with
the values of other two electrodes. The high current
density of the MnO, electrode (Table 2) could be
expected because of the depolarization of the cathodic
hydrogen reaction and the instability of the electrode.

3.3 Galvanostatic measurements and potential decay
by electrochemical-noise measurements

In galvanostatic measurements or chronopotentio-
metry, a constant current density (50 mA/cm?®) was
applied between the auxiliary and working electrodes.
The working electrode potential was recorded as a
function of time with respect to the reference electrode.
Figure 2 shows the performance of the three OCAs and
the Pb—Ag anode under oxygen evolution conditions at a

current density of 50 mA/cm® It can be observed that
after 24 h of polarization, the Ti/MnO, mesh anode has
the highest potential ((1.7994+0.023) V) among the three
anodes, followed by the Ti/(IrO,—Ta,Os) plate
((1.775+0.013) V) and finally the Ti/(IrO,—Ta,Os) mesh
((1.705£0.016) V). However, the conventional
Pb—0.7%Ag anode (1.950 V) has a much higher potential
than the three OCAs. Compared with that of the
Pb—0.7%Ag (1.950 V) anode, the potentials for the
Ti/MnO, mesh, Ti/(IrO,—Ta,0s) plate and
Ti/(IrO,—TayOs) mesh anodes are 7.8%, 9% and 12.6%
lower, respectively, at the end of 24 h of polarization.
The Ti/(IrO,—Ta,05) mesh anode specimen has the most
active or the lowest potential, possibly corresponding to
the best performance.
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Fig. 2 Potentials of Ti/(IrO,—Ta,Os) mesh (a), Ti/MnO,
mesh (b), Ti/(IrO,—Ta,0s) plate (c) and Pb—0.7%Ag (d) anodes
at current density of 50 mA/cm’ in acidic zinc sulfate
electrolyte magnetically stirred at 38 °C

As shown in Fig. 2, the curve of the Pb—Ag anode
has some remarkable fluctuations, however, those of the
Ti/(IrO,—Ta,0s) mesh, Ti/MnO, mesh, and
Ti/(IrO,—Ta,0s) plate anodes have generally less and/or
small fluctuations. The fluctuations of the anode
potential are probably due to the repeated formation and
breakdown of the anode film. For example, in the case of
non-conductive Ti/MnO, mesh, MnO, forms on the
surface of the polished anode, and gradually covers the
surface of the anode, then, the current density of the
small uncovered conductive parts of the anode increases
rapidly, and this causes the anode film breakdown into
the electrolyte. The dense non-conductive and well
adherent MnO, film, that increases the thickness and
density of oxide layer, can form according to the
following equations [22]:
MnS0,+2H,0—2e=MnO,+H,S0,+2H" (1)

MnSO,+4H,0-5¢=MnO, +H,SO,+6H" 2)
3MHSO4+2HMHO4+2HQO:5MH02+3H2804 (3)
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3.4 Cathodic current efficiencies

The cathodic current efficiencies after 24 h of
galvanostatic polarization at 50 mA/cm” were calculated,
considering the practical mass of the deposit and the
theoretical, quantitative Faraday law (current quantity
and equivalent mass). The cathodic current efficiencies
measured for the two mesh anodes and the plate anode in
an acidic zinc sulfate electrolyte at 38 °C are given in
Table 3.

Table 3 Cathodic current efficiencies after 24 h of galvanostatic
polarization at 50 mA/cm?® of three OCAs and Pb—0.7%Ag
anode in zinc electrolyte magnetically stirred at 38 °C

Current efficiency/%

Anode Ist 2nd 3rd  Average
run run run value
Ti/(IrO,—TayOs) mesh ~ 92.3 92.7 92.4 92.5
Ti/MnO, mesh 94.5 94.6 94.6 94.6
Ti/(IrO,—TayOs) plate  93.1 92.7 92.6 92.8
Pb—0.7%Ag 92.2 92.4 923 92.3

Table 3 shows that the Ti/MnO, mesh anode has the
highest current efficiency (94.6%) among the three OCA
specimens, followed by the Ti/(IrO,—Ta,0s) plate and the
Ti/(IrO,—Ta,Os) mesh with close values (~92.7%). The
Ti/MnO, mesh anode has the highest current efficiency
because the MnO, coating can influence the chemical
and/or electrochemical reactions.

3.5 Linear polarization

After 24 h of galvanostatic polarization, the linear
polarization of the two mesh anodes and the
Ti/(IrO,—Ta,0s) plate was tested. The results are shown
in Table 4.

Table 4 shows that the Ti/MnO, mesh anode has the
highest potential among the three specimens, followed
by the Ti/(IrO,—Ta,0s) plate anode and the
Ti/(IrO,—Ta,05) mesh anode. Additionally, the Ti/MnO,
mesh has the highest corrosion current density among the
three specimens, followed by the Ti/(IrO,—Ta,Os) plate
and Ti/(IrO,—Ta,0Os) mesh anodes. Although the Ti/MnO,
mesh anode has the highest current efficiency among the

Table 4 Corrosion potentials and corrosion current densities of
three OCA specimens after 24 h of galvanostatic polarization in
zinc electrolyte magnetically stirred at 38 °C

Corrosion potential Corrosion current
Anode

(vs SHE)V  density/(nA-cm ?)
Ti/(Ir0,~Ta,0s) mesh 1.443+0.019 134+13
Ti/MnO, mesh 1.649+0.011 625.6+185
Ti/(IrO,—Ta,Os) plate 1.493+£0.014 2028+8

three anodes, it also shows the highest corrosion current
density. It is possible that the Ti/MnO, mesh anode
and/or its corrosion products are easy to dissolve in an
acidic sulfate solution.

3.6 Potential decay after polarization
3.6.1 Zero-resistance ammeters (ZRA) during 16 h
discharge after 24 h of electrolysis

After 24 h of polarization at a current density of 50
mA/cm* and 38 °C, a 16 h of decay of the two mesh and
one plate anodes in an acidic zinc sulfate electrolyte were
performed by an electrochemical-noise measurement.
The results are shown in Fig. 3.
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Fig. 3 Potential decay transient curves of Ti/(IrO,—Ta,0Os)
mesh (a), T/MnO, mesh (b) and Ti/(IrO,—Ta,0s) plate (c)
anodes representing trend during immersion time of 16 h
following 24 h of polarization at 50 mA/cm?in zinc electrolyte
solution at 38°C without agitation

Figure 3 shows that the Ti/MnO, mesh anode has a
more rapid decay than other two anodes, the
Ti/(IrO,—Ta,0s) mesh and Ti/(IrO,—Ta,0s) plate anodes,
which have similar decay rates. During the 16 h of decay,
the potential of the Ti/MnO, mesh anode drops almost
0.07 V. It is possible that reduction reactions occur
during the 16 h of decay in the zinc electrolyte for the
Ti/MnO, mesh anode as follows [22]:

MnOOH+3H +e=Mn*+2H,0, ¢=1.183 V 4)
MnO,(s)+4H+2e=Mn’"+2H,0, ¢,=1.228 V (5)
MnO, +8H +5e=Mn*"+4H,0, ¢,=1.512 V (6)

It can be deduced from the following MnOOH,
MnO, and MnQOj, reduction reactions that MnO, can be
reduced to Mn*" and dissolved in the acidic sulphate zinc
electrolyte solution.

For the Ti/(IrO,—Ta,0s) mesh and plate anodes, one
reduction occurs on the surfaces of these two anodes as
follows [23]:

1rO,(OH)+2H +2e—>Ir(OH)s, ¢,=0.926 V )
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3.6.2 Admittance (1/R,) during decay period of 16 h

The most interesting parameter of the statistical
analysis in the time domain is the noise resistance (R,),
defined as the ratio of the standard deviation of the
potential noise to that of the current noise, which is
associated with the polarization resistance (R,). The
inverse R, is the admittance with the unit of Siemens (S),
which is proportional to the corrosion rate [24,25]. After
24 h of polarization in the zinc electrolyte, an evolution
of the admittance (1/R,) during the 16 h of decay was
performed for the three specimens. Continuously, in situ
measurements were summarized every 1 h into one point
by statistics (Fig. 4). This shows that the Ti/MnO, mesh
anode has the highest corrosion rate (79.2 mS/cm?)
among the three specimens, followed by the
Ti/(IrO,—Ta,0s) plate (45.6 mS/cm®) and the
Ti/(IrO,—Ta,05) mesh (24.1 mS/cm?) after the 16 h of
decay following the 24 h of polarization at 50 mA/cm’.
Therefore, the Ti/(IrO,—Ta,Os) mesh anode performed
better than the Ti/MnO, mesh and Ti/(IrO,—Ta,0s) plate
anodes during the current interruption.

90
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Fig. 4 Evolution of admittance (1/R,) of Ti/(IrO,—Ta,0Os)
mesh (a), Ti/MnO, mesh (b), and Ti/(IrO,—Ta,0s) plate (c)
anodes recorded during immersion period of 16 h in zinc
electrolyte without agitation

3.7 Linear polarization

After the 16 h of decay following the 24 h of
galvanostatic polarization, a linear polarization of the
three OCAs was performed, and the results are shown in
Table 5.

Table 5 Corrosion potentials and corrosion current densities of
specimens in zinc electrolyte magnetically stirred at 38 °C after
16 h of decay following 24 h of galvanostatic polarization

Corrosion potential Corrosion current
Anode

(vs SHE)V  density/(uA-cm ?)
Ti/(IrO,~Ta,Os) mesh 1.300+0.008 7.9+1.6
Ti/MnO, mesh 1.156+0.024 429.2+99.6
Ti/(IrO,—Ta,Os) plate 1.367+£0.016 21.545.7

The Ti/MnO, mesh anode obtains the lowest
potential and the highest corrosion rate (Table 5). The
corrosion rate of the Ti/(IrO,—Ta,Os) mesh
(791 mS/ecm®) is very low, showing an excellent
corrosion resistance in the zinc electrolyte. It is found
that the difference between the corrosion rate of the
Ti/(IrO,—Ta,0s) mesh and those of other two anodes in
Table 5 is much larger than the difference between the
admittance of the Ti/(IrO,—Ta,0s) mesh (24.1 mS/cm?)
and those of other two anodes in  Fig. 4. This is because
the admittance was obtained during the decay period by
electrochemical noise without agitation, whereas the
corrosion rate was obtained during the polarization after
the decay, and the solution was magnetically stirred at
412 r/min. This resulted in a variation in the oxygen
concentration at the interface of the specimens in the zinc
electrolyte.

3.8 Last 6 h of potential decay

Figure 5 shows the potential decay transient curves
of the mesh and plate anodes, representing the trend
during an additional immersion time of 6 h, following
the 16 h of decay after the 24 h of polarization
(50 mA/cm?) in a zinc electrolyte solution at 38 °C.
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Fig. 5 Potential decay transient curves of Ti/(IrO,—Ta,0s)
mesh (a), Ti/MnO, mesh (b), Ti/(IrO,—Ta,0Os) plate (c) anodes,

representing trend during additional immersion time of 6 h,

following 16 h of decay after 24 h of polarization at 50 mA/cm?
in zinc electrolyte solution magnetically stirred at 38 °C

The Ti/MnO, mesh anode has a much quicker decay
than the Ti/(IrO,—Ta,Os) plate and Ti/(IrO,—Ta,05) mesh
anodes. The potential decay of the Ti/MnO, mesh anode
decreases from 1.358 to 0.841 V during the 6 h of decay.
However, the values for other two anodes only fall about
50 mV. This means that the coating of the Ti/MnO, mesh
undergoes reduction of its oxidized state during this
decay, and this is reversible to its starting “OCP” before
galvanostatic polarization; however, the other two
anodes keep their initial high OCP values.
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3.9 Final linear polarization at open-circuit potential

After a 6 h of decay following the 16 h of decay and
24 h of galvanostatic polarization, linear polarization of
the three anodes was performed, and the results are
shown in Table 6.

Table 6 Corrosion potentials and corrosion current densities of
specimens in stirred zinc electrolyte after final 6 h of decay
following 24 h of galvanostatic polarization and 16 h of decay
period

Corrosion potential Corrosion current

Anode (vs SHEYV  density/(uA-cm )
Ti/(IrO,-Ta,O5) mesh  1.378+0.011 5.1342.1
Ti/MnO, mesh 0.849+0.018 458.4+112
Ti/(Ir0,-Ta,O5) plate  1.384+0.013 10.35+1.35

Table 6 shows that the Ti/(IrO,—Ta,Os) mesh and
plate anodes have approximately the same potential
(~1.380 V), which is higher than that of the Ti/MnO,
mesh anode (0.849 V). The corrosion current density of
the Ti/(IrO,—Ta,0s) mesh anode is the lowest among the
three specimens, followed by the Ti/(IrO,—Ta,0Os) plate
and Ti/MnO, mesh anodes. The corrosion current density
of the Ti/(IrO,—Ta,0s) mesh is only 5.13 pA/cmz, and it
is similar to that of Pb—0.7%Ag after the 6 h of decay
following the 16 h of decay and 24 h of galvanostatic
polarization [26]. This means that the coating of the
Ti/(IrO,—Ta,Os) mesh is resistant in the sulfate acid
solution during the zinc electrowinning. It can also be
mentioned that the Ti/(IrO,—Ta,Os) mesh has a lower
overpotential and corrosion rate than the Pb—0.7%Ag
anode during the zinc electrowinning. However, it can
also be observed that the reproducibility of the corrosion
rates of the Ti/MnO, mesh anode is not good because the
anode is not stable in an acidic sulfate medium.

It should be noted that the Ti/(IrO,—Ta,Os) mesh
anode has the same composition as the Ti/(IrO,—Ta,Os)
plate anode. However, the corrosion rate of the
Ti/(IrO,—Ta,Os5) mesh anode is lower than that of the
Ti/(IrO,—Ta,0s) plate anode. This is possibly because the
Ti/(IrO,—Ta,05) mesh anode was perfectly manufactured
with 5 coating layers on the Ti substrate. In spite of
higher real surface of the exposed mesh anode, the plate
shows much higher corrosion rate, very possibly because
of adhesion of surface conditioning and possibly three
layers are not enough or weakly integrated on the anode.
These factors allow the Ti/(IrO,—Ta,Os) mesh anode to
have much better electrochemical behavior in the zinc
electrolyte than the Ti/(IrO,—Ta,0Os) plate anode.

3.10 Voltammetric characteristics

In situ cyclic voltammetry measurements without
agitation can probe sensitively the surface behavior of an
electrode. Figure 6 shows typical CV curves for each of

the three fresh surfaces of OCAs in a 180 g/L H,SO,
solution at 38 °C and a scan rate of 20 mV/s. The
potential region ranges from —0.3 to 1.8 V (vs SHE) in
Fig. 6(a). In Fig. 6(b), the potential range is from 1.0 to
1.9V (vs SHE).
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Fig. 6 Cyclic voltammetry of Ti/(IrO,—Ta,0s) mesh anode and
Ti/(IrO,—Ta,0s) plate anode (a), and as-received Ti/MnO, mesh
anode (b) at 20 mV/s and 38 °C in 180 g/L H,SO, solution

saturated with atmospheric oxygen without agitation

It can be seen from Fig. 6(a) that there are one
oxidation reaction (oxygen evolution: 2H,0—O,+4H +
4¢) and one reduction reaction (Ir(OH);—IrO,(OH)+2H"
+2e [23]) on the curves of Ti/(IrO,—Ta,0s) mesh anode
and Ti/(IrO,—Ta,0s) plate anode. The starting potential
of the oxygen evolution of the Ti/(IrO,—Ta,Os) mesh
anode in 180 g/L H,SO, solution is at 1.31 V, then, the
scan potential goes up to one point (around 1.45 V, not
shown) and arrives to 1.52 V. That is almost identical to
that of the Ti/(IrO,—Ta,0Os) plate anode. Additionally, it
can be observed that the scan current area which is
between the oxidation and reduction curves [2] of
Ti/(IrO,—Ta,Os) mesh (1.8 mA-V) is larger than that of
Ti/(IrO,—Ta,0s) plate (1.3 mA-V). This means that the
Ti/(Ir0O,—Ta,Os) mesh anode has better electrocatalytic
properties than Ti/(IrO,—Tay,Os) plate anode [3,27].
Figure 6(b) shows that there are four positive peaks in
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the curve of Ti/MnO, mesh anode. Also, the negative
current density can be observed. It is very possible that
one oxidation reaction (oxygen evolution) and three
reduction reactions of Mn ion: MnOOH+3H +e=Mn*"
+2H,0, MnOz(s)+4H++2e=Mn2++2H2O, and MnO, +

8H +5e=Mn*'+4H,0 [22] happen, as shown in Fig. 6 (b).

Since the positive current density of Ti/MnO, mesh
anode is much higher (around 90 mA/cm?) as compared
with that of Ti/(IrO,—Ta,05) mesh and plate anodes, this
means that the oxide reaction of Mn*" is very strong.

3.11 SEM morphologies of three OCAs and Pb-
0.7%Ag anode

The SEM images of Ti/(IrO,—Ta,Os) mesh,
Ti/(IrO,—Ta,0s) plate, Ti/MnO, mesh and Pb—0.7%Ag
anodes after 24 h of polarization in a zinc sulfate solution
followed by 16 h of decay at pH value of 0.2 and 38 °C
are shown in Fig. 7. It is found that there are deep cracks
on the coating of Ti/(IrO,—Ta,0s) mesh anode (Fig. 7(a)),
whereas the surface coating is much smoother for the
plate anode (Fig. 7(c)).

Figure 7(b) shows many cracks on the Ti/MnO,
mesh coating, and the MnO, mesh coating is
heterogeneous with a mud-cracked morphology. The
crystals of MnQO, coating are loose, and almost every
crystal of MnO, coating contains a hole. It means that the
crystal is corroded easily in the sulfuric acid solution.
For the Ti/(IrO,—Ta,0s) plate anode, the coating surface

>/

gk
\

is smoother than that of the MnO, coating. However,
there are shallow cracks on the coating surface
(Fig. 7(c)). For the Pb—0.7%Ag anode, it is found that
there are long size crystals (6—8 um) in the film formed
on the surface (Fig. 7(d)) while the three OCAs have the
square and short crystals.

Figure 8 gives the element analysis results of the
spots of the surfaces of the three anodes in Figs. 7(a, b
and c) using energy dispersive X-ray analysis (EDX)
technique. It can be seen that the Ti/(IrO,—Ta,Os) mesh
and plate anodes are richer in O, Ta and Ir elements
(Figs. 8(a) and (c)), indicating that IrO, and Ta,Os exist
on the surface of the two catalytic anodes. The origin of
Ti element should come from the substrate of the anode.
Figure 8(b) shows that the anode is rich in Mn and O
elements, since MnQO, exists on the surface after
polarization followed by 16 h of potential decay.

4 Conclusions

1) After 24 h of galvanostatic polarization at
50 mA/cmz, the Ti/MnO, mesh anode exhibits the
highest current efficiency (94.6%), followed by the
Ti/(IrO,—Ta,0s) plate (92.8%) and the Ti/(IrO,—Ta,05)
mesh (92.5%), as compared with 92.3% of the
conventional Pb—Ag anode.

2) After 24 h of polarization, the Ti/(IrO,—Ta,Os)
mesh anode has the lowest potential (1.705 V) among the

Fig. 7 SEM images of Ti/(IrO,—Ta,0s) mesh anode (a), Ti/MnO, mesh anode (b), Ti/(IrO,—Ta,0s) plate anode (c) and Pb—0.7%Ag

anode (d)
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Fig. 8 EDX analysis of surfaces of Ti/(IrO,~Ta,Os) mesh
anode (a), T/MnO, mesh anode (b) and Ti/(IrO,—Ta,0Os) plate
anode (c)

three OCA specimens, followed by the Ti/(IrO,—Ta,0s)
plate anode (1.775 V) and the Ti/MnO, mesh anode
(1.799 V), whereas the potential of the Pb—0.7%Ag
anode is 1.950 V.

3) At the end of 2 h of open-circuit potential (OCP),
the as-received Ti/(IrO,—Ta,0s) plate electrode exhibits
the highest positive potential ((1.363+0.013) V) among
the three anodes, followed by the Ti/(IrO,—Ta,0s) mesh
((1.31240.019) V) and finally the Ti/MnO, mesh
((0.561+0.160) V).

4) The electrochemical noise measurements show

that after 24 h of polarization and 16 h of decay, the
Ti/(IrO,—Ta,Os) mesh anode has the lowest corrosion
rate (24.1 mS/cmz), followed by the Ti/(IrO,—Ta,0Os)
plate (45.6 mS/cm®) and Ti/MnO, mesh (79.2 mS/cm?)
anodes. The same tendency is obtained from the linear
polarization measurements for the three anodes.

5) The cyclic voltammetry curves show that there
are one oxygen evolution reaction and the Ir’*/Ir’* ion
reduction reactions for the two Ti/(IrO,—Ta,Os) mesh and
plate anodes. However, for the Ti/MnO, mesh anode, the
peaks are corresponding to three manganese oxidation
reactions and one oxygen evolution reaction.
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