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Abstract: Electrowinning is a technique that can be used to obtain high-purity elements through
electrolysis. The degradation of accelerated life testing for Pd-based electrodes is discussed in this
study. The lifetime of the electrodes was examined by multiplying the acceleration rate with the
current to measure the voltage of the electrodes. The acceleration rate was set to 10, 20, and 30 times.
Four components were deposited on the TiO, plate. The ratio of Ir to Sn was fixed at 1:1, while Ta was
deposited at 10 wt.%. Pd was deposited at 2, 4, 8 and 10 wt.% to create Pd-Ir/Sn-Ta. The initial voltage
decreased as the Pd deposition amount increased irrespective of the acceleration rate. The lower the
acceleration rate, the lower the voltage. An increase in the Pd content caused the initial voltage to
be low. The multiple of the acceleration rate slightly increased for all cases of life testing for one
year. When the test was conducted by increasing the current density by 20 times, the increase in
voltage was proportional to the Pd deposition amount. However, for the 30 times acceleration rate,
the lifetime of the electrodes was shortened as the Pd content increased. It can be inferred that the
content of Pd and the ratio of Ir to Sn can influence the lifetime of the electrodes. According to these
results, if the multiple of the acceleration rate is too extreme, the lifetime of the electrodes cannot be
evaluated because they are damaged in an extreme situation.
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1. Introduction

Rare metallic elements are both difficult to extract and are not readily available around the world.
They are at risk of being in short supply due to the concentration of deposits and the production being
restricted to certain countries, or due to the import of bulk quantities by specific countries. These rare
metals are in demand by industries, and their demand will increase significantly in the future as green
and high-tech industries advance [1,2]. However, 80% of the rare metal reserves are only located in
certain countries, and the price of rare metals is rising due to the instability in supply caused by the
strengthening of the regulations for protecting the natural resources of these countries [3,4]. Due to
the limited amount of metal deposits, many studies are being continuously conducted on recycling,
reusing, and reducing the use of rare metals, which are valuable industrial resources [5-8].

Electrowinning is often used in metal refining by collecting metals from industrial wastewater
that contains metal substances, resulting in environmental and economic benefits. The principle of
electrowinning is to obtain high purity metals by electrolysis [9-11]. When metals containing impurities
are placed on the anodic side while another metal is placed on the cathodic side, and a current is
passed through, high purity metals (Zn, Cu) are extracted on the cathodic side. Many efforts have been
made over the past two decades to improve the efficiency of electrowinning [12-14]. Various types
of technologies have been introduced; however, electrowinning lacks in performance and economic
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feasibility. In particular, many studies have been conducted on metal compositions; however, most of
these investigations focus on simple compositions or characteristics of the electrodes [15,16].

Electrowinning is typically conducted within 48 h when considering the current efficiency and
zinc recovery efficiency, in which the electrodes are reused several times. These electrodes, with a high
rate of reusability, are provided with a low power consumption in the electrowinning process. When a
purified solution undergoes direct electrowinning, the purity of zinc ingot, which is the final product,
may be reduced due to various metal substances (excluding zinc) in the purified solution. Therefore,
the process of extracting zinc alone from a purified solution and then proceeding with electrowinning
is gaining attention. Zinc is then dissolved in sulfuric acid. If the electrodes are exposed to highly
concentrated sulfuric acid for an extended period of time, substances coated on the electrodes detach,
and zinc recovery is hindered. In addition, the power consumption is increased due to the increased
voltage. Thus, the lifetime of electrodes is very important in the electrowinning process [17-19].

For electro refining, an excellent electrode must be able to work efficiently for several years.
However, testing the electrode stability under normal conditions is time consuming. The lifetime
of the electrode is one of the most important factors for the stability of the electrode [20]. Generally,
the researcher compared the service life with different compositions of electrodes in 3M H,;SO4
solution [21,22] and suggested the relationship between the service life and deactivation mechanism [23].
The equation of service life (SL = 1/n!, I = 1.7, n = current density) is not matched by the results of
the accelerated life testing pattern. In recent literature, Bi et al. compared the accelerated lifetime
for Ti-based electrodes studied via other experimental results [24]. However, it is hard to compare
the accelerated lifetime because of containing various factors. The conditions are mostly low current
density (100-1000 mA/cm?) and low concentration (0.25-1 M H,SOy,). Since the lifetime of the electrode
is considerable, accelerated life testing is required to reduce the testing time. Therefore, accelerated
life testing (ALT) methods are likely being adopted in an attempt to build on the collaborative efforts
between industry and academia.

Accelerated testing methods are becoming standard practice in many research laboratories. This is
especially true for research groups investigating the electrode lifetime. However, as most studies on
electrodes are focused on the performance, with no standard methods or guidelines for ALT, diverse
test methods are being adopted based on the increase in the operating voltage.

This work is aimed towards comparatively identifying the acceleration life testing for evaluating
the performance and reliability of electrodes in an aqueous electrochemical test. In this study,
the test methods and equipment were prepared based on the ALT methods suggested by Park [25].
The variables, excluding the electrodes, have been minimized for the test method and equipment.
In addition, the complete relationship diagram of electrodes has been compared.

2. Experimental Methods

2.1. Electrodes

The palladium-based electrodes were manufactured using a dip-coating method. After dip-coating,
the specimen was dried for 24 h at 105 °C. The manufactured Pd-based electrodes were provided
by West Co. (Changwon-si, Korea). The substrate was a titanium plate, which contained an Ir and
Sn manufacturing ratio of 1:1, and a Ta coating weight of 10%. In addition, Pd was added at 2,
4, 8 and 10 wt.%. The Pd-IrSnTa/TiO, electrode contained PdOy, IrO,, SnO, and TaO, on a TiO,
substrate [26,27]. The surface texture and morphology of the Pd-based electrode was characterized
using a Field Emission Scanning Electron Microscope (FE-SEM), equipped with an energy dispersive
spectrometer (EDS), which was acquired using a Regulus 8230 (HITACHI instrument, Tokyo, Japan)
that worked with an acceleration voltage of 10 kV. The surface roughness was analyzed with the
scanning probe image processor SmartScan™ (Park systems, California, CA, USA) and XEI software
(4.3.0. Build5) by NX 10 (Park systems). The surface roughness parameters such as Ra (arithmetical
mean deviation) and Rq (root mean square deviation) were estimated [28].
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2.2. Accelerated Life Testing (ALT)

The electrochemical behavior of the electrodes was tested on a ZIVE electrochemical workstation
(WBCS3000M2) from Won-A Tech. (Seoul, Korea) using a two-electrode system [26,27]. The reactor
system was a batch reactor, and there was a reactor volume of 2.0 L for each electrode, as shown in
Figure 1. The electrode size was 2 cm X 2 cm (real electrolysis area = 4 cmz). To reduce the test time,
the ALT was employed under a high current density of 5000, 10,000, and 15,000 mA/cm? in 3 M of
H,SO4 solution. Maintaining a constant temperature is an important operation parameter for accurate
ALT; thus, a coolant (chiller) was used to maintain the temperature at 20 °C. Similarly, the prepared
electrode was regarded as the anode, and the titanium oxide plate was considered as the cathode.
The distance of the electrode was maintained at 0.5 cm between the anode and cathode. The voltage
was adjusted to be 2, 4 and 6 V during electrolysis. When the electrode potential increased in the range
of 20-40% of the initial values, corrosion occurred on the titanium surface.

Power Supply

Chiller

3M H,S0,

Active site

Figure 1. Schematic of the reactor.

3. Results and Discussion

3.1. Characterization of the Pd-Based Electrodes

The typical atomic and metal compositions obtained using a scanning electron microscope are
listed in Table 1. Since the electrodes were manufactured by dip-coating, a slight error was discovered
when the electrode was cut and analyzed for EDS in Figure 2.

The thickness of the substances coated on the electrode surface decreased as the amount of Pd
increased. The SEM images illustrate that the microcracks and pores started to form as the amount of
Pd deposition increased. In particular, cracks attributable to the pores were observed in the 10 wt.%
Pd-IrSnTa/TiO; electrode. The four components, PdOy, IrOy, SnOy, and TaOy, were evenly distributed,
although TaO, was closely distributed on the surface of Ti,Os.

When the composition of the deposited electrodes’ cross section was compared to the theoretical
target composition, approximately 10% of tantalum was planned to be deposited, and all four electrodes
were deposited successfully. Pd was deposited at 2, 4, 8 and 10 wt.% with similar percentages of 1.3, 3.3
and 7.4 wt.%. However, the 10 g Pd-IrSnTa/TiO; electrode has a large relative standard deviation (RSD)
value. This indicates that Pd was excessively condensed on a certain part of the surface, and there is a
section in the EDS image where the purple portion is clumped. The Ir and Sn were mixed with a 1:1 ratio;
however, the ratio varied from 1.1-3.5 due to the interference effect of the four components. The surface
of Pd-IrSnTa/TiO; electrodes become rougher and less homogeneous as the Pd concentration increases.

Table 1. The thickness and the composition of the Pd-based electrodes.

Thickness Composition (%) + R.S.D Roughness
Electrode (um)
um Pd Ir Sn Ta Rq (um) Ra (um)
2wt.%Pd-IrSnTa/TiO, 10.06 + 2.18 1.33 +£0.39 3464+935 13.71+0.12  10.08 +0.86 0.384 0.308
4wt.%Pd-IrSnTa/TiO, 7.69 +0.05 3.30 + 1.50 3049 +6.87  21.89 +3.25 9.72 + 0.42 0.498 0.388
8wt.%Pd-IrSnTa/TiO, 4.9 £ 0.60 741 + 141 34.54 + 6.95 9.86 + 3.99 10.22 + 2.82 0.517 0.460

10wt.%Pd-IrSnTa/TiO, 43+1.20 1217 £3.74 3343 +2.67 1392+226 11.86+3.13 0.567 0.433
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Figure 2. The Field Emission Scanning Electron Microscope (FE-SEM) image and surface roughness
of electrodes.

3.2. Accelerated Life Testing

The lifetime of the electrodes was tested using the manufactured catalyst. As shown in Figure 3,
the lifetime of the electrodes for a duration of one year was tested with a current density of 5000 mA/cm?
and a 10 times acceleration rate.

7
ALT(10 times) o 2wt.%Pd-IrSnTa/TiO,

6 r 0 4W.%Pd-IrSnTa/TiO,
—_ A 8WLY%PA-IrSHTa/TIO,
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=)
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0.0 0.2 0.4 0.6 0.8 1.0
Time on stream (Year)

Figure 3. Variation of the electrode voltage with respect to time for the Pd-IrSnTa/TiO, electrodes at
5000 mA/cm?.

The initial and final voltages at year one are listed in Table 2. This shows that the initial voltage
decreased as the Pd increased. The voltage decreased in the order of 2 wt.% Pd-IrSnTa/TiO,, 4 wt.%
Pd-IrSnTa/TiO,, and 8 wt.% Pd-IrSnTa/TiO,; however, the difference in the voltage is within the error
range. When the lifetime of the electrodes for one year was tested at 5000 mA/cm?, the final voltage
was similar to the initial voltage, excluding that for the 2 wt.% Pd-IrSnTa/TiO; electrode. When the
lifetime of the four electrodes for one year was tested at a 10 times acceleration rate, the final voltage
was similar to the initial voltage regardless of the amount of Pd deposition. At a 10 times acceleration
rate, the increase in voltage was 5%, 3%, 0%, and 0% as the amount of Pd deposition increased from
2 wt.% to 10 wt.%, respectively. In addition, the initial voltage was lower when the amount of Pd
deposition increased.
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Table 2. Initial and final voltage of Pd-based electrodes at 5000 mA/cm? for the current density.

Initial Voltage Final Voltage at Year 1 Resistance (ohm)
2 wt.%Pd-IrSnTa/TiO, 3.35 4.05 2.02
4 wt.%Pd-IrSnTa/TiO, 2.87 2.95 1.43
8 wt.%Pd-IrSnTa/TiO, 2.79 2.80 1.49
10 wt.%Pd-IrSnTa/TiO, 2.76 2.77 1.49

Pd doping played an important role in the stability enhancement of the Pd-based electrode at
the initial voltage values in our research. Li et al. mentioned that the presence of Pd enhanced the
improvement of structure [29]. For the enhancement of the electrochemical oxidation ability of the
electrode, there is the optimum ratio of Sn/Pd (about 2.5%).

Figure 4 illustrates the results of the same test being conducted at a 20 times acceleration rate with
a current density of 10,000 mA/cm?. The results show that the initial voltage for the four electrodes
increased as the current density increased. The 4 wt.% Pd-IrSnTa/TiO, electrode had a relatively high
initial voltage; however, other electrodes had the initial voltage within the error range. This result
corresponds to the test result with a current density of 5000 mA/cm?.
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Figure 4. Variation of the electrode voltage over time for the Pd-IrSnTa/TiO, electrodes at 10,000
mA/cm?, (a) Time on stream range from year 0 to 1; (b) Time on stream range from year 0 to 5.

Table 3 displays the results of the electrode lifetime test, with a current density of 10,000 mA/cm?.
The results indicate that the voltage of the 2 wt.% Pd-IrSnTa/TiO, and the 4 wt.% Pd-IrSnTa/TiO,
electrodes increased by 3.0% and 3.2%, respectively. Meanwhile, the 8 wt.% Pd-IrSnTa/TiO; and the
10 wt.% Pd-IrSnTa/TiO; electrodes increased by 5.5% and 9.3%, respectively. For the lifetime of the
four electrodes over five years, the voltage did not increase by more than 40%. However, the increase
in voltage after five years was 7.9%, 8.7%, 11.9%, and 10.0% higher than the initial voltage for 2, 4, 8
and 10 wt.%, respectively.

Table 3. Initial and final voltage of the Pd-based electrodes with a current density of 10,000 mA/cm?.

Initial Voltage Final Voltage at Year 1 Final Voltage at Year 5
2 wt.%Pd-IrSnTa/TiO, 3.84 3.96 417
4 wt.%Pd-IrSnTa/TiO, 3.88 4.01 4.25
8 wt.%Pd-IrSnTa/TiO, 3.79 4.01 4.30

10 wt.%Pd-IrSnTa/TiO, 3.62 3.99 4.02
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Figure 5 depicts the results of the same test being conducted at a 30 times acceleration rate and a
current density of 15,000 mA/cm?. The results show that the voltage vibration is greater than the test
being conducted with an acceleration rate of 10 and 20 times. It can be inferred that the voltage easily
increased as the amount of impurities extracted were significantly increased when the acceleration
rate was further multiplied. This is attributed to the purple impurities that formed on the surface
of the anode due to O, bubbling during the electrowinning process. In previous studies, the purple
impurities were determined to be Ir and Sn. Overall, the voltage increased with the multiplication of
the acceleration rate.
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[ 6
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2 ° 2>
47
gﬂ 5,
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1t A 8WLY%Pd-ISnTa/TiO, 1!t & 8w.%PdIrSnTa/TiO,
& 10wt.%Pd-IrSnTa/TiO, o 10W.%Pd-IrSnTa/TiO,
0 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0 0 1 2 3 4 5
Time on stream (Year) Time on stream (Year)
(a) Time on stream range from year 0 to 1 (b) Time on stream range from year 0 to 5

Figure 5. Variation of the electrode voltage with time for the Pd-IrSnTa/TiO, electrodes at 15,000 mA/cm?
of current density; (a) Time on stream range from year 0 to 1; (b) Time on stream range from year 0 to 5.

Life testing for the electrodes was conducted at a current density of 15,000 rnA/c:rn2 until the
voltage increased by 40% or more, as shown in Table 4. The results demonstrate that the increase in
voltage was mostly stable for the 2 wt.% Pd-IrSnTa/TiO, electrode. In contrast, it was determined that
the 4 wt.% Pd-IrSnTa/TiO,, the 8 wt.% Pd-IrSnTa/TiO,, and the 10 wt.% Pd-IrSnTa/TiO, electrodes had
a lifetime of 4.1, 3.7 and 3.5 years, respectively. This result demonstrates that the addition of Sn to the
PdOx solution can improve the electrochemical stability [30].

Table 4. Initial and final voltage of Pd-based electrodes with a current density of 15,000 mA/cm?.

Initial Voltage Final Voltage at Year 1
2 wt.%Pd-IrSnTa/TiO, 417 4.30
4 wt.%Pd-IrSnTa/TiO, 3.61 3.73
8 wt.%Pd-IrSnTa/TiO, 3.52 3.92
10 wt.%Pd-IrSnTa/TiO, 3.46 3.94

The difference in the lifetime of the electrodes is due to the components of the electrodes. Ir is often
used as the main component of the electrodes due to its long lifetime. Thus, considering the nature
of the added components, the lifetime of Sn that contains Ir, which is known to have a considerable
lifetime, will be longer.

The lifetime of the electrodes proceeded to shut down at a 30 times acceleration rate when the
final voltage increased by 40% or more compared to the initial voltage. As a result, the difference was
observed when the amount of Pd deposition varied. The voltage of the 10 wt.% Pd-IrSnTa/TiO; electrode
increased first, and then, it decreased in the order of 8 wt.% Pd-IrSnTa/TiO,, 4 wt.% Pd-IrSnTa/TiO,,
and 2 wt.% Pd-IrSnTa/TiO,.
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3.3. Pd-based Electrode after the Reactions

As shown in Figure 6, the electrodes used in the experiments were later photographed.
As displayed in the pictures, severe corrosion occurred along the bottom of the anode. The parent
metal titanium was not damaged at the bottom where the electrode color became lighter; however,
the color of the membrane of the active electrode material also became lighter.

10 wt.% Pd-IrSnTa/TiO,

Undamaged
Electrode
Surface

Damaged
Electrode
Surface

sl

Figure 6. The 10 wt.% Pd-IrSnTa/TiO, electrode after activation.

When the electrode surface components were analyzed after the ALT for the electrodes, the active
electrode materials Pd, Ir, and Sn components decreased by about 70-80%. In contrast, the content
of tantalum was almost the same [31,32]. In the SEM images, the surface cracks with holes were
intermittently observed. The surface roughness (Rq and Ra) was increased with increasing palladium
contents; however, the surface roughness (Rq and Ra) of Pd-IrSnTa/TiO, electrodes are lower than
before ALT. After ALT, the coating compositions on the surface were lost, and then the thickness and
surface roughness were measured similarly.

It was not expected that the electrode loss would occur along the left and right sides, excluding
the active surface of the electrodes, as they were supported by Teflon tape where electrolysis does not
occur; however, the electrodes were lost [33].

Figure 7 shows the image of the electrode surface taken by the SEM. There is a boundary between
the area where the electrode membrane is consumed, or desorption has failed to occur and the area
where titanium is damaged after the electrode membrane has detached.

(a) 2wt.%Pd-IrSnTa/TiO, Pd

Er fe e

(b) 4wt.%Pd-IrSnTa/TiO,

e I w3

e

Sum

(c) 8wt.%Pd-IrSnTa/TiO,

Figure 7. The SEM image and the surface roughness of Pd-IrSnTa/TiO, electrodes after 30 times ALT.

According to the surface composition analysis of the four electrodes that were tested at a 30 times
acceleration, the Pd content decreased from 0.4% to 0.2%, as shown in Table 5. This indicates that
about 90% of the Pd was detached from the electrode surface. Specifically, the ratio of Ir and Sn
increased from two to four as the Pd content increased. The initial coating composition had a ratio of
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3:1; however, the mixing ratio of Ir and Sn was abnormal, which may have caused the instability as the
two components affected the stability, as seen in Table 6.

Table 5. The thickness, composition, and roughness of Pd-IrSnTa/TiO; electrodes after 30 times ALT.

Thickness Composition (%) + R.S.D Roughness
Electrode
(um) Pd Ir Sn Ta Rq (um)  Ra (um)
2 wt.%Pd-IrSnTa/TiO, 1.8-2.6 041+0.14 536+0.63 499+090 13.44+3.17 0.256 0.207
4 wt.%Pd-IrSnTa/TiO, 1.7-2.8 037+£0.05 631+4.03 343+158 1219+1.21 0.275 0.223
8 wt.%Pd-IrSnTa/TiO, 1.7-2.9 042+0.02 310+£034 173+012 10.68 £ 0.69 0.304 0.248
10 wt.%Pd-IrSnTa/TiO, 1.8-2.2 018 +0.01 392+262 1.10+0.40 8.63 +£0.28 0.336 0.274

Table 6. The composition of the 8 wt.% Pd-IrSnTa/TiO, electrode after activation for five years.

Pd Ir Sn Ta
Raw materials 741 +1.41 3454 +6.95 9.86 +3.99 10.22 +2.82
20 times 0.60 + 0.34 13.61 +4.72 467 +£1.23 8.96 + 1.16
30 times 0.18 +£0.01 3.92 +£2.62 1.10 £ 0.40 8.63 £0.28

As the multiple of acceleration increased, the content of the four components on the electrode
surface after activation for one year decreased. In particular, the content of Pd significantly dropped.
Additionally, Ir and Sn also decreased along with Pd in the test conducted at a 30 times acceleration rate.

Since the acceleration rate has a major effect on the content of the electrode surface, an appropriate
multiple of acceleration is required for the experiments. The thickness and form of the electrodes
were inspected after life testing. Figure 8 show that almost all the electrodes had a 2 pum-thick coating
substance remaining, regardless of the composition of the electrodes. Compared to the initial thickness,
the 2 wt.% Pd-IrSnTa/TiO, electrode had 78%, the 4 wt.% Pd-IrSnTa/TiO, electrode had 70%, and both
the 8 wt.% Pd-IrSnTa/TiO, and 10 wt.% Pd-IrSnTa/TiO, electrodes had 50% of their thickness etched.
The substrate TiO, and the four components were evidently detached for the 8 wt.% Pd-IrSnTa/TiO,
and 10 wt.% Pd-IrSnTa/TiO, electrodes.

(@) 2wt.%Pd-IrSnTa/TiO, (b) 2wt.%Pd-IrSnTa/TiO,

= : A 10um

(c) 8wt %Pd-IrSnTa/TiO,

Figure 8. SEM image of Pd-IrSnTa/TiO; electrode after activation for five years.
4. Conclusions

The accelerated life testing of the electrodes was conducted for electrodes of small sizes, thus
reducing the load of a power supply device. In this study, the area of the electrode was set to 4 cm? for
the experiments. The voltage was set high with a low electrolyte concentration to elevate the current
density in order to create the worst-case scenario. The electrolyte used in this study was 3 M H,SOy,
and the current density was set to 5000, 10,000 and 15,000 mA/cm? for the experiments.
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The temperature of water was maintained at 20 °C using a cooler. When the current was constant,
active electrode components were consumed and detached as the voltage applied to the electrodes
increased. When the voltage increased by 2 V, the surface of the parent metal titanium also started to
corrode. The loss of the electrode began from both ends instead of the center.

The results of the study infer that setting the multiple of acceleration too high can cause the
inherent performance of the electrodes to abruptly degrade. This action makes it difficult to deduce the
actual performance. Therefore, the multiple of acceleration must be set by considering the composition
of the electrodes and other substances that can affect the lifetime of the electrodes after conducting
basic screening tests. When the test was performed at a 10 times acceleration rate, the voltage value
was stable; however, this takes more time to complete the test. For stability, a 20 times acceleration
rate is appropriate. When the test was performed at a 30 times acceleration rate, the damage in the
electrodes was the greatest, thus resulting in a shorter lifetime than the usual lifetime of the electrodes.

The amount of Pd affects the voltage. As the amount of Pd deposition increases, the initial voltage
is lower. During life testing, as the amount of Pd increased, the content of Ir and Sn, which affects the
lifetime, was reduced. This ultimately shortens the lifetime of the electrodes. Consequently, the 2 wt.%
Pd-IrSnTa/TiO; electrode has the longest lifetime.

Author Contributions: Conceptualization, J.E.P. and E.S.L.; methodology, ].E.P.; formal analysis, ]J.E.P. and
E.S.L.; writing—original draft preparation, ].E.P,; writing—review and editing, J.E.P; supervision, E.S.L.; project
administration, H.K.; funding acquisition, H.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by a grant [IFIP-B113506-01] from the Plant R&D program funded by the
Ministry of Land, Infrastructure and Transport of the Korean Government, also the National Research Foundation
of Korea (NRF) and the Center for Women In Science, Engineering and Technology (WISET) Grant funded by the
Ministry of Science and ICT under the Program for Returners into R&D.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kirchhoff, M.M. Promoting sustainability through green chemistry. Resour. Conserv. Recycl. 2005, 44, 237-243.
[CrossRef]

2. Jha, M.K; Kumari, A.; Panda, R.; Kumar, J.R.; Yoo, K.; Lee, ].-Y. Review on hydrometallurgical recovery of
rare earth metals. Hydrometallurgy 2016, 165, 2-26. [CrossRef]

3. Cachet, C.; Rérolle, C.; Wiart, R. Kinetics of Pb and Pb-Ag anodes for zinc electrowinning—II. Oxygen
evolution at high polarization. Electrochim. Acta 1996, 41, 83-90. [CrossRef]

4. Ivanov, I.; Stefanov, Y.; Noncheva, Z.; Petrova, M.; Dobrev, T.; Mirkova, L.; Vermeersch, R.; Demaerel, J.-P.
Insoluble anodes used in hydrometallurgy. Hydrometallurgy 2000, 57, 109-124. [CrossRef]

5. Yoon, H.-S.; Kim, C.-].; Chung, K.-W,; Kim, S.-D.; Lee, J.-Y.; Kumar, ].R. Solvent extraction, separation and
recovery of dysprosium (Dy) and neodymium (Nd) from aqueous solutions: Waste recycling strategies for
permanent magnet processing. Hydrometallurgy 2016, 165, 27-43. [CrossRef]

6. Cardoso, C.E.D.; Almeida, J.; Lopes, C.; Trindade, T.; Vale, C.; Pereira, E. Recovery of Rare Earth Elements by
Carbon-Based Nanomaterials-A Review. Nanomaterials 2019, 9, 814. [CrossRef]

7. Lixandru, A.; Venkatesan, P.; Jonsson, C.; Poenaru, I.; Hall, B.; Yang, Y.; Walton, A.; Giith, K.; Gauf3, R.;
Gautfleisch, O. Identification and recovery of rare-earth permanent magnets from waste electrical and
electronic equipment. Waste Manag. 2017, 68, 482—-489. [CrossRef]

8. Charalampides, G.; Vatalis, K.I.; Apostoplos, B.; Ploutarch-Nikolas, B. Rare Earth Elements: Industrial
Applications and Economic Dependency of Europe. Procedia Econ. Finance 2015, 24, 126-135. [CrossRef]

9.  Ojebuoboh, F.; Wang, S.; Maccagni, M. Refining primary lead by granulation-leaching-electrowinning. JOM
2003, 55, 19-23. [CrossRef]

10. Zhang, X.; Pan, J.; Sun, Y.; Feng, Y.; Niu, H. An energy saving and fluorine-free electrorefining process for
ultrahigh purity lead refining. Chin. J. Chem. Eng. 2019, 27, 1191-1199. [CrossRef]

11.  Owais, A. Effect of electrolyte characteristics on electrowinning of copper powder. J. Appl. Electrochem. 2009,
39, 1587-1595. [CrossRef]


http://dx.doi.org/10.1016/j.resconrec.2005.01.003
http://dx.doi.org/10.1016/j.hydromet.2016.01.035
http://dx.doi.org/10.1016/0013-4686(95)00281-I
http://dx.doi.org/10.1016/S0304-386X(00)00097-9
http://dx.doi.org/10.1016/j.hydromet.2016.01.028
http://dx.doi.org/10.3390/nano9060814
http://dx.doi.org/10.1016/j.wasman.2017.07.028
http://dx.doi.org/10.1016/S2212-5671(15)00630-9
http://dx.doi.org/10.1007/s11837-003-0082-2
http://dx.doi.org/10.1016/j.cjche.2018.09.005
http://dx.doi.org/10.1007/s10800-009-9845-y

Materials 2020, 13, 1969 10 of 10

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Deen, K.; Asselin, E. Integration of Cu extraction and Zn electrowinning processes for energy storage. J. Clean.
Prod. 2020, 253, 119779. [CrossRef]

Karbasi, M.; Keshavarz, E.; Elaheh, A.; Dehko, A. Electrochemical performance of Pb-Co composite anode
during Zincelectrowinning. Hydrometallurgy 2019, 183, 51-59. [CrossRef]

Panda, B.; Das, S.C. Electrowinning of copper from sulfate electrolyte in presence of sulfurous acid.
Hydrometallurgy 2001, 59, 55-67. [CrossRef]

Zhang, W.; Ghali, E.; Houlachi, G. Review of oxide coated catalytic titanium anodes performance for metal
electrowinning. Hydrometallurgy 2017, 169, 456-467. [CrossRef]

Zhang, W.; Robichaud, M.; Ghali, E.; Houlachi, G. Electrochemical behavior of mesh and plate oxide coated
anodes during zinc electrowinning. Trans. Nonferrous Met. Soc. China 2016, 26, 589-598. [CrossRef]

Kim, K.-W,; Lee, E.-H.; Kim, J.-S.; Shin, K.-H.; Jung, B.-I. A study on performance improvement of Ir
oxide-coated titanium electrode for organic destruction. Electrochim. Acta 2002, 47,2525-2531. [CrossRef]
Song, Y.; Wei, G.; Xiong, R. Structure and properties of PbO,~CeO, anodes on stainless steel. Electrochim.
Acta 2007, 52, 7022-7027. [CrossRef]

Jia, J.; Li, X,; Chen, G. Stable spinel type cobalt and copper oxide electrodes for O, and Hj; evolutions in
alkaline solution. Electrochim. Acta 2010, 55, 8197-8206. [CrossRef]

Maskalick, N.J. Accelerated Life Testing of Lead-Acid Industrial Motive Power Cells. J. Electrochem. Soc.
1975, 122, 19-25. [CrossRef]

Chen, X.; Chen, G.; Yue, P.L. Stable Ti/IrOx—Sb,O5-SnO, Anode for O, Evolution with Low Ir Content.
J. Phys. Chem. B 2001, 105, 4623-4628. [CrossRef]

Chen, X.; Chen, G. Stable Ti/RuO,-Sb,05-SnO, electrodes for O, evolution. Electrochim. Acta 2005, 50,
4155-4159. [CrossRef]

Ding, H.-Y.; Feng, Y.; Lu, ].-W. Study on the service life and deactivation mechanism of Ti/SnO,-Sb electrode
by physical and electrochemical methods. Russ. |. Electrochem. 2010, 46, 72-76. [CrossRef]

Bi, Q.; Guan, W.; Gao, Y,; Cui, Y;; Ma, S;; Xue, J. Study of the mechanisms underlying the effects of composite
intermediate layers on the performance of Ti/SnO,-Sb-La electrodes. Electrochim. Acta 2019, 306, 667-679. [CrossRef]
Kim, D.-S.; Park, Y.-S. A Basic Study on Accelerated Life Test Method and Device of DSA (Dimensionally
Stable Anode) Electrode. . Environ. Sci. Int. 2018, 27, 467-475. [CrossRef]

Park, ].E.; Kim, E.J.; Park, M.-].; Lee, E.S. Adsorption Capacity of Organic Compounds Using Activated
Carbons in Zinc Electrowinning. Energies 2019, 12, 2169. [CrossRef]

Park, J.E.; Yang, SK.; Kim, J.-H.; Park, M.-].; Lee, E.S. Electrocatalytic Activity of Pd/Ir/Sn/Ta/TiO, Composite
Electrodes. Energies 2018, 11, 3356. [CrossRef]

Rajska, D.; Motyka, K.; Koziel, M.; Chlebda, D.; Brzozka, A.; Sulka, G.D. Influence of synthesis parameters
on composition and morphology of electrodeposited Zn-Sb thin films. |. Ind. Eng. Chem. 2020, 84, 202-216.
[CrossRef]

Li, L; Huang, Z; Fan, X.; Zhang, Z.; Dou, R.; Wen, S.; Chen, Y.; Chen, Y,; Hu, Y. Preparation and
Characterization of a Pd modified Ti/SnO,-Sb anode and its electrochemical degradation of Ni-EDTA.
Electrochim. Acta 2017, 231, 354-362. [CrossRef]

Chen, S.; Chen, B.; Wang, S.; Yan, W.; He, Y,; Guo, Z.; Xu, R. Ag doping to boost the electrochemical
performance and corrosion resistance of Ti/Sn-Sb-RuOx/a-PbO,/B-PbO; electrode in zinc electrowinning.
J. Alloy. Compd. 2020, 815, 152551. [CrossRef]

Liu, Y,; Liu, H.;; Ma, J.; Li, J. Investigation on electrochemical properties of cerium lead dioxide anode and
application for elimination of nitrophenol. Electrochim. Acta 2011, 56, 1352-1360. [CrossRef]

Yi, Z.; Kangning, C.; Wei, W.; Wang, ].; Leem, S. Effect of IrO; loading on RuO,-IrO,-TiO; anodes: A Study of
microstructure working life for the chlorine evolution reaction. Ceram. Int. 2007, 33, 1087-1091. [CrossRef]
Lu, X-R.; Ding, M.-H.; Zhang, C.; Tang, W.-Z. Investigation on microstructure evolution and failure
mechanism of boron doped diamond coated titanium electrode during accelerated. Thin Solid Films 2018,
660, 306-313. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jclepro.2019.119779
http://dx.doi.org/10.1016/j.hydromet.2018.10.008
http://dx.doi.org/10.1016/S0304-386X(00)00140-7
http://dx.doi.org/10.1016/j.hydromet.2017.02.014
http://dx.doi.org/10.1016/S1003-6326(16)64121-3
http://dx.doi.org/10.1016/S0013-4686(02)00129-9
http://dx.doi.org/10.1016/j.electacta.2007.05.024
http://dx.doi.org/10.1016/j.electacta.2010.04.026
http://dx.doi.org/10.1149/1.2134148
http://dx.doi.org/10.1021/jp010038d
http://dx.doi.org/10.1016/j.electacta.2005.01.032
http://dx.doi.org/10.1134/S1023193510010088
http://dx.doi.org/10.1016/j.electacta.2019.03.122
http://dx.doi.org/10.5322/JESI.2018.27.6.467
http://dx.doi.org/10.3390/en12112169
http://dx.doi.org/10.3390/en11123356
http://dx.doi.org/10.1016/j.jiec.2019.12.035
http://dx.doi.org/10.1016/j.electacta.2017.02.072
http://dx.doi.org/10.1016/j.jallcom.2019.152551
http://dx.doi.org/10.1016/j.electacta.2010.10.091
http://dx.doi.org/10.1016/j.ceramint.2006.03.025
http://dx.doi.org/10.1016/j.tsf.2018.06.039
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Methods 
	Electrodes 
	Accelerated Life Testing (ALT) 

	Results and Discussion 
	Characterization of the Pd-Based Electrodes 
	Accelerated Life Testing 
	Pd-based Electrode after the Reactions 

	Conclusions 
	References

