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Abstract

:

Active granule (WC/Co3O4) doping Ti/Sb-SnO2/PbO2 electrodes were successfully synthesized by composite electrodeposition. The as-prepared electrodes were systematically characterized by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), electrochemical performance, zeta potential, and accelerated lifetime. It was found that the doping of active granules (WC/Co3O4) can reduce the average grain size and increase the number of active sites on the electrode surface. Moreover, it can improve the proportion of surface oxygen vacancies and non-stoichiometric PbO2, resulting in an outstanding conductivity, which can improve the electron transfer and catalytic activity of the electrode. Electrochemical measurements imply that Ti/Sb-SnO2/Co3O4-PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2 electrodes have superior oxygen evolution reactions (OERs) relative to those of Ti/Sb-SnO2/PbO2 and Ti/Sb-SnO2/WC-PbO2 electrodes. A Ti/Sb-SnO2/Co3O4-PbO2 electrode is considered as the optimal modified electrode due to its long lifetime (684 h) and the remarkable stability of plating solutions. The treatment of copper wastewater suggests that composite electrodes exhibit low cell voltage and excellent extraction efficiency. Furthermore, pilot simulation tests verified that a composite electrode consumes less energy than other electrodes. Therefore, it is inferred that composite electrodes may be promising for the treatment of wastewater containing high concentrations of copper ions.
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1. Introduction


The development of the nonferrous metal industry has improved social progress and economic development. However, the nonferrous metal industry also produces many pollutants, including wastewater containing copper, zinc, nickel, etc. [1,2]. The discharge of wastewater with high concentrations of metal ions can cause serious environmental problems if it is not properly treated. The technology of metal electrodeposition from solution is environmentally friendly and has attracted considerable attention with respect to resource recovery [3,4,5,6]. For example, copper can be extracted from copper-containing wastewater by the electrochemical method, and the product can be widely used in many fields, such as light industry, electrical, national defense, etc. [7,8,9,10]. In this procedure, low oxygen evolution overpotential is favorable for energy conservation.



Electrode material is a critical component in the electrochemical process [11,12,13] and can affect power consumption, production cost, current efficiency, and the quality of the product. Due to the strong oxidizing ability and the corrosivity of sulfuric acid in the electrodeposition process, electrode materials (lead-based alloys, Ti-based metal oxides, Al/PbO2, and SS/PbO2) with high conductivity, good stability, mechanical strength, and convenient processing have attracted considerable attention [14,15,16,17,18,19]. In particular, Ti-based insoluble electrode materials exhibit high corrosion resistance, long service life, excellent electrochemical performance, and electrocatalytic activity, which are highly valued with respect to environmental protection, metallurgy, and resource recovery [20,21,22]. Usually, Ti-based electrode material contains thinly coated noble (Ti/Ru, Ti/Ir, or Ti/Pt) electrodes and thickly coated Ti/PbO2 and Ti/MnO2 electrodes [23,24,25,26,27]. Ti/PbO2 electrodes possess well-established features such as low cost, ease of synthesis, good chemical stability, and long service life, and have great application potential to copper-containing wastewater. However, the high oxygen evolution overpotential of Ti/PbO2 electrodes causes energy waste during the copper electrodeposition process [28]. Reducing the oxygen evolution overpotential of the electrode is an important task for many researchers.



On the one hand, Co3O4 shows superior electrocatalytic performance towards oxygen evolution reactions (OERs) due to its spinal structure, with a Co2+ located in the tetrahedral site and two other Co3+ atoms in the octahedral site [29,30,31]. On the other hand, WC can improve the mechanical properties of coatings and is widely used in the fields of cemented carbide, electrocatalytics, and fuel cells [32,33]. Therefore, in this study, active granule Co3O4 and WC were introduced to Ti/Sb-SnO2/PbO2 electrodes by electrodeposition with the aim of decreasing the overpotential of oxygen evolution and enhancing the service life of the electrode. An amplified simulated experiment of electrolysis was conducted to investigate the change in voltage and temperature during this process, which is closely related to energy consumption. Furthermore, wastewater containing copper ions and sulfuric acid was employed as a model recyclable resource for the electrochemical extraction of copper. The concentration of copper ions was studied by inductively coupled plasma emission spectroscopy (ICPE), and the extraction efficiency was calculated by the mass of copper deposited on the cathode.




2. Results and Discussion


2.1. Surface Morphology Analysis of Electrodes


Figure 1 shows an SEM of an as-synthesized Ti/Sb-SnO2/PbO2 electrode, a Ti/Sb-SnO2/WC-PbO2 electrode, Ti/Sb-SnO2/Co3O4-PbO2 electrode, and Ti/Sb-SnO2/WC-Co3O4-PbO2 electrode. It can be seen that the Ti/Sb-SnO2/PbO2 electrode shows a hill-like surface at the macroscopic level (Figure 1a). However, the hill-like surface becomes smooth after it is modified with active granules (WC/Co3O4), which indicates that the addition of active granules may affect the deposition process (Figure 1b–d). The microscopic morphology of the Ti/Sb-SnO2/PbO2 electrode displays a typical tetrahedron shape. Some small particles (WC or WC-Co3O4) are agglomerated on the surface of the Ti/Sb-SnO2/WC-PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2 electrodes, leading to an undulating crest of hillocks. Moreover, it was found that the surface uniformity of Ti/Sb-SnO2/Co3O4-PbO2 is better than that of Ti/Sb-SnO2/WC-PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2, with a denser coating and better coverage. EDS measurements were employed to investigate the composition of particles deposited on the electrode surface (Figure 1e–g). W element was detected on the surface of the Ti/Sb-SnO2/WC-PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2 electrodes. Co element was discovered on the surface of the Ti/Sb-SnO2/Co3O4-PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2 electrodes. These results confirm that spherical Co3O4 granules and small WC particles were successfully doped into the composite electrode.




2.2. XRD Structural Characterization


As shown in Figure 2, the XRD pattern of each electrode was obtained to compare the crystal structure and purity of electrodes. Figure 2 shows that bare Ti/Sb-SnO2/PbO2 exhibits the reflections of β-PbO2. The diffraction peaks at 25.4°, 32.0°, 36.2°, 49.0°, 52.1°, 58.9°, 60.7°, and 62.5° are assigned to the (110), (101), (200), (211), (220), (310), (112), and (301) planes of β-PbO2 (PDF#41-1492), respectively. No peaks corresponding to Sb or SnO2 were detected, which can be explained by two reasons. One is the low crystallinity of the Sb-SnO2 layer, and the other is the thick layer of β-PbO2 coating on the Sb-SnO2 layer. After doping with WC particles, new peaks appeared at 2θ = 31.5°, 35.6°, and 48.3° on the Ti/Sb-SnO2/WC-PbO2 electrode, which are assigned to the (001), (100), and (101) planes of WC (PDF#51-0939), respectively. However, no additional peaks were observed on Ti/Sb-SnO2/Co3O4-PbO2 and Ti/Sb-SnO2/Co3O4-PbO2, which can be ascribed to the weak crystallinity, small particle size, and infinitesimal load of active particles. Moreover, the average grain sizes of Ti/Sb-SnO2/PbO2, Ti/Sb-SnO2/WC-PbO2, Ti/Sb-SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 calculated by the Debye–Scherrer equation are 56.2 nm, 38.1 nm, 48.7 nm, and 37.5 nm, respectively. The doping of active granules can decrease the grain size, which is consistent with the SEM morphology. A smaller grain size indicates more active sites on the electrode surface, which is favorable for the enhancement of catalytic performance.




2.3. XPS Analysis


XPS measurements were performed to further analyze the chemical state of the elements on each electrode. In the survey, the XPS spectrum of each electrode and elemental peaks for Pb and O were observed on all electrodes (Figure 3a). A new elemental peak for W and Sn was found on the Ti/Sb-SnO2/WC-PbO2 electrode surface. The presence of Sn indicates that part of the coating is too thin; hence, and interlayer Sb-SnO2 film was detected by XPS. This suggests that the coating on Ti/Sb-SnO2/WC-PbO2 is ununiform. An additional peak for Co appeared on Ti/Sb-SnO2/Co3O4-PbO2, which confirms that Co3O4 was successfully doped in the modified PbO2 film. Moreover, peaks for W and Co were found on the Ti/Sb-SnO2/WC-Co3O4-PbO2 electrode, indicating the presence of WC and Co3O4. To identify the influence of active granule doping on PbO2 electrodeposition, XPS analysis of Pb, O, W, and Co was performed; the results are shown in Figure 3b–e.



In the undoped Ti/Sb-SnO2/PbO2 (Figure 3b), the binding energy peaks at 141.79 eV and 137.07 eV correspond to Pb4+, whereas the peaks at 142.70 eV and 138.02 eV are attributed to Pb2+ [34], as listed in Table 1. Moreover, the simultaneous presence of Pb4+ and Pb2+ in the PbO2 coating implies the formation of non-stoichiometric PbO2 during the electrodeposition process. After doping with active granules, the peaks of Pb4+ on modified electrodes shifted to the higher binding energy, which suggests that active granules have a strong interaction with Pb. The proportion of Pb4+ in Ti/Sb-SnO2/PbO2, Ti/Sb-SnO2/WC-PbO2, Ti/Sb-SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 is 29.9%, 15.9%, 27.12%, and 15.61%, respectively. The decrease in Pb4+ after modification with active granules implies that part of the PbO2 converts to lower-valence compounds, enhancing the non-stoichiometric PbO2, which could improve the conductivity of the electrode.



The O 1s core level shown in Figure 3c can be deconvoluted into four characteristic peaks of lattice oxygen species (528.9–530.4 eV for OL), surface oxygen vacancies, adsorbed oxygen (530.5–531.7 eV for Od-ad), and surface-adsorbed oxygen species (531.8–532.8 eV for Os-ad), as listed in Table 2. According to the literature [35], the formation of surface oxygen vacancies is closely related to highly oxidative oxygen species and is active for catalysis of OER. The proportions of Od-ad present on the electrode surface significantly increase after decoration with active granules, which is beneficial to the OER activity.



Figure 3d shows the W 4f spectrum; the binding energy peaks at 35.96 eV and 38.29 eV are assigned to W4+, whereas the peaks at 34.87 eV and 37.17 eV are ascribed to W6+. This consequence demonstrates the generation of WC. However, W6+ also appears on the electrode surface. The formation of W6+ can be attributed to the oxidation of WC during composite electrodeposition. Moreover, the XPS spectrum of Co 2p is very weak due to the extremely limited doping of active particles. It was found that two main peaks appeared on the Ti/Sb-SnO2/WC-Co3O4-PbO2 electrode. The peaks located at 795.26 eV and 780.23 eV are identical to Co 2p1/2 and Co 2p3/2, respectively (Figure 3e), which confirms the presence of Co3O4.




2.4. Electrochemical Properties


LSV measurements of the as-prepared samples were performed on an electrochemical workstation to investigate the OER performance of the electrodes. The onset potential for oxygen evolution potential (OEP) on Ti/Sb-SnO2/PbO2, Ti/Sb-SnO2/WC-PbO2, Ti/Sb-SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 is 2.20 V, 2.12 V, 1.85 V, and 1.80 V (vs. Ag/AgCl), respectively. A low OER means that oxygen is more easily formed during the electrochemical process. Therefore, it is speculated that the modification of active granules (WC/Co3O4) can improve the OER properties of electrodes due to the presence of more active sites and increased electrocatalytic activity. Moreover, doping with Co3O4 is more efficient than doping with WC. This can be attributed to the special properties of Co3O4 and its better OER performance. Furthermore, the non-uniformity of the WC-PbO2 coating may enhance resistance, hindering the formation of oxygen. As shown in the illustration in Figure 4, when the current density is 200 A/m2, the potential of Ti/Sb-SnO2/PbO2, Ti/Sb-SnO2/WC-PbO2, Ti/Sb-SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 is 2.14 V, 1.96 V, 1.88 V, and 1.75 V (vs. Ag/AgCl), respectively. This implies that Ti/Sb-SnO2/Co3O4-PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2 need lower potential than Ti/Sb-SnO2/PbO2 and Ti/Sb-SnO2/WC-PbO2 under the same current density. Low potential is more helpful for saving energy during electrolysis.



Energy conservation has become an important problem due to energy shortages. As is known to all, voltage is closely related to energy consumption. How to reduce the voltage of electrolysis is a crucial issue in the electrolytic industry. Therefore, a simulation experiment of electrolysis under a current density of 200 A/m2 was conducted to explore the variation in voltage, as displayed in Figure 5. It was found that the Ti/Sb-SnO2/Co3O4-PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2 electrodes have advantages over the Ti/Sb-SnO2/PbO2 and Ti/Sb-SnO2/WC-PbO2 electrodes. These results are consistent with the LSV measurements.



Moreover, an accelerated life test was carried out to evaluate the electrochemical stability of the electrodes. Figure 6 shows the time course of cell potential in the accelerated life test. It was observed that the Ti/Sb-SnO2/PbO2, Ti/Sb-SnO2/WC-PbO2, Ti/Sb-SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 electrodes exhibited a lifetime of 252 h, 204 h, 684 h, and 592 h, respectively. The lifetime of Ti/Sb-SnO2/WC-PbO2 is shorter than that of Ti/Sb-SnO2/PbO2, which can be attributed to the non-uniformity of its coating. The lifetimes of Ti/Sb-SnO2/Co3O4-PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2 are increased by more than two-fold relative to that of Ti/Sb-SnO2/PbO2.




2.5. The Application of Modified Electrodes in Wastewater Containing Copper Ions


Deposition solutions containing active granules (WC/Co3O4) were tested with a zeta potential analyzer to study their stability [36]. The Zeta potential of deposition solutions with WC, Co3O4, and WC-Co3O4 are 3.9 mV, 5.5 mV, and 3.4 mV, respectively. It was found that a high absolute value of zeta potential indicates higher stability against coagulation, which implies excellent stability in such systems. Compared to other deposition systems, the plating solution with Co3O4 exhibits the best stability. Although Ti/Sb-SnO2/WC-Co3O4-PbO2 shows the lowest OER property, the stability of the plating solution with WC-Co3O4 is the worst. Therefore, considering the lifetime of the electrode and the stability of the solution, we selected the Ti/Sb-SnO2/Co3O4-PbO2 electrode as the optimal electrode for subsequent experiments.



Electrochemical extraction experiments were carried out to investigate the application of electrodes to wastewater containing copper ions. This system contains two Ti/Sb-SnO2/Co3O4-PbO2 anodes and one SS cathode with magnetic stirring. As shown in Figure 7a, the color of copper deposited on the electrode becomes dark due to the ion impoverishment of copper ions. Usually, dark copper is generated when the copper ion concentration decreases to a certain value in actual production. Figure 7b displays the mass and concentration of copper over time; the mass of copper increases linearly with time, and the concentration of copper ions decreases with time. The Ti/Sb-SnO2/Co3O4-PbO2 electrode shows a higher mass and a lower concentration than the Ti/Sb-SnO2/PbO2 electrode. The extraction efficiency of Ti/Sb-SnO2/Co3O4-PbO2 and Ti/Sb-SnO2/PbO2 is 99.1% and 83.2%, respectively (Figure 7c). Moreover, the cell voltage of Ti/Sb-SnO2/Co3O4-PbO2 is lower than that of Ti/Sb-SnO2/PbO2, indicating less energy consumption (Figure 7d). These results reveal that the modified Ti/Sb-SnO2/Co3O4-PbO2 electrode has superior performance in the extraction of copper from wastewater by the electrochemical method.



Laboratory experiments usually slightly deviate from actual working conditions. Therefore, we decided to build a magnifying system that is close to practical working conditions. To that end, an apparatus was manufactured and outsourcing factory consisting of a circular aeration, heat, and electric control (Figure 8a). Amplification tests were performed to research the energy consumption of this device. To simplify the experimental process, we employed 15% H2SO4 aqueous solutions to simulate acidic working conditions. The other parameters were similar to those used in the electrochemical extraction experiment. In the pilot simulation tests, the Ti/Sb-SnO2/Co3O4-PbO2, Ti/Sb-SnO2/PbO2, and Pb electrodes were employed as the anode, and SS was used as the cathode, all with dimensions of 200 mm × 290 mm × 4 mm (Figure 8b). It should be noted that Pb electrodes are traditionally used in the metallurgical industry. Ti/Sb-SnO2/Co3O4-PbO2 had a lower voltage and lower temperature (Figure 8c,d) than Ti/Sb-SnO2/PbO2 and Pb. These results suggest that Ti/Sb-SnO2/Co3O4-PbO2 consumes less energy than Ti/Sb-SnO2/PbO2 and Pb electrodes, which is in agreement with the results of the electrochemical extraction experiments. This indicates that Ti/Sb-SnO2/Co3O4-PbO2 electrodes may replace traditional Pb electrodes in the resource recovery of nonferrous metals.





3. Experimental Details


3.1. Materials


All chemicals were of analytical grade and were used without any further purification. SnCl2∙2H2O and SbCl3 were provided by Xilong Scientific Co., Ltd. (Chaoshan, China). Ethanol and tert-butyl alcohol were offered by Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China). Pb(NO3)2, Cu(NO3)2, NaF, and some additives were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). HNO3, H2SO4, and HCl were produced from Xi’an Sanpu Chemical Reagants Co., Ltd. (Xi’an, China). WC and Co3O4 reagents were purchased from MACKLIN (Shanghai, China). All solutions were prepared with deionized water (DI). Titanium foil (Baoji Baite Metal Co., Ltd., Baoji, China, 1.5 mm thickness) was cut into pieces with effective dimensions of 80 mm × 100 mm before experiments.




3.2. Fabrication of Ti/Sb-SnO2/PbO2 Electrode by Active Granules


A Ti sheet was subjected to pretreatment before the experiment, including polishing, degreasing, and etching in boiling oxalic acid for 2 h, to obtain a gray surface with uniform roughness. Sb-SnO2 was introduced as a conductive transition layer between the PbO2 film layer and the Ti substrate by the thermal decomposition approach. Sb-SnO2 precursor solutions were prepared by dissolving a SnCl4 and SbCl3 mixture in a mixed solvent at a molar ratio of 10:1. The coating liquids were evenly brushed on the Ti sheet. Then, the Ti sheet was dried at 100 °C and annealed at 450 °C. The brushing, drying, and calcining steps were repeated several times.



PbO2 coatings with active granules (Co3O4 and WC) were synthesized by composite electrodeposition with a current density of 200 A/m2 for 2 h at 60 °C. The deposition solutions containing Pb(NO)3, Cu(NO)3, HNO3, active granules (WC/Co3O4), and other additives were ultrasonicated for 30 min. The as-prepared electrodes were rinsed thoroughly with DI and are denoted as Ti/Sb-SnO2/PbO2, Ti/Sb-SnO2/WC-PbO2, Ti/Sb-SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2.




3.3. Characterization


A scanning electron microscope (SEM, JSM-IT200, JEOL, Tokyo, Japan) equipped with an energy-dispersive X-ray spectroscopy (EDS, JEOL) detector was employed to study the surface morphology and composition of the as-prepared samples. X-ray diffraction (XRD, D8 Advance, Bruker, Karlsruhe, Germany) measurement was conducted on an X’pert PRO MRD diffractometer using a Cu-Ka source (λ = 0.15416 nm) with a scanning angle (2θ) range of 10–80°. Chemical states of Pb, O, W, and Co in the composite electrodes were identified by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific, Waltham, MA, USA) on an Ultra DLD Electron Spectrometer (Al Ka radiation; hν = 1486.71 eV). XPS data were calibrated using the binding energy of C1s (284.8 eV) as the standard and were fitted using commercial software (Thermo Avantage). The zeta potential of the deposition solutions containing active granules (WC/Co3O4) was tested on a zeta potential analyzer (Stabino zeta, Microtrac MRB, Dusseldorf, Germany) to study the stability of the solutions.



Electrochemical performance was evaluated on an electrochemical workstation (Corrtest CS2350, Corrtest Instruments Corp., Ltd., Wuhan, China) using the traditional three-electrode system. A Pt sheet is used as counter electrode, a saturated Ag/AgCl electrode is employed as reference electrode, and the as-prepared electrode served as working electrode. Linear sweep voltammetric (LSV) characterization was measured in 15% H2SO4 aqueous solutions at a scan rate of 10 mV/s. simulated electrochemical experiment is also tested in 15% H2SO4 aqueous solutions to study the change in voltage during electrolysis. Accelerated life tests were carried out to research the stability and lifetime of the as-prepared electrodes in 15% H2SO4 aqueous solutions with a current density of 10,000 A/m2. In this procedure, the experiment was considered finished when the cell voltage exceeded 10 V.




3.4. Electrochemical Treatment of Copper-Containing Wastewater


Wastewater containing copper ions was treated by electrochemical approaches in a large beaker equipped with a water bath and magnetic stirrer, as shown in Figure 9. Two pieces of Ti/Sb-SnO2/Co3O4-PbO2 electrodes were used as the anode, and stainless steel (SS) was employed as the cathode. The temperature was set to 60 °C, and the current density was set to 200 A/m2. Simulated wastewater with a high concentration of copper ions (20 g/L Cu2+) was prepared by dissolving CuSO4∙5H2O in 15% H2SO4 aqueous solutions. During experiments, samples were taken out of the beaker every 2 h for ICPE measurement, and the SS cathode was weighed every 2 h to calculate the mass of copper deposited on the cathode. The variation in cell voltage during this chemical process was also recorded to compare the energy consumption. The extraction efficiency of copper was calculated as follows:


  Extraction   efficiency / % =    m 0  −  m t     m 0    × 100 % =    C 0  × V −  m t     C 0  × V   × 100 %  



(1)




where m0 and mt are the mass of copper before and after an electrolysis time of t, respectively; C0 is the initial concentration of copper ions, which can be obtained by the ICPE technique; and V is the volume of the solutions.





4. Conclusions


In summary, active granule (WC/Co3O4) modified Ti/Sb-SnO2/PbO2 electrodes were fabricated by composite electrodeposition. EDS and XPS characterization of the as-prepared electrodes suggests that active granules (WC/Co3O4) were successfully deposited on the surface of Ti/Sb-SnO2/WC-PbO2, Ti/Sb-SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 composite electrodes. The introduction of active granules (WC/Co3O4) can decrease the average grain size and enhance the proportions of Od-ad present on the electrode surface, leading to more active sites on the electrode surface. Moreover, the excellent conductivity of the electrode caused by the presence of non-stoichiometric PbO2 was also observed, which is favorable for improving the electron transfer and catalytic activity of the electrode. LSV measurements show that Ti/Sb-SnO2/Co3O4-PbO2 (1.85 V) and Ti/Sb-SnO2/WC-Co3O4-PbO2 (1.80 V) have lower OER values than Ti/Sb-SnO2/PbO2 (2.20 V) and Ti/Sb-SnO2/WC-PbO2 (2.12 V). Ti/Sb-SnO2/Co3O4-PbO2 is regarded as the optimal modified electrode due to its long service lifetime (684 h) and the good stability of its plating solutions. Wastewater containing copper ions was employed as a model pollutant, and Ti/Sb-SnO2/Co3O4-PbO2 was used as the anode to study the electrocatalytic activity of the modified electrodes. The experimental results demonstrate that the Ti/Sb-SnO2/Co3O4-PbO2 composite electrode exhibits remarkable extraction efficiency and low cell voltage. The color of copper deposited on the cathode became dark due to the impoverishment of copper ions. Furthermore, pilot simulation tests were carried out to research the electrodes in practical applications. A low cell voltage further verified that the composite electrodes consume less energy than other electrodes. Therefore, it is deduced that composite electrodes may be promising for the treatment of wastewater containing high concentrations of copper ions. Furthermore, it is expected that Ti/Sb-SnO2/Co3O4-PbO2 electrodes may substitute traditional Pb electrodes in resource recovery of nonferrous metals. Further studies exploring modified electrodes in specific pilot tests will be conducted in the future.
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Figure 1. SEM of the electrodes: (a) Ti/Sb-SnO2/PbO2; (b) Ti/Sb-SnO2/WC-PbO2; (c) Ti/Sb-SnO2/Co3O4-PbO2; (d) Ti/Sb-SnO2/WC-Co3O4-PbO2. EDS of the electrodes: (e) Ti/Sb-SnO2/WC-PbO2; (f) Ti/Sb-SnO2/Co3O4-PbO2; (g) Ti/Sb-SnO2/WC-Co3O4-PbO2. 
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Figure 2. XRD pattern of the different samples. 
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Figure 3. XPS spectra of the as-prepared samples: (a) survey, (b) Pb 4f; (c) O 1s; (d) W 4f; (e) Co 2p. 
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Figure 4. LSV curves of the different electrodes. 
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Figure 5. The change in voltage during electrolysis (200 A/m2; 15% H2SO4 aqueous solutions). 
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Figure 6. Variation of the cell potential with testing time in an accelerated life test for the as-synthesized samples (10,000 A/m2; 15% H2SO4 aqueous solutions). 
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Figure 7. (a) Digital images of copper deposited on Ti/Sb-SnO2/Co3O4-PbO2 (a-1) and Ti/Sb-SnO2/PbO2 (a-2) at different times. (b) Variation in the deposition mass and concentration of copper over time. (c) The extraction efficiency of copper during the electrochemical process. (d) The cell voltage of different electrodes during electrodeposition. 
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Figure 8. (a) Pilot apparatus of the simulation test. (b) Part of the sample used in the pilot test. (c) The variation in cell voltage during the electrochemical process. (d) The change in temperature during the electrochemical process. 
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Figure 9. Schematic diagram of treatment of wastewater containing copper ions. 
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Table 1. The binding energy of Pb 4f on each electrode.
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	Electrode
	Pb4+ 4f7/2/eV
	Pb4+ 4f5/2/eV
	Pb2+ 4f7/2/eV
	Pb2+ 4f5/2/eV





	Ti/Sb-SnO2/PbO2
	137.07
	141.79
	138.02
	142.70



	Ti/Sb-SnO2/WC-PbO2
	137.12
	141.94
	138.26
	143.22



	Ti/Sb-SnO2/Co3O4-PbO2
	137.14
	141.95
	137.89
	142.76



	Ti/Sb-SnO2/WC-Co3O4-PbO2
	137.13
	142.05
	138.10
	143.05
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Table 2. The binding energy of O 1s and its proportions on each electrode.
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	Electrode
	OL/eV
	OL/%
	Od-ad/eV
	Od-ad/%
	Os-ad/eV
	Os-ad/%





	Ti/Sb-SnO2/PbO2
	529.01
	27.69%
	531.01
	20.91%
	531.82
	29.56%



	Ti/Sb-SnO2/WC-PbO2
	529.25
	17.06%
	530.84
	64.53%
	532.83
	18.41%



	Ti/Sb-SnO2/Co3O4-PbO2
	529.15
	34.53%
	530.55
	54.72%
	532.77
	10.75%



	Ti/Sb-SnO2/WC-Co3O4-PbO2
	529.35
	21.16%
	530.67
	59.91%
	532.81
	18.93%
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