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Abstract

:

A lead acid battery is an old renewable battery that is usually discharged to deliver a high surge current to ignite a petrol-based engine. Nowadays, there are different improved versions of lead acid batteries that can deliver high energy densities with low maintenance costs. As the batteries are charged and discharged repeatedly over time, the amount of lead sulfate across the electrode plates grows, reducing the total surface areas of the plates and, thus, the rate of ionization between the electrolyte and the plate surfaces. The batteries then eventually come to the end of their service lives. Even with the improved versions, lead acid batteries are usually discarded at their retirement. However, if the retired batteries can be used for other purposes, the circular economy of the batteries can be improved significantly. It is therefore necessary to study the physical characteristics of the retired batteries and explore means of improving their charging and discharging capabilities. This paper presents research on improving the storage capability of retired lead acid batteries by applying different charging voltages across them. The results show that the electrode plates of the retired batteries become porous when a high charging voltage is applied, hence increasing the total surface area of the plate surfaces. The storage capability of the batteries is improved because the accumulated lead sulfate is removed from the electrode plates by the high charging voltage. As a result, the rate of ionization is increased, hence restoring the storing capability of the retired batteries to up to 71–89% of the original capacity rating.
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1. Introduction


Deep-cycle lead acid batteries are one of the most reliable, safe, and cost-effective types of rechargeable batteries used in petrol-based vehicles and stationary energy storage systems [1,2,3,4]. However, the rapid degradation of lead acid batteries is a weakness that leads many to opt for other battery technologies [5,6,7,8,9]. There are a few causes of the rapid degradation of lead acid batteries, including the corrosion of the positive grid [10] and the deformation or expansion of the grid, as well as sulfation and shedding of the active material of the cell plates due to electrolyte stratification, low electrolyte levels, or the batteries being idle for too long [11,12,13]. Sulfation can happen on both the positive and negative electrode plates [14,15,16,17]. If a battery has not been frequently discharged and charged or its electrolyte has been starved for an extended period, the remaining lead sulfate becomes crystallized, forming an insulated layer over the plate surfaces. The highly sulfated cell plate can lose its porous characteristics, reducing the contact surfaces between the plate and the electrolytes and resulting in inefficient ionization [15]. As a result, the battery internal resistance increases over time, reducing the charging and discharging capabilities of the battery. In addition, the deposition of lead sulfate is not even across the plate surfaces [18], causing an uneven distribution of current density across the plate during charging and discharging and thereby reducing the battery performance. When overcharging is too frequent, the plate can become deformed, bringing it into contact with adjacent plates and creating an internal short circuit or open circuit [19,20].



Some manufacturers use lead–antimony (Pb-Sb), lead–tin (Pb-Sn), or lead–tin–calcium (Pb-Sn-Ca) alloys instead of pure lead to improve the tensile strengths and the electrical conductivity of the grids [21,22,23]. However, Slavkov et al. [24] reported that doping lead anodes with either calcium (Ca) or tin (Sn) increases the corrosion rate as compared with pure lead anodes. Thomas et al. [25] claimed that the expansion of a positive grid caused by overcharging is a function of calcium content, which is a drawback of lead–calcium batteries. Lead–tin–calcium–samarium (Pb-Sn-Ca-Sm) [26] alloy has thus been used instead due to its low corrosion rate.



At present, the cost per watt-hour of lead acid batteries is probably the lowest among rechargeable batteries [11,27], which has prompted many to search for innovative solutions that involve either prolonging the lifespan of the batteries or resuscitating the retired lead acid batteries. Such solutions include modifying the grid materials, structures and active materials for the plates [28,29]. Furthermore, different charging methods, such as the pulse charging technique, have been developed to restore the performance of discarded lead acid batteries, as described in [12,30,31,32,33,34]. However, to obtain an effective pulse charging mechanism for lead acid batteries, the voltage, current, and frequency of the pulses must be controlled accurately [35]. Another contemporary method is the inverse charging approach developed by Karami and Asadi [36], which can improve the average recovery of battery performance to up to 80% of its nominal capacity. However, the inverse charging approach is ineffective for heavily sulfated batteries [37,38]. It has been shown that all the different charging techniques come with their limitations when resuscitating retired batteries. It is therefore necessary to carry out studies to establish the effects of high charging voltage on the lead sulfate of discarded batteries and to develop an appropriate charging voltage technique for restoring the charging capability of retired lead acid batteries.



This paper presents the effects of the conventional constant charging voltage of about 2.4 V across a cell of a retired lead acid battery. The results show that such a charging voltage was not able to restore the cell when lead sulfate was heavily deposited over the plate surfaces. However, when the charging voltage was greater than 2.4 V, the charging capability of the cell could be improved. This was because a charging voltage greater than 2.4 V per cell could effectively remove the lead sulfate from the plate surfaces, restoring the charging capability of the cell to up to 71% of its original energy content. Microscopic scans of the plate surfaces of new and retired cells showed the effects of different high charging voltages on the porous characteristics of the plate surfaces. As a result, the most appropriate voltage level that could effectively remove the lead sulfate from the plate surfaces was determined. This voltage level can be used as a point of reference for those who intend to revive any retired lead acid battery through the high charging voltage technique. This paper begins with a description of the experimental set up and procedure, which is followed by a discussion of the results and a conclusion.




2. Experimental Details


There were three cases in this experiment. The first case mainly involved the restoration of discarded lead acid cells using a conventional charging voltage of 2.4 V and their comparison with an identical new cell, aiming at investigating the charging effect of the conventional charging voltage in removing the accumulated lead sulfate from the cells. The second case involved restoring the discarded batteries using the proposed high charging voltages (greater than 2.4 V) in order to study the charging capability and charging response of the battery. The third case involved determining the most appropriate charging voltage for restoring retired batteries through the verification of the physical changes in the plate surfaces. Figure 1 shows a flow chart for the three cases.



2.1. Materials


The cells used in the first case were extracted from 12 V 3.5 Ah VRLA deep-cycle discarded batteries manufactured in 2017 that were retrieved from a UPS fire alarm system. An identical new cell with no cycling history was charged simultaneously with the discarded cells for comparison purposes.



The experiment in the second case was based on 30 units of a 12 V 7.2 Ah VRLA deep-cycle discarded battery manufactured in 2017 that was retrieved from a small industrial UPS system. These batteries were selected randomly, and the internal conditions were unknown.



The cells used in the third case were extracted from four 12 V 3.5 Ah VRLA deep-cycle discarded batteries manufactured in 2017 that were retrieved from the same UPS system as in case two. The electrolyte used for the cell tests was a sulfuric acid solution with a concentration of 32%, which was the lowest resistivity of the acid solution [39].




2.2. Experimental Setup


The charging of the batteries and cells was carried out using a PS-3010DF DC power supply manufactured by Long Wei Electric (Hong Kong, China). The discharging process was accomplished using a ZKE EBD-M05 electronic load (ZKETECH, Shanghai, China). All voltage parameters were measured using a Fluke 179 digital multi-meter (Fluke Everett, Washington, DC, USA). A CENTER 350 infrared thermometer (CENTER, New Taipei City, Taiwan) was used to measure the battery temperature during charging. An S-3400N scanning electron microscope from HITACHI (Tokyo, Japan) and an ERMA optical microscope (Erma Inc., Saitama, Japan) were used for the morphological studies of the cell plate surface.



The charging of the 1.2 Ah discarded cells was performed in a beaker with 160 mL of electrolyte. Spacers were used to prevent contact between the positive and negative plates. Each cell was composed of one positive plate and one negative plate with a clearance of 2.5 mm.




2.3. Procedure


In case one, the discarded cells and the new cell were charged at a conventional charging voltage (2.4 V) with a current set at 0.1 C. The charging scheme was a constant voltage followed by a constant current.



In cases two and three, the first charging period for the batteries and cells was 20 h. For the batteries with a stable charging response (the voltage-on-charge increased or decreased steadily without fluctuation) over the 20 h, charging was continued until they were fully charged. The change in battery temperature was recorded every 15 min during the process. Table 1 shows the charging parameters for the batteries and cells. The charging currents were set to 0.077 C to minimize the gassing effect and reduce the battery temperature during the charging process. As indicated in the table, each battery and cell were charged at one specified voltage.



Figure 2 illustrates the charging and discharging procedures for the batteries and cells charged at high charging voltages. The discharge capacity of the recovered batteries and cells was determined using a 5 h constant-current discharge rate and assessed two hours after the batteries or cells were fully charged. The cutoff voltages for the batteries and cells were set at 10.5 V and 1.75 V, respectively.





3. Results and Discussion


3.1. Case One: New and Discarded Cells Charged at 2.4 V


The charging results for the discarded cells charged at 2.4 V were compared with those for an identical new cell charged under the same conditions. Section 3.1.1 and Section 3.1.2 present the positive and negative cell plates, respectively.



3.1.1. Positive Plates


Figure 3 shows microscopic scans of the new and discarded positive cell plates before and after charging. Figure 3a shows a new plate surface before charging. It can be seen that the granular structure of the active material is crowded together, exhibiting a low-porosity character. Figure 3b shows the surface of the charged plate. It can be seen that the highly uneven surface of the plate was recovered after charging, increasing the porosity of the surfaces and facilitating the permeation of electrolytes into the inner part of the plate. Unlike the new plate, the uncharged discarded plate presented in Figure 3c showed a granular structure for the active material. Due to the long cycling history, the micropores of the plate were occupied by lead sulfate, which reduced the plate porosity. Figure 3d shows the charged discarded positive plate. The granular structure of the active material can be seen. However, the surface porosity was not as high as that of the charged new positive plate. Thus, charging a cell at a conventional charging voltage cannot recover the surface porosity of the positive plate.



During the charging of the cell, the positive plate underwent an oxidation process. It released electrons to dissociate the sulfate ions from the lead sulfate and restore the lead dioxide on the plate. Equation (1) shows how the electrochemical reaction occurred on the positive plate during the charging. However, for the highly sulfated cell plate, the resistance was relatively high. Therefore, the usual charging voltage of 2.4 V could not trigger this reaction effectively.


PbSO4 (s) + 2H2O (l) → PbO2 (s) + H2SO4 (aq) + 2H+ (aq) + 2e−



(1)







In order to investigate the effect of the charging on the chemical properties of the plates, the total concentrations of lead (Pb), sulfur (S), and oxygen (O) in the plate were analyzed before and after the cell was charged. Table 2 shows the energy-dispersive X-ray (EDX) results for the positive plates. It can be seen that, before the cell was charged, the initial sulfur component in the discarded positive plate was 14.10% wt, which was higher than the sulfur content of 11.89% wt in the new positive plate. After the cell was charged, the sulfur content in the discarded positive plate was 12.84% wt, which was higher than that of 6.21% wt in the new plate. This indicates that the charging process was no longer effective in eliminating the accumulated lead sulfate from the discarded positive plates.



It was noticed that, before the cell was charged, the lead content in the discarded plate was 71.40% wt, which was lower than that of 75.34% wt in the new plate. This was because of the high oxidation level caused by repeated charging during the cycle life of the retired cell. After the retired cell was charged, the lead content in the retired positive plate was reduced slightly from 71.40% wt to 71.03% wt. This indicated that oxidation was no longer effective in the retired cell during the charging process. This was mainly because the plate surface was no longer porous, hence reducing the rate of ionization between the electrolyte and the plate surface.




3.1.2. Negative Plates


Figure 4 shows the microscopic scans of the new and discarded negative plates before and after charging. Figure 4a shows the uncharged new negative plate with a low-porosity surface. However, this surface structure was changed after it was charged, as shown in Figure 4b, and the plate surface returned to being highly even. Figure 4c shows the uncharged discarded negative plate. The granular structure of the active material appeared to be dense. Compared to the charged plate shown in Figure 4d, there was no noticeable physical change. In other words, the plate did not provide porosity even after it was charged. As shown by the surface morphology study, the conventional charging voltage could not restore the surface porosity of discarded negative plates.



Equations (2) and (3) describe the chemical reaction in the negative plate during the charging process. The negative plate underwent a reduction process, receiving two electrons and dissociating the sulfate ion from the lead sulfate (Equation (2)). The sulfate ion further combined with the hydrogen ions in the electrolyte to form a sulfuric acid solution (Equation (3)). However, the resistance of heavily deposited and crystallized PbSO4 over the discarded negative plate can slow down the electrochemical transformations from PbSO4 to Pb and H2SO4.


PbSO4 (s) + 2e− → Pb (s) + SO42− (aq)



(2)






Pb (s) + SO42− (aq) + 2H+ (aq) → Pb (s) + H2SO4 (aq)



(3)







Table 3 shows the EDX results for the negative plates. The sulfur component of the new cell plate was reduced by 3.78% wt after it was charged. The sulfur content of the discarded negative plate was significantly higher than that of the new negative plate, indicating that PbSO4 was heavily deposited across the discarded negative plate. It can also be seen that the sulfur content in the discarded plate was only a little bit lower than that after the discarded plate was charged. Such a small reduction in sulfur content was due to the heavily deposited PbSO4, which slowed down the rate of ionization over the plate surface.



The increase in the lead content in the new cell from 79.92% wt to 86.47% wt was due to the effective conversion of lead sulfate to pure lead during the charging. It was noticed that the charging did not restore the lead content of the discarded plate effectively. This was because of the low rate of ionization in the discarded negative plate. The oxygen content in the discarded plate was reduced from 13.35% wt to 13.09% wt, indicating poor reduction of oxygen content in the negative plate during the charging. Thus, charging at a conventional charging voltage of 2.4 V per cell cannot effectively restore the chemical properties of discarded cell plates.





3.2. Case Two: Discarded Batteries


The charging results for the batteries are divided into two sections—Section 3.2.1 and Section 3.2.2—that discuss the failed and recovered batteries, respectively.



3.2.1. Charging Results for Failed Batteries


The failed batteries were categorized into three scenarios. Scenario 1 showed that batteries that were charged at 14.8 V and 15.2 V were returned to the same charging profiles and the batteries did not accept further charge. As shown in Figure 5, when the batteries were charged at 14.8 V, the current flowing through the batteries was measured and found to be very small throughout the charging process. This means that the internal resistance of the batteries was high and constant throughout the process. Charging voltages of both 14.8 V and 15.2 V were not able to revive the dead batteries at all.



In scenario two, the batteries were charged at 15.6 V and 16.0 V. In this scenario, the batteries exhibited a distinctive charging profile where the current flowing through the batteries increased gradually, as shown in Figure 6a. The current increased to a certain level and then remained at the constant value of 0.55 A, which showed that the batteries’ internal resistance dropped gradually. According to the anatomical analysis of the batteries shown in Figure 6b, some connections to the positive plates were broken due to corrosion. Nevertheless, the positive plates remained in contact with the lug with high contact resistance, allowing a small amount of current to flow through the crack when forced by a higher voltage. The contact resistance between the plates and the lug limited the current, resulting in the current being incapable of reaching the set value throughout the duration of charging. The broken connection between the electrode plates resulted in the sum of the cell voltages always being less than 12 V. As a result, batteries that were internally open-circuited were deemed irrecoverable and discarded.



In scenario 3, the batteries were charged at 15.6 V and 16.0 V. The batteries in this scenario could return to a different charging profile where the voltage-on-charge fluctuated during the charging. Figure 7a shows one of the sample batteries that were charged at 15.6 V. Driven by the high charging voltage, the current successfully reached the set value of 0.077 C (0.55 A). However, voltage fluctuation occurred in the second half of the constant-current stage. This was the stage at which the SOC and the battery voltage increased. During the voltage fluctuation, the battery temperature rose to 47 °C, which was 2 °C higher than the optimal operating range [40]. As can be seen in the anatomical image shown in Figure 7b, the deformed positive grids were in contact with the sulfated negative lug, which caused a partial short circuit in the respective cell. When forced by a higher voltage, the charging current intermittently flowed through the contact point and partially bypassed the cell, which caused the terminal voltage to drop. As the voltage dropped below the potential that could overcome the contact resistance, the current reverted to the original value. As a result, the cell operated as normal, and the SOC and battery voltage rose again. This phenomenon kept repeating, resulting in voltage fluctuations. Thus, this category of batteries with an internal short circuit was irrecoverable, and they should be discarded.



Table 4 summarizes the charging results for the failed batteries. Both 14.8 V and 15.2 V demonstrated the same charging profile, and a higher current could not be generated due to the high internal resistance of the batteries. On the other hand, 15.6 V and 16.0 V successfully overcame the batteries’ resistance and revealed the internal defects of the failed batteries.




3.2.2. Charging Results for Recovered Batteries


Table 5 shows the charging results for the recovered batteries. The charging currents of the batteries that were charged at 15.6 V and 16.0 V successfully reached the set value of 0.077 C. The charging profiles of these two voltage levels were identical, and the voltage-on-charge ran stably throughout the entire charging process and achieved the set voltage values when the batteries were fully charged. Unlike the failed batteries, the increase in battery temperature was suppressed, showing that no internal open circuit or short circuit existed. Figure 8 shows the charging profile of one of the recovered batteries that was charged at 15.6 V and achieved the anticipated outcome.



Figure 9 shows the discharge curves of the recovered battery before and after the restoration. The comparison shows that the discharge capacity of the recovered battery was apparently high after the charging process. Note that a 5 h discharge rate was applied for the load test, and the cutoff voltage was set at 10.5 V. The steep “droop” in voltage at the beginning of the discharging process was caused by the sudden engagement of a heavy load. The rebound reaction indicated that the ionization between the cell plates and the electrolyte was active and robust [41].



The discharge results for several recovered battery samples are summarized in Table 6. The highest discharge capacity recorded was 6440 mAh (or 89.4% of the original rating), and the Cf/Ci was 20.1. It is clear from Table 6 that the percentage of recovery was greater than 66.5%, which shows that the high charging voltage in the recovery of the discarded batteries affected by sulfation was efficient.





3.3. Case Three: Discarded Cells


3.3.1. Charging and Discharging Results for Recovered Cells


Figure 10 shows the charging response of one of the recovered cells charged at 2.6 V. In the first 14.5 h, the acceptance of charge gradually increased, indicating that the applied voltage level improved the ionization activity in the sulfated cells. Since the cell had no physical defects, the rise in cell temperature was solely caused by the charge transfer during the ionization process [40]. Therefore, the maximum temperature recorded was 31.1 °C.



Table 7 summarizes the charging and discharging results for the discarded cells. Note that 2.46 V and 2.53 V were unable to charge the cells effectively, and the charging currents did not increase during the charging process and remained stagnant at 0.01 A and 0.03 A, respectively. On the other hand, 2.6 V and 2.67 V successfully raised the currents to the set value, and the cells reached full charge. As shown by the results, the cells that were charged at these two voltage levels had their charging capabilities restored by shedding off the lead sulfate that was deposited on the plate surfaces. The discharge capacities of the recovered cells were 1112 mAh and 1134 mAh, respectively, which were 92.6% and 94.5% of their ratings. However, a 4 ml depletion of the electrolyte was observed with the cells charged at 2.67 V after the charging process. This indicates that the gassing level generated by the charging voltage was significant compared to the cell at 2.6 V. As a result, 2.67 V (or 16.0 V for a six-cell battery) was considered too high for the charging of lead acid batteries and cells.




3.3.2. Surface Morphology Study of the Recovered Cells


Figure 11 shows the surface morphologies of the positive and negative plates before and after charging. Figure 11a shows the surface of the uncharged positive plate that lost porosity due to sulfation. This surface morphology provided a limited surface area for electrochemical reactions. As a result, the cell’s charging capability and ability to store energy became very limited. Figure 11b shows the re-emerged rough surface on the fully charged positive plate. Details on the plate surfaces can be seen in the magnified SEM image, which shows the micropores present on the surface. Figure 11c shows the uncharged negative plate. There were no micropores apparent on the surface. Nevertheless, the plate surface returned to a high degree of roughness after being charged at a higher voltage, as shown in Figure 11d.



Table 8 shows the EDX results for the positive and negative plates before and after the charging process. Initially, the sulfur component in the positive plate was 14.37% wt, but it decreased to 11.07% wt after being charged. Similarly, the sulfur component in the negative plate was reduced from 15.78% wt to 6.25% wt. The reduction in the sulfur component indicated the removal of lead sulfate from the plates, which restored a higher lead content to the plates. The increase in the oxygen level in the charged positive plate indicated that the oxidation process took place effectively. In addition, the decrease in the oxygen level in the negative plate indicated a robust reduction process during the charging process.




3.3.3. Cycle Life Test


Recovered cells were used for the cycle life test and compared with a new cell with identical specifications. The charging voltage for the cycle life test was 2.4 V and the charging current was 0.1 C. The cut-off voltage was set at 1.75 V. Over 40 charge–discharge cycles, the discharge capacity value for the recovered cells remained close to that of the new cell in each iteration. Figure 12 shows the discharged capacities (Cd) of the new and recovered cells compared with the nominal capacity (Cn). The average discharged capacity of the recovered cells was 98.6% that of the new cell or 91.3% of its rated value. In the last cycle of the test, the recovered cells maintained their discharge capacity at 89% of the rated value, demonstrating the cells’ reliable durability. Note that the highest capacity ratio (Cd/Cn) for the new cell was 0.94 instead of 1.0 because a 5 h discharge rate was applied for the test [42,43]. This high discharge rate validated the discharge capability of the cell in providing a high discharge current after the restoration process.



A microscopic scan of the plate surfaces was performed to investigate the physical changes in the cell plates after the cycle life test in order to compare them with their initial state. Figure 13a shows the initial surface morphology of the positive plate. The micropores on the active material can clearly be seen. After the cycle life test, the surface was smoother than the initial condition, indicating a reduction in surface porosity. The highlighted areas shown in Figure 13b indicate a reduction in the surface porosity, as the surface was smoother than the initial state. A similar phenomenon was also observed for the negative plate. Figure 13c shows a negative plate before the cycle life test. However, Figure 13d shows that the granular structure of the active material appeared to be dense after the cycle life test, which decreased the surface porosity.



Regarding the structure stability, it was noticed that the surface structures of both the positive and negative plates were not stable because the structures became increasingly even or smooth as the testing progressed. The total surface areas of the plates were progressively reduced as the amount of deposited lead sulfate grew on the plate surfaces, causing a reduction in the plate porosity. With such a progressive change in the porosity, the battery gradually lost its ability to facilitate the exchange of electrons between the plates and the electrolyte.






4. Conclusions


The long-term accumulation of lead sulfate causes a decline in the storage capacity of lead acid batteries. Due to the poor electrical conductivity of lead sulfate, the conventional charging voltage cannot cope with the high resistance caused by lead sulfate. In this study, different high charging voltages were used to examine the effects on the charging capability of discarded batteries. According to the experiment results, 15.2 V and below could not overcome the internal resistance of the discarded batteries. However, 15.6 V and 16.0 V were effective in recovering the charging capability and restoring the capacity of the batteries. Higher charging voltages can be used to determine the internal condition and possibility of reuse of discarded batteries without dismantling them in advance. Recovered battery cells charged at 2.67 V produced a high gassing rate that depleted 4 mL of the electrolyte after 20 h of charging. Such a reaction can also result in the shedding of active materials from the cell plate, which shortens the battery’s shelf life. However, 2.6 V was found to be efficient in restoring the charging capability of sulfated cells, returning the non-porous cell plate to a porous state. The porosity facilitates the permeation of the electrolyte into the inner parts of the plates and promotes robust ionization, which can result in a high discharge capacity and reliable durability. In conclusion, this paper demonstrates that high charging voltage can restore the charging capabilities of discarded lead acid batteries. As a result, their working life can be extended before the end-of-life of the batteries.
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Figure 1. Experimental procedures for discarded cells and batteries. 
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Figure 2. Charging and discharging procedures for case two and case three. 
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Figure 3. Microscopic scans of new positive plates (a,b), and discarded positive plates (c,d) before and after charging at 2.4 V. 
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[image: Energies 16 01598 g003]







[image: Energies 16 01598 g004 550] 





Figure 4. Microscopic scans of new negative plates (a,b) and discarded negative plates (c,d) before and after charging at 2.4 V. 
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Figure 5. Scenario one: charging profile of failed batteries that did not accept charge when being charged at 14.8 V. 
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Figure 6. Scenario two: (a) charging profile of the open-circuited batteries when charging at 15.6 V; (b) broken connections between lug and plates. 
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Figure 7. Scenario three: (a) charging response of the short-circuited batteries when charging at 15.6 V; (b) an expanded positive grid short with the negative lug. 
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Figure 8. The charging profile demonstrated by the recovered batteries. 
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Figure 9. Five-hour discharge curves of one of the recovered batteries. 
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Figure 10. Charging response of the recovered cell (charged at 2.6 V). 
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Figure 11. Microscopic scans of the recovered positive (a,b) and negative plates (c,d) before and after recovery. 
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Figure 12. Discharged capacities of new cell and recovered cell during the 40 cycles of testing. 
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Figure 13. Microscopic scans of the positive (a,b) and negative plates (c,d) before and after the cycle life test. 
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Table 1. Charging voltages and currents set in the experiments.
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Charging Voltage (V)

	
Set Current




	
Batteries

	
Cells






	
14.8

	
2.46

	
0.077 C




	
15.2

	
2.53

	
0.077 C




	
15.6

	
2.60

	
0.077 C




	
16.0

	
2.67

	
0.077 C
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Table 2. EDX analysis of new and discarded positive plates before and after charging.
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Description

	
Components (% wt)




	
Pb

	
S

	
O






	
New positive plate before charging

	
75.34

	
11.89

	
12.77




	
New positive plate after charging

	
80.55

	
06.21

	
13.24




	
Discarded positive plate before charging

	
71.40

	
14.10

	
14.50




	
Discarded positive plate after charging

	
71.03

	
12.84

	
16.13
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Table 3. EDX analysis of new and discarded negative plates before and after charging.
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Description

	
Components (% wt)




	
Pb

	
S

	
O






	
New negative plate before charging

	
79.92

	
07.44

	
12.64




	
New negative plate after charging

	
86.47

	
03.66

	
09.87




	
Discarded negative plate before charging

	
77.76

	
08.89

	
13.35




	
Discarded negative plate after charging

	
78.20

	
08.71

	
13.09
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Table 4. Charging results for the failed batteries charged at high charging voltages.
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Scenario

	
Charging Voltage (V)

	
Max. Recorded

Current C (A)

	
Results




	
Battery Temp. at 20th h (°C)

	
Charging Response

	
Open Circuit Voltage (V)






	
1

	
14.8

	
0.003 C (0.02 A)

	
28.0

	
No acceptance of charge

	
<12




	
1

	
15.2

	
0.013 C (0.09 A)

	
28.3

	
No acceptance of charge

	
<12




	
2

	
15.6

	
0.067 C (0.48 A)

	
34.2

	
Voltage-on-charge was stable

	
<12




	
3

	
15.6

	
0.077 C (0.55 A)

	
47.0

	
Voltage fluctuated between 12.6 and 15.3 V

	
>12




	
2

	
16.0

	
0.071 C (0.51 A)

	
34.9

	
Voltage-on-charge was stable

	
<12




	
3

	
16.0

	
0.077 C (0.55 A)

	
47.0

	
Voltage fluctuated between 12.6 and 15.1 V

	
>12











[image: Table] 





Table 5. Charging results for the recovered batteries charged at high charging voltages.
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Charging Voltage (V)

	
Max. Recorded

Current C (A)

	
Results




	
Battery Temp. at 20th h (°C)

	
Charging Response

	
Open Circuit Voltage (V)






	
15.6

	
0.077 C (0.55 A)

	
32.3

	
Voltage-on-charge achieved 15.6 V

	
>12




	
16.0

	
0.077 C (0.55 A)

	
33.1

	
Voltage-on-charge achieved 16.0 V

	
>12
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Table 6. Discharged capacities for the recovered batteries before and after charging.
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Battery No.

	
Charging Voltage (V)

	
Discharge Capacity (mAh)

	
Cf/Ci

	
% of Recovery




	
Before (Ci)

	
After (Cf)






	
1

	
15.6

	
320

	
6440

	
20.1

	
85.0




	
2

	
15.6

	
401

	
6289

	
15.7

	
81.8




	
3

	
15.6

	
386

	
5856

	
15.2

	
76.2




	
4

	
15.6

	
343

	
5128

	
15.0

	
66.5




	
5

	
16.0

	
690

	
5709

	
8.3

	
69.7
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Table 7. Charging and discharging results for discarded cells.






Table 7. Charging and discharging results for discarded cells.





	
Charging Voltage (V)

	
Maximum Current (A)

	
Electrolyte (mL)

	
Results




	
Before Charge

	
After Charge

	
Charging Response

	
5 h Discharge

Capacity (mAh)






	
2.46

	
0.01

	
160

	
160

	
No acceptance of charge

	
--




	
2.53

	
0.03

	
160

	
160

	
No acceptance of charge

	
18




	
2.60

	
0.09 (0.077 C)

	
160

	
160

	
Fully charged

	
1112




	
2.67

	
0.09 (0.077 C)

	
160

	
156

	
Fully charged

	
1134
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Table 8. EDX analysis of positive and negative plates before and after charging.
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Sample

	
Components (% wt)




	
Pb

	
S

	
O






	
Positive plate before charging

	
70.12

	
14.37

	
15.51




	
Positive plate after charging

	
71.10

	
11.07

	
17.83




	
Negative plate before charging

	
65.85

	
15.78

	
18.37




	
Negative plate after charging

	
83.67

	
06.25

	
10.08
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