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This comprehensive review examines the enduring relevance and technological advancements in lead-acid battery (LAB) systems despite competition from lithium-ion batteries. LABs, characterized by their extensive commercial application since the 19th century, boast a high recycling rate. They are commonly used in large-scale energy storage and as backup sources in various applications. This study delves into the primary challenges facing LABs, notably their short cycle life, and the mechanisms underlying capacity decline, such as sulfation, grid corrosion, and positive active material (PAM) degradation. We present an in-depth analysis of various material-based interventions, including active material expanders, grid alloying, and electrolyte additives, designed to mitigate these aging mechanisms. These interventions include using barium sulfate and carbon additives to reduce sulfation, implementing lead-calcium-tin alloys for grid stability, and incorporating boric and phosphoric acids in electrolytes for enhanced performance. In contrast, operation-based strategies focus on optimizing battery management during operation. These include modifying charging algorithms, employing desulfation techniques, and integrating novel approaches such as reflex and electroacoustic charging. The latter, a promising technique, involves using sound waves to enhance the electrochemical processes and potentially prolong the cycle life of LABs. Initial findings suggest that electroacoustic charging could revitalize interest in LAB technology, offering a sustainable and economically viable option for renewable energy storage. The review evaluates the techno-economic implications of improved LAB cycle life, particularly in renewable energy storage. It underscores the potential of extending LAB cycle life through material and operation-based strategies, including the innovative application of electroacoustic charging, to enhance the competitiveness of LABs in the evolving energy storage market.
Keywords: lead acid batteries, cycle life, electroacoustic charging, levelized cost of storage, renewable energy storage
1 INTRODUCTION
The lead-acid battery (LAB) system is a mature technology with a broad scope of commercial applications that has existed since the 19th century. It is currently deployed in both large-scale, such as energy storage modules for power grids, as well as in small-scale applications, such as backup sources in uninterrupted power supplies and engine starters for both hybrid electric and internal combustion-engine vehicles, to name a few (Rydh, 1999; Matteson and Williams, 2015; Rand and Moseley, 2015; Yang et al., 2017; Kim et al., 2018; Lopes and Stamenkovic, 2020; Kebede et al., 2021). Moreover, the recycling rate of used LAB units can be as high as 99%, making it the only rechargeable battery technology that is close to a circular economy (Lopes and Stamenkovic, 2020; Zhang et al., 2022). Although mature, LAB technology has been considered a “dead end” in product development, disincentivizing further scientific inquiry. Also, portability and lead toxicity issues contributed to the push away from LAB systems, motivating the quest for alternative chemistries that eventually catapulted the broad acceptance of the lithium-ion battery (LiB) as a versatile technology in today’s mobility-dominated economy. Notwithstanding these advances in LiB and emerging rechargeable battery chemistries, the LAB system retains its lion’s share of the market. This status is primarily due to the abundant and inexpensive raw materials and ease of manufacturing and recycling of LAB systems.
The main setback of the LAB system is its short cycle life. On average, LAB units are replaced every 3–6 years (or about 150–200 cycles for a 100 Ah LAB cycled at 100% depth of discharge (Hutchinson, 2004)), and the short-term usages prompt frequent replacements that incur additional operation costs. The brief cycle life primarily results from the capacity decline due to the combined effects of different damage and aging mechanisms affecting the essential LAB components (i.e., positive and negative electrodes, current collector, and electrolyte). These deterioration mechanisms include irreversible sulfation, positive grid corrosion, positive active material (PAM) degradation, dehydration, thermal runaway, electrolyte stratification, internal short circuits, and mechanical damages (Catherino et al., 2004; Ruetschi, 2004; Kelly and Galgana, 2009; Shi et al., 2013; Yang et al., 2017). Among these mechanisms, hard or irreversible sulfation, PAM degradation, and positive grid corrosion were identified as primary failure modes (Yang et al., 2017). Most of the listed problems are related to or contribute to the cause of one or more of the identified failure mechanisms (Guo et al., 2007; Shi et al., 2013; Gandhi, 2020).
This work presents a comprehensive review of various techniques utilized to address the abbreviated cycle life of the lead acid system, coupled with insights into the potential application of electroacoustic charging to prolong cycle life. Electroacoustic charging falls under operation-based methods devised to intervene in the cell’s natural progression towards its end of life.
The review begins by delving into the intricacies of the LAB operation, specifically, the charge-discharge process and its correlation with failure modes and related aging mechanisms. In subsequent discussions, attention is directed towards the diverse array of methods devised to mitigate the effects of aging, thereby extending cycle life. These interventions are bifurcated into two principal categories: material-based and operation-based approaches.
Material-based methodologies are targeted techniques principally designed to tackle specific aging mechanisms through chemical or electrochemical means, often involving modification of the cell components’ composition. Usually performed offline, these techniques frequently address multiple aging mechanisms concurrently, employing tools such as active material expanders and electrolyte additives (Bullock, 1979; Shiomi et al., 1997; Vermesan et al., 2004; Vanýsek et al., 2020; Wu et al., 2020).
On the flip side, operation-based strategies employ a blend of electrochemistry and electromechanical engineering to address a single issue and simultaneously counteract multiple aging mechanisms. As their name suggests, these strategies are conducted during battery operation and include varied charging strategies aimed at desulfation and capacity restoration, as well as passive maintenance for optimal charge-discharge operation (Shi et al., 2013; Mizumoto et al., 2018; Lavety et al., 2020; Singh et al., 2021; Tao et al., 2021). The discussion will focus on the significant advancements in LAB technology while addressing the inherent challenges and limitations of these approaches.
Under the banner of operation-based approaches, the discussion explores the emerging literature on a novel ultrasound-based technique for extending cycle life. Initially noted for enhancing the cycle life of lithium-metal (Li-metal) batteries, proponents suggest this method maintains a chemistry-agnostic disposition, showing promise for incorporation into other battery chemistries utilizing liquid electrolytes (Huang et al., 2020). Preliminary evidence from ongoing research offers a proof of concept regarding this technique’s potential to ameliorate the LAB systems’ cycle life performance. Such exploration might invigorate interest in LAB technology, fostering renewed research vigor in this established domain. The discourse will weigh the repercussions of extended LAB cycle life through succinct economic feasibility analysis, spotlighting the levelized cost of storage and profitability metrics. The examination will critique the present status of LABs in renewable energy storage applications, contrasting it with the standing of LiBs, currently the favored battery technology for renewable energy integration.
A significant focus of this review is the potential application of electroacoustic charging in extending the cycle life of LABs. Initially studied in lithium-metal batteries, this novel approach employs sound waves to influence electrochemical processes, showing promise in enhancing LAB efficiency. The review discusses the economic implications of these technological advancements, particularly in renewable energy storage, where extended battery life could significantly impact energy systems’ economic feasibility and environmental sustainability.
2 LAB CHARGE-DISCHARGE PROCESS AND FAILURE MODES
2.1 Sulfation mechanisms
Irreversible sulfation is frequently implicated in battery failure, wherein lead sulfate (PbSO₄) irreversibly accumulates on the electrodes. Given its detrimental impacts on battery longevity, the issue of sulfation has naturally been the subject of numerous investigations. This section delves into the underpinning mechanisms and contributory factors leading to this undesirable phenomenon, with a comprehensive examination of the half-cell and overall reactions, as denoted in Eq. s 1–3 (Archdale and Harrison, 1972; Weininger, 1974; Pavlov, 2011). Unraveling these underlying processes intends to illuminate potential strategies and interventions to prevent premature battery failure resulting from irreversible sulfation. A holistic understanding of these principles could thus pave the way towards more resilient and long-lasting battery systems.
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During discharge, an oxidation process is observed to affect lead (Pb), or the negative active material (NAM), while lead dioxide (PbO₂), or the positive active material (PAM), undergoes a corresponding reduction process. The electrochemical dissolution of these active materials gives rise to Pb2⁺ ions. In the battery’s environment, these ions readily interact with free SO₄2⁻ anions to form PbSO₄ crystals, which precipitate onto the surfaces of the electrodes. Concurrently, the discharge reaction occurring at the PAM generates water, leading to the dilution of the electrolyte (Takehara, 2000; Pavlov et al., 2004). These interlinked processes, central to the operation of lead-acid batteries, are depicted in Figure 1. Illustrating these complex reactions aims to furnish deeper insight into the operation of the LAB system and the associated emergent challenges.
[image: Figure 1]FIGURE 1 | Depiction of the charge-discharge cycle in a lead-acid battery, illustrating the material alterations concurrent with electrochemical reactions on an electrode grid fiber’s surface (Lopes and Stamenkovic, 2020).
The charge-discharge process within the lead-acid cell, characterized by dissolution-precipitation, forms PbSO₄ crystals within the active material. Von Weimarn’s rule suggests that the size of PbSO₄ crystals increases as the initial Pb2⁺ supersaturation decreases. Experiments on PbO₂ and Pb electrodes show the influential role of acid concentration in modulating Pb2⁺ supersaturation, as demonstrated in Figure 2 (left) (Takehara and Kanamura, 1984; Baird et al., 1999). High Pb2⁺ supersaturation leads to faster nucleation than growth, producing tiny PbSO₄ crystals, while the opposite occurs at low Pb2⁺ supersaturation, generating large PbSO₄ crystals, as displayed in Figure 2 (right) (Kanamura and Takehara, 1992).
[image: Figure 2]FIGURE 2 | Influence of Pb2⁺ supersaturation on the PbSO₄ crystal size. The H₂SO₄ concentration affects Pb2⁺ supersaturation (left). Scanning electron micrographs showcase the electrode surface post-discharge of PbO₂ at 2.5 mA/cm2 under varying H₂SO₄ concentrations (Takehara, 2000).
PbSO₄ nucleation can also transpire in non-polarized environments. Research shows spontaneous PbSO₄ nucleation on an initially polarized Pb electrode upon switching the electrode potential to an open circuit due to a favorable corrosion mechanism at low pH (Knehr et al., 2014). A chemical-recrystallization model describes PbSO₄ crystals forming during the dissolution-precipitation step, then recrystallizing via Ostwald ripening as Pb2⁺ ions release into the electrolyte (Yamaguchi et al., 2000). This recrystallization accounts for why discharged cells left idle risk irreversible sulfation. Additionally, large PbSO₄ crystals form on the PAM surface after extended low C-rate discharge (Jin et al., 2017).
The dissolution-precipitation mechanism is also applicable during charging. PbSO₄ crystals on the electrodes dissolve in diluted H₂SO₄, releasing Pb2⁺ ions, which then migrate into the active sites within the electrodes. Subsequently, a charge transfer process ensues, reforming Pb on the negative electrode and Pb⁴⁺ on the positive electrode (Pavlov et al., 2004; Pavlov, 2011). However, despite the theoretical reversibility of charge-discharge reactions in the lead-acid cell, several studies have reported incomplete reconversion of PbSO₄ during charging (Takehara and Kanamura, 1984; Takehara, 2000; Pavlov et al., 2004; Yang et al., 2017; Broda and Inzelt, 2020). This results in residual PbSO₄ accumulation, driving irreversible sulfation.
The inherent properties of PbSO₄, an ionic crystal with poor solubility and electronic conductivity, contribute to the inefficiencies of the charging process. Few Pb2⁺ ions are generated, which hampers charge and mass transfer—additionally, charging in aqueous electrolytes results in gassing reactions, which consume the charge intended for the recovery of active materials. Consequently, a portion of the PbSO₄ deposit remains unreacted despite sufficient charge (Takehara, 2000; Gandhi, 2020). For charging to be efficient, a large flux of Pb2⁺ ions is needed to maintain a high reaction rate, and these ions must reach the active sites within the electrode bulk for charge transfer to proceed.
In lead-acid cells, sulfation and utilization of active materials differ between positive and negative electrodes, as demonstrated by higher PbSO₄ volume and uneven reaction rates in the negative electrode (Gandhi, 2020) (Figure 3). Electrolyte concentration discrepancies are observed near the electrodes post-charge and discharge (Gandhi, 2020). An in-operando study revealed a higher concentration gradient and reaction rate near the positive electrode (Takamatsu et al., 2020). Differing sulfation behavior and unique bilayer film compositions in both electrodes further complexify the system (D alkaine et al., 2009). Despite thermodynamic concerns, PbO’s presence in H₂SO₄ has been proposed (Pavlov, 2011). Electrolyte stratification leads to sulfation variance across the cell’s vertical profile, with prominent stratification during charging (Takamatsu et al., 2020). Two stratification-induced sulfation mechanisms have been introduced (Guo et al., 2007), as well as disparities in hydrogen and oxygen evolution during charging (Pavlov and Pashmakova, 1987; Zhang et al., 2010; Gandhi, 2020). Understanding these complexities is vital for the advancement of lead-acid battery technology.
[image: Figure 3]FIGURE 3 | Variation of PbSO₄ volume fraction with respect to position at discharge termination. The dotted line at the top (left) illustrates the volume fraction at critical conversion. Acid concentration’s spatial profile at the culmination of 2nd, 82nd, and 103rd cycles. The upper three curves represent the charging phase, while the lower three signify the discharge phase (right) (Guo et al., 2007).
2.2 PAM degradation
The negative lead electrode’s propensity for irreversible sulfation, a fundamental failure mode, has been well-established in previous sections (Pavlov et al., 2004; Zhang et al., 2010; Spanos et al., 2016). However, the positive electrode also undergoes a failure process, leading to premature capacity loss, a broad term encompassing the physicochemical phenomena leading to degradation, softening, shedding, or sludging of the PAM, or issues with the metallic grid (Ruetschi, 2004; Jin et al., 2017; Yang et al., 2017; Zhang et al., 2017; Hossain et al., 2020).
The fundamental PAM structure, illustrated in Figure 4 (left), is composed of PbO₂ particles that coalesce into agglomerates, forming micro-porous branches, which link together to create the macro-porous PAM skeleton (Pavlov et al., 1989; Dimitrov and Pavlov, 2001; Ruetschi, 2004; Yang et al., 2017). With progressive battery cycling, the PAM structure experiences degradation and eventual collapse due to the stress acquired from extensive volume changes of the active mass (Pavlov and Bashtavelova, 1986; Yang et al., 2017).
[image: Figure 4]FIGURE 4 | Fundamental structural components of the positive active mass (left) (Dimitrov and Pavlov, 2001). Illustration of a positive electrode featuring a deteriorated PAM structure (right) (Ruetschi, 2004).
Studies by Pavlov and Bashtavelova have documented a decrease in the apparent density of various PAM samples following battery cycling, attributed to an increase in total pore volume (Pavlov and Bashtavelova, 1986; Yang et al., 2017). Similarly, Chang reported significant structural changes in the PAM from its as-cured state to its failed state, noting the considerable reduction in the density of PAM, from 9.81 g/cm³ post-formation stage to 6.75 g/cm³ upon cell failure after 126 cycles (Chang, 1984).
Critical to the PAM structure are different PbO₂ phases, with α-PbO₂ aggregates providing mechanical support and β-PbO₂ crystallites serving as the capacity carrier. While α-PbO₂ is less involved in cycling due to its poor electrochemical activity, β-PbO₂, although prone to shedding, is vital for carrying capacity (Pavlov and Bashtavelova, 1986; Pavlov et al., 1989; Egan et al., 2011; Yang et al., 2017). Ball et al.'s research on the proportions of α-PbO₂ and β-PbO₂ in PAM samples from spent LAB units underpins the importance of this balance (Bullock and Tiedemann, 1980; Ball et al., 2002a).
Pavlov et al. have also determined that maintaining an H₂SO₄ concentration above 1.5 M (1.095 s.g.) during discharge is crucial to preventing excessive PAM shedding (Pavlov, 1992; Pavlov et al., 2004). This research contributes to a deeper understanding of PAM behavior under operational conditions, elucidating the importance of physicochemical properties in determining the life cycle and reliability of lead-acid batteries.
Lead-acid battery PAM, composed of PbO₂ in crystalline or gel form, creates an interconnected micro-porous structure (Pavlov et al., 1989; Dimitrov and Pavlov, 2001; Ruetschi, 2004; Yang et al., 2017) (Figure 4). Degradation occurs as the structure collapses under volume changes, notably reducing PAM density and increasing pore volume (Pavlov and Bashtavelova, 1986; Pavlov et al., 1989; Dimitrov and Pavlov, 2001; Ruetschi, 2004; Yang et al., 2017). Chang’s study describes the PAM structure’s weakening, with prominent pores (size scales >50 µm) increasing in numbers (Chang, 1984). PAM comprises different PbO₂ phases, each contributing to its mechanical stability and capacity (Pavlov and Bashtavelova, 1986; Pavlov et al., 1989; Egan et al., 2011; Yang et al., 2017). Changes in the proportions of α-PbO₂ and β-PbO₂ phases depend on the cell’s state and the acidity during charging, affecting crystal formation and redox processes. Understanding these complexities aids in enhancing lead-acid battery efficiency and durability.
2.3 Positive grid corrosion
LAB failure, particularly at the positive electrode, can also be associated with excessive grid corrosion. The electrode’s metallic grid, a composition of Pb and alloying elements, is crucial for the positive plate’s electron conduction and mechanical stability. However, corrosion is an anticipated phenomenon, given the grid’s acidic environment (Catherino et al., 2004; Ruetschi, 2004; Yang et al., 2017). An image of a deteriorated positive grid caused by extensive corrosion is depicted in Figure 5 (left). In this case, corrosion consumes the metal, causing the collapse of the active mass–a condition that leads to irreversible battery failure (Catherino et al., 2004; Ruetschi, 2004; Yang et al., 2017).
[image: Figure 5]FIGURE 5 | Degraded positive grid of a starter lead-acid battery (LAB) (left) (Ruetschi, 2004). Micrographic cross-sectional view of a buffed positive electrode, with the corrosion layer demarcated by red dashed lines (right) (Ball et al., 2002b).
An intriguing aspect of this corrosion process is the formation of a protective layer during battery cycling, which serves to passivate the grid surface, thereby curbing the corrosion rate. Figure 5 (right) illustrates a typical corrosion layer at the interface between the PAM and the metallic grid (Ball et al., 2002b; Ruetschi, 2004; Yang et al., 2017). The corrosion layer’s inception commences during the curing stage of active materials, subsequently thickening as the battery continues to cycle.
The fundamental corrosion reaction typically transforms the metallic Pb within the grid into PbO₂ (Eqs. 4–6). The corrosion layer, composed of PbO and PbO₂, significantly impacts the LAB’s efficiency and longevity. This layer, which thickens in cells undergoing numerous cycles or overcharging, hinders electron flow from the PAM to the grid, diminishing battery capacity. This effect is pronounced in reduced-capacity cells, where quicker charging accelerates corrosion layer growth (Ball et al., 2002a). Unrestrained, the corrosion process can progressively consume the grid, leading to a condition known as grid corrosion failure. Here, the grid’s cross-sectional area shrinks to the point where it can no longer support the mechanical load of the PAM, leading to the detachment of the active material from the grid (Catherino et al., 2004; Ruetschi, 2004; Yang et al., 2017).
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The phenomenon of oxygen evolution, a process that typically ensues when a cell is overcharged, offers significant insight into the degradation mechanisms of lead-acid batteries. During this process, oxygen atoms diffuse into the metallic grid and react with the Pb component, forming PbO (Pavlov, 1995; Ball et al., 2002b; Ruetschi, 2004). With sustained overcharging, the formed PbO further reacts with the evolved oxygen, forming other lead-oxide phases.
The stoichiometry of the resultant corrosion layer is determined by the relative rate of these reactions and the available oxygen concentration. Notably, the corrosion layer composition varies across the layer’s thickness. It has been proposed that the region of the layer closer to the grid exhibits a nominal composition of PbOn, where n ranges from 1 to 1.5. This nominal composition suggests a non-stoichiometric or mixed-valent state of lead oxide, which indicates a lower oxygen concentration near the metallic grid (Pavlov, 1995; Ball et al., 2002b; Ruetschi, 2004).
In stark contrast, the layer region nearer to the PAM is predominantly characterized by stoichiometric PbO₂. This observation is attributed to the higher concentrations of oxygen that occur farther from the grid, promoting the formation of PbO₂ (Pavlov, 1995; Ball et al., 2002b; Ruetschi, 2004).
In many instances, the failure of lead-acid batteries can be attributed to grid corrosion, a factor critically explored by various authors. Ball et al. conducted a comparative study of physicochemical differences between grids extracted from “good” and “bad” cells, focusing primarily on the thickness of the corrosion layers (Ball et al., 2002a). No excessive thickening was observed in the “good” cells, in contrast to the “bad” cells that exhibited significant growth of the corrosion layer. Interestingly, this exponential growth mainly occurred towards the end of the cell’s life. The growth rate of the corrosion layer is influenced by the number of battery cycles and is particularly accelerated in cells with reduced capacity. While overcharging is a crucial factor in forming this layer, its thickening is also a result of cumulative damage from repeated cycling. Consequently, the thickness of the corrosion layer is not solely linked to the duration of voercharge but also to the frequency of battery cycles and the condition of the cells, with more pronounced effects in cells of diminished capacity. Notably, “bad” cells, which possess reduced capacity and are easily charged, tend to overcharge for extended periods, leading to more oxygen evolution and accelerated corrosion (Ball et al., 2002a).
Subsequent studies further emphasized the role of electrolyte concentration in grid corrosion. Lander’s study discovered an increase in grid corrosion rate with decreasing H₂SO₄ concentration, indicating a relationship between electrolyte dilution, water content, and the prevalence of different lead oxide phases in the resultant corrosion layer (Lander, 1956; Yang et al., 2017). In a similar vein, Li et al. reported improved corrosion resistance of Pb-Sn alloy grids in more concentrated H₂SO₄, with these alloys producing less oxygen during cycling (Li et al., 2011). However, the corrosion layer formed in diluted H₂SO₄ showed higher electrical conductivity (Li et al., 2011).
Additionally, the nature of the corrosion layer’s PbO₂ polymorphs holds significance for battery performance. Among these, α-PbO₂, a superior electron conductor favored in less acidic environments, is preferred over β-PbO₂, given its mechanical strength and adhesive properties (Bullock and Tiedemann, 1980; Shiomi et al., 2003). High acid concentrations near the grid, resulting in a corrosion layer primarily composed of β-PbO₂, increase the likelihood of premature capacity loss (Shiomi et al., 2003).
Furthermore, processes like self-discharge at an open circuit and the creation of cracks and pores within the corrosion layer can harm battery performance (Ball et al., 2002b; Culpin and Rand, 1991; Ruetschi, 2004). When the layer’s PbO thickness surpasses a critical value, the grid becomes resistive, driving further self-discharge and the formation of PbSO₄ crystals. These crystals can create stress-induced pores and cracks that may allow the electrolyte to react with the grid and even lead to an “interface layer effect, ” significantly decreasing battery capacity (Dimitrov and Pavlov, 2001; Shiomi et al., 2003).
Given these observations, controlling the thickness of the corrosion layer emerges as a key to preserving the electrode’s current-carrying capability and preventing grid degradation. Other influential factors include operational parameters like temperature and electrode potential and grid characteristics such as microstructure and composition (Lander, 1956; Bullock and Tiedemann, 1980; Shiomi et al., 2003; Li et al., 2011). Hence, understanding and mitigating grid corrosion is critical for improving lead-acid battery lifespan and performance.
The methods known about alloying to mitigate grid corrosion are provided in Section 3.2.
3 PROLONGING CYCLE LIFE BY MATERIAL-BASED INTERVENTION
In the preceding section, the potential mechanisms leading to battery failure were explored, explicitly focusing on irreversible sulfation affecting the negative electrode, alongside PAM degradation and grid corrosion impacting the positive electrode. The focus now shifts to a range of innovative methods devised to enhance the performance of LAB components. These strategies are conceived to counteract or delay capacity loss, thereby deferring the onset of battery failure. Understanding and addressing these critical facets of LAB longevity pave the way toward achieving more sustainable and durable energy storage solutions.
3.1 Active material expanders
3.1.1 NAM expanders
Battery failure triggered by irreversible sulfation of the NAM has led to the implementation of additives, commonly termed “expanders.” One of the pioneer expanders employed to delay this irreversible sulfation was barium sulfate (BaSO₄). When distributed within the NAM matrix, BaSO₄ crystals act as alternative sites for PbSO₄ to crystallize (Willihnganz, 1947). This intriguing behavior was explored by Vermian et al., who embedded BaSO₄ particles onto the surface of a Pb electrode and examined the sulfation dynamics using atomic force microscopy and potential sweep techniques. Their findings confirmed that, due to isomorphism, PbSO₄ crystals preferentially grow on BaSO₄ seeds (Vermesan et al., 2004). Crucially, they discovered that BaSO₄ addition could counterbalance the overpotential required for PbSO₄ nucleation, although the specific concentration and particle size of BaSO₄ seeds remained undisclosed. Further investigation by Pavlov et al. delved into the role of BaSO₄ in NAM sulfation, indicating that voltammetric data from the NAM/BaSO₄ composite demonstrated improved reversibility of charge-discharge reactions compared to bare NAM (Figure 6) (Vermesan et al., 2004).
[image: Figure 6]FIGURE 6 | Voltammetric curves for Pb and (Pb + BaSO4) electrodes immersed in H2SO4. A charge ratio approaching one for the (Pb + BaSO4) electrode suggests enhanced reversibility of sulfation (Pavlov et al., 2010).
It was hypothesized that BaSO₄ nuclei attract Pb2⁺ ions during discharge, mitigating the formation of a continuous PbSO₄ layer; for optimal cycle life, 1.0 wt% BaSO₄ was advised to be added to precursor paste (Pavlov et al., 2010). Further, nano-sized BaSO₄ incorporated into NAM revealed a porous matrix that enhanced ionic transport compared to micron-sized BaSO₄ (Hosseini et al., 2019).
Moreover, lignin, a soluble polymer, improves accumulator terminal voltage and resists passivation in deep-cycle cells (Vanýsek et al., 2020). The absence of lignin, previously introduced via wooden separators, shortened cycle life due to irreversible sulfation (Pavlov, 2011). Lignin dissolved in H₂SO₄ was found to inhibit the average size increase of PbSO₄ crystals during the initial discharge phase, maintaining a high electrode surface area (Knehr et al., 2015).
Indulin AT, a commercial lignin product, presented mixed results when applied to NAM. It resulted in tiny PbSO₄ crystals enabling ion penetration but exhibiting gradual dissolution during charging (Vanýsek et al., 2020). Nevertheless, the enhanced capacity and improved NAM utilization from lignin use outweighed these drawbacks (Hirai et al., 2009; Pavlov et al., 2010).
Finally, as an additive, carbon increases discharged cell conductivity and reduces sulfation effects. It forms a conductive matrix along PbSO₄ crystals, enhancing the reduction rate and mitigating PbSO₄ accumulation, as depicted in Figure 7 (Shiomi et al., 1997; Kumar et al., 2014; Swogger et al., 2014; Yeung et al., 2015; Banerjee et al., 2016; Banerjee et al., 2017; Lach et al., 2019; Mithin Kumar et al., 2019; Yin et al., 2020; Yin et al., 2021). Research endeavors have focused on integrating carbon into NAMs to develop enhanced LABs, commonly referred to as lead-carbon batteries (LCBs). This advancement in battery technology has been comprehensively examined in existing scholarly reviews (Mahadik et al., 2023).
[image: Figure 7]FIGURE 7 | The introduction of carbon to the NAM is posited to accelerate the PbSO₄ reduction process by creating a conductive network that enhances charge movement (Shiomi et al., 1997).
Yeung et al. reported a 140% performance boost in lead-acid batteries under partial state of charge (PSoC) cycling upon adding 0.2 wt% graphene to the negative active material (NAM) (Yeung et al., 2015). SEM images showed 25% smaller PbSO₄ crystals with improved charge mobility in Pb/graphene samples, enhancing PbSO₄ formation reversibility, consistent with other carbon additive studies (Shiomi et al., 1997; Kumar et al., 2014; Swogger et al., 2014; Banerjee et al., 2016; Banerjee et al., 2017; Lach et al., 2019; Mithin Kumar et al., 2019; Shen et al., 2021). In a related study, Thong et al. employed a PSoC-based methodology to evaluate the performance of carbon-coated NAMs, revealing enhanced cycle durability compared to traditional LABs (Thong et al., 2023).
Utilizing hierarchical porous carbon (HPC) with macro- (>50 nm) and meso- (2–50 nm) pores can further enhance carbon incorporation. HPC facilitates ionic transport and increases active surface area for Pb deposition and PbSO₄ dissolution, improving reduction onset and PSoC cycle stability (Yin et al., 2020; Shen et al., 2021). However, it was observed that carbon additives can catalyze hydrogen evolution, thus requiring measures to mitigate this effect for optimal performance (Yin et al., 2020; Shen et al., 2021).
In addition, oxygen functionalization of carbon additives could reduce NAM sulfation. Surface oxygen defects lead to homogeneous Pb nucleation on carbon, enhancing kinetics and redox reversibility and curbing hydrogen evolution rates (Yin et al., 2020; Shen et al., 2021; Yin et al., 2021). Nevertheless, the effects of carbon addition on hydrogen evolution and water loss are still debated in the literature, emphasizing the need for comprehensive measures to suppress hydrogen evolution (Yin et al., 2020; Shen et al., 2021; Yin et al., 2021).
3.1.2 PAM expanders
Due to its outstanding physical properties and resilience under highly acidic conditions, carbon has been widely exploited as a NAM expander. Particularly in the context of the positive electrode, where structural degradation is a prevalent failure mechanism, carbon additives chiefly function as structural support (Ball et al., 2003; Ponraj et al., 2009; Yang et al., 2017; Lach et al., 2019; Mandal et al., 2021). Additionally, forming interconnected pores upon carbon incorporation can foster effective electrolyte diffusion. Such channels bridge isolated PbO₂ to the grid, enhancing material utilization and conversion (Ball et al., 2003; Ponraj et al., 2009; Yang et al., 2017; Lach et al., 2019; Mandal et al., 2021).
Interestingly, incorporating 0.25 wt% carbon fiber into red-lead-based PAM resulted in a 20% capacity surge at elevated discharge rates. SEM imaging of cycled plates synthesized with carbon revealed the existence of large cavities with embedded fibers (Ball et al., 2003; Hao et al., 2018; Mandal et al., 2021). These open channels permit electrolyte accessibility to the active material that might otherwise have been forfeited due to PbSO₄ deposition. Remarkably, despite cyclic swelling and contraction, the porous architecture of the PAM is preserved, a testament to the support provided by the carbon fibers. The increased pore rigidity helps bolster the PAM, delaying its softening.
Furthermore, carbon enhances charge transport and distributes the charge uniformly across the current collecting grid, thereby lessening the corrosion rate by mitigating excessive load (Ball et al., 2003; Hao et al., 2018; Mandal et al., 2021). In the realm of LCBs, ongoing challenges are presented by the oxidative characteristics of the PAM, thereby highlighting the necessity for grid materials with enhanced corrosion resistance. Recent progress in this domain has been marked by incorporating carbon mesh within electrode grids, a development that has notably augmented conductivity and longevity (Mahadik et al., 2023).
Similar strengthening effects were reported for PAM synthesized with Bi additives (Lam et al., 1999). A study by Yang et al. employed the simultaneous addition of Sb₂O₃ and SnO₂ to the PAM (Lam et al., 1999; Chahmana et al., 2009; Yang et al., 2018). The inclusion of Sb₂O₃ aimed to promote the coalescence of PbO₂ (McGregor, 1996), reducing the likelihood of softening and shedding. At the same time, incorporating SnO₂ was designed to increase the hydrated zones within the PAM, thereby amplifying the electrochemical activity of the cell (Lam et al., 1999; Chahmana et al., 2009; Yang et al., 2018).
3.2 Grid alloying
Using Pb as grid material for positive electrodes has extended the lifecycle of Planté cells, but higher temperatures in modern VRLA batteries can expedite corrosion (Berndt and Nijhawan, 1976; Prengaman, 1995; Prengaman, 2001; Yang et al., 2017). Pb-Sb alloys offer rechargeability and stable discharge, but Sb migration can lead to water loss and premature capacity loss (Prengaman, 1995; Prengaman, 2001). Pb-Ca alloys improve mechanical properties but have limited applications due to spontaneous corrosion when in contact with PAM (Prengaman, 1995). Other elements, including Sb, Sn, and As, can potentially reduce corrosion rates (Lam et al., 1994; Prengaman, 1995; Yang et al., 2017). Incorporation of Sn into Pb-Ca systems enhances recovery from deep discharge and corrosion stability, but the brittle corrosion product may require further mechanical reinforcement (Prengaman, 2001; Rocca et al., 2006). Adding Ba into Pb-Ca-Sn increases grid hardness but reduces electrochemical activity (Burashnikova et al., 2013) (Figure 8). Further research is needed to balance these effects for optimal battery performance.
[image: Figure 8]FIGURE 8 | Cyclic voltammetry of positive electrodes employing Pb-Ca-Sn-Ba grids with differential Ba content. Incorporation of Ba raises the oxygen overpotential, though diminished redox currents suggest a decrease in electrochemical activity (Burashnikova et al., 2013).
3.3 Electrolyte additives
During battery charging, side reactions such as water decomposition, leading to irreversible sulfation and grid corrosion, can occur (Pavlov et al., 2004; Yang et al., 2017; Wu et al., 2020). Mitigation strategies involve active material expanders, grid dopants, and electrolyte additives (Bullock, 1979; Yang et al., 2017). Boric acid (H₃BO₃), an additive, curtails hydrogen evolution from Pb in H₂SO₄ and enhances PbSO₄ conversion, although ineffective for reducing oxygen evolution (Wu et al., 2020). Higher H₃BO₃ concentrations improve PAM kinetics and lower self-discharge (Burashnikova et al., 2013). Phosphoric acid (H₃PO₄) enhances oxygen evolution overpotential and reduces PbO₂ size, aiding in extended cycle life but decreasing capacity due to fine PbSO₄ crystal formation (Bullock and McClelland, 1977; Bullock, 1979; Sternberg et al., 1987; Garche et al., 1991; Meissner, 1997). Sodium sulfate (Na₂SO₄) limits dendritic Pb structures and hydrogen evolution and marginally prolongs cycle life (Ferreira, 2001; Weighall, 2003; Karimi et al., 2006; Karami et al., 2010; Yu et al., 2013; Zeng et al., 2015). Organic surfactants, like sodium dodecyl sulfate (SDS), have also shown promise in reducing PbSO₄ concentration and extending cycle life under PSoC conditions (Francia et al., 2001; Khayat Ghavami et al., 2016). These studies underscore the need for continued research into electrolyte additives for battery performance optimization.
4 PROLONGING CYCLE LIFE BY OPERATION-BASED INTERVENTIONS
Aside from material-based strategies, the extension of battery cycle life can also be realized through operation-based modifications. Unlike the former, which necessitates the engineering of cell components and a deep understanding of battery chemistry, operation-based interventions can be implemented in-operando or post-battery failure. These primarily aim to defer the effects of aging mechanisms through effective battery management, acknowledging that operational parameters can contribute to the emergence of these issues (Yang et al., 2017).
Operation-based interventions often involve altering charging algorithms tailored to optimize battery performance and lifespan. Modifying charging algorithms not only regulates the state of charge (SoC), depth of discharge (DoD), and charging rate but can also potentially mitigate detrimental side reactions and processes such as corrosion, gas evolution, and sulfation (Bullock, 1979; Wu et al., 2020).
In addition to adjusting charging algorithms, desulfation methods are another critical facet of operation-based interventions. As sulfation is a significant factor causing premature capacity loss in lead-acid batteries, strategic desulfation can restore battery capacity and extend the battery life (Sternberg et al., 1987; Badawy and El-Egamy, 1995; Burashnikova et al., 2013). Various techniques, including pulse charging and applying high-voltage shocks, have been explored to promote the conversion of solid PbSO₄ back into its active forms, effectively reversing the sulfation process (Francia et al., 2001; Khayat Ghavami et al., 2016).
4.1 LAB charging algorithms
Desulfation, encompassing techniques designed to reverse sulfation, primarily involves modifications of typical charging algorithms, given that sulfation reversal occurs during charging. Traditional LAB charging generally employs either a constant current (CC), constant voltage (CV), or a combination of both, known as the constant current-constant voltage (CC-CV) strategy (Figure 9).
[image: Figure 9]FIGURE 9 | Common charging approaches for LAB: charging via constant current (left), through constant voltage (center), and by constant current-constant voltage charging method (right). The solid line illustrates the charging parameter input, whereas the dashed line signifies the subsequent cell response.
CC and CV charging are widely utilized due to their simplicity. However, CC charging is generally limited to smaller currents to avoid overheating. Furthermore, not all PbSO₄ is converted due to voltage restrictions, resulting in a decrease in the reactivity of the regenerated active material. On the other hand, CV charging effectively prevents excessive heating, but it lacks the convective mixing necessary to recover capacity loss due to electrolyte stratification. Both methods necessitate prolonged charging periods to recover a substantial amount of active material (Yamashita and Matsumaru, 1988; Hua and Lin, 2000; Catherino et al., 2004; Knehr et al., 2014; Serhan and Ahmed, 2018; Lavety et al., 2020).
A combination of CC and CV charging strategies, the CC-CV or two-step charging method, is often utilized to maximize charge acceptance and reverse sulfation from the preceding discharge. The first phase of this method involves CC charging until a preset voltage, typically ranging from 2.3 to 2.45 V per cell, is achieved. The bulk of the charge is resupplied during this phase. The second phase involves CV charging, where the cell is maintained at the preset voltage until the current reaches saturation, indicating a fully charged state. This CV phase plays a pivotal role in the CC-CV charging process, and the duration of this stage substantially affects charge acceptance. The cell should remain at the float voltage long enough to maximize active material recovery, but a balance must be struck to minimize water loss and gas evolution. Other factors influencing charge acceptance during CC-CV charging include the end-of-charge potential, charging current, length of the CV phase, and DoD (Hua and Lin, 2000; Catherino et al., 2004; Sauer et al., 2007; Kujundžić et al., 2017; Franke and Kowal, 2018; Serhan and Ahmed, 2018; Lavety et al., 2020). Despite its advantages, the CC-CV charging strategy also inherits the extensive charging periods characteristic of both CC and CV methods.
The strategy of pulsed charging has also been proposed for LAB maintenance. This approach diverges from conventional charging strategies that continuously apply charging parameters. Instead, pulsed charging employs periodic high currents with specific waveforms, as depicted in Figure 11 (left). Applying high current induces a high instantaneous voltage, which promotes rapid recovery and random nucleation of active material. The short duration of these pulses hinders excessive growth of active material, with successive pulses inducing nucleation. A relaxation period is included to facilitate internal electrolyte neutralization and double-layer overpotential dissipation (Hua and Lin, 2000; Cheung et al., 2006; James et al., 2006; Lavety et al., 2020).
Reflex charging is a variant of the pulsed charging technique and includes a negative pulse in addition to the positive pulse and relaxation interval. This waveform resembles that illustrated in Figure 11 (right). The negative pulse helps to alleviate the polarization problem common to LABs. A previous patent proposed that negative pulses contribute to forming tiny, round, active material crystals. These crystals demonstrate better chemical activity than regular crystals (Podrazhansky and Popp, 1994; Bizhani et al., 2021).
An electro-thermal model was used to compare the charging performance of CC-CV, pulsed, and reflex charging strategies on a 12 V/50 Ah LAB, and regarding charging time, pulsed and reflex charging strategies achieved 100% SoC more rapidly than CC-CV charging. Although this finding is consistent with most patent claims, it introduces the trade-off of excessive heating, which negatively impacts battery health (Burkett and Bigbee, 1971; Podrazhansky and Popp, 1989; Ookita, 1999; Dykeman, 2005; Bizhani et al., 2021). Overheating issues can often be mitigated by adjusting the pulse width of the waveform (James et al., 2006; Singh and Karandikar, 2017; Lavety et al., 2020). A study conducted by James et al. reported improved capacity in relatively new submarine-grade lead acid twin-cells that had previously failed factory acceptance tests. They developed a charging device capable of delivering adjustable positive and negative pulses, demonstrating that pulsed charging equalized and enhanced the twin cells’ capacity, seemingly reducing gas evolution during subsequent charging stages. However, this technique proved less effective on older cells (4–5 years old), indicating that in some instances, sulfation becomes permanent (James et al., 2006).
Mizumoto et al. trialed a combination of on-off constant current charging and large, short discharge pulses to restore the capacity of degraded starter and deep-cycle batteries. This charging strategy is similar to reflex charging but with intermittent application of the discharge pulse. The implementation of this strategy resulted in successful capacity recovery for the starter battery, evidenced by a cold cranking ampere and discharge time comparable to those of a new unit. In contrast, a starter battery charged using conventional CV had less than half the discharge time. Employing on-off current charging increases the likelihood of returning the battery to near-new condition when the battery has not exceeded 3 years of use and has never been over-discharged to less than 10.2 V. For deep-cycle batteries, this recovery method is only effective for batteries up to 3 years old, with a maximum recovery of 80%–90% of the original discharge time (Mizumoto et al., 2018).
A technique referred to as inverse charging was also proposed, aiming to recover the capacity of electrodes that have already failed due to irreversible sulfation. This technique leverages the fact that the reduced form of PbSO₄ (R-PbSO₄) is more electrochemically active than its oxidized form (O-PbSO₄). Although inverse charging is not a unique algorithm, it can act as an intermediary process before full recharge. The inverse charging scheme initially converts O-PbSO₄ to PbO₂, which is then reduced to form R-PbSO₄. Since this phase is electrochemically active, the final recharge step to recover Pb is facilitated (Karami et al., 2009; Zhang et al., 2010; Zhang et al., 2011; Spanos et al., 2016). This technique was first demonstrated by Yamamoto et al., who used a three-electrode setup and confirmed its effectiveness in reactivating passivated Pb (Yamamoto et al., 1996).
Karami et al. applied inverse charging to fully sulfated flooded batteries, showing that 80%–90% of the nominal capacity could be recovered after a full recharge, depending on the approach used for inverse charging (CC, CV, or pulsed current). Scanning electron microscope (SEM) images revealed that after inverse charging, large PbSO₄ crystals from both electrodes were dissolved, resulting in an increased surface area and discharge capacity. Zhang et al. and Spanos et al. corroborated the beneficial effects of inverse charging in their independent studies, with Spanos et al. observing that grid composition influenced the efficacy of the process. Positive grids containing tin (Sn) suffered significant capacity loss, presumably due to Sn dissolution and loss of active material connectivity (Karami et al., 2009; Zhang et al., 2010; Spanos et al., 2016).
4.2 LAB charging with active feedback sensing
Degradation in battery capacity is often driven by a complex interplay of aging mechanisms that can co-occur, overlap, or follow sequentially. By monitoring specific parameters during the charging process, the state of health (SoH) can be estimated, and the active aging mechanisms can be identified. The cell’s response can also discern the limiting cells involved and adjust the charging parameters accordingly.
Shi et al. employed a pressure-sensing approach for desulfating and remedying a valve-regulated lead acid battery. Transducer sensors were fitted to individual cell compartments to measure voltage and gauge pressure during operation. The desulfation algorithm developed employs a pressure feedback mechanism in which the charging current is adjusted based on the internal pressure of the cell. The concept behind this strategy is to apply the maximum charging current to convert PbSO₄ within a tolerable pressure range that prevents water loss and gas evolution. The desulfation algorithm partially reverses capacity loss, suggesting that irreversible sulfation was not the sole aging mechanism at play. Nevertheless, the diagnostic step accurately identified irreversible sulfation as the leading cause of capacity loss (Shi et al., 2013).
Tao et al. utilized a resonance method for non-invasive sulfation diagnosis and simultaneous capacity restoration. This technique is predicated on the relationship between electric capacitance and sulfation. While battery capacitance is essentially constant, progressive sulfation will cause changes in the relative dielectric constant, altering the system’s frequency response. The resonance method diagnoses the state of sulfation by measuring the resonance frequency from the break frequency and comparing this with analytical results derived from electrochemical impedance spectroscopy. This same resonance frequency is then used for subsequent restoration. In their study, Tao et al. selected three classes of batteries with differing sulfation states for restoration. The resonance method resulted in an overall decrease in capacitive impedance and a partial increase in capacity. Subsequent analysis of the samples revealed significant changes in the active material morphology, as illustrated in Figure 10. Before restoration, a dense layer of sulfation comprised of smooth and large particles occupied the surface. Application of the resonance method resulted in a reduction in particle size and the restoration of the porous structure of the active material (Tao et al., 2021).
[image: Figure 10]FIGURE 10 | Optical (A,C) and SEM (B,D) images of a retired battery pre (A,B) and post (C,D) desulfation via the resonance method. The implementation of the resonance method led to a decrease in the particle size of the active material (Tao et al., 2021).
4.3 Passive battery management
Restoration methodologies only sometimes yield successful results, mainly when irreversible sulfation is not the only aging mechanism at work. Some of the studies referenced above recovered only a fraction of the capacity despite the application of proposed techniques. Passive solutions such as a robust battery management system for appropriate charging and discharging are crucial to effectively mitigate premature battery failure and prolong cycle life (James et al., 2006; Karami et al., 2009; Zhang et al., 2010; Shi et al., 2013; Tao et al., 2021).
Singh et al. suggested a hybrid energy storage system (HESS) that consists of the LAB and an auxiliary ultracapacitor linked to a bidirectional DC-DC converter. The proposed charging control aims to balance battery temperature and charging rate. A charge controller maintains the SoC within 20% and 80%. Moreover, a power management controller modulates power flow based on the load drive cycle. The demand requirement and voltage regulation are optimized using a Fractional-Order-Proportional-Integral-Derivative algorithm. Depending on the feedback from the rule-based strategy, a pulse width modulator sends signals to the bidirectional DC-DC converter. If the battery is overcharged, the ultracapacitor stores the surplus energy. This system circumvents deep discharge and prevents peak load demand by maintaining a balance between the battery temperature and charging rate. Simulations showed that the proposed method effectively maintained constant voltage, temperature, and current output. This battery management system proficiently computes the charging and discharging profiles based on the power cost assessment of the algorithm, thus reducing the risk of water decomposition and PbSO₄ agglomeration (Singh et al., 2021).
Lavety et al. (2020) employed a temperature feedback mechanism to implement temperature-regulated pulsed (TRPC) and reflex charging (TRRC) strategies. In both TRPC and TRRC, a reference temperature range is used to decide the charging strategy. In TRPC, as shown in Figure 11 (left), the battery temperature, Tbat, may fall into two categories. If Tbat lies within the prescribed range, a constant current is supplied to charge the battery. If Tbat > Tmax during charging, the current is switched to zero until Tbat < Tmin. This protocol is repeated until a preset SoC is reached; at this point, charging is switched to CV mode. For TRRC, as shown in Figure 11 (right), an additional reference point, maximum discharge temperature (Tdis), is provided, and Tbat may fall into one of three categories. Between Tmin and Tmax, a constant current is supplied. Current is supplied to an input capacitor between Tmax and Tdis. Above Tdis, the current is switched to zero to allow the battery to cool. This cycle is repeated until the battery reaches 95% SoC (Lavety et al., 2020). As shown in Supplementary Table S1, TRPC and TRRC resulted in more charge deposition, less heating, and overall, less SoH decay compared to the reference CC-CV charging (Lavety et al., 2020).
[image: Figure 11]FIGURE 11 | Thermal-regulated pulsed (left) and reflex (right) charging patterns. These charging schemes use the temperature of the battery to determine the input variables (Lavety et al., 2020).
Tomantschger proposed an air-lift pump system to mitigate electrolyte stratification, a primary factor in irreversible sulfation (Tomantschger, 1984). Air pulses were introduced via Teflon tubes to agitate the electrolyte. This strategy enhanced battery discharge energy at temperatures above 20°C and halved charging time, resulting in less water loss and gas evolution (Figure 12, left). However, the added energy needed for the pump decreased efficiency slightly, and the system significantly improved cycle life (Figure 12, right), highlighting the importance of innovative strategies to address complex aging mechanisms in lead-acid batteries (Tomantschger, 1984).
[image: Figure 12]FIGURE 12 | Illustration of the modified flooded-LAB design (left). The supplemental air lift pump enhances acid movement, leading to improved capacity exploitation and extended cycle lifespan (right) (Tomantschger, 1984).
5 ULTRASOUND AS A POTENTIAL CANDIDATE FOR LAB CYCLE LIFE IMPROVEMENT
Building on Tomantschger’s research, which observed improvements in cycle life upon agitation of the battery, an alternate method of introducing vibration through sound waves has been proposed. A patent issued to Kelly and Galgana (Kelly and Galgana, 2009) suggests integrating a device capable of producing mechanical vibrations into the LAB. The concept hinges on preventing covalent bonding between the chemical reaction products and the LAB matrix by mechanical excitations. As a result, this method reportedly enhances the LAB’s chemical-to-electrical energy conversion process, thereby significantly improving energy performance. However, despite its intriguing premise, this proposal needs a scientific framework to substantiate the claims.
Recently, the application of acoustic waves to prolong the cycle life has been demonstrated in Li-metal batteries (LMB). Huang et al. integrated a surface acoustic wave (SAW) device into a pouch cell sample to facilitate electrolyte streaming during charging, as shown in Figure 13A (Huang et al., 2020). Experiments involving constant current deposition revealed a more uniform voltage profile when SAW was activated, compared to a continuous voltage drop observed during Li deposition without SAW. This profile suggests that acoustic streaming fosters uniform Li deposition, a finding corroborated by subsequent imaging experiments that revealed a thin, dense, and dendrite-free layer.
[image: Figure 13]FIGURE 13 | An illustrative progression of acoustic streaming’s effect on LMB behavior is shown: (A) Suggested diagram of acoustic streaming in an LMB, facilitated by a Surface Acoustic Wave (SAW) device. (B) In the absence of acoustic streaming, irregular Li ion concentration occurs, leading to the formation of dendrites. (C) Acoustic streaming aids in maintaining a homogeneous Li ion concentration, thereby ensuring Li deposition free of dendrites (Huang et al., 2020).
Simulation results in Figures 13B, C indicate that acoustic streaming decreases Li concentration gradients in the electrolyte, promoting uniform Li deposition. A comparison of the cycle performance between control and SAW-LMB revealed similar capacity and charge retention at C-rates less than 1C. However, the performance of the control cell deteriorated significantly at C-rates above 1C, with the discrepancy becoming more apparent as the C-rate increased. The stability of the SAW-LMB was also reflected in the charge-discharge voltage profiles, with only a 10% increase in polarization voltage observed between cycles 10 and 200. This stability indicates that Li dendrite formation and ‘dead’ Li are less prevalent when acoustic waves are applied during charging. By promoting uniform Li deposition and inhibiting early dendritic growth, even when the cell operates near its limiting current density, SAW-driven flow significantly enhances the performance of the LMB. Overall, the improved performance of SAW-LMB can be attributed to the enhancement of Li-ion transport facilitated by acoustic streaming (Huang et al., 2020).
An essential claim made by Huang et al. is the chemistry-agnostic nature of their methodology (Huang et al., 2020), suggesting that the technique could be adapted to various battery chemistries that employ liquid electrolytes. Within the context of lead-acid systems, ultrasound or general acoustic waves have thus far been limited to characterizing the SoC or SoH (Swoboda et al., 1983; Liu and Li, 2012; Guillet et al., 2021). As of yet, only a few studies have reported on the impact of ultrasound-driven flow on the cycle life of LABs (Kasumzade, 2020; Juanico, 2022; Peng, 2022).
An electroacoustic charging method described in a patent application by Juanico (2022) resulted in a notable increase (of at least 20%) in LAB cycle life, echoing the “charge coup de fouet” (CCdF) observed in prior experiments (Delaille et al., 2006). Delaille et al. (2006) linked this phenomenon to mass transport effects, possibly due to a rise in the bisulfate ion (HSO4−) concentration in pores partially obstructed by PbSO4 crystals from prior discharge, rather than PbSO4 resistance as previously postulated. Notably, while CCdF was not evident during the initial charge cycle following full discharge in these experiments, the electroacoustic charging consistently exhibited CCdF-like behavior. Separate strategies presented by Kasumzade (2020) and later supported by Peng (2022) employed inertial acoustic cavitation to disrupt pore obstructions through the explosive effect of cavitation bubbles. The maintenance of the LAB electrode structure without degradation due to the intense pressures from such bubble bursts remains uncertain. Alternatively, electroacoustic charging uses non-inertial cavitation to adjust pore pressure distribution on electrode surfaces, facilitating HSO4− pore penetration, as hypothesized by Delaille et al., thereby stalling degradation from PbSO4 pore blockage.
The data indicate that incorporating acoustic energy during electroacoustic charging augments the cell’s capacity to uptake an electrical charge, optimizing its charge capacity (Juanico, 2022). Such augmentation may slow the cell’s aging, prolonging its life cycle. Pending studies aim to explore the foundational processes governing the interplay between sound and cell electrochemistry throughout the charging phase, with a specific interest in fine-tuning sound wave delivery to cell compartments.
Promising results indicate that electroacoustic charging may serve as a viable method to extend the cycle life of lead-acid cells. This improvement can be realized without material-based methods to enhance the cell’s electrochemical properties or adopting other operation techniques relying on active feedback sensing (as covered in Section 4.2). The sole prerequisite for this enhancement is additional energy input via sound. Subsequent cycling analyses revealed no overt signs of grid corrosion (Juanico, 2022), such as an eroded electrode grid or its segments (elaborated in Section 2.3).
Ultrasound appears to play a pivotal role in extending the cycle life of lead-acid cells by influencing key electrochemical processes. It is hypothesized that the application of ultrasound induces a phenomenon akin to CCdF (Delaille et al., 2006), which lowers the cell’s potential for extended periods, thereby mitigating the rapid thickening of the corrosion layer. This lower potential is crucial as it slows down one of the primary degradation pathways in these cells (Ball et al., 2002a). Further, ultrasound augments electrochemical reactions within the cell, effectively delaying the onset of sulfation, a major cause of cell failure. Notably, introducing sound waves results in a controlled increase in temperature, which stays within safe limits, ensuring the integrity of the cell components. This temperature rise, likely related to the propagation of pressure waves, does not risk boiling the electrolyte or displacing active material from the electrode grid.
Moreover, these pressure waves, characterized by patterns of compression and rarefaction, seem to modify the pore pressure distribution on the electrode surfaces. As per the insights from patent application WO 2022/191721 (Juanico, 2022), this alteration enhances the permeation of electrolyte ions into the electrode matrix, increasing the likelihood of interaction with electrons from the current input. This enhanced interaction could elucidate the improvement in cell capacity utilization, leading to an extended cycle life. In essence, a process similar to sonoporation may occur on the electrode surfaces, allowing a transient yet significant influx of penetrating ions, a critical factor in the enhanced capacity utilization of the electrodes.
It can be inferred that enhancements in cycle life attributed to electroacoustic charging in individual lead-acid cells can translate to larger assemblies comprising multiple cells (Kasumzade, 2020; Juanico, 2022; Peng, 2022). This observation broadens the implications of integrating electroacoustic charging technology into LABs in expansive renewable energy storage systems. An extended cycle life in such batteries could amplify the lifespan and economic feasibility of renewable energy storage mechanisms. These preliminary insights underscore the imperative for ongoing research to confirm the scalability of benefits from electroacoustic charging in multicell LAB configurations and to evaluate the prospects for broader adoption of this technology within renewable energy storage infrastructure.
6 OUTLOOK FOR LAB WITH ELECTROACOUSTIC CHARGING
Sound-assisted battery operation can significantly enhance the cycle life of flooded LABs. This technology can be integrated straightforwardly into stationary flooded LABs (Juanico, 2022), especially in renewable energy (RE) storage applications. This assertion is validated by a techno-economic analysis, considering the profitability and levelized cost of flooded LABs with extended cycle life, informed by pertinent data from existing literature. This comparison is made in a best-case scenario for lithium-ion batteries (LiBs), the most extensively deployed battery type in RE storage systems. The optimistic assumptions underpinning this analysis include a storage cost of $100/kWh (Hsieh et al., 2019), situated at the lower threshold of projections for the year 2045 (Cole et al., 2021), coupled with a recycling rate of 8% — double the prevailing average rate (Bae and Kim, 2021). These optimistic assumptions serve as a buffer in the analysis in anticipation of advancements in LiB technology research and development that will effectively reduce costs and significantly enhance recyclability before 2030. This scenario contrasts with the baseline and improved flooded LABs, showcasing varying degrees of prolonged cycle life.
The comparative evaluation hinges on two pivotal metrics: the levelized cost of storage (LCOS) and the profitability index (PI). The LCOS and PI are derived from the net present value of discounted monetary and energy values. LCOS represents the ratio of the total discounted cost to the total discounted electricity generated over the lifetime of the RE project (El Fathi and Outzourhit, 2018; Killer et al., 2020; Steckel et al., 2021). Conversely, PI embodies the revenue aspect of the project, denoting the ratio of the net present value of discounted cash flows to the initial capital investment. In this framework, revenues comprise electricity sales and carbon incentives, with the latter being defined by the value of carbon emissions from fossil fuels averted through substitution with RE. Although LCOS is a prevalent tool in evaluating the feasibility of energy projects, it offers a partial view of viability by solely focusing on the cost component. PI furnishes a broader view by additionally considering the revenue facet. Therefore, both metrics are presented to delineate the distinctions between the baseline and improved flooded LABs compared to the most optimistic LiB scenario for RE storage.
This analysis (see Supplementary Material for detailed calculations) involves a 50-MW solar PV facility that has been operational for 20 years and is expected to harness sunlight for approximately 6 h daily. This sunlight duration is typical for tropical countries, such as the Philippines. The cost model considers nighttime energy demands to be half of daily energy requirements. Any unmet demand during nighttime, not fulfilled by the battery reserves, is covered by coal-powered generation. The assumption holds that all batteries undergo replacement upon reaching their respective end of life (EOL)–dictated by the established assumptions, manifests as 8 years for LiBs (Steckel et al., 2021) and spans 5, 6, 7.5, and 9 years for baseline (Dhundhara et al., 2018), 20%, 50%, and 80%-improved flooded-LAB, respectively.
With a 95% recycling rate, the EOL recycling cost for LABs translates to $0.64/kWh, whereas for LiBs, with an 8% recycling rate, it amounts to an exorbitant $472/kWh. The target storage cost for LiBs is assumed to be $100/kWh (Hsieh et al., 2019), whereas flooded LABs are considered at the high end of their current price, $245/kWh (May et al., 2018). Each 10% increase in LAB cycle life nudges this price by an additional 1%. Despite these numbers, the EOL costs favor flooded LABs due to their high recycling rates. For simplicity, the annual operational expense is set to be $21.90/kW, regardless of battery type, a value that is consistent with literature estimates considering capacity fade (Steckel et al., 2021). This value equates to a daily operational cost of approximately $10/MWh for a storage system with a 6-h capacity operating 365 calendar days a year. The carbon benefits are applied consistently across LiBs and flooded LABs based on the latest estimates of the social cost of carbon (Hänsel et al., 2020).
Utilizing LCOS parameters from literature sources (Supplementary Table S2), a decline in LCOS (US$/MWh) is observed with increased harvested PV electricity stored in batteries, as illustrated in Figure 14A. Within the 40%–60% range of PV electricity stored in batteries, LCOS fluctuates between $200 and $300/MWh, aligning with published LCOS estimates for second-life (Steckel et al., 2021) and new LiBs (Jülch, 2016; Killer et al., 2020; Oliveira et al., 2021) as well as flooded-LABs (El Fathi and Outzourhit, 2018) in energy storage applications. The detail in Figure 14A emphasizes that a modest 20% extension of LAB cycle life could render it competitive with optimistic projections for LiBs. Moreover, an elevation to an 80% extension in LAB cycle life does not foster a substantial LCOS improvement compared to a 50% extension, indicating a phenomenon of diminishing returns.
[image: Figure 14]FIGURE 14 | Depicting the financial impacts of improved battery longevity, the figure demonstrates: (A) the trend in the Levelized Cost of Storage (LCOS), and (B) the Profitability Index in relation to the percentage of harvested energy stored in Lithium-Ion Battery (LiB), flooded Lead-Acid Battery (fLAB), and an envisioned fLAB enhanced by 20%, 50%, and 80% in cycle life. In the accompanying legend, “fLAB 0”refers to the baseline fLAB, while “fLAB 20,” “fLAB 50,” and “fLAB 80,” signify fLABs with cycle life improvements of 20%, 50%, and 80%, respectively.
While the decline of LCOS with increased stored electricity may appear advantageous, it can be misleading as it only considers the cost side of the equation, thus not fully justifying the investment. Battery sizing should consider the relative nighttime demand when solar PVs are not generating electricity. If nighttime demand is less than what is stored in the batteries, surplus electricity cannot be sold.
The profitability index (PI), computed with the same parameters as in Supplementary Table S2, offers more apparent differentiation among LiBs, baseline, and hypothetical improved flooded LABs than LCOS. Even when applying the same revenue parameters for both LiB and flooded-LAB (Supplementary Table S2), differences in economic viability projections are determined primarily by battery replacement and EOL recycling/disposal costs. Figure 14B illustrates the optimal battery storage capacity as 50% of PV electricity, matching the assumed nighttime energy demand. A PI less than 1.0 signifies an unprofitable endeavor, whereas PI more significant than 1.0 suggests a profitable investment, with profits increasing as PI moves further above 1.0. The optimum PI is consistently below 1.0 for baseline flooded-LAB, indicative of the ongoing issue of short cycle life, which erodes the benefits of high recyclability. Conversely, the optimum PI for LiBs is slightly above 1.0, but this assumes that the target storage cost of $100/kWh and twice higher recycling rates have been achieved.
If LAB cycle life were improved by 20%, even with a 2% premium on storage price for the additional electroacoustic-charger technology enabling this enhancement, the optimal PI would be on par with the optimistic LiB. This outcome highlights the critical role of LAB cycle life in economic considerations. Therefore, addressing the deep-cycle life issue in flooded LABs could substantially benefit their viability for RE storage. Additionally, the PI plots affirm the diminishing returns for more than 50% cycle-life enhancement shown by the LCOS comparison in Figure 14A. However, in these scenarios, the profitability appears less sensitive to the criterion of matching the percentage of energy stored with the nighttime demand.
7 SUMMARY
The review provides an insightful overview of the lead-acid battery (LAB), a technology extensively used since the 19th century. Despite its age, LABs are highly recyclable and crucial in various applications, from large-scale energy storage in power grids to small-scale uses like vehicle starters. However, LABs face challenges like a relatively short cycle life and lead toxicity, which have shifted focus to alternative technologies like lithium-ion batteries (LiBs).
The paper identifies the main setbacks of LABs, particularly the short cycle life resulting from various aging mechanisms, such as sulfation, grid corrosion, and positive active material degradation. These factors significantly impact the battery’s efficiency and longevity, prompting research into methods for extending cycle life.
The review then categorizes the strategies to address these challenges into two primary approaches: material-based and operation-based. Material-based methods focus on altering the composition of cell components to counteract aging processes, while operation-based strategies involve modifying battery operation, like charging techniques, to mitigate aging effects.
A key highlight of the review is introducing an innovative ultrasound-based technique, initially successful in lithium-metal batteries, showing promise for enhancing LAB cycle life. This method could potentially revitalize interest in LAB research.
Lastly, the paper examines the economic implications of extending LAB cycle life, particularly in renewable energy storage. Comparing LABs with LiBs suggests that even modest improvements in LAB cycle life could significantly boost their market competitiveness.
The review illuminates the enduring importance of LAB technology, outlining the challenges, recent advancements, and potential economic impacts of innovations in the field. It emphasizes the necessity for ongoing research and development to optimize and rejuvenate this longstanding battery technology.
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