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Abstract

:

The energy transition is only feasible by using household or large photovoltaic powerplants. However, efficient use of photovoltaic power independently of other energy sources can only be accomplished employing batteries. The ever-growing demand for the stationary storage of volatile renewable energy poses new challenges in terms of cost, resource availability and safety. The development of Lithium-Ion Batteries (LIB) has been tremendously pushed by the mobile phone industry and the current need for high-voltage traction batteries. This path of global success is primarily based on its high energy density. Due to changing requirements, other aspects come to the fore that require a rebalancing of different technologies in the “Battery Ecosystem”. In this paper we discuss the evolution of zinc and manganese dioxide-based aqueous battery technologies and identify why recent findings in the field of the reaction mechanism and the electrolyte make rechargeable Zn-MnO2 batteries (ZMB), commonly known as so-called Zinc-Ion batteries (ZIB), competitive for stationary applications. Finally, a perspective on current challenges for practical application and concepts for future research is provided. This work is intended to classify the current state of research on ZMB and to highlight the further potential on its way to the market within the “Battery Ecosystem”, discussing key parameters such as safety, cost, cycle life, energy and power density, material abundancy, sustainability, modelling and cell/module development.
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1. Introduction


In 2019 the Nobel prize for chemistry was awarded for the development of the LIB technology. This technology exhibits a tremendous advantage. The intercalation electrodes, where ions can be precisely placed on lattice vacancies of the electrode, host materials [1]. The principle can be compared to a sponge, where water can be taken up and released thousands of times. What the sponge does on a macroscopic scale is performed in LIB electrodes on a microscopic scale. Consequently, the batteries can be manufactured in the discharged state, which has many advantages in production. Additionally, the intercalation electrodes lead to distinctly higher lifetime cycle expectations and energy density over other battery technologies such as lead–acid [2]. In the end, this is the overruling technical reason for LIB ruling the automotive market for high-voltage traction batteries. However, this only becomes feasible in connection with battery-pack costs of USD 100 per kWh−1 which are foreseen in 2023 [3]. Regarding the current prices for stationary battery storage systems, the reality is still quite different, as one can purchase 20 kWh for about USD 10.000 to 24.000 [4] for household storage applications employing photovoltaic modules together with batteries. This raises the question of how such stationary applications can be tackled. Since photovoltaic and wind-based power plants are very volatile, storage systems such as batteries are indispensable if pursuing 100% renewable energy. Tesla has built a 129 MWh LIB in Australia, one of the largest in the world [5]. However, this is supported by a local-grid business model which is quite specific for the geographical prerequisite in Australia. We can easily deduce that, rather than USD 10 per kWh−1 per pack, USD 100 per kWh−1 are required to serve multiple stationary applications by batteries and thereby make the energy transition feasible. One idea is to put LIB from automotive applications into a second life. Since stationary applications usually require lower power demands vs. automotive applications and batteries can be kept at ideal temperatures, this idea basically makes sense. One could resell such a battery for about USD 10–30 per kWh−1 and the business model behind it would be feasible. However, these batteries will come back from the market in large numbers in about 10 years at the earliest. No one really knows yet about the Weibull distribution, which means that failures could accumulate after a certain lifetime exponentially. Additionally, the cycle behaviour is quite confirmed up to 70% initial capacity, but few data are available for less than that. Additionally, the LIB chemistry is still under development. Therefore, many batteries in different formats with different chemistries will emerge. Although standardization is a highly important issue, it is not present yet. This leads to the conclusion that the need of alternative battery technologies is exceedingly high. Since the last decades of battery development were ruled by energy density, people were focusing less on alternative developments. In recent years, the development of a promising battery technology has undergone a silent revolution. A system commonly known as alkaline manganese, correctly zinc–manganese dioxide, is becoming rechargeable through new electrolyte approaches. This system has the potential to address the cost issue towards the order of magnitude of USD 10 per kWh−1 on pack level and promises advantages in terms of safety, abundancy and environmental compatibility. In this paper, we reveal the underlying chemistry, present first results and discuss the new battery technology within the ecosystem of stationary batteries and energy transition.




2. History and Development of Aqueous Zinc–Manganese Dioxide Batteries


Batteries based on the material combination of zinc and manganese dioxide have a long history of development and commercialization, which at the same time provides important insights for understanding the underlying mechanisms and challenges. As the research field is huge and developing fast, we will not try to cover every aspect of the development of ZMB but try to reflect important milestones in particular, which are shown in Figure 1.



The first of its kind and forerunner of all generations was the Leclanche cell, also known as the “wet” Leclanche cell, which was invented by Georges Leclanche in 1868 and uses mild acid ammonium chloride as an electrolyte [6]. The concept of the dry counterpart, which was less susceptible to leakage and enabled transportation [7], is based on jellified ammonium and zinc chloride and was patented by Carl Gassner in 1886. However, the corrosion of the zinc anode in combination with ammonium chloride still leads to comparatively short service lives.



For that reason, they were subsequently displaced by the development and commercialization of the alkaline manganese cell in the 1960s [8]. Here, the electrolyte was replaced by an alkaline electrolyte consisting of potassium hydroxide. The principle of operation for the first-generation ZMB is shown in Figure 2. At the anode, the zinc undergoes a dissolution process and dissolves in the solution as zincate, whereas at the cathode manganese dioxide is converted trough a solid-state conversion to MnOOH. The biggest hurdle in the application of the technology for large-scale grid storage is the poor cycling performance related to the formation of irreversible products at the cathode and passivation processes and restructuring of the active material at the anode, which is why this technology is used exclusively as a primary battery [9].



In 1986, Yamamoto introduced a technology with a slightly acidic electrolyte with zinc sulphate, which was supposed to improve the rechargeability, but received little attention nevertheless [10]. This may be because this was at a time when LIB technology had reached marketability and Sony had launched the first commercially available cell in 1991 [11]. The first to revisit this approach were Xu et al. in 2012, who used a moderately acidic ZnSO4 electrolyte in α-MnO2 that exhibited good reversibility and cyclability [12]. Here, the intercalation of zinc ions into the cathode is proposed as the reaction mechanism for the first time. By analogy to the rocking chair principle of the LIB, the term zinc-ion battery is established and heralds the start of a proximate generation and strong increase in research interest [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32].



While the first publications concentrate on phase transition and the crystallographic structure of MnO2 [18,33,34], Lee and colleagues were the first to describe the critical role of the pH value on the reaction mechanism [35]. They demonstrated that the pH is subject to fluctuations during cyclization associated with the dissolution of MnO2 and, as a result, zinc hydroxide sulphate (ZHS) precipitates in the electrolyte liuLiu [36,37,38].



This is confirmed by the study of Bischoff et al., which shows local pH changes in the electrolyte by adding a pH indicator to the electrolyte solution [39]. Since that time, the underlying storage mechanism has been under controversial debate. Pan et al. are the first to propose reversible intercalation of hydrogen ions as a reaction mechanism and prove this by showing that the performance drops dramatically in anhydrous organic solvents [40]. Furthermore, to reduce the dissolution of the cathode, additional manganese sulphate is added to the electrolyte, resulting in much longer cycle life. Sun et al. link these concepts and show two characteristic regions in the discharge curve, which they assign first to zinc intercalation and second to hydrogen insertion [21]. The mechanisms for the second-generation ZMB are shown schematically in Figure 3. Moreover, a capacity of 290 mAh g−1 (0.3 C) is reached, which is close to the theoretical capacity of MnO2 based on molecular weight and if one-electron reaction via Mn4+/Mn3+ redox couple for Zn2+ or H+ insertion/extraction mechanism is assumed (308 mAh g−1). This is also within the range of capacities that could be achieved in related concepts [18,22,23].



Chao’s group also assigns the potential domains to the underlying reaction mechanisms, identifying an additional mechanism in the upper potential range between 1.7–2.0 V that is assigned to the electrolytic deposition and dissolution of manganese dioxide which can be forced in a targeted manner by adding sulfuric acid [41]. This theory has been supported by Li et al. and Guo et al., who also already point out the importance of improving the capacity of the electrolyte to absorb excess OH-, but without talking directly about buffer substances [36,42]. The studies of Fitz et al. [43] prove the periodic pH changes triggered by pH-relevant ions such as OH- and H+ and quantify them by in-operando pH tracking during cycling. The pH changes during the operation can be assigned to the different reaction mechanisms mentioned in the literature so far and emphasize the major contribution of the MnO2 deposition mechanism. In addition, the finding of the importance of the MnO2 electrolytic deposition is supported by the publication of Li et al., which even questions the Zn2+ intercalation mechanism [37]. A summary of the reported reaction mechanism in literature based on [43] can be found in the Supplementary Materials Table S1 [44,45,46,47,48,49,50,51,52,53,54].



Considering the achieved capacity of 570 mAh g−1 (1 C) by Chao et al. [41], which is almost doubled, the big leap forward in technology becomes clear and argues for the start of another cell generation based on a novel mechanism with two-electron Mn4+/Mn2+ reaction, pictured in Figure 4 for the third-generation ZMB. The nominal voltage reported here is 1.95 V, which is significantly higher than the voltage plateau of about 1.3 V otherwise observed with zinc-ion batteries [55]. This is attractive because the energy density increases linearly with the usable voltage, which can thus be significantly increased.



At the same time, it is generally accepted that the stability of the zinc anode against hydrogen evolution and corrosion decreases significantly in the acidic pH range (<pH 4) [56]. One approach to deal with this problem is to decouple the electrolyte environment of the respective electrodes. To prevent mixing, however, the electrolyte must be demobilized for this purpose, which can be achieved, for example, by jellification or ion-selective membranes. While the latter is associated with high costs, jellification leads to significantly higher overvoltage and therefore lower performance [57,58].



A different approach is taken by Mateos et al., who demonstrate that the two-electron mechanism can be accessible even under mild non-corrosive conditions by creating a local proton environment through the addition of buffer substances [59]. In addition, it turns out that the type of anion has a strong effect on the pH value and the solvation structure, which forces the desired deposition mechanism [60,61]. This was the starting point for a rapidly evolving research field of electrolyte engineering, which will be discussed in Section 4 in more detail.



In summary, the latest generation of zinc and manganese-based systems are promising in terms of longevity and achievable energy density compared to previous generations. The next section will now discuss the strengths and challenges of the technology and answer the question of how this technology should be classified in the battery ecosystem.




3. Zinc–Manganese Batteries in the Context of Battery Ecosystem


Battery development undergoes a paradigm change. While just few years ago, only energy density, power density, cycle/calendar life, safety and costs were ruling all business, now raw material supply, environmental sustainability, social criteria, upcycling, recycling and digitalization are added. The enlargement process of this so called “Battery ecosystem” necessitates a rebalancing of the technologies, which is shown schematically in Figure 5a. In the future, this ecosystem will become of huge importance for all kinds of battery technologies. Thus, we will see a diversification, and the dominance of LIB will be relativized to some extent in the coming years.



Although ZMB may not be the first choice for high energy-density-demanding automotive applications, these batteries are urgently required for stationary demands and can play a pivotal role in this ecosystem, which we will discuss in the following.



3.1. Digitalization


Digitalization in production is urgently required to reduce scrap. Producing 1 billon battery cells per year, which is usual in GWh factories, means having 10% scrap: 100 million cells are waste. Digitalization in the sense of gathering data within the single production steps and using this data to improve quality and to identify waste before assembling it to a complete cell will be the key enabler to reduce waste and to push cell quality. The latter is urgently needed if plenty of cells are assembled in serial connections. Digitalization over the entire life cycle of batteries is shown in Figure 5b.




3.2. Safety


Renewable energy requires a very safe and reliable storage solution, and safety should be seen as a prerequisite for any advanced electrochemical energy storage technology. The biggest challenge in this respect for LIBs is the usage of flammable organic electrolytes. This is circumvented in ZMB systems by using aqueous electrolytes that are not combustible. In addition, because water has five times higher heat capacity than a conventional solvent for LIBs, ZAB can tolerate greater overall temperature fluctuations [62].



At the same time, hydrogen evolution at the negative electrode must also be mentioned as probably the most important factor in terms of the safety of aqueous batteries [63]. Here, experience with lead–acid batteries can be drawn upon, and simultaneously considerable research effort has demonstrated that the reduction of hydrogen evolution can be achieved by measures such as adding electrolyte additives and applying electrode coatings, which are discussed in more detail in Section 4.




3.3. Cost


A cost estimate for a new technology presents a major challenge. This is particularly evident in the continuing rapid price development of LIBs in recent decades, which is illustrated in Figure 6a. In the year 2000, the cost per kilowatt hour of a LIB pack was eighteen times the current price and there are estimates that costs will fall even further by 2030 [3], based on the assumptions that material prices will continue to decrease and that the production rate and energy density will increase.



Even though almost every publication emphasizes the low cost of ZMB, there are only a few publications that make a specific statement about it. The first to give an estimate of the cost of active materials are Chao et al. who arrive at a value of about USD 5 per kWh−1 [41], which is in a similar order of magnitude to what we calculated in our own estimates (Supplementary Materials Table S2). Although the cost of the active materials, normalized to the storable energy, is a good starting point for bottom-up analyses, it should be emphasized that the level of battery scale (material/cell/module/pack/system/installed system level) is a crucial factor that is often not clearly identified in many studies. Song et al. go a step further and look at the costs of ZAB and LIB in comparison based on the BatPac 4.0 simulation tool [64]. Assuming a two-electron transfer mechanism and anode utilization of 90%, they calculate costs of USD 18 per kWh−1 at the material level (including passive material) and USD 45 per kWh−1 at the pack level, which includes costs for materials, processing, labour and capital equipment. However, the authors also point out that the cost structure of LIB has simply been adopted here, although large differences in terms of production can be observed.



Expensive dry-room processing, which is required to produce conventional LIBs and critical solvents such as NMP, which are harmful to health and costly to recover, can be dispensed with [65]. In particular, this means that the manufacturing process is significantly simplified and the investment costs for setting up a production plant will be significantly lower. Additionally, there is the possibility of being able to completely forego with the costly production of electrode coatings and to significantly simplify the process by direct deposition during the first charging process. Finally, it may be possible to revert to a simplified pack architecture due to the lower demand on the cooling and monitoring system. It can therefore be assumed that a completely different cost structure must be expected here, and new approaches must first be determined in further studies.



Since the basic components of these batteries are similar to the frequently used disposable alkaline batteries, the costs of less than USD 20 per kWh−1 for this technology can be used for validation [66], with the cost of active materials being USD 9 per kWh−1 [67]. Spoerke et al. present a practical roadmap for low-cost battery manufacturing of rechargeable alkaline batteries and shows that USD 50 per kWh−1 can realistically be achieved [68]. Here it is worth emphasizing, again, that the decisive factor is the access to usable capacity, which in alkaline batteries is currently only 20% of the one-electron mechanism [69] and illustrates the great potential of using the two-electron mechanism again, which is discussed in detail in Section 2.



The current sharp rise in electricity prices makes it clear that a consideration of the economic viability is only reliable for a very limited period of time, and a holistic techno-economic evaluation would also go beyond the scope of our study. Nevertheless, with a fair degree of certainty one can say that ZAB is the cheaper alternative to LIB and is suitable for stationary energy storage based on current calculations. The development of many start-ups on the basis of this technology emphasizes the attractiveness and indicates the enormous potential [70,71,72,73]. A short summary can be found in Supplementary Materials Table S5 [74,75,76,77,78,79,80].




3.4. Cycle Life


Regarding the cycle stability, the literature shows full cell results for ZMB cells in a large scattering range of, e.g., 30 to 10,000 cycles, whereby high cycle numbers of 2000–3000 cycles with a residual capacity of well over 80% are often mentioned [81,82,83]. Figure 7b shows published Coulomb efficiencies over cycle life for selected publications that use buffer additives in the electrolyte. Here it is clear that a high level of capacity retention can be obtained over the lifetime, which speaks for a high reversibility. Nevertheless, a meaningful indication of the cycle stability due to the still debated reaction mechanism and other influences such as the different cycling parameters (charge/discharge currents in the range of, e.g., 0.1 mA g−1 up to 6,160 mA g−1, the latter corresponding to the equivalent of approx. 20 C [25,82,83,84,85]), of the different mass loadings of the cathode (e.g., in the range of 15 mg cm−2 to approx. 10 mg cm−2 [83,84,86]) and the different cell structures (e.g., coin cells, Swagelok® cells, El-Cells®, in-house developments) is hardly possible. As shown in Table 1, the proof-of-concept with application-oriented mass loadings of the electrodes, C-rates in the range of application-oriented numbers, e.g., for stationary applications (C-rates < 1 C) and application-oriented cell formats still needs to be done. This will become clearer during further research on this battery cell chemistry with the evaluation of application-oriented cell structures in the future.



Furthermore, as shown in the course of this paper, the electrolyte composition has a significant influence on the reaction mechanism of the ZMB regarding the initial pH value and the pH changes during cycling [35,36,37,39,43], the Zn2+/Mn2+ salts and their concentration [87] and electrolyte additives such as pH buffering substances [36,42,59,83,86,88,89].
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Figure 7. (a) Comparison of the typical potential curves of ZMB with either pH-unbuffered (based on [39]) or pH-buffered electrolytes (based on ). There is a more stable potential plateau visible for pH-buffered electrolytes due to the reduction of pH changes during operation of the cell. (b) Overview over the cycle life of selected publications with buffered electrolytes, showing high Coulomb efficiencies as an indicator for good capacity retention [60,61,83,86,88,89,90,91,92]. 
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In Figure 7, typical potential curves for selected ZMB publications with either pH-unbuffered [39] and pH-buffered [86] (pH buffer capability of the electrolyte by the addition of acetic acid) electrolytes are compared. For the unbuffered electrolyte, the typical potential bend during discharge at 1.3 V vs. Zn/Zn2+ is visible, compared to the more stable potential behaviour during operation of the buffered electrolyte. Regarding Mateos et al. [86], this performance is explained by the reduction of pH changes during operation of the ZMB with pH-buffered electrolytes, as the pH-dependent Nernst equation shows. For showing cycle stability graphs of ZMB, the focus is set on selected publications with pH-buffered electrolytes to represent the current status of ZMB research (Table 1).




3.5. Energy Density


To estimate the energy density potential and thus the influences on the specific costs of the ZMB technology, an exemplary calculation of the amount of electrolyte can be carried out. This estimation is viable insofar as the electrolyte represents the energy storage reservoir in the form of the dissolved Zn2+ and Mn2+ ions by one of the suggested reaction mechanisms (e.g., Mn2+/MnO2 deposition/dissolution). This scales the amount of electrolyte with the storable energy in the battery. Based on estimating calculations, the volumetric and gravimetric energy density can therefore be calculated on the basis of the necessary amount of electrolyte (without electrode materials, passive materials and other peripheral materials) using Faraday’s law and certain assumptions for ZMB electrolytes (Supplementary Materials Table S2):




	
gravimetric energy density approx. 75 Wh kg−1,



	
volumetric energy density approx. 88 Wh L−1,



	
electrolyte volume approx. 11 L kWh−1.








Compared to the LIB technology, the values for the ZMB technology (based on the amount of electrolyte) are significantly below the LIB values at the active materials level in the range of approx. 300–400 Wh kg−1 or approx. 600–700 Wh L−1 [93,94,95].



The energy density values of LIB at the module level are approx. 200 Wh kg−1 and 350 Wh L−1 [95,96]. Regarding the cell-to-module (gravimetric) efficiencies for LIB, the literature shows values of around 60–80% [97,98]. Comparing this to the active material-to-module level (active material-to-module), an efficiency of approx. 50% is shown [97,98]. This multiplier is only a rough estimate to extrapolate from the active material to the module level (taking into account, e.g., the housing, the wiring technology and the contacting). Nevertheless, this factor can also be used to estimate a potentially achievable energy density at module level for the ZMB technology, based on the calculated values at the active material level (see above), where the electrolyte is regarded as the active material of the ZMB. Taking into account the material-to-module efficiency of 50%, values of approx. 38 Wh kg−1 (and approx. 44 Wh L−1) can be calculated (based on the theoretical energy densities calculated above), being in the range of the lead-acid battery [96].



However, it must be pointed out that the use of a water-based electrolyte for the ZMB intrinsically leads to a lower energy density level due to the lower nominal cell voltage, but it does offer advantages regarding cost and safety. Additionally, there are further criteria coming up in particular for stationary applications (e.g., safety, specific costs, raw material availability, robustness, environmental compatibility), leading to power and energy density (especially in volumetric terms) playing a subordinate role in the stationary sector. Another topic is the possibilities for the aqueous ZMB technology in terms of the cell-to-module design and, one step further, on the pack level: Due to its high safety regarding the non-flammability of the aqueous electrolyte, peripheral safety devices such as protection circuit boards (PCB), positive thermal coefficient (PTC) elements, current-interrupt devices (CID) and fire-suppressing devices are not necessary [64]. Furthermore, a bipolar current collector design can be implemented [99,100]. Altogether, AZB have fewer inactive components at pack level, leading to advantages in terms of the energy density on the module and pack level compared to the LIB technology.




3.6. Power Density


ZMB use aqueous electrolytes with high ionic conductivities in the range of approx. 50–60 mS cm−2 for sulphate-based electrolytes (Supplementary Materials Table S4), which is an order of magnitude higher than LIB electrolytes [94]. This characteristic can act as a key enabler for high C-rates and good power densities of ZMB.



Nevertheless, the demand for C-rate capability depends on the application. For stationary use of ZMB systems (storage capacity < 10 kWh, e.g., home storage, off-grid storage), C-rates < 1 C are sufficient [101,102,103,104]. The same applies for frequency containment reserve systems in the MWh-scale. For peak shaving applications, the storage capacities are higher than home storage systems (approx. > 100 kWh), so even for high power outputs the C-rates can be less than 0.5 C [101,102,103,104].



On the other hand, the literature shows for ZMB that both battery and capacitor (C-rates > 10 C) applications are possible [83,105,106], showing the wide range of C-rate capability of the ZMB technology. Regarding the fields of application of ZMB, which should mainly be home/off-grid storage, frequency containment reserve and peak shaving, the power density should not be the key factor for the battery technology. Other factors such as low cost, high safety, raw material availability and environmental friendliness will be more in focus regarding the battery development.




3.7. Material Abundancy and Sustainability


In view of the geopolitical situation, resource availability is once again coming more to the fore as an important criterion. The diversification of energy sources and carriers, as well as energy suppliers, makes energy supply more resilient to policy changes. The worldwide occurrence of zinc is 300 times greater than lithium [107,108], it can also be mined in Europe, and manganese is considered the most abundant element of all 3d transition metals in the Earth’s crust [109], which makes them suitable candidates.



The electrolyte compositions for ZMB mainly use zinc salts such as ZnSO4, Zn(CH3COO)2, Zn(CF3SO3)2, ZnCl2 or ZnBr2 (together with their corresponding manganese salts) [110]. Regarding the GHS for chemicals, most of those zinc salts are listed as harmful for humans (if swallowed) and toxic to aquatic life [111]. This collides with the claim of many publications in the field that ZMB is a non-toxic cell chemistry. Still, in comparison with other cell chemistries such as the LIB technology using organic electrolytes, the electrolyte components (e.g., DMC, EC, LiPF6, VC, etc.) are either flammable or can cause organ damage, which exceeds the GHS classifications for the ZMB components. As a result of this comparison, the term “toxicity” in the field of battery cell chemistries needs to be defined, especially regarding possible risk scenarios such as damage to the battery casing, flammability and thermal runaway, exposure to danger for humans, etc. Nevertheless, regarding the aforementioned points, the ZMB definitely shows advantages compared to the organic LIB technology.



In addition, battery recyclability is also coming to the fore, and for the ZMB it is possible to fall back on processes from the alkali–manganese battery that are already well established. Furthermore, the cell and module architecture can be designed to be modular and bipolar, which, together with the non-critical battery components, facilitates the recycling of the battery at the end-of-life stage [99,100]. Moreover, due to the non-flammable electrolyte, the danger of ignition during shredding in the recycling process is minimized.





4. Towards Practical Application of Zinc Manganese Batteries


Besides all the advantages and potential identified for ZMBs, this section focuses on the existing challenges towards practical application and discusses possible steps and approaches. Challenges exist at the cell level, which are shown schematically in Figure 8: Concerning the electrolyte development, the elementary tasks are the anode stability, also in connection with the hydrogen evolution, as well as the development of suitable host structures for manganese dioxide deposition that considers the low conductivity of the solid. In addition, we briefly present the extent to which model-based approaches can contribute here. Finally, we will discuss which special features are given regarding the extension on module level.



4.1. Cell-Level Engineering


The development of ZMB systems discussed in Section 2 illustrates the elementary influence of the electrolyte on the prevailing reaction mechanisms. The pH value in particular, but also the type of anion present and the concentration, which in turn have a strong influence on the solvation structure, play a decisive role. As has been pointed out, the accessibility of the two-electron mechanism at a mild pH has great potential. For this reason, electrolyte development with this background will be discussed in more detail below.



Studies have revealed the positive effect of using acetate anions compared to sulphate-based salts. Xie et al. show that the two-electron mechanism can be exploited by using manganese acetate and zinc acetate and attribute the change in reaction mechanism compared to MnSO4 to the coordination ability of acetate. The modified electrolyte is applied to a flow battery; however, a static battery is also investigated [61]. Similar observations are made by Zeng et al., where they attribute the positive effects to the strong adsorption effect of CH3COO− on the surface sites of MnO2 particles due to their high polarizability and electronegativity. Furthermore, compared to CF3SO3− and SO4− anions, the acetate-based electrolyte showed improved properties regarding the Coulomb efficiency and cycling stability of the zinc electrodeposition [60].



Another positive effect achieved by the addition of acetate anions is given by the buffering effect with respect to pH changes, which is first highlighted by Mateos et al. and subsequently taken up by many research groups [59,86]. The anion can either be added directly via salt or via the addition as acid. In order to separate the effect of the addition of acid from the buffering property and the change in the concentration of free protons, Liu et al. investigated the effect of the addition of sulfuric acid in comparison with acetic acid and revealed that the latter significantly reduces the pH fluctuations and moreover effectively mitigates the corrosion and hydrogen evolution [55].



In addition to the use of electrolytes containing acetate, the stabilizing and positive effect could also be shown with other buffer substances [89]. The use of ammonium dihydrogen also leads to a suppression of pH fluctuations and the associated precipitation of ZHS and furthermore leads to the suppression of dendrite growth and side reactions [83]. Liu et al. also use phosphate-based buffers, although these are added directly via zinc hydrogen phosphate and not added as an electrolyte additive [112]. However, these also point to the special feature of the solid–liquid mechanism, which makes the electrolyte volume and the achievable concentration an essential property about the volumetric energy density. In addition, the solubility of the pH-stabilizing anions is also an important factor to provide sufficient effect even in realistic electrolyte volumes. One way to further increase the solubility is to introduce complexing agents and is followed by Huang et al., who use a 46.5 m NH4Ac − NH3 − Zn(Ac)2 − Mn(Ac) electrolyte, with acetate to stabilize the desired reaction mechanisms, and NH3 and NH4Ac, due to their strong complexation ability with zinc and manganese ions, to prevent the solvation effect with the water molecules, thus improving the separation properties [92].



Furthermore, there is also the approach of decoupling the electrolyte ranges, so that the optimum pH value can be selected in each case regarding performance [113]. In this case, however, the different areas must be separated by suitable measures, such as jellification [57,113,114,115] or through special membranes [58,116,117], since otherwise they would mix due to diffusion processes. Shen et al., for example, use hydrogel electrolyte in which three layers with different pH values are applied on top of each other [115]. However, due to jellification, the overpotential is drastically increased, and ion crossover cannot be completely avoided, which leads to low voltage efficiency and poor cycling stability. In contrast, the use of the special ion-selective membranes is very expensive and the practical applicability must therefore be critically examined [114].



In addition to electrolyte development, the nature of the electrode structure also plays a significant role. Here, in particular, the achievable areal capacity is decisive for the attainable energy density, as this determines the ratio of active to passive material. Because manganese dioxide has only a moderate electric conductivity of 10−4–10−3 S cm−1 [118,119], the contact between the deposited layer and the current arrester strongly influences the performance. If the deposited layer becomes too thick, increased overvoltage is to be expected, which lowers the energy efficiency. This is solved by, e.g., using GLAD-ITO current collectors with a 3-dimensional structure, which shorten the diffusion routes and provide larger electroactive surface areas; therefore, compared to the 2D structure, significantly higher capacities can be achieved [86]. In addition, Mateos et al. emphasize the proper matching of the concentration of the reactants and the conversion rate, which are strongly linked to the cyclisation rate and the specific surface area.



For practical application, however, the considered loading of 0.028 mAh cm−2 is clearly too low and overall represents the often only very low considered capacities in the literature below areal capacity of 0.616 mAh cm−2 [120]. To further increase the surface area, many research groups use carbon felt/cloth [60,61,88,90] or other porous materials such as metal foams [120]. In addition, Lei et al. applied a mediator strategy with iodide to facilitate manganese dioxide dissolution and avoid exfoliated, “dead” MnO2, demonstrating an areal capacity of 50 mAh cm−2 for a Zn–Mn redox flow battery [90]. Besides the absolute surface area, the texture and properties such as the hydrophilicity of the surface also play an important role [121]. Xie et al., for example, used a modified graphite fleece in which a slurry-coated carbon black layer is applied and achieved a smooth and uniform MnO2 layer [61]. In addition, the electrodes are pre-treated with different methods, such as washing, and treated with different solutions or electrochemical methodologies [88,91].



In summary, it can be stated that promising approaches have been found to make the two-electrode mechanism accessible in the anode-friendly mild pH range, thus significantly minimizing the problems of corrosion and gas evolution of the anode in the acidic pH range and achieving promising cycle life and energy densities. In order to being made usable for practical applications, the experimental practices regarding cell construction must be more realistic in terms of electrolyte quantity, specific areal capacities and salt concentrations. In the further development, model-based approaches could also be useful to gain a better understanding of these complex processes and electrolyte compositions and their mass transport limitations in connection with the electrode structures, which will be discussed in more detail in the next section.




4.2. Model-Based Development


In the field of LIBs, the model-based approach for cell development has long been established and makes an important contribution to the deeper understanding. However, since ZMBs are based on fundamentally different reaction mechanisms, traditional continuum models for LIB must be further developed to describe the specific processes in the cell. Here, the electrolyte not only serves to transport the ions, but also participates in the reaction as an active material. In contrast to intercalation, for underlying deposition mechanism, a change in porosity with the charge state must also be taken into account. The behaviour of the ions in the neutral electrolyte is very complex and, as mentioned above, the mass transport limitations and the associated pH gradients within the cell have a fundamental influence on overpotential as well as the reaction mechanisms that take place. This makes it necessary to consider homogeneous reactions and the formation of complexes within the electrolyte.



To the best of our knowledge, there are currently almost no studies dealing with the performance in a neutral environment of ZMBs on the basis of modelling approaches and there is no implementation in which the important electrolyte relationships described above are represented [122]. However, experience in the field of zinc–air and flow batteries [123], geochemical processes [124] and water splitting [125] can be drawn upon. Clark et al., for example, use a continuum model to evaluate the performance of zinc–air batteries and optimize them in terms of pH stability, precipitation and energy density [126]. They point out the limitation of the buffer capacity due to mass transport and show that the electrolyte composition and concentration have a strong influence on the preferred precipitating salt. The solution of the system of equations is not trivial, since the concentrations of the species extend over several dimensions and even small additions of acids or bases have a strong influence on the prevailing complexes. Here, the time constants of the homogeneous reactions are significantly lower compared to transport and can thus be considered in thermodynamic equilibrium in a good approximation. The authors refer to this as the quasiparticle approach, although the “method of families” [123] or sequential non-iterative approach [124] is also used as a term [127]. For further development, the understanding and proper selection of different electrolyte compositions and their ability to control stable electrode–electrolyte transition is an important factor for which model-based development can potentially make an important contribution.



Another widely used model-based approach for the LIB technology is the representation based on equivalent circuit models (ECM). Compared to physical-based models, they are easier to implement and require less computing power. However, the identification of the necessary parameters can be very time-consuming, and the physical interpretability is not always given. Still, for LIBs with their well-investigated Li+ intercalation mechanism, the impedance spectra are usually modelled with a single equivalent circuit model (ECM) for different SOC [128,129,130,131]. In contrast, ZMBs show a different behaviour in terms of the reaction mechanisms with deposition/dissolution and intercalation mechanisms, gassing reactions and precipitation phenomena (Section 2). Therefore, another approach for ECM development can be suggested: For different SOC, different ECMs need to be created, as Bischoff, for example, shows in his investigations [132]. This approach is based on the suggestions regarding the different states in the ZMB during charging/discharging (Section 2) and can be summarized as follows (Figure 9):




	
charged state (SOC ~100%): cathode coating (double-layer capacitance, constant-phase element, CPE) together with a MnO2 deposition on the cathode surface (diffusion resistance),



	
intermediate state (SOC~80%): cathode coating (CPE) and dissolving MnO2 surface deposition (change in diffusion regime) and a precipitation of ZHS (growing double layer, CPE),



	
discharged state (SOC~30/0%): cathode coating (CPE), dissolved MnO2 surface deposition (diffusion resistance disappeared) and a ZHS precipitation layer (new double layer, CPE),



	
(ohmic) electrolyte resistance for all SOC.








The results of Bischoff show an increasing inner resistance of the ZMB cell from the charged to the discharged state of approx. one order of magnitude, which is confirmed with other ECM investigations in the literature [14,21,27,36]. Of course, this ECM approach only represents one possible interpretation of the EIS behaviour of the ZMB for different SOC. Furthermore, the EIS interpretation is highly dependent on the underlying reaction mechanism. Nevertheless, the interpretation approach described above points out the multiple reaction mechanisms in the aqueous ZMB with a significant contribution of the Mn2+/MnO2 deposition/dissolution mechanism.




4.3. Battery Module Development


In recent years, different approaches for developing zinc-based battery systems were published (Supplementary Materials Table S5). Still, to the best of our knowledge, there is no ZMB-based system available on the broad market yet.



At the early stage of the ZMB battery module research and regarding the challenges for the cyclability of the ZMB shown in this paper, a list of the major battery module components (e.g., battery module casing, electric components, electrodes, separator, electrolyte) and the respective demands and properties can be created (Figure 10). Within this list, the major challenges in terms of the electrochemical performance, such as the avoidance of side reactions at the anode side and the demands for the electrolyte in terms of the pH behaviour, are listed, amongst others. The list can be seen as a basis for the further application-oriented research and battery module development.





5. Conclusions


The energy transition and the need for intermediate storage with its various applications require re-evaluation of the different categories in the so called “Battery Ecosystem”. We present a battery system based on the material combination of zinc and manganese dioxide in mild aqueous electrolyte, being capable to cope with the high cost pressure for stationary applications. This battery technology also addresses the demands of abundant, cheap, and non-critical materials. In this regard, the presented battery technology deserves the attribute “green” in contrast to the dominant LIB technology. The new electrolyte approach with pH-stabilising properties is a crucial element for rechargeability. However, standardization in regard of experimental practice must be defined in order to improve comparability between promising approaches. In addition, the hydrogen evolution must be suppressed, which will be investigated in future research. Although the energy density of ZMB is much less than for LIB, the novel rechargeable ZMB could reach the magic USD 10 per kWh−1 pack level limit, which is urgently required if batteries will become an important component in stationary applications and the energy transition. Altogether, this work classifies the current state of research in ZMB and emphasizes the potential of the ZMB technology, being capable of playing an outstanding role in the “Battery Ecosystem” for stationary energy storage in the future.
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Figure 1. Timeline development of zinc and manganese dioxide-based battery technologies. 
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Figure 2. Function mechanisms of first-generation alkaline ZMB. 
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Figure 3. Function mechanisms of second-generation ZMB with mild acid aqueous electrolyte. 
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Figure 4. Function mechanisms of third-generation electrolytic ZMB. 
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Figure 5. (a) Rebalancing of battery technologies with respect of the transformation from “Battery ecosystem”. (b) Life cycle spreading digitalization. 
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Figure 6. Development of cost for (a) LIB packs between 2000 and 2030 and (b) certain part of LIB zoomed in between 2020 and 2030 and prognosis for price trend for ZMB. In order to illustrate that it is difficult to make statements about price developments, the costs for the year 2030 are deliberately shown in grey. 
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Figure 8. Challenges in the area of further development at cell level can be seen in anode stability, gas evolution, optimal support structures and stabilisation of the pH value. 
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Figure 9. EIS spectra for a ZMB with 2 m ZnSO4 + 0.1 m MnSO4 electrolyte for different SOC 100/~80/~30/0% (a). In relation to the change of the EIS spectra characteristics, the ECM are modified (b) and the corresponding elements are described (c). (excerpted and modified based on [132].) 
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Figure 10. Overview of the main components of a ZMB module and the suggested properties and demands. 
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Table 1. Overview of the cell composition and the mass loadings of the electrodes, the electrolyte composition and its initial pH value, the cell format, the C-rate and the initial capacity as well as the cycle stability for selected publications with pH-buffered electrolytes. For C-rate calculations, see Supplementary Materials Calculations S3.
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Cell Composition

(Mass Loading)

	
Electrolyte

Composition

(Initial pH)

	
Cell Format

	
Initial Capacity

(C-Rate)

	
Source




	
Anode

	
Cathode






	
zinc foil

	
MnO2, acetylene black, PVDF on

carbon paper

(1.5–8 mg cm−2)

	
1 m ZnSO4, 0.1 m MnSO4, 25 mm NHP-buffer

(pH ~ 2.8)

	
coin cells (CR2032)

	
~100 mAh g−1, equal to ~0.4 mAh cm−2

(~10 C)

	
[83]




	
zinc foil

	
carbon-cloth (“cathode-free”)

	
1 m ZnSO4, 1 m MnSO4, 0.2 m CH3COOH

(pH~2)

	
pouch cell

(2.25 cm²)

	
0.8 mAh cm−2

(12.5 C)

	
[83]




	
zinc foil

	
MnO2-coated GLAD-ITO

(~30 µg cm−2)

	
0.25 m ZnCl2, 0.1 m MnCl2, 1.5 m CH3COOH

(pH~5)

	
spectro-electrochemical cell

	
~100 mC cm−2, equal to ~0.03 mAh cm−2

(~36 C)

	
[86]




	
zinc foil

	
MnO2, carbon black, PVDF on carbon fibre sheet

(10 mg cm−2)

	
2 m ZnSO4, 1 m C4H6O6

(pH ~ 4)

	
not specified

	
7000 mA g−1,

374 mAh g−1, (~18.7 C)

	
[86]
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