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Zn is an important negative electrode material in our battery industry and next-generation Zn based batteries are prospective to compete with lithium-ion batteries on cost and energy density. Corrosion is a severe challenge facing Zn electrodes, which can decrease the capacity, cyclability, and shelf life of batteries. More attention should be paid to Zn electrode corrosion in developing rechargeable and high energy density Zn batteries. In this mini review, the fundamental electrochemical behavior and corrosion of Zn electrodes in aqueous environment are retrospected. Then main strategies in recent studies to mitigate Zn electrode corrosion including electrolyte additives usage, electrode composition design and electrode morphology modification are reviewed.
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INTRODUCTION

Developing advanced batteries is crucial for energy storage and application in the modern society (Fan et al., 2019b; Lin et al., 2019). Zn as an anode material is inexpensive, safe, environmentally friendly, easy to recycle, and of high energy density. Due to these merits, it has been successfully used in various systems including Zn-Carbon battery, alkaline Zn-MnO2 battery, Zn-Ag battery, and primary Zn-air battery. Even after the tremendous success of lithium-ion battery (LIB) during the past decades, the Zn based batteries still keep a considerable market share in the whole battery industry and developing novel Zn batteries is a research focus (Reddy, 2010; Chao et al., 2019; Liu X. et al., 2019). Another important feature of Zn is the electrochemical reversibility in aqueous environments, making it possible to manufacture secondary Zn batteries. Investigators are trying to develop next generation rechargeable Zn based batteries such as Zn-Ni, Zn-air and Zn-ion batteries, which are promising to compete with LIB on energy density and cost in the future.

Corrosion is an important problem that influences many aspects of industry and our daily life (Zhang et al., 2017; Sun et al., 2018; Wang et al., 2019). It also affects the service life of electrodes in batteries, especially in certain conditions (Zhang, 2008). In order to enhance the energy density of Zn batteries, it is crucial to adopt Zn electrodes with high specific surface area rather than simply utilizing Zn foil or Zn plate electrodes (Parker et al., 2018; Stock et al., 2019; Zhao et al., 2019). In this case, the corrosion rate of Zn electrode would increase. This self-discharge phenomenon of Zn electrode would shorten the service life and storage life of Zn batteries (Sun et al., 2019).

Zn is applied in many aspects of the industry and our daily life. Apart from utilized as anode material, another significant application of Zn is cathodic protection for iron. Accordingly, the corrosion behavior and the electrochemistry of Zn in aqueous environment have been extensively investigated. However, the corrosion of Zn electrodes is influenced by so many factors such as Zn electrode morphology, additives, electrolyte composition, concentration, and pH value, as well as the operation conditions of the battery (Zhang, 2008; Li et al., 2019). There are still many fundamental corrosion mechanisms to be clarified. Particularly, as the advanced porous Zn electrodes and novel electrolytes increasingly being applied in the next generation rechargeable batteries (Parker et al., 2017; Liu P. et al., 2019; Stock et al., 2019), more attention should be paid to the corrosion thermodynamics and kinetics of Zn electrodes. This mini review will briefly retrospect basic aspects of Zn corrosion and then review different strategies adopted by investigators to mitigate the corrosion of Zn electrodes in rechargeable batteries.



FUNDAMENTALS OF ZN CORROSION

The widely applied alkaline electrolyte in Zn batteries is 7 M KOH solution, which means the pH value is higher than 14. Sometimes neutral or acidic electrolytes are also investigated. The electrochemical thermodynamics in these systems is the basis of zinc dissolution, zinc deposition, and hydrogen evolution. According to the calculation method developed by Pourbaix (Pourbaix, 1974), the basic E-pH equilibrium diagram (Pourbaix diagram) of Zn in aqueous environment is shown in Figure 1.
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FIGURE 1. Potential-pH equilibrium diagram for the zinc-water system at 25°C [established by considering Zn(OH)2].


In the diagram, line a and b refer to the equilibrium conditions of hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) from water (the partial pressure of hydrogen or oxygen is 1 atm at 25°C). The region between line a and b is called electrochemical window of water. Line 6, 3, and 7 represent the equilibrium conditions between metallic Zn and its oxidized species. Therefore, in water or aqueous solutions Zn is thermodynamically unstable. In acidic solutions Zn2+ is stable, while in alkaline solutions HZnO2– or ZnO[image: image] are stable. When the solution pH value is in the range between 8.5 and 10.5, Zn(OH)2 can cover the Zn surface, which would inhibit the dissolution of Zn.

Generally, corrosion of Zn is related to the hydrogen evolution reaction (HER), which can be expressed by the following two equations.

Acidic environments:

[image: image]

Alkaline environments:
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It should be noted that the Pourbaix diagram applies merely to the simplest systems. If some species which can combine with Zn to form complexes or insoluble compounds are present in the Zn-aqueous system, the electrochemical equilibrium would be much more complicated (Zhang, 2008). Furthermore, Pourbaix diagram is only a thermodynamics description and in real condition the kinetics factors should be considered. For example, the equilibrium potential between Zn and its oxidation state is lower than hydrogen evolution potential. Therefore, from the perspective of thermodynamics, the hydrogen evolution reaction can always drive the oxidation of Zn in the whole pH range. But actually, the overpotential of HER on Zn electrode is high so that the hydrogen evolution rate is not that obvious (Lee, 1971).

According to the Tafel equation:

[image: image]

the overpotential η is co-determined by the exchange current i0 and the Tafel slope b. The low value of i0 is the cause of high HER overpotential. However, when the composition of Zn electrode or electrolyte are changed, the overpotential alter and the corrosion tendency of Zn may increase. For example, the HER overpotential of Zn electrode can significantly reduce with the presence of ZnO (Lee et al., 2006a). The morphology of Zn electrode also affects the hydrogen evolution. A more porous Zn electrode generally leads to larger specific area, which increases the exchange current and exacerbates Zn electrode corrosion (Sun et al., 2019).



STRATEGIES TO MITIGATE ZN ELECTRODE CORROSION


Electrolyte Additives

The electrolyte is another pivotal factor that determines the fundamental electrochemistry of Zn electrodes. Therefore, modifying the electrolyte would effectively alter the corrosion behavior of Zn electrodes. In a few early studies, the influence of electrolyte conditions on Zn electrode corrosion has been investigated, especially in concentrated alkaline solutions. The HER rate would be increased if impurities introduce metal cations such as Cu2+, Ni2+, As3+, and Sb3+ into the electrolyte. On the contrary, the presence of Pb2+ can decrease the HER rate (Era et al., 1968). Adding some metal oxide or hydroxide (e.g., In2O3) into Zn powder gel is also beneficial to the corrosion resistance of anode material (Sato et al., 1992). Apart from inorganic inhibitors, many organic additives such as α-diphenylglyoxime, polyethylene glycol (600), tartrate, and dinonylphenol phosphate ester are also explored by investigators (Nartey et al., 1994; Moon et al., 2005; Lee et al., 2006b; Qu, 2006). The inhibition mechanism of these organic species is generally considered to be adsorption onto Zn surface. Qu et al. proposed that an effective inhibitor should cover the surface of Zn electrode when the battery was at rest and had fast desorption kinetics after applying anodic potential. In this case the negative effect on discharge performance of the Zn electrode could be minimized (Qu, 2006).

In recent years, there are some new inhibitors in traditional alkaline electrolytes for different Zn batteries reported by investigators. Xiao et al. (2018) compared benzotriazole, thiourea and sodium dodecyl benzene sulfonate and found that benzotriazole is the most effective to decrease Zn corrosion in Zn-air battery. Huang et al. (2018) studied the influence of ethylenediaminetetraacetic acid (EDTA), polysorbate 20, and tartaric acid on Zn electrode behavior in a Zn-air battery. It was found that EDTA was superior to the other two in preventing not only corrosion but also dendrite formation.

In addition to traditional alkaline electrolytes, novel aqueous or non-aqueous liquid electrolytes and solid-state electrolytes are continuously developed (Chen et al., 2019; Fan et al., 2019a). Due to the different electrochemical environment, the corrosion behavior of Zn electrode should be re-estimated. For example, Han et al. manufactured a type of salt reinforced gelatin-based solid-state electrolyte, which contained less free water compared to traditional aqueous electrolytes and showed lower corrosion tendency (Han et al., 2019). In addition, inhibitors that can be compatible to new electrolytes have also been studied. Chen and coworkers developed a mildly acidic electrolyte containing 5% fumed silica (FS) for Zn-LiMn2O4 battery (Hoang et al., 2017; Xiong et al., 2018; Mitha et al., 2019). This electrolyte reduced the dendrite growth of Zn electrode but would increase the corrosion rate. They explored several inhibitors including pyrazole, lignin and poly(ethylene glycol) in this system and optimized the corresponding concentrations. For example, the liner polarization curves of Zn electrodes revealed that the FS electrolyte increased the corrosion of Zn electrode and the addition of pyrazole largely mitigated the corrosion tendency.



Design of Electrode Composition

Modifying the composition of Zn electrode is a commonly adopted method to control anode corrosion. A lot of heavy metal elements including Cd, In, Sn, Ti, Pb, and Bi (or their oxides) have been investigated as additives into Zn electrodes (McBreen and Gannon, 1981, 1983, 1985; Biegler et al., 1983; Sato et al., 1983; Bonnick and Dahn, 2012). Due to high HER overpotential, these elements could reduce Zn corrosion. In more recent studies, Bi is the most widely used alloying element which is also reported to be beneficial to controlling dendrite growth and shape change of Zn electrodes (Kim et al., 2015; Jo et al., 2017; Chotipanich et al., 2018; Park et al., 2018).

To reduce the cost of additives, some investigators also explored some inexpensive alloying elements. In primary Zn-air battery, Durmus et al. (2019) studied Zn alloy electrode that contained 10 wt. % Al and found it more corrosion resistant than pure Zn electrode. Lee and Ryu (2018) added different amount of Al and Si (1–3 wt.%) into Zn gel electrodes for secondary Zn-air batteries and found that 2 wt.% Al-mixed anodes were the least prone to corrosion compared to bare Zn and Si-mixed Zn electrodes.

In some investigations, multiple additives were simultaneously utilized. Aremu et al. (2019) added K2S and PbO into Zn-BiO electrodes. The results of electrochemical tests showed that the coexistence BiO, K2S, and PbO would restrain corrosion to the maximum level. Besides, the capacity of Zn-BiO-K2S-PbO electrode was superior to Zn-BiO, Zn-BiO-K2S, and Zn-BiO-PbO electrodes (Aremu et al., 2019). In Ni-Zn batteries, Wang et al. (2017) fabricated Zn electrodes with different amount of Al and Sb. The electrode structure was layered double hydroxides. The enhanced corrosion resistance of Zn-Al-Sb electrode was also attributed by the authors to the high HER overpotential of Sb (Wang et al., 2017). Similarly, they introduced graphic carbon nitride into Zn-Al layered double oxide electrode and also found the increased corrosion resistance (Cui et al., 2019).



Electrode Morphology Modification and Coating

As mentioned, the electrode morphology (e.g., porosity) affects the corrosion kinetics on Zn anodes. A larger specific surface area leads to a higher HER exchange current. The HER rate on Zn powder with small particle size is faster than that on Zn powder with large particle size (Zhang, 2008). However, the corrosion in a real system should consider more complex factors. In a recent study, Liu et al. prepared a series of porous Zn electrodes with different pore sizes (average values ranging from 300 μm to 8 μm as shown in Figures 2a–h). According to the polarization curves (Figure 2i), the Zn electrode with pore size of 300 μm had larger corrosion current than pure Zn electrode, which was corresponding to the phenomenon described above. But when the pore size further decreased, the corrosion potential altered to negative values and the corrosion current reduced. This opposite phenomenon was possibly attributed to the accumulation of zincate as the corrosion product in the smaller pore structure (Liu P. et al., 2019). In some earlier studies (Gregory et al., 1972; Vorkapić et al., 1974), it was also reported that the presence of Zn(OH)[image: image] in alkaline electrolytes can restrain the HER rate.
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FIGURE 2. (a–h) Electrodeposited 3D porous Zn structures with pore size ranging from 300 μm to 8 μm. (i) Liner polarization curves of pure Zn and porous Zn electrodes with different pore sizes (Liu P. et al., 2019). Copyright: 2019 Liu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice.


Another strategy to mitigate Zn electrode corrosion is introducing coating on the Zn surface. For example, Lee et al. (2013) fabricated aluminum oxide coated Zn electrode and found it had enhanced corrosion resistance. Hu et al. (2019) rolled and tore Zn foil and Sn foil and then coated a Pb film via surface chemical reaction to prepare Zn electrode with artificial solid electrolyte interface (ASEI) in a Zn-Ni battery. The HER overpotential was enhanced on this type of Zn electrode. Besides, the dendrite growth behavior of the Zn electrode was also changed (Hu et al., 2019). Polyaniline coating (Jo et al., 2019) and carbon shell (Wei et al., 2019) were also reported to be beneficial to reduce self-discharge of Zn electrode.



OUTLOOK

With the development of more advanced, porous and high energy density Zn electrodes for rechargeable Zn batteries, more works should be performed to investigate the corrosion behavior of Zn electrodes. The following points should be the research focus in the future. (1) Utilizing electrolyte or electrode additives is a convenient method to alter the corrosion electrochemistry of Zn electrodes. It is required to develop effective and inexpensive inhibitors, especially for those novel electrolytes. (2) Acquiring inspirations from other battery systems (e.g., LIBs) and designing new 3D structure with coating or shell may be an efficient way to mitigate corrosion and at the same time deal with other challenges facing Zn electrodes such as dendrite formation and shape change. (3) The relationship between corrosion and the morphology of advanced Zn electrodes should be further clarified. To enhance the corrosion resistance of porous Zn electrodes with high energy density, it is crucial to reveal the electrochemical condition and diffusion kinetics in local environment.
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