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SUMMARY

The development of low-cost and sustainable grid energy storage is urgently
needed to accommodate the growing proportion of intermittent renewables in
the global energy mix. Aqueous zinc-ion batteries are promising candidates to
provide grid storage due to their inherent safety, scalability, and economic
viability. Organic cathode materials are especially advantageous for use in zinc-
ion batteries as they can be synthesized using scalable processes from inexpen-
sive starting materials and have potential for biodegradation at their end of
life. Strategies for designing organic cathode materials for rechargeable zinc-
ion batteries targeting grid applications will be discussed in detail. Specifically,
we emphasize the importance of cost analysis, synthetic simplicity, end-of-life
scenarios, areal loading of active material, and long-term stability to materials
design. We highlight the strengths and challenges of present zinc-organic
research in the context of our design principles, and provide opportunities and
considerations for future electrode design.

INTRODUCTION

The development of a sustainable electrical grid capable of fueling electric vehicles, homes, and industry is

crucial for reducing anthropogenic greenhouse gas emissions. In the past decades, technological develop-

ments and economies of scale have sufficiently lowered the cost of renewable electricity to achieve grid

parity with fossil fuels in many parts of the world, thereby providing the required input of clean electricity

(Poizot et al., 2020). However, due to the intermittency of renewable sources of energy, such as solar and

wind, a global transition to these sources is contingent upon the availability of a reliable, low-cost energy

storage technology.

Currently, 98% of global grid energy storage is captured in the form of pumped hydroelectric power, which re-

lies on the gravitational potential energy stored between two reservoirs of water at different altitudes (Poizot

et al., 2020). Owing to the strict geographical and spatial requirements of pumped hydroelectric as well as its

modest efficiency, intensive research is targeted at developing alternative energy storage systems that are

more compact and more performant. Specifically, batteries are promising candidates due to their modular na-

ture and potential for scaling up to the capacities that will be required in coming decades (Dunn et al., 2011).

Today’sbatterymarket is dominatedby lithium-ionbatteries (LIBs) due to their exceptionally highenergydensity

and longcycle life.Althoughenergyandpowerdensity are key factors forbatteries targeting transportation, they

are relatively less important forgridapplications. Instead, the cost, safety, and sustainability of the technologyare

farmoresignificantdue to the scaleof storage requiredand the relaxedconstraintsonvolumetricenergydensity.

In this regard, lithium-ion batteries do not fare well. The scarcity of lithium translates to high costs, while the

inherent safety concerns posed by flammable organic electrolytes present a serious barrier to adoption for

large-scale grid storage. Compoundedwith this are geopolitical issues pertaining to the unevenglobal distribu-

tion of lithium deposits, which could lead to severe shortages in certainmarkets if demand rises. Finally, with the

increasing prevalence of electric vehicles, lithium-ion battery supply will bemostly allocated for this use, thereby

leaving a void in the energy storage market for grid applications.

Zinc-ion batteries (ZIB) offer an exciting alternative due to the use of metallic zinc anodes, which have a high

volumetric capacity (5855 mAh cm�3) and gravimetric capacity (820 mAh g�1), a higher natural abundance
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(75 ppm in the Earth’s crust vs. 20 ppm for lithium), low cost, and inherent safety due to the lack of both toxic

materials and flammable solvents (Zhang et al., 2020b). Although the higher redox potential of Zn relative

to Li (�0.76 V and �3.04 V vs SHE, respectively) entails a loss in energy density, it also endows ZIBs with

certain practical advantages that render them particularly conducive to large-scale manufacturing. For

instance, Zn is considerably more stable in ambient conditions, which means that fabrication processes

need not be hindered by the constraints and energy requirements of moisture-free environments. More

importantly, the high redox potential of Zn enables its compatibility with aqueous electrolytes, which

not only have very high ionic conductivities but also lower the cost of the system and provide intrinsic safety

benefits over the conventional organic solvents used in LIBs. The use of aqueous electrolytes eliminates the

risk of fires or explosions from flammable components, which is critical for grid storage systems placed in

densely populated areas. Finally, a recent life cycle assessment showed that the global warming potential

of aqueous ZIBs can be up to 80% lower than that of LIBs, which suggests that they are a much more sus-

tainable alternative (Iturrondobeitia et al., 2022). Therefore, despite their lower energy density, aqueous

ZIBs operating near neutral pH values are well suited for applications where safety, cost, and carbon foot-

print are the critical factors (Blanc et al., 2020).

The ideal battery system for grid storage should have a long cycle life, low cost, and components that have

dependable supply chains. Recently, the ambitious target to bring grid storage costs below $100/kWh has

been suggested for technologies to be competitive (Gür, 2018). In accordance with the visionary article

proposed by Larcher and Tarascon (2015) on the need for a paradigm shift in the design of batteries, we

believe that a change from conventional, high-performance materials to low-cost, sustainable electrodes

is necessary to fully exploit the potential advantages of ZIBs for grid storage applications. In this respect,

we envision organic materials occupying a central role in the future of grid-scale energy storage through

their use as aqueous ZIB cathodes. In the following sections, we address the benefits of utilizing organic

materials in ZIBs, highlight the design principles that must be considered for these batteries to achieve

widespread grid application, and showcase several promising results that have been achieved with organic

cathode materials.
DISCUSSION

Research on secondary aqueous ZIBs traces its origins to a seminal report from Kang and coworkers, where

reversible Zn-ion intercalation was shown to occur in ⍺-MnO2 (Xu et al., 2012). Key to this work is the use of

mild electrolytes, which enables the anodic plating of Zn-ions in favourable (i.e not dendritic) morphol-

ogies. Since then, a host of other inorganic materials have been proposed as ZIB cathodes. Briefly, these

can be categorized into several families, such as V-rich oxides (Kundu et al., 2016; Yan et al., 2018; Zhang

et al., 2018; Zhou et al., 2018), Mn-rich oxides (Pan et al., 2016; Zhang et al., 2017; Chao et al., 2019), Prussian

blue analogs (Trócoli and La Mantia, 2015; Ma et al., 2019), and spinel phases (Zhang et al., 2016; Pan et al.,

2018).

Despite the highly promising performance of many inorganic cathode materials, they have intrinsic limita-

tions that may prove problematic for their implementation in the next generation of sustainable batteries.

For instance, the use of harmful and toxic elements as well as the energy-intensive syntheses required to

make these cathodes directly mitigate the environmental gains that ZIBs are designed to achieve. From

the perspective of performance, the intercalation charge storage mechanism of inorganic cathodes can

also be problematic. This is largely due to the higher charge of Zn ions, which precludes efficient solid-state

diffusion, thereby leading to sluggish kinetics during routine operation of many inorganic-based ZIBs (Can-

epa et al., 2017; Poizot et al., 2020; Zhang et al., 2020b). Finally, large volume changes and active material

dissolution in inorganic cathodes can often lead to poor cycling stability.

In light of these limitations, we consider organic cathodes to be ideal materials for use in aqueous ZIBs.

These materials can be sourced from inexpensive, abundant feedstocks such as biomass, and can be syn-

thesized via low-temperature solution-based processes (Schon et al., 2016; Zhao et al., 2018). All of these

factors work in tandem to lower the system’s cost, whichmay also encapsulate the environmental and safety

costs associated with the technology. A low cost per kWh stored should be the main priority when

designing materials targeting grid applications. Currently, organic cathodes are already cost-competitive

with inorganic materials commonly used in ZIBs. For example, pyrene-4,5,9,10-tetraone and poly(anthra-

quinonyl sulfide), both of which are viable ZIB cathodes (Dawut et al., 2018; Guo et al., 2018), are estimated

to cost $4–6/kg and $3–4/kg at a 500 kg scale, respectively (Liang et al., 2017). Although factors such as
2 iScience 25, 104204, May 20, 2022



Figure 1. Schematic of a zinc-ion battery

During discharge, the organic cathode is reduced with associated uptake of Zn2+. During charge, the cathode is oxidized

and Zn2+ returns to the Zn anode, where they are plated.
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energy density and the need for conductive additives should be considered, these prices are comparable

to the widely employed MnO2 ($1.7/kg) and V2O5 ($5.5/kg) (Zhang et al., 2020b).

When assessing the cost or environmental footprint of a material, it is important to consider its impact over

its entire lifetime, as is often done in life cycle assessments. In this regard, the possibility to have recyclable

or biodegradable functionalities within the organic cathode structure entails great potential for low-cost

and sustainable end-of-life scenarios for these materials.

Finally, organic materials typically store charge through coordination reactions rather than the insertion of

multivalent cations (Figure 1). These reactions typically display much faster kinetics than intercalation, and

therefore allow for the construction of high-power devices. Bypassing solid-state insertion also means that

there are no cathodic volume changes associated with the battery’s discharge, which allows for much

higher stabilities.
Design principles

Many groups have already exploited the advantages of organic materials to design aqueous ZIBs with

organic cathodes (Cui et al., 2020). However, reporting conventions tend to follow those of LIBs, where

gravimetric capacity and high rate capability are showcased, even if these metrics are not the most perti-

nent for grid applications. Below, we propose a set of design principles to guide researchers when creating

aqueous ZIBs for grid storage (Figure 2).
Cost: $/kWh as a fundamental metric

The cost per unit of stored energy is the key criterion for the adoption of a technology for grid applications.

Although aqueous ZIBs are inherently less expensive than LIBs, lowering the price will remain critical if they

are to be adopted over competing technologies such as redox flow, sodium-ion, or liquid-metal batteries.

As such, we propose that it is critical to assess the cost of the input materials relative to the energy stored

over the device lifetime when designing new organic cathode materials for ZIBs. This evaluation may either

take the form of a life cycle cost analysis, or may be a quick, approximative assessment used to supplement

a scientific publication, as was recently demonstrated by Molina et al. (2020).

Of course, the cost per kWh ratio can also be lowered by increasing the energy density. As such, the voltage

and capacity of electrode materials remain important metrics, while the cycling rate and number of cycles
iScience 25, 104204, May 20, 2022 3



Figure 2. Design process and strategies to consider when developing organic ZIB cathodes

Design occurs on three levels: material synthesis, electrode assembly, and cell fabrication. This process is iterative and so researchers may be required to

optimize their material, electrode, or cell after evaluation.
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contextualize these numbers. Many batteries employ auxiliary elements such as carbon supports (e.g. gra-

phene, carbon nanotubes) or Nafion membranes in order to boost the long-term energy density. This is

typically achieved by increasing conductivity or limiting dissolution, which allows the device to retain ca-

pacity at high current densities and cycle numbers, respectively (Zhao et al., 2018). In these situations, it

is especially important for researchers to evaluate whether the performance gains achieved by adding

these expensive components to the system justify their added price. We expect that in certain cases,

the additional cost presents a barrier to application rather than a solution.
Simplicity, scalability, and safety of synthesis

It is critical to consider the various facets of a material’s synthesis, and how well they translate to an indus-

trial process. For instance, syntheses should be limited in steps in order to minimize associated costs with

labor, reagents, solvents, and the disposal of byproducts. Moreover, syntheses that avoid the use of expen-

sive catalysts or high temperatures are conducive to the scales required for grid application. In this respect,

the principles of green chemistry have brought forth a tremendous catalog of low-impact reactions

enabling the production of functional materials (Li and Trost 2008). Finally, the ability to develop produc-

tion from the laboratory scale to the industrial scale should be considered. Here, factors such as concen-

tration, reaction viscosity, time, exothermicity, and the need for inert atmospheres are of great importance.

Many practical syntheses for organic cathodes have already been reported. In one case, Wang and co-

workers obtained the quinone DTT through the gram-scale one-pot condensation of inexpensive 2,3-di-

chloro-1,4-naphthoquinone and sodium sulfide in water at 60�C (Wang et al., 2020b). The mild reaction

conditions, the absence of intense purifications, and the tolerance to ambient environment make this prep-

aration highly scalable, although it should be noted that no yield was reported. In another example, Liu and

coworkers electropolymerized their active material, 1,5-naphthalenediamine, directly onto the carbon fab-

ric current collector (Zhao et al., 2020). Here, low-cost electricity is used as the driving force of the reaction
4 iScience 25, 104204, May 20, 2022
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while minimizing the required steps andmaterials. Interestingly, some commercially availablematerials can

directly be used as ZIB cathodes without further molecular modification, as was demonstrated by Kundu

et al. with p-chloranil ($220 per kg from TCI) (Kundu et al., 2018). Although the authors eventually had to

confine the chloranil cathode into mesoporous CMK-3 to avoid a phase evolution, this work illustrates

that performant cathodes do not necessarily require complicated or expensive syntheses.
End-of-life scenarios

Although seldom reported upon, the end-of-life scenario of battery materials is key in determining the po-

tential gains achievable by an energy storage technology. For instance, the lack of a recycling industry has

limited the environmental benefits of electric vehicle LIBs—most of these batteries end up in landfill, which

represents a tremendous waste of material as well as a serious hazard to human health and the environ-

ment. In practice, the development of a recycling industry is shaped by its economic outlook, which is

dependent on the cost of the process (transport of batteries, mechanical/chemical separation of compo-

nents, and materials recovery) and on the value of recovered products (Harper et al., 2019).

At first glance, recycling organic materials from aqueous ZIBs has attractive features; the intrinsic safety of

the devices should lower the process cost and complexity while clever molecular design can promote on-

demand degradation, as has recently been demonstrated for a polypeptide-based battery (Nguyen et al.,

2021). However, as organic electrodes are inherently inexpensive relative to cathodes containing high-

value transition metals such as nickel or cobalt, the financial motivation for recycling is largely mitigated.

As a result, the chemical recycling of electrodes is likely to occur only if incentivized externally (e.g. through

government programs) or as a result of technological breakthroughs. Therefore, we view the design of

biodegradable materials as a more realistic path toward sustainable organic cathodes. In such a scenario,

the end-of-life benefit is two-fold; the molecular weight reduction of the electrode materials limits their

persistence in the environment while the methane produced from degradation can potentially be captured

and utilized, thus adding an energy credit to the overall life cycle of the material (Powell et al., 2016).

Standard protocols have been developed to test and benchmark material biodegradation. Typically, the

volume of gas generated is measured and used to calculate the percentage of biodegradation that has

occurred in the sample. It is important to conduct these biodegradation tests in a realistic environment.

For example, electrode materials that will likely end up in landfill should be studied under anaerobic

conditions to best capture the available degradation pathways that thematerial will face at end of life. Stan-

dard testing protocols for various settings are available, such as the ASTM D5526-18 for landfills and the

ASTM D6400 for municipal composting (Kolstad et al., 2012).
Areal loading

It is typical in both industrial and research settings to mix the active electrode material with a conductive

carbon additive. In commercial cells, this additive generally makes up about 2% of the total cathode mass.

However, due to their low electronic conductivity, organic materials generally require much larger propor-

tions of additive in the cathode in order to maintain tolerable performances. In our laboratory, we have

used cathode formulations employing 30%–60% of additive for lithium-ion batteries (An et al. 2020,

2022; McAllister et al., 2021), and it is not uncommon to see formulations with up to 70% of additive in

the literature. Because specific capacities are reported per mass of active material rather than total elec-

trode mass, this reduction in effective capacity is sometimes overlooked. Therefore, increasing the propor-

tion of active material in the cathode composite represents a viable route toward increasing energy

density, and should be a key area to target for future research.

Another key parameter is the mass loading per unit area of the electrode. In lab settings, the loading is

typically below 2 mg cm�2, which allows researchers to extract the best possible performance from a given

material. However, commercial cells usually employ mass loadings of 10 mg cm�2 or higher, which mini-

mizes the use of inactive components in the assembly. At the cell level, this has the effect of increasing

the energy density and reducing the total cost (Lin et al., 2018; Chen et al., 2019; Molina et al., 2020).

Although the performance of a given organic cathode will decrease when cycled at a higher loading,

such a test allows for a preliminary evaluation of the material in a more realistic setting. To this end, there

have been numerous reports of aqueous ZIBs functioning with loadings up to 30 mg cm�2 (Khayum et al.,

2019; Huang et al., 2020; Zhang et al., 2020c; Patil et al., 2021b).
iScience 25, 104204, May 20, 2022 5
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It is interesting to note that materials with modest specific capacities may be substantially more attractive if

they are able to form thick electrode films and, therefore, have high areal capacities (and so higher energy

densities). With this in mind, researchers can leverage molecular tuning with electrode film engineering to

obtain the high areal capacities required for next-generation grid storage. A realistic target to strive toward

is a capacity of 5 mAh cm�2 which can be sustained over a commercially relevant lifetime (i.e several thou-

sands of cycles) at a practical charging rate (Ma et al., 2020).

When conducting high loading tests, the cycling performance of the anode should not be neglected. As

the same amount of charge flows through the anode as the cathode, the active material loading dictates

the amount of zinc being anodically stripped and plated. In typical academic experiments with low load-

ings, only a small fraction of the anode is reversibly cycled—in other words, the utilization ratio of the anode

is small. Here, degradation of the anode can bemasked by the large excess of zinc, which effectively acts as

a reservoir (Lee et al., 2020). As the cathode loading is increased, the zinc utilization ratio grows and the

reversibility of the anode becomes an increasingly limiting factor. At high loadings, device lifetime may

be more reflective of anodic side-reactions or dendrite growth than of cathode stability. To address this,

there are several strategies that have been developed to enhance the reversibility of zinc anodes, such

as electrode coatings, zinc hosts, and electrolyte modification. These have been extensively reviewed else-

where (Shin et al., 2020).
Use of non-corrosive aqueous electrolytes in the molar range

A benefit of ZIBs over LIBs is their compatibility with aqueous electrolytes, which are advantageous due to

the safety and high ionic conductivity of water. Moreover, as water costs very little (relative to organic sol-

vents), the overall electrolyte system should be inexpensive based on solvent considerations alone. How-

ever, many batteries employ highly concentrated water-in-salt electrolytes (WiSE) (Wang et al., 2018; Song

et al., 2021), which can widen the electrochemical window and improve cycling performance by greatly sup-

pressing the activity of water. It is important to note that such systems can suffer from very high costs which

can be tolerated in research settings but will present major barriers to commercialization beyond the lab-

oratory (Chao and Qiao 2020). In this regard, the use of electrolytes in the molar range is a more promising

route to take for materials targeting grid application.

Recently, a set of aqueous electrolytes based on molecular crowding have emerged as highly promising

alternatives to WiSE systems. These electrolytes, whose solvents are a mixture of water and a molecular

crowding agent, such as poly(ethylene glycol), function similarly to their WiSE counterparts. Briefly, the

crowding agent interacts strongly with water, thereby greatly reducing the activity of free water molecules

at the electrode/electrolyte interfaces (Xie et al., 2020). This endows molecular crowding electrolytes with

the advantages of WiSE systems (reversibility, expanded voltage window) while avoiding their prohibitively

high costs.

Another point to consider when employing aqueous electrolytes is the possibility for storage of ions

beyond naked Zn2+. Recent reports have shown that Zn(H2O)x and H+ can penetrate into organic cathodes

and participate in the redox mechanism of the active material (Wan et al., 2018; Nam et al., 2020; Wang

et al., 2020b; Yang et al., 2021). H+ storage is especially influential on the device’s electrochemical perfor-

mance. For example, proton-storing materials typically display enhanced capacities due to the additional

storagemode and very high rate capabilities owing to the fast kinetics of H+ coordination. This was recently

exemplified by Tie and coworkers, whose proton-storing phenazine-based cathode maintained a capacity

of 123 mAh g�1 at 20 A g�1 (one charge/discharge cycle in 44 s) (Tie et al., 2020).

However, H+ storage is accompanied by a local increase in pH at the electrode/electrolyte interface. This

environmental change leads to the precipitation of insulating layered double hydroxides (LDH) onto the

cathode surface. The LDH composition is Zn4(OH)6SO4$xH2O in ZnSO4, where it has best been character-

ized, but varies according to the electrolyte anion. The LDH flakes act as a pH buffer but their accumulation

over extended cycling can lead to an increased electrode impedance and continuous electrolyte consump-

tion (Zhang et al., 2020b). Furthermore, in discharged states, the LDH can break away from the cathode,

thus eliminating the buffer. This leaves the interface susceptible to severe pH changes during H+ (un)coor-

dination, which is detrimental to the long-term stability of the cell (Blanc et al., 2020). Notably, this behavior

is masked at high cycling currents, and devices can be mistakenly deemed more stable than they are when

cycled too fast. Cycling protocols involving rest periods in the discharged state can help identify H+ storage
6 iScience 25, 104204, May 20, 2022
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and associated LDH formation. The charge storage mechanism can also be characterized through cyclic

voltammetry, ex situ measurements, and density functional theory.

Interestingly, some electrolyte classes can afford control over the mode of charge storage. By reducing the

degree of free water and tuning the zinc solvation sheath, the storage of naked Zn2+ can be promoted while

suppressing that of H+. This was recently achieved by Nazar and coworkers with a ZnCl2 WiSE system, as

well as with a more sustainable molecular crowding electrolyte containing 70% poly(ethylene glycol) (Li

et al., 2022).

Finally, it should be noted that other multivalent-ion batteries have suffered from corrosion of the current

collectors and cell casing due to chloride-containing electrolytes (Yagi et al., 2013; Lipson et al., 2015). This

may pose problems for researchers using ZnCl2 and can be alleviated by using less aggressive salts such as

ZnSO4 and Zn(CF3SO3)2, which are widely employed in state-of-the-art electrolyte systems. For ZIBs, corro-

sion can not only be problematic for the non-active cell components but also for the metallic zinc anode

itself. Here, corrosion can lead to passivation of the zinc surface as well as the evolution of hydrogen

gas. The latter poses severe safety issues due to the possibility of dangerous pressure build-up in the

sealed cells. The suppression of these detrimental side-reactions is an active research field in its own right,

and electrolyte design strategies have been reviewed elsewhere (Huang et al., 2019; Liu et al., 2021; Baya-

guud et al., 2022).

Design and assessment of long-term stability

For grid applications, it is essential that batteries are able to withstand cycling over a long period of time.

Organic molecules are typically sparingly soluble in water when oxidized but may experience dissolution in

the aqueous electrolyte when in their Zn-coordinated reduced state, which results in capacity fading over

repeated cycling. However, this can be mitigated by using compounds with high molecular weights, which

are inherently less soluble than their small molecule counterparts. For example, Stoddart and coworkers

showed that a triangular phenanthrenequinone-based macrocycle with a rigid geometry exhibited less

dissolution and an improved structural stability compared to its phenanthrenequinone small molecule

analog (Nam et al., 2020). Furthermore, cycling stability can be improved by tethering the small molecule

to a polymeric backbone or integrating it into a covalent organic framework (COF) (Schon et al. 2017, 2019).

In this way, the redox-active sites of the small molecule are still available, but the covalently linked macro-

structure restricts the material’s solubility in the aqueous electrolyte. Such strategies have already been

extended to ZIBs (Koshika et al., 2009; Khayum et al., 2019; Nam et al., 2020; Zhao et al., 2020). Another

approach to reducing solubility in aqueous electrolytes is to design molecules with high symmetry and,

therefore, low dipole moments, as was recently shown by Sun and coworkers (Lin et al., 2021).

A clear assessment of the cell’s cycling stability is important. The Coulombic efficiency (CE) serves as an

important figure of merit for evaluating stability and is often shown in long-term cycling plots. The capacity

retention of a metal-ion battery after some number of cycles can be approximated as:

Remaining Capacity = CEnumber of cycles

Therefore, even small differences in the CE can have a drastic impact on stability. Because of this, it is impor-

tant to (i) report CE and (ii) use an appropriate axis to highlight minor changes in CE during cycling (Talaie

et al., 2017). Finally, cycling stability tests should be conducted at relevant current densities to best reflect

material degradation, dissolution, and LDH formation/detachment (if there is any) in a realistic setting.

Outlook

To illustrate the current state of organic ZIB cathode materials, we have tabulated several examples from the

recent literature (Figure 3) and graded them based on how well they adhere to our design principles (Table 1).

This not only provides a means of evaluating these different materials in terms of their application potential

but it also highlights the challenges currently facing the field and, consequently, where future research may

be directed.

We note that it was difficult to accurately assess and compare the stabilities of the different examples as the

current densities used for the cycling tests vary widely between reports. Stabilities should ideally be eval-

uated at realistic rates so as to better gauge the long-term performance of devices and to observe any

deleterious effects arising from the storage of H+ (see Electrolyte section).
iScience 25, 104204, May 20, 2022 7



Figure 3. The molecular structures of cathode examples from Table 1
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It can be seen in Table 1 that recent organic ZIB cathodes are fulfilling many of the criteria desired of a sus-

tainable grid material. In general, great progress has been made toward increasing the electrochemical

performance of organic electrodes, which is partly due to the successful translation of strategies employed

in LIB research. However, further research should be targeted at increasing the intrinsic stability and energy

density of materials through molecular tuning, which is an inherently low-cost approach to obtaining high-

performance devices with long lifetimes. For instance, there are many strategies, such as polymerization,

salification, and hybridization with insoluble substrates (i.e carbon materials), that can be used to improve

cycling stability. Likewise, the output voltage of organic batteries can be modified through a handful of

well-known approaches. For example, adjusting the LUMO level by incorporating electron-withdrawing

groups (i.e -CF3, -CN, -F, -Cl, -Br, and -SO3Na) or electron-donating groups (i.e -NH2, -CH3, -OCH3,

-OLi, and -ONa) is a facile way to increase or decrease the working potential. As well, the relative positions

of active groups (i.e ortho, para, or meta) are significant, as they change the discharge potential due to

different Coulombic interactions. Finally, rate performance can be improved by designing molecules

with extended p-conjugated structures and additional conductive units (Lu et al., 2018).

In terms of synthetic complexity, the methods used to produce current organic electrodes range widely

from controlled polymerizations to solid-state (i.e mechanochemical) syntheses. Although the synthetic

route of a material may appear to be a trivial concern, it has a significant impact upon the material’s appli-

cability, where reaction concentration, yield, complexity, material cost, and number of steps must be

considered. This is especially true for a technology that is conceived to operate on the very large scale

of grid storage. Therefore, developing sustainable and scalable routes to novel or established electrode

materials represent a valuable contribution to the field. In this respect, we view bio-inspired chemistry

and mechanochemistry as particularly attractive methodologies due to their use of aqueous and sol-

vent-free conditions, respectively. Similarly, synthesizing electrode materials through flow chemistry can

serve as a useful proof of concept for reaction scalability, as many industrial polymerizations are performed

through continuous (rather than batch) processes (Zaquen et al., 2020).

As with other organic batteries, a key challenge is bridging the gap between laboratory-scale cells and

commercially relevant energy storage. To do so, the successful cycling of an electrode with a high propor-

tion of active material and a high mass loading can be seen as an important milestone in the development

of a grid storage material. Currently, the low electrical conductivity of organic materials, which needs to be
8 iScience 25, 104204, May 20, 2022



Table 1. Evaluation of highlighted ZIB cathode materials

Cathode

Material Costa

Simplicity,

Scalability,

Safetyb
End-of-Life

Scenariosc
Areal

Loadingd Electrolytee
Long-term

stabilityf
Charge Storage

Mechanism Ref.

DTT A A C B A B Zn2+ and H+ Wang et al., (2020b)

PC/G C B C C B A Zn2+ Zhang et al., (2020d)

TABQ A A C C A B H+ Lin et al., (2021)

P(4VC86-stat-SS14) C C C A B A Zn2+ Patil et al., (2021a); Patil

et al., (2021b)

HqTp COF C A C A B A Zn2+ Khayum et al., (2019)

poly(1,5-NAPD) A A C B A B Zn2+ and H+ Zhao et al., (2020)

PTO A A C B A C Zn2+ Guo et al., (2018)

PBQS B B C C B B Zn2+ Dawut et al., (2018)

TCNAQ C B C A A A Zn2+ Wang et al., (2020a)

p-PMC A B C A C B Zn2+ Zhang et al., (2020a)

A is the highest grade, while C is the lowest. An A requires the following criteria to be fulfilled
aThe prototype cell does notmake use of graphene or Nafionmembranes and the synthesis does not make use of highly expensive reagents (ie. above $100/g on

the lab scale).
bThe synthesis does not require inert conditions or temperatures above 100�C, takes 3 steps or fewer, and does not require highly dangerous reagents.
cEnd-of-life scenarios such as recycling or biodegradation are considered for the material.
dAn active material loading of at least 10 mg cm�2 has been tested.
eThe electrolyte is no more than 2 M in concentration and is not based on ZnCl2.
fThe prototype cell retains 80% of its capacity for at least 1000 cycles and primarily stores Zn2+.
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compensated with additives in the cathode film, continues to be an issue and requires further work. On the

other hand, the testing of organic cathodes at high mass loadings (i.e 10 mg cm�2 or higher) is gaining trac-

tion. Such tests provide a means of evaluating the suitability of an organic material for use in a realistic grid

battery. The engineering of thick electrodes is a viable route to making significant gains in areal capacity,

which is a key metric for evaluating the performance of grid-based battery materials.

Anothermajor conclusion is the urgent need todesign electrodematerials for biodegradation from conception.

To the best of our knowledge, there are no examples of organic ZIB electrodes specifically designed to have a

positive end-of-life scenario. When considering the high potential of organic materials for molecular modifica-

tion, this is clearly a wasted opportunity. For example, synthesizing polymer electrode materials with hydrolyz-

able backbones (e.g polyesters) and highly amorphous morphologiesmay be a viable path toward engineering

biodegradation (Tokiwa et al., 2009; Hatti-Kaul et al., 2020). Therefore, the design of electrode materials with

end-of-life considerations is a key point of emphasis for future ZIB research.

In summary, aqueous-organic ZIBs offer a promising solution to the anticipated surge in demand for grid energy

storage. For this technology to fulfill its potential, cathode materials must be developed with an emphasis on

practicality and sustainability. In this respect, further work targeted at lowering cost, developing sustainable

and scalable syntheses, and engineering positive end-of-life scenarios are of paramount importance. Neverthe-

less, recent reports of highly stable organic electrodes at commercially relevant mass loadings offer optimism

for the future application of aqueous zinc-organic batteries. As with other energy storage technologies, the

adoption of these batteries will require the sustained and concerted research and development efforts of chem-

ists, process engineers, materials scientists, and policy makers to reach fruition.
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