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ABSTRACT. In this Perspective, we sketch out a vision of fast charging and self-healable 

energy systems that are primarily organic, feature only abundant elements, and operate with 

ions other than lithium. Using conductive oligomers as highly configurable building blocks, it 

is possible to create intrinsically adaptable conductive polymeric networks that can be 

rejuvenated and recycled using simple and safe chemical treatments. Using the versatile 

organic chemistry toolbox, these oligomers can be further functionalized, for example, with 

redox-active sidechains for high charge storage capacity, and ligands capable of complexing 

metal centers. Crosslinking with metal ions converts the soluble oligomers into insoluble 

supramolecular networks to yield high-performing electrode materials. The oligomer-based 

approach can, thus, provide an exceptional level of control to the design of organic-based 

battery materials.  

 

 

Lithium-ion batteries (LiBs) are one of the most mature battery technologies in the current 

market. Owing to their high energy density,1 the demand for LiBs has grown substantially since 

their first commercialization in 1991 by Sony.2 To date, LiBs not only dominate the market for 

portable electronic devices, but also are increasingly used in electric vehicles and grid-level 

energy storage systems.3 It is predicted that the demand of batteries will increase tenfold by 
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2030, ultimately projecting a shortage of stable supply of the elements such as Li and Co, and 

causing further increase in their prices, while also affecting Ni supply and pricing.4  

These concerns5 particularly hinder the continual development of LiBs for large-scale energy 

storage applications6,7 and have prompted the development of post-lithium energy storage 

systems (PLiES) using cations such as Na+, K+, Ca2+, Mg2+, Zn2+, and Al3+ to store charge, 

which are much more abundant than Li.8,9 However, replacing Li-ions with cations of larger 

size and/or charge poses several challenges associated with differences in ion radii and strength 

of cation–solvent interactions10 and calls for the deep revision and re-exploration of the cathode 

and electrolyte chemistries.11 Inorganic transition metal oxides are widely developed and 

studied as cathode candidates for PLiES but, upon charging, tend to display irreversible phase 

transformations resulting in a decrease in both voltage and capacity during charge/discharge as 

well as generally poor power density.12 In addition, the relatively low amount of 

crystallographic interstitial vacancies for storing larger charge-carrier ions results in strongly 

limited energy densities for intercalation-based materials.13 It is clear that desirable increases 

in the energy and power densities are not possible with current technologies and new redox 

chemistries between charge-carrier ions and host materials beyond the traditional 

‘intercalation’ mechanisms are required.14 Here, one might look to the field of supercapacitors 

for inspiration. 

Supercapacitors are high power, high cycle life devices that typically have 2–5 times lower 

energy densities compared to batteries and are routinely used complementarily or in tandem 

with batteries when fast energy uptake and delivery is required.15 Supercapacitors are based on 

the electrosorption of ions at the surface of highly porous materials such as carbon,1 and/or fast 

reversible surface redox reactions such as in two-dimensional transition metal carbides 

(MXenes)16 or hydrated RuO2.17 Because the charge storage mechanism differs from traditional 

intercalation, most materials for supercapacitors can operate with larger ions.  
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Organic-Based Energy Storage  

Organic-based materials could provide an attractive solution for PLiES, potentially yielding 

sustainable and cost-effective energy storage systems based on the most abundant elements 

(e.g., C, N, O, and Na).7 Researchers have examined various types of organic materials, such 

as organic radical compounds,18 organodisulfides, carbonyl compounds,19 and hierarchical 

carbon/nitrogen architectures20 for use as electrode materials.21 Unfortunately, despite high 

theoretical capacity, their high solubility in electrolytes and insufficient electronic conductivity 

result in unacceptably low cycling stability and even poorer power density, critically limiting 

a widespread industrial application.22 Lack of intrinsic electrical conductivity also translates 

into severe challenges related to the manufacture of electrodes with industrially relevant areal 

capacities because it requires the addition of large amounts (30–80%) of conductive carbon 

additives, which drastically affects the energy density of the resulting composite.21 To address 

this issue, researchers have explored strategies such as immobilizing the organic molecules in 

polymeric frameworks to mitigate solubility and introducing intrinsic electrical conductivity 

through extended (backbone) conjugation. 

Using conductive polymers is one of the strategies for introducing electrical conductivity into 

organic-based energy storage materials. Batteries based on conducting polymers, such as 

polyaniline,23 polypyrrole,22 and polythiophene and its derivatives,24 were among the first 

organic-based systems explored for charge storage.25 Their theoretical charge storage 

capacities are >200 mAh/g and their structural flexibility enables operation with charge-carrier 

cations beyond Li+, making them attractive candidates for post-lithium organic energy 

storage.26 However, the doping level of conductive polymers is typically below 50% (i.e. less 

than half of the redox-active groups undergo charging/discharging).21 It is also worth noting 

that electrolyte chemistry (solvent, salt, concentration) plays a substantial role in the achievable 

degree of doping and cycling stability of conducting polymers.24 To date, the most efficient 
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strategy for improving the doping level (other than electrolyte optimization) requires the use 

of sidechains with electron-donating or withdrawing groups, limiting their practical capacity.25 

In addition, during the redox process, intercalation of charged ions with their solvation shells 

can strongly affect the structure of the material and promote changes in the density of the 

electrode polymer:27 Repetitive swelling and shrinking of the polymer during the 

intercalation/deintercalation process results in mechanical degradation of the electrode with 

cycling.28–30 Some polymers are susceptible to an effect of overcharging that results in 

dissolution in the electrolyte. These factors drastically affect the cycling stability of the 

system,24 necessitating revised approaches toward the design of conducting polymers for 

energy storage applications.  

Synthetic Control versus Capacity Conundrum for Conductive Polymers  

Currently, most conducting polymers used in charge-storage devices are structurally simple: 

Stripped-down heterocycles without sophisticated sidechains are condensed by either 

electropolymerization or by oxidative polymerization.31 Neither method enables a substantial 

reaction control, and usually the reaction is conducted until an insoluble polymer material is 

obtained, which is then used as electrode. Due to the simple molecular structures of the 

monomer units, the resulting polymers have comparably high theoretical capacities. However, 

low reaction control and insufficient coupling selectivity inevitably leads to a polymer of low 

regularity with abundant structural defects, which in turn impairs crucial material properties 

such as conductivity and stability. When trying to mitigate their low performance by 

introducing functional sidechains (e.g., redox-active groups to improve capacity), the problem 

is amplified: Poor coupling selectivity when polymerizing highly functionalized monomers 

often results in polymers with irregular structures and decreased stability.32 The insolubility of 

the materials severely limits characterization possibilities, curtailing efforts to derive 

synthesis–property relationships. In addition, the insolubility of the polymer material does not 



 6 

prevent its swelling and the associated long-term instability of the electrode.28 Other 

polymerization mechanisms that enable a higher degree of reaction control and the possibility 

to condense highly functioned conjugated monomers require the utilization of metal catalysts.33 

The removal of the catalysts and characterization of the polymer requires a certain solubility 

of the material, which can be introduced via alkyl sidechains. In this manner, well-defined 

structures can be obtained, however, the resulting electrode materials again lack in capacity, 

power density, and cycling stability.34 

Metal Centers for Stabilization of Organic Ligands.  

Recently, an alternative based on metal–organic frameworks (MOFs) has been proposed.  

Metal–organic frameworks are porous materials constructed by the coordination of organic 

linkers to metal ions, creating extended networks and simultaneously immobilizing the 

ligand.31 The high intrinsic porosity and surface area of MOFs enables ion access to redox-

active sites.35 However, their low electronic conductivity and insufficient chemical stability 

have limited energy applications of MOFs primarily to slow-charging batteries. Dincă and co-

workers reported the synthesis of a few dozen electrically conducting MOFs36 that 

demonstrated promise for supercapacitors due to their high power ability and good cycling 

stability.37,38 However, their energy density is still insufficient to compete with batteries: 

Insights into the charge storage mechanism revealed that the organic linker plays the dominant 

role in the redox reaction, while the metal center is primarily a structural stabilizer.11,39,40  

Synergistic strategies could potentially combine advantages of MOFs and conductive polymers 

to develop effective, organic-based electrode materials that possess excellent cycling stability 

and power density. An ideal organic-based material would combine a high density of redox-

active sites in a conducting framework to enable a high capacity and a high-power electrode 

(Figure 1a). The material should be insoluble, to achieve a high cycling stability, and porous, 

to allow easy ionic accessibility of active sites, enabling the usage of larger charge-carrying 
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ions beyond Li-ion. Due to their structural versatility, metallopolymers could be one of the 

most promising platforms to create new energy storage materials to meet these requirements. 

 

Figure 1. a) Influence of the material properties on the energy storage device characteristics.  

b–d) Various types of molecular dynamics (MD) simulations for gathering insights into 

fundamental aspects of the system from molecular to nanodevice level: b) Ab initio MD 

simulation of the redox-active and electrically conductive oligomers. Adapted with permission 

from ref 41. Copyright 2020 Royal Society of Chemistry. c) Classical MD for the 

characterization of the insoluble supramolecular structures. d) Constant potential MD for 

rationalization of the full cell. Adapted from ref 42. Copyright 2016 American Chemical 

Society. 

 

Oligomer Approach  

One way to achieve such highly configurable and highly performing organic-based electrode 

materials is to create metallopolymers based on coordinative networks of defined oligomers. 
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The use of highly functional oligomers crosslinked by metal complexes will result in insoluble 

and stable electrode materials that can potentially accommodate various metal cations, such as 

highly abundant Na+. From a structural point of view, the oligomer approach entails two steps: 

First, conjugated oligomers with a defined number of repeating units (n = 4–10) are 

synthesized and, in a second step, they are crosslinked to yield insoluble supramolecular 

structures (Figure 1b–d).  

Utilizing conjugated oligomers as conductive and redox-active building blocks has a number 

of advantages. One important benefit is the oligomers’ intrinsic superior solubility.43 This 

solubility not only enables easy handling and purification, but also complete structural 

characterization and—based on the characterization results—targeted structural modification. 

Altering molecular parameters such as backbone or sidechain layout enables the extensive 

manipulation of the material’s properties. Also, the incorporation of redox-active sidechains 

and/or ligands to support redox-active metal centers is possible. Together with the intrinsic 

conductivity of the conjugated oligomer backbone, these functional groups can ensure high 

capacities and fast charging kinetics. Consequently, this approach offers exceptional 

configurability of the material’s structure and properties, as well as better processability.  

Upon crosslinking of the optimized oligomers, the metal–ligand interactions, which yield 

supramolecular structures, can serve multiple additional functions in the resulting material: 

Dynamic metal–ligand bonds can (i)  enable the reconfiguration of the polymer during 

charge/discharge, positively affecting cycle life and perhaps ultimately yielding self-healing 

electrodes; and (ii) provide the option to recycle the material by removing and subsequently 

re-introducing the central ion, thereby opening the possibility to rejuvenate end-of-life 

electrodes. The establishment of metallopolymer-based materials with fast charging kinetics, 

high capacity, and high cycling stability can be achieved via two different structural layouts, 
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denoted here as direct linkage and chain connection. A schematic overview of these approaches 

is provided in Figure 2.  

 

Figure 2. Schematic overview of the oligomer approaches for engineering metallopolymer-

based materials: a) Direct linkage of the metal ion through redox-active or redox-silent heating 

groups; b) Chain connection approach that comprises crosslinking the oligomer redox-active 

backbones through the redox-active metal center. The dynamic nature of the crosslinking 

metal–ligand complexes enables recycling of the supramolecular network and, thus, the 

rejuvenation of the charge storage characteristics of the final electrode. 

 
Direct linkage (Figure 2a) comprises the synthesis of conductive and redox-active oligomers 

(e.g., oligothiophenes, oligopyrrole) with a defined number of repeating units and the 

modification of the terminal sites with chelating ligands (e.g. acetylacetonate) to enable 

crosslinking via metal ions (e.g., Fe(acac)3). The organic backbone of the oligomers can be 

further functionalized with redox-active sidechains (e.g., tetrahydroxybenzene32 or 

anthraquinone44) to improve their charge storage capacity. This design enables researchers to 

address and to mitigate potential problems regarding performance and synthesis; for example, 

the introduction of redox-active sidechains in oligomers can be understood as a strategy to 

enhance the capacity of a material. Yet, in all cases, the organic parts define the electrochemical 
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properties. The metal ions are primarily used for crosslinking, and their influence on 

electrochemical characteristics is mainly inductive.  

Chain connection (Figure 2b) is a fundamentally different approach because the metal centers 

are complexed not by ligands located at the terminal sites of the oligomers, but by the 

monomeric units themselves. Because each repeating unit can complex a metal ion, the 

resulting supramolecular structure contains a high density of redox-active metal centers.45,46 

These metal centers play a tri-fold role: (i) crosslinking to define the topology of the resulting 

supramolecular material, (ii) tuning the redox potential of the organic building blocks, and 

(iii) actively contributing to the overall electrochemical response through their intrinsic redox 

activity. Promising chemistries for chain connection approach include bithiazole- and indigo-

based conductive oligomers due to their high theoretical capacity. 

In both approaches, the final step of crosslinking via metal ions enables the controlled 

formation of stable and insoluble materials. As a result, these methods offer features not readily 

found in conventional organic-based electrodes, such as the ability to self-heal, which, in turn, 

would positively affect the cycling stability.47 Furthermore, the crosslinking metal complexes 

can be cleaved, for example via the addition of stronger ligands and subsequent reformation, 

potentially enabling recovery and recycling of the redox-active materials after prolonged 

electrochemical cycling. 

Modeling: Moving Classical Molecular Dynamics Beyond Perfect Metal Electrodes for 

the Design and Development of Electrochemical Systems  

The design of oligomer-derived conducting metallopolymers involves the use of several 

simulation techniques. As illustrated in Figure 1, the various components require calculations 

at either the electronic or the molecular scale. Electronic structure calculations facilitate 

characterization of the density of states using density functional theory (DFT) of the conductive 

backbone as well as the potentials of redox-active species using ab initio molecular dynamics 
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(MD; Figure 1b).41 For each compound, several electrolytes should be tested in order to 

optimize the transport properties and the stability of the materials. Testing is done using 

classical MD performed on the pure liquids (Figure 1c). In particular, these simulations 

provide a full characterization of the structure of the solvation shells of the oligomers as well 

as the diffusivities of ionic species depending on the choice of electrolyte. The results of the 

simulations are directly comparable with experimental studies of rate-dependent 

electrochemical responses of the oligomers in different electrolytes. Both the theoretical and 

experimental results can be used to create a feedback loop and to guide the synthesis toward 

better-performing materials.  

Finally, the experimental capacities and charging times can be systematically interpreted by 

simulating full electrochemical cells under operation conditions. These simulations will enable 

determinations of the double-layer structure and capacity of the device.42 The state-of-art 

consists of performing constant potential MD (Figure 1d), in which the electrodes are set at 

fixed potentials. They are treated as perfect metallic conductors by allowing the atomic charges 

to fluctuate in response to the electrolyte species movement.48 Although this model has recently 

been used for MOFs,49 it is much better adapted to the case of bulk metallic electrodes and/or 

to nanoporous carbon materials, which have a simple chemical composition and structure and 

can generally be considered to be rigid. However, for systems that deviate from rigid behavior 

(e.g., polymers or hybrid materials) this approach is not sophisticated enough because we 

expect different responses from the various moieties depending on their electronic structure 

and because flexibility is an important characteristic that governs device performance. A recent 

extension of the model to treat electrodes with different metallicities provides a good lead for 

developing the simulation tools that would be necessary to study conductive-polymer-based 

materials.50 Coupled with DFT calculations of the redox potentials, these simulations will 

enable researchers to estimate the relative contributions of the faradaic and capacitive processes 
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to the overall performance and to guide experiments toward improved electrode design. The 

simulations will also provide a molecular scale view of ion accessibility within the porous 

structure and of the adsorption processes at the surface of the metallopolymer electrodes. 

 

Outlook  

The oligomer-based approach can potentially address drawbacks of the existing organic-based 

energy storage systems on all levels, from novel material design to full cell prototypes, as 

depicted in Figure 1a. Creating this new material class could simultaneously satisfy all of the 

following criteria. 

(i) High capacity / high energy. High capacity and, hence, energy density of the 

metallopolymers could be realized via incorporation of small redox-active molecules capable 

of multielectron reactions as sidechains attached to conductive and redox-active oligomers. 

Numerous small molecule candidates should be screened both experimentally and theoretically 

to optimize overall energy density by taking into account both experimental capacity and 

operational voltage.  

(ii) Fast charging kinetics. a. Intrinsic electrical conductivity realized through conductive 

oligomers and supramolecular networks is expected to ensure fast charging kinetics. The 

resulting fast charging kinetics has positive implications on the device level, ensuring that 

materials’ performances (capacities and energy densities) can be translated for electrodes of 

industry-level thicknesses and attractive power density. b. Ion accessibility can be ensured by 

the incorporation of sidechains and through crosslinking geometries of metal complexes, which 

prevents aggregation of the otherwise densely packed oligomer chains and results in longer 

intermolecular distances. Thus, larger charge-carrier ions can be accommodated into the 

oligomer network during charge/discharge. 
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(iii) Cycling stability. Long-term cycling stability can be enabled through multiple strategies: 

a. immobilization of redox moieties on the polymer chain; b. dynamic bonding and, hence, the 

ability to self-heal is introduced via metal–ligand coordination; and c. introduction of intrinsic 

porosity through the topology of the coordination bonding to accommodate structural changes 

during charge/discharge.  

(iv) Recyclability. The controlled reversibility of the crosslinking step enables the recycling of 

electrode materials by cleaving the coordination bond and subsequently reforming the 

supramolecular network.  
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Suggested pull quotes 
 
Organic-based materials could provide an attractive solution for post-lithium energy storage 
systems, potentially yielding sustainable and cost-effective energy storage systems based on 
the most abundant elements. 
 
Due to their structural versatility, metallopolymers could be one of the most promising 
platforms to create new energy storage materials. 
 
 


