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ABSTRACT: Electrochemical energy storage is a keystone to support the rapid
transition to a low-carbon-emission future for grid storage and transportation.
While research on electrochemical energy storage devices has mostly dealt with
performance improvements (energy density and power density), little attention has
been paid to designing devices that can be recycled with low cost and low
environmental impact. Thus, next-generation energy storage devices should also
address the integration of recyclability into the device design. Here, we
demonstrate recyclable energy storage devices based on solution-processable
redox-active conjugated polymers. The high electronic and ionic charge transport
in these polymers enables the operation of single-phase electrodes in aqueous
electrolytes with C-rates >100 with good electrochemical stability when the cell is
charged to 1.2 V. Finally, we demonstrate the recyclability of these devices,
achieving >85% capacity retention in each recycling step. Our work provides a
framework for developing recyclable devices for sustainable energy storage technologies.

The global move toward decarbonization will result in a
tremendous growth of the energy storage industry,
spurred by the transition toward intermittent renewable

energy sources1 and the electric-vehicle revolution.2,3 The state
of the art energy storage device is the Li-ion battery (LIB), and
its exceptional performance has enabled its ubiquity in high-
energy-density applications in consumer electronics,4 electric
vehicles,3 and grid storage.5 Current limitations of LIB lifetimes
arise from the mechanical failure of electrodes due to volumetric
expansion/contraction,6 solid electrolyte interface formation,7

Li dendrite formation,8 and oxygen evolution.9While some LIBs
may be repurposed for a second life, such as the translation of
spent EV batteries to the grid and residential services,10 these
approaches do not address the need for upcycling of their
constituent materials, resulting in the majority of these devices
ultimately ending up in landfills at their end of life (EOL).
Present battery research has prioritized high performance

(high capacity, stability, and low self-discharge) by identifying
and ameliorating the aforementioned sources of degradation via
judicious materials and electrochemical design. However,
recyclability is not integrated into the design of these devices
and is mostly treated as an afterthought.11 Encouraging greater
industry adoption of recycling processes requires achieving
higher recycling efficiencies and utilizing simpler and lower-
energy processes. One potential approach to ease the recycling
of energy storage devices is using liquid extraction processes to
separate individual components of the device,12 driven by the

concept of the selective extraction of materials in orthogonal
solvents. To achieve simple and effective extraction of the
cathode and anode materials, the redox-active materials should
ideally function as single-phase electrode materials,11 thereby
avoiding additional separation steps of additives and binders
during the recycling process. Furthermore, the materials should
achieve high solubility in the solvents used for recycling, while
being insoluble in the operating electrolyte.
One class of materials compatible with the proposed approach

is redox-active conjugated polymers.13 Recent progress in their
design has enabled the development of solution-processable
redox-active polymers with balanced electronic/ionic transport
properties.14−19 The functionalization of conjugated polymers
with ion-transporting side chains has resulted in new
applications as cathode and anode materials in energy storage
devices operating in organic20 or aqueous electrolytes.14,21−25

Additionally, the design of polymer side chains enables solubility
in organic solvents, allowing for ease in solution processing
during device fabrication.14,17 Recent work following this
approach showed that single-phase electrodes achieved high
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charge capacity retention, even at C-rates >1000.14 While there
remains room for improvement to achieve high specific
capacities of redox-active conjugated polymers, there have
already been several structures reported promising theoretical
gravimetric capacities exceeding 200 mAh/g.26

We report the development of a recyclable energy storage
device based on redox-active conjugated polymers that function
as additive- and binder-free electrodes on carbon paper
substrates in aqueous electrolytes. When they are operated in
electrochemical cells, the polymer electrodes achieve stable
operation over 1500 charge−discharge cycles with a mass
loading >1 mg/cm2. Judicious polymer design enables high
solubility in processing solvents while low solubility is

maintained in the operational electrolyte. This allows both
cathode and anode electrodes to be extracted by solvent
extraction processes with recycling efficiencies of >85% over
multiple recycling steps. Our work showcases new directions to
address the current shortcomings of materials design with the
ultimate goal of simplifying the creation of a circular economy of
energy storage devices.
The electrode materials are redox-active polymeric organic

semiconductors (Figure 1a), where the anode comprises an
electron-transporting and the cathode a hole-transporting
conjugated polymer. The anode is a conjugated polymer based
on naphthalenetetracarboxylic diimide (NDI) and bithiophene
(T2) units,15 while the cathode material is a conjugated

Figure 1. Operating mechanism of polymeric energy storage devices and illustration of the recycling concept. (a) Schematic of the chemical
structures of the electron-transporting conjugated copolymer P-75 used as the anode and the hole-transporting conjugated homopolymer
p(g3T2) used as the cathode. Backbone: green rectangles represent NDI units, blue rectangles the bithiophene units (T2), and purple
rectangles the g3T2 units. Side chains: alkyl chains are shown in red and glycol chains in orange or blue. (b) Charging and discharging
mechanism of polymer electrodes in an aqueous electrolyte. During charging: oxidation of the cathode and injection of hydrated anions into the
film, as well as reduction of the anode and injection of hydrated cations into the film. During discharging: the oxidized hole-transporting
polymer is reduced to its neutral state, resulting in the ejection of anions from the oxidized cathode. The reduced electron-transporting polymer
is oxidized to its neutral state, resulting in the removal of cations from the reduced anode. (c) Recycling procedure of electrochemical cells; (1)
Polymer deposition; (2) electrochemical characterization of individual electrodes; (3) cell assembly in aqueous electrolyte followed by
characterization of the electrochemical properties; (4) extraction of the redox-active polymers; (5) redeposition of polymer solutions on new
current collector substrates. Red stars indicate stages where electrodes and the battery are characterized.
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homopolymer based on a dialkoxybithiophene (g3T2) repeat
unit.14 Hydrophilic side chains based on ethylene glycol are
attached to the polymer backbone to enable rapid ion transport
from the electrolyte into the bulk of the electrode. Furthermore,
these side chains are selected to achieve high solubility in organic
solvents for processing the electrode materials from solution and
enabling subsequent recycling via solvent extraction. Mixed
hydrophilic and hydrophobic side chains are attached to the
polymer backbone of the anode to control the swelling of the
polymer with water molecules from the electrolyte, while
simultaneously ensuring that the neutral and charged polymers
are insoluble in the aqueous electrolyte.27 Employing mixed
hydrophilic/hydrophobic side chains on the NDI unit has been
reported to improve the electrochemical stability of redox-active
polymers with long hydrophilic side chains during charging to
achieve charge densities beyond one electron per repeat
unit.14,27 Thus, the anode material comprises 25% hydrophobic
(branched alkyl side chains (−CH2CH(C8H17C10H21)) and
7 5% h y d r o p h i l i c ( h e p t a k i s ( e t h y l e n e g l y c o l )

(−CH2CH2O)7Me)) s ide cha ins , re fer red to as
p([75:25]NDI-T2) or P-75, to achieve high solubility in organic
solvents.15 The cathode material (p(g3T2))14 contains short
hydrophilic (triethylene glycol, (−CH2CH2O)3Me)) side
chains which lead to high electrochemical stability without the
need to substitute hydrophilic side chains with hydrophobic side
chains. The polymer electrodes p(g3T2) and P-75 are water-
insoluble in their neutral and charged states.
During electrochemical charging, holes or electrons (in

p(g3T2) or P-75, respectively) are accumulated on the
individual polymer backbones. Concurrently, hydrated anions
and cations (chloride (Cl−) and sodium ions (Na+)) intercalate
from the aqueous electrolyte into the bulk of the polymer to
electrostatically compensate the electronic charge carriers on the
polymer backbones, as illustrated in Figure 1b. The process is
reversed during discharge, where the stored energy is released to
operate a device. Figure 1c shows a schematic of the recycling
process of the energy storage device, starting with the deposition
of polymers on fresh electrodes, followed by cell operation and

Figure 2. Performance of the energy storage device in aqueous electrolyte. (a) Three-electrode CV measurements of individual polymer
electrodes (half cells) at 5mV/s in 0.1MNaCl aqueous electrolyte at a low oxygen concentration of the pristine electrodematerial (dark traces)
and after cycling the polymer for 500 charge−discharge cycles (light traces). Dashed lines indicate the first CV cycle of the pristine polymer
electrode. The upper panel shows the CV of P-75 (1.0 mg) from +0.2 to−1.0 V vs Ag/AgCl, and the lower panel shows the CV of p(g3T2) (2.0
mg) from−0.5 to +0.5 V vs Ag/AgCl. (b) Three-electrode measurements: gravimetric capacity measurements of the individual electrodes (half
cells) at different charging rates in their initial states (pristine electrode, dark traces) and after 500 charge−discharge cycles of the
electrochemical cell (tested electrode, light traces). (c) Two-electrode measurements: CV measurements of the assembled cell (full cell)
between −0.5 and +1.2 V at 5 mV/s in 0.1 M NaCl aqueous electrolyte at low oxygen concentration showing the performance of the pristine
device (pristine device, dark traces) and after conducting 500 charging−discharging cycles (tested device, light trace). The current is
normalized by the mass of both polymers. (d) Ragone plot comparing the power and energy density of the full cell with those of other
supercapacitor or aqueous electrolyte based energy storage cells.21,28,29 Note: calculations of the power and energy densities of all presented
devices consider only the mass loading of the redox-active materials.
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the recycling procedure (see Methods in the Supporting
Information).
Polymer electrodes are prepared by drop-casting polymer

solutions from low-boiling-point solvents onto conductive paper
substrates to achieve mass loadings of 1.0 and 2.0 mg/cm2 for P-
75 and p(g3T2), respectively. The paper substrates act as the
current collectors, and their porous nature supports the
volumetric charging of the additive- and binder-free electrodes.
We first study the electrochemical properties of individual
polymer electrodes using cyclic voltammetry (CV) (Figure 2a)
(CVs of the conductive paper substrate as controls are shown in
Figure S3 in the Supporting Information). The electron-
transporting polymer (P-75) becomes charged between −0.2
and−1.0 V vs Ag/AgCl, showing a redox peak at around−0.7 V
vs Ag/AgCl. The first charging cycle (dashed line) occurs at a
more negative apparent potential in comparison to the
subsequent scans, mostly due to the uptake of water molecules
(swelling) during the first charging cycle that subsequently
improves the ion-transporting properties of the polymer. The
hole-transporting polymer (p(g3T2)) becomes charged be-
tween −0.2 and +0.5 V vs Ag/AgCl, for which a shift to a more
negative apparent potential is also observed over incremental
charge−discharge cycles due to the swelling of the electrode
material during operation.18

To evaluate the gravimetric capacity and the charging rates of
the single-phase polymer electrodes, galvanostatic (chronopo-
tentiometry (CP)) measurements were conducted. Figure 2b
summarizes the results of the gravimetric capacity of the
individual electrodes vs C-rate in 0.1 M NaCl aqueous
electrolyte. At a C-rate of 5, p(g3T2) and P-75 have gravimetric
capacities of 23 and 40 mAh/g, respectively. The higher
gravimetric capacity of P-75 stems from the donor−acceptor
type nature of the polymer, where it has been reported that the
NDI unit can stabilize up to two electrons per repeat unit,
resulting in the formation of the bipolaronic state.14,30 In
comparison, for p(g3T2), the injected holes are distributed
(delocalized) along the polymer backbone, resulting in lower
charge carrier densities per repeat unit (estimated to be up to
two holes per three repeat units14). A higher degree of charging
may be achieved for p(g3T2); however, this comes at the cost of
lower electrochemical stability due to chemical side reactions
between the oxidized polymer and solvent molecules and ions of
the electrolyte.14 Encouragingly, P-75 achieves 78% of its
theoretical gravimetric capacity (50.9 mAh/g, considering two
electrons per repeat unit) and p(g3T2) achieves 84% of its
theoretical gravimetric capacity (27.4 mAh/g, considering 0.5
holes per repeat unit). These findings show that high fractions of
the redox-active sites are accessible in additive- and binder-free
polymer electrodes. Despite the variation in the C-rates from 5
to 100, the electrodes each retain >70% of the specific capacity,
as shown in Figure 2b and Figure S4 in the Supporting
Information.
We assembled the energy storage device with p(g3T2) (1.0

mg) as the positive electrode (cathode) and P-75 (2.0mg) as the
negative electrode (anode) and achieved cell voltages of up to
1.2 V. Higher cell voltages may be achieved, but at the risk of
overcharging the individual electrodes, accelerating device
degradation. Finally, we evaluated the electrochemical stability
of the individual electrodes (Figure 2a) and the energy storage
device (Figure 2c) after 500 galvanostatic charging/discharging
cycles. Encouragingly, high electrochemical stability is observed
for both individual electrode materials and the energy storage
device after 500 charge−discharge cycles. Additionally, the

electrode capacities increased after 500 charge−discharge
cycles, which is more apparent at high C-rates (Figure 2b).
We hypothesize that the repeated charging and discharging of
the polymers, which involves shuttling of ions and water
molecules into and out of the bulk of the polymer, results in
improved ionic transport properties of the polymer electrodes
and thus enables the utilization of a higher fraction of the redox-
active sites in the bulk of the material.
The Ragone plot in Figure 2d benchmarks the performance of

the energy storage device with other electrochemical energy
storage devices reported in the literature (accounting for only
the weight of the redox-active materials).21,28,29 The device
achieves an energy density of 4.5 Wh/kg at a power density of
3000 W/kg. In comparison with its counterparts in the class of
aqueous-based electrochemical capacitors, our work demon-
strates a higher energy density in comparison to the average
reported values in the literature.14,21,31 To our knowledge, the
only other class of batteries intentionally designed to be
recyclable is lead-acid batteries.32While Pb-acid batteries exhibit
around 1 order of magnitude greater energy density in
comparison to the developed recyclable polymer energy storage
device, the presented polymer device exhibits approximately 2
orders of magnitude greater power density. Furthermore, our
device operates at 2 orders of magnitude larger energy densities
in comparison to electrolytic capacitors33 and maintains low
self-discharge rates, retaining >91% of its charge after 1 h (Figure
S6 in the Supporting Information). This enables applications in
low-energy-density applications that require fast charging and
discharging such as energy storage from intermittent sources,
regenerative braking, as well as operating low-power sensors for
lab-on-a-chip or other IoT devices (see powering of an LED in
Figure S7 in the Supporting Information).
After establishing a stable aqueous polymer energy storage

device, we next analyze the recycling efficiency of the device.
Leveraging the advantages of single-phase electrodes, we employ
solvent extraction processes to recycle the device reported in
Figure 2c twice using an ambient recycling method (Methods
and Figure S2 in the Supporting Information). Encouragingly,
>85% of the gravimetric capacity of the individual electrodes is
retained after each recycling step and there is a remarkable 76%
retention of charge capacity after recycling the energy storage
device twice and after a total of 1500 charging/discharging
cycles (Figure 3a and Figure S8 in the Supporting Information).
Similar to the individual electrodes shown in Figure 2b, the

energy storage device retains up to 75% of the specific capacity
when the C-rate is increased from 5 to 150, with Coulombic
efficiencies of close to 100% (Figure 3b)). Notably, the capacity
dependences with respect to C-rate of the pristine and recycled
devices are comparable, showing that the recycling process does
not harm the electronic and ionic charge transport properties of
the redox-active polymers. Figure 3c and Figure S9 in the
Supporting Information present the changes in the capacity for
the energy storage device as well as for the individual electrodes
as a measure to identify which electrode experiences the greatest
degradation. We observed that the majority of the capacity loss
occurred during the recycling steps (loss of 7% for recycling #1
and 21% for recycling #2), where P-75 experiences the largest
drop in capacity (10−20% loss; see Table S1 in the Supporting
Information). Further details of each testing stage are provided
in Figures S5 and S10−S13 in the Supporting Information.
To further investigate the loss in capacity of the electrodes, we

evaluated the chemical stability of the polymers by comparing
the chemical compositions of the pristine and recycled polymers
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using proton nuclear magnetic resonance (1H NMR) spectros-
copy, X-ray photoelectron spectroscopy (XPS), UV−vis spec-

troscopy, grazing-incidence wide-angle X-ray scattering (GI-
WAXS), and mass spectrometry (matrix-assisted laser desorp-
tion/ionization time of flight (MALDI-TOF)). The results from
1HNMR spectroscopy and XPS measurements show that
p(g3T2) and P-75 are chemically and electrochemically stable
after multiple charging/discharging cycles and after the recycling
of the polymer electrodes (Figures S15−S22). However, we
observed residual p(g3T2) on the current collector after solvent
extraction (Figure S22), which is a result of oxidation of the
polymer under ambient conditions that lowers the solubility of
the polymer in organic solvents and thus decreases the
extraction yield. By minimizing the exposure of the electrode
to molecular oxygen, we improved the recycling efficiency of
p(g3T2) from 30% to 85% (Figure S29). Interestingly, a high
chemical stability for P-75 is only observed when anhydrous
solvents are employed during the recycling step and heating is
avoided (anhydrous recycling method; see Methods in the
Supporting Information). In contrast, recycling of P-75 with wet
(water-containing) organic solvents at elevated temperatures
results in chemical modification of the polymer P-75, most likely
due to a ring-opening reaction of the imides of the NDI repeat
unit (Figures S16, S20a−d, and S26e in the Supporting
Information). Encouragingly, both polymers have comparable
UV−vis absorption spectra (Figure S23 in the Supporting
Information), molecular weight distributions (Figure S24 in the
Supporting Information), and GIWAXS diffraction patterns
(Figures S25−S28 in the Supporting Information) before and
after recycling when the anhydrous recycling method is
employed, showing that both polymers are stable under the
recycling conditions. Finally, electrodes recycled using the
anhydrous recycling method achieve a retention of capacity
comparable to that of electrodes recycled under ambient
conditions (Figure S14 in the Supporting Information), with
the added benefit of avoiding chemical modifications of the
anode material P-75.
We developed recyclable redox-active polymer electrodes that

function in aqueous-based electrolytes with high electro-
chemical stability and maintain their specific capacities after
several recycling steps. We took advantage of the outstanding
electronic and ionic charge transport properties of conjugated
polymers functionalized with hydrophilic side chains to employ
them as single-phase electrodes. The side chains were chosen to
enable device operation in environmentally friendly electrolytes
such as salty water. Additionally, they achieve high solubility in
organic solvents for ease of processing the redox-active
compounds from solution, paving the way for low-cost
fabrication of devices as well as efficient extraction of redox-
active materials at the EOL. Simpler and more cost efficient
extraction processes can be developed formaterials that function
as additive- and binder-free redox-active materials, in compar-
ison to electrodes with mixed phases. For example, the addition
of binders and additives may result in the formation of insoluble
particles, resulting in the trapping of redox-active molecules that
lowers the recycling efficiency and complicates the recycling of
large-scale devices. By designing redox-active materials that
function as additive- and binder-free electrodes with high
solubility in the processing solvent, we show that high recovery
efficiency can be achieved by employing one-step extraction
processes. Our approach of integrating recyclability within
materials design instead of leaving recycling as an afterthought
allows our process to avoid additional separation and
purification steps.

Figure 3. Recycling efficiency of the energy storage device (full cell).
(a) CVmeasurement of the energy storage device between−0.5 and
+1.2 V at 5 mV/s after charging/discharging for 500 cycles, after the
first recycling of the device and another 500 subsequent charging/
discharging cycles, and in its final state after recycling the device for
a second time and a total of 1500 charge−discharge cycles. The first
scan is shown as a dashed line and the shaded region indicates the
total loss in capacity (24%). (b) Gravimetric capacity (solid traces)
and Coulombic efficiency (dashed traces) vs C-rate plot of the cell in
its initial and final states after recycling the energy storage device
twice and a total of 1500 charge−discharge cycles. (c) Changes in
the gravimetric capacity of the energy storage device (red columns)
and individual electrode (half cell) retention efficiency (traces above
columns: purple, cathode; blue, anode) at different stages of testing:
pristine device, after the first 500 charge−discharge cycles, after the
first recycling, after the second 500 charge−discharge cycles, after
the second recycling, and after the third 500 charge−discharge
cycles. We note that the trendlines for the individual electrodes
(p(g3T2) and P-75) act as guidelines to illustrate the drop in
capacity, rather than being actual fits of the curve.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.1c01625
ACS Energy Lett. 2021, 6, 3450−3457

3454

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01625/suppl_file/nz1c01625_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01625/suppl_file/nz1c01625_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01625/suppl_file/nz1c01625_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01625/suppl_file/nz1c01625_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01625/suppl_file/nz1c01625_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01625/suppl_file/nz1c01625_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01625/suppl_file/nz1c01625_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01625/suppl_file/nz1c01625_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01625/suppl_file/nz1c01625_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01625?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01625?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01625?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01625?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c01625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In its present state, our device can be utilized for high-power-
density and low-energy-density applications that rely on rapid
charging and discharging (energy storage from intermittent
sources, regenerative braking systems, and start/stop systems).
In addition, our developed energy storage device achieves high
stability in pH-neutral aqueous electrolytes and enables the
potential development of on-body biosensors or lab-on-a-chip
devices, where hazardous electrolytes must be avoided. In
comparison to other polymeric energy storage devices operated
in pH-neutral aqueous electrolytes, our device achieves higher
capacities and cell voltages21 as well as excellent redox stabilities
beyond 1500 charge−discharge cycles. We further show that
p(g3T2) can be processed and recycled from dimethylforma-
mide (DMF), a more sustainable solvent in comparison to
chloroform (Figure S30 in the Supporting Information).
Although our recyclable energy storage device targets a different
application space due to the lower energy density in comparison
to lead-acid batteries, the recycling process of our device is
simple and has a low environmental impact, since all
components can be recovered and reused, including the solvents
used for extraction and processing of the polymers.
The ability to control the redox activity and electronic

conductivity (via backbone design) as well as the ionic
conductivity and solubility (via side chain engineering) of
conjugated polymers presents a wealth of opportunities in the
design of single-phase polymeric electrodes. To extend the
utility of these recyclable redox-active polymers to energy
storage devices, further work should address improving the
energy density of redox-active polymers. One strategy includes
functionalizing side chains with redox-active molecules
(quinones or hydroquinones31 or nitroxide radicals based on
2,2,6,6-tetramethylpiperindine-1-oxyl (TEMPO)34) while high
solubility is maintained to process polymers from solution.
Alternatively, polymer backbones can be designed to store more
than two electronic charge carriers per repeat unit.26

The role of the side chain expands beyond solubilizing the
polymer in organic solvents to process the redox-active materials
from solution and to enable recycling. We further show that the
side chain is important for transporting ions and electrolyte
solvent molecules into the bulk of the polymer to utilize high
fractions of the theoretical capacity of the polymer. To
demonstrate this concept, we evaluated the electrochemical
performance of a hole-transporting polymer with shorter
hydrophilic side chains (diethylene glycol side chains for
p(g2T2), theoretical gravimetric capacity of 33.4 mAh/g)35

instead of triethylene glycol side chains for p(g3T2) (theoretical
gravimetric capacity of 27.4 mAh/g) (Figure S31). Surprisingly,
instead of observing an increase of the gravimetric capacity, we
observed a lower gravimetric capacity for p(g2T2), demonstrat-
ing the importance of the side chain in transporting ions into the
bulk of the polymer. Additionally, the lower solubility of
p(g2T2) in organic solvents prevented the recycling of the
polymer at the EOL of the device.
The adoption of this technology requires further work to

achieve economies of scale, including lowering the production
cost of the redox-active polymers: for instance, via large-scale
flow-chemistry synthesis.36 Finally, the environmental footprint
of device fabrication and the recycling process can be further
minimized by designing polymers that can be processed from
green solvents37 and are biodegradable.38 Further improve-
ments in recycling efficiencies through utilizing large-scale batch
processes will pave the way for a circular economy of energy

storage devices based on solution-processable redox-active
polymers.
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