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Conjugated Polyimidazole Nanoparticles as Biodegradable
Electrode Materials for Organic Batteries

Philipp A. Schuster, Matthias Uhl, Ann-Kathrin Kissmann, Felicitas Jansen, Tanja Geng,
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and Alexander J. C. Kuehne*

Conjugated polymers are promising active materials for batteries. Batteries
not only need to have high energy density but should also combine safe
handling with recyclability or biodegradability after reaching their end-of-life.
Here, 𝝅-conjugated polyimidazole particles are developed, which are prepared
using atom economic direct arylation adapted to a dispersion polymerization
protocol. The synthesis yields polyimidazole nanoparticles of tunable size and
narrow dispersity. In addition, the degree of crosslinking of the polymer
particles can be controlled. It is demonstrated that the polyimidazole
nanoparticles can be processed together with carbon black and biodegradable
carboxymethyl cellulose binder as an active material for organic battery
electrodes. Electrochemical characterization shows that a higher degree of
crosslinking significantly improves the electrochemical performance and
leads to clearer oxidation and reduction signals of the polymer. Polyimidazole
as part of the composite electrode shows complete degradation by exposure
to composting bacteria over the course of 72 h.
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1. Introduction

Batteries represent indispensable energy
storage devices that greatly impact and
aid our everyday lives. Especially due
to the global shift from burning fos-
sil fuels to sustainable energy sources,
the demand for new types of batter-
ies is increasing. Modern batteries re-
quire high energy densities and safe
handling combined with recyclability or
biodegradability after reaching their end-
of-life.[1] Whereas organic batteries of to-
day only represent a niche technology,
they have the potential to overcome the
lithium paradigm that currently applies
to lightweight batteries.[2,3] To reduce our
carbon footprint, avoid critical raw mate-
rials, and improve performance beyond
the current state-of-the-art, new environ-
mentally compatible materials need to

be developed to produce the batteries of the future.[1] Organic
polymers hold promise as active materials in batteries, which
could fulfill these demands.

In particular, conjugated polymers are promising materials
for polymer-based batteries and have been tested and applied
for battery applications since the early 1980s.[4,5] The mechan-
ical properties of conjugated polymers would allow the battery
to be flexible and therefore to be integrated into completely new
application environments. However, such organic polymer elec-
trode materials are currently based on polyaniline, polypyrrole,
polythiophene, polyphenylenes, polyanthraquinones, and poly-
carbazoles, none of which building blocks are available from nat-
ural resources or qualify for biodegradation (see Figure S1, Sup-
porting Information). By contrast, there are biobased or bioin-
spired polymers that are explored as active materials for bat-
teries, for example, polydopamine derivatives[6,7] or redox-active
polypeptides.[8] Another biobased and bioinspired building block
is the nitrogen-rich homolog of polypyrrole, namely polyimi-
dazole, which features a five-membered ring with two nitro-
gen atoms. Imidazoles occur naturally for example in histidine,
biotin, and imidazole alkaloids.[9,10] Therefore, nature has de-
veloped pathways for degrading such molecular motifs. Imi-
dazole is degradable by reactive oxygen species, which occur
in macrophages[11,12] or in composting bacteria.[13,14] On the
one hand, polyimidazole has the potential to be compostable
and biodegradable into amide and amino acid fragments.[11,15]
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Figure 1. a) Schematic illustration of the dispersion polymerization of methylimidazole to particles. b) Synthesis scheme to produce polymers with
different degrees of crosslinking. Polymers with (red) high, (green) medium, and (blue) low crosslink density. Reaction conditions are given in the
materials and methods section. c) SEM images of the purified particles after 24 h reaction time. The inset shows a histogram of the particle diameters
(c = 28 mmol L−1, pKa = 10.7). d) (Red) Particle size plotted against monomer concentration c and (blue) particle size versus pKa of the base used.
SEM image from left to right in blue the bases t-BuOK, NaOH, and K2HPO4, and in red the monomer concentrations 4.7, 28, and 37 mmol L−1.

On the other hand, functional imidazole monomers are avail-
able from natural resources (such as glucose and other car-
bohydrates) through Radziszewski/Weidenhagen[16] or Win-
daus/Knoop syntheses.[17,18] Studies suggest that polyimida-
zoles could be oxidized as well as reduced rendering these
materials interesting for application in symmetric organic
batteries.[19] For example, an imidazole derivative, namely
benzo diimidazole-dione shows excellent electrochemical prop-
erties in lithium-ion batteries.[20] However, there are cur-
rently neither studies that have characterized polyimidazoles
in view of their performance as active materials in batteries,
nor have polyimidazoles been explored as compostable elec-
tronic polymers that degrade in the presence of composting
bacteria.

Here, we synthesize nanoparticles composed of imidazole ho-
mopolymers with tunable crosslink density and variable diame-
ter. We evaluate the potential of imidazole nanoparticles as active
materials in organic batteries and we establish biodegradability
using bacteria that occur in soil and are typical for oxidative com-
posting of organic matter.

2. Results and Discussion

2.1. Polymer Particles Synthesis

Instead of grinding or ball-milling a previously synthesized and
precipitated active polymer material, which represents the typ-
ical preparation technique for the active material in organic
batteries, we produce our active polyimidazole material as a
dispersion of monodisperse nanoparticles (see Figure 1a,c). In
short, we perform a direct arylation polymerization (DAP) be-
tween iodinated imidazole and the available C─H groups of
respective imidazole co-monomers in a dispersion polymeriza-
tion setup. The polymerization is conducted in 1-propanol, in
which the monomers are soluble, as well as the palladium
catalyst with adamantyl phosphine oxide ligands, and a base.
Moreover, poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA) and
Triton X-45 are added to prevent aggregation and provide col-
loidal stability to the synthesized particles. Since 1-propanol is
a solvent for the monomers but a non-solvent for the poly-
mer, particles nucleate and grow during polymerization (see
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Figure 1a).[21] In the absence of stabilizers, the polymer will pre-
cipitate in an uncontrolled fashion during synthesis, forming
large aggregates that sediment (see Figure S2, Supporting In-
formation). We perform dispersion polymerization using pure
2,5-diiodo-1-methyl-imidazole, where self-coupling between the
iodo-groups and the C─H group in 4-position delivers polymer
particles of high crosslink density (see Figure 1b, red). Cou-
pling of 2,5-diiodo-1-methyl-imidazole with 1-methyl-imidazole
results in medium crosslink density (see Figure 1b, green) and
1,4-dimethyl-imidazole, where the 4-position is protected by a
methyl group and cannot participate in crosslinking, delivers
low degrees of crosslinking (Figure 1b, blue). The advantage of
crosslinked polymer particles is in their insolubility in the elec-
trolyte even in the charged state. The particle diameter d increases
with rising monomer concentration (see red curve and insets in
Figure 1d). Surprisingly, the strength of the employed base also
has an effect on the particle diameter, with stronger bases like
potassium tert-butoxide (t-BuOK) delivering smaller d and weaker
bases such as sodium hydroxide (NaOH) and dipotassium phos-
phate (K2HPO4) delivering larger d (see blue curve and insets
in Figure 1d). Apparently, stronger bases lead to faster polymer-
ization kinetics and therefore faster phase inversion, meaning
more nuclei are being formed and an overall greater number of
particles is growing. This leads to more but smaller particles at
complete conversion. Here, all particle syntheses are carried out
under argon-inert gas conditions. If the reaction mixture is not
degassed and all other reaction conditions remain the same, the
particle diameters become smaller by 15–20%, indicating slight
deactivation of the catalyst.[21,22]

2.2. Electrochemical Characterization

To test the applicability of polyimidazole particles as redox-
active battery electrodes, we investigate their electrochemical
behavior using cyclic voltammetry (CV) in a Swagelok-type T-
shaped 3-electrode cell setup with 1-butyl-1-methylpyrrolidinium
bis(trifluormethylsulfonyl)imide (Pyr14TFSI) in propylene car-
bonate as the electrolyte. Pyr14TFSI has a low viscosity of 3.7
mPa s and has proven suitable as an electrolyte for polymer
electrodes.[23,24] The large size of the TFSI anion is advantageous,
due to its small solvation shell.[25] We add Super P conductive
carbon and carboxymethyl cellulose (CMC) as a biodegradable
binder[26,27] to the polyimidazole particles. The ratio of Super P to
polyimidazole particles is 6:3.5 by weight. The amount of binder
is 5 wt%. We add the components to water (0.055 μS) to ob-
tain a viscous slurry after homogenization using an ultra turrax.
The slurry is then doctor-blade-coated onto aluminum foil (as a
charge collector) and dried at room temperature in the air. The
thickness is adjusted by tuning the gap of the doctor blade be-
tween 30 and 100 μm. Cross-sections recorded by scanning elec-
tron microscopy (SEM) corroborate that the polyimidazole par-
ticles and Super P particles are well mixed and show no obvi-
ous separation or sedimentation during drying (see Figure S3,
Supporting Information). The specific surface area determined
by gas adsorption, following Brunauer–Emmett–Teller (BET) the-
ory, is 40.3 m2 g−1 for the composite electrode. For compari-
son the pure carbon black with binder has a BET surface of
60.7 m2 g−1, indicating that the polyimidazole particles have a

small surface area and are not porous. A previous study found
irreversible electrochemical oxidation of imidazole-based poly-
mers at 1.2 V (vs Ag) with a doping level (charges per monomer
unit) of 0.3, which would result in a theoretical specific capac-
ity of 112 mAh g−1.[19] Our electrochemical characterization con-
firms this irreversible electrochemical degradation as soon as
the stability window of polyimidazole is exceeded (see Figure
S4, Supporting Information). We therefore limit the oxidation
potential here to 1 V and observe at least partial reversibility.
For our polyimidazole nanoparticles, oxidation takes place be-
tween 0.6 and 0.8 V and the respective reduction between 0.2
and 0.4 V (vs Ag), depending on the electrode composition (see
Figure 2). The observed capacity is low compared to the previ-
ously reported values.[19] However, as reversibility is a manda-
tory requirement for battery application, further oxidation is not
appropriate. It should also be mentioned that the partial oxida-
tion is absent when using imidazole monomers. Therefore, the
extended 𝜋-system seems to be a required precondition for the
quasi-reversible uptake of electrons. To optimize the reversibility
and the capacity of our polyimidazole active material, we tune the
crosslink density, the particle diameter, the ratio of active mate-
rial to conducting carbon filler, and the overall thickness of the
electrode, expressed as mass loading (see Figure 2).

A higher degree of crosslinking clearly improves the electro-
chemical processes, leading to more distinct oxidation and re-
duction signals (see Figure 2a). The reason for this improve-
ment could be the structural arrangement of the monomer as
part of the conjugated polymer network. An increased degree
of crosslinking will lead to a less delocalized 𝜋-conjugated sys-
tem and therefore more discrete electrochemical signals. In ad-
dition, highly crosslinked polymers eliminate the problem of sol-
ubility of the organic active material in conventional electrolytes,
which occurs with small organic molecules and leads to a rapid
decrease in capacity.[28] We carry on with the medium crosslink
density and synthesize particles of 210 ± 40 (small), 460 ± 60
(medium), and 510 ± 40 nm (large) in diameter. Electrochemi-
cal characterization by cyclic voltammetry delivers no clear size–
property relationship (see Figure 2b). This is surprising, since for
other polymers such as poly(2,2,6,6-tetramethyl-4-piperinidyl-N-
oxyl methacrylate) such relationships between particle size, peak
potential, and current have been reported.[23] Here, other effects,
such as surface roughness, as well as gradients in crosslink den-
sity from the inside out of larger or smaller particles, may play a
role.

Typically, the loading of active material has a strong impact on
the capacity of the electrode. However, depending on the con-
ductivity of the redox-active material a conducting carbon filler
needs to be added. Here, we continue with crosslinked parti-
cles of d = 450 ± 50 nm and vary the conductive Super P filler
content from 30 to 80 wt%. At 80 wt% filler, we clearly observe
much greater specific capacity with respect to the mass of poly-
imidazole than at 50 wt% and below, indicating only mediocre
conductivity of our redox-active polyimidazole nanoparticles (see
Figure 2c). However, the high capacity is the result of capaci-
tive currents mainly caused by the conductive carbon additive,
which almost completely masks the redox signals of the polyimi-
dazole peaks. The lowest carbon content of 30 wt% is disadvanta-
geous as the electrodes lack electrochemical stability. By contrast,
in the case of 50 wt%, the peak currents for the polyimidazole
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Figure 2. Influence of a) the degree of cross-linking, b) the particle size, c)
the amount of carbon in the electrode slurry, and d) the mass loading on
the electrochemical activity in CV of polymer electrodes based on polyimi-
dazole. The individual scan rates and the modified parameters are given in
the respective graphs. Potentials were measured using Ag wire as a refer-
ence electrode (bottom axis) and additionally referenced against ferrocene
(top axis).

even increase by cycling. As a result, we consider the optimum
amount of conductive carbon to active material to be around 50
wt%. Continuing with this ratio of added Super P, we see no sub-
stantial influence of the electrode thickness on the aluminium
collector electrode—or the mass loading of the organic electrode
composite—on the capacity (see Figure 2d). An increase of the
mass loading by a factor of nine only reduces the specific cur-
rents slightly (see Figure 2d). Therefore, we conclude that the
electronic and ionic conductivity of the composite electrodes is

Figure 3. a) Specific charge (green) and discharge (orange) capacities of
a slurry-based polyimidazole electrode in 1 m Pyr14TFSI in propylene car-
bonate galvanostatically cycled with a rate of 10 C with respect to the ex-
perimentally determined capacity. The Coulombic efficiency of each cycle
is shown in blue. b) Potential profiles of the 1st (blue), 5th (cyan), 10th
(green), 20th (orange), and 100th (red) galvanostatic charging (dotted
lines) and discharging (solid lines) of the measurement shown in (a).

good and that the entire electrode contributes to the observed ca-
pacity.

The electrode performance improves during ongoing cycling
over the course of 40 cycles, as can be seen in Figure S5, Sup-
porting Information. The decomposition currents at the positive
end of the potential stability window are decreasing, whereas the
peak currents for the polyimidazole oxidation increase. In gal-
vanostatic charge–discharge measurements with a rate of 10 C
with respect to the experimentally determined capacity, a maxi-
mum capacity of 4.7 mAh g−1 is reached after initial condition-
ing, during which the electrode most probably gets soaked com-
pletely with electrolyte. Subsequently, the capacity is slowly fad-
ing with Coulombic efficiencies of 82–92% (see Figure 3a). These
chronopotentiometric measurements are in agreement with the
cyclic voltammetry in Figure S5, Supporting Information. Dur-
ing the first galvanostatic charging cycle, the polyimidazole oxi-
dation is directly followed by initial decomposition currents, lead-
ing to a relevant amount of irreversible oxidation, as shown in
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Figure 3b. During the first discharging cycle, the slope of the
potential profile is less steep when the reduction potential is
reached. As expected for conjugated polymers, no distinct poten-
tial plateaus are observed, since the oxidation and reduction po-
tentials are dependent on the oxidation of the polymer with a dis-
tribution of possible states. With ongoing cycling, more charge is
transferred at the potentials of the quasi-reversible oxidation of
polyimidazole. After having passed the maximum capacity (cycle
13 in Figure 3a), the potential of the oxidative process is again
increasing, resulting in an overall lower capacity and indicat-
ing degradation of the polyimidazole and passivation of the elec-
trode. In the 100th cycle, currents attributed to Faraday processes
are almost absent. The remaining capacitive currents are mainly
caused by the conductive carbon in the slurry electrode. This is
supported by electrochemical impedance spectroscopy indicat-
ing more capacitive behavior at low frequencies, while a clear
semi-circle, which could be fitted with a simplified Randles cir-
cuit, can be observed in the high-frequency region of the Nyquist
plot (see Figure S6, Supporting Information). During galvanos-
tatic cycling, the cell resistance increases from 6.2 to 6.5 Ω and
the charge-transfer resistance from 1.2 to 1.5 Ω, indicating slight
passivation of the electrode.

2.3. Biodegradation Results

Conjugated polymer particles with imidazole co-monomers are
known to degrade in the presence of reactive oxygen species.
The imidazole unit can be cleaved oxidatively, leading to small
molecular and non-toxic degradation products.[12] We perform
degradation of our particles in solution of 30% H2O2 in water,
and we record the diameter d via dynamic light scattering (DLS)
over time. We observe a continuous decrease in d from ≈350 nm
to fully degraded particles over the course of 8 h (see Figure S7,
Supporting Information). The decrease in d is accompanied by an
increase in the dispersity of the particle diameter, indicating that
the particles do not degrade homogeneously from the outside in.
More likely, the crosslinked particles will break up into smaller
fragments that continue degrading—this model is in line with
the accelerated degradation kinetics observed after t = 210 min,
which is when the dispersity shoots up. When we analyze the
isolated degradation products by chemical ionization (CI) mass-
spectrometry (MS), we observe a main degradation product at
m/z = 129.1, and a series of smaller fragmentation products. To
make sure that this main degradation product is not a fragment
produced during CI, we also perform MS with much gentler elec-
trospray ionization (ESI-MS). Here we observe the same peak
with m/z = 129.102 as well as another signal at m/z = 174.160,
masses which correspond to the ring-opened degradation prod-
uct of two adjacent imidazoles C6H13N2O+ and C8H20N3O+ (see
Figure S8, Supporting Information). The latter signal is not ap-
parent in CI-MS as it might be subject to fragmentation by the
harsher chemical ionization. In combination, CI-MS and ESI-MS
corroborate that the polyimidazole nanoparticles decompose in
the presence of reactive oxygen into small molecular degradation
products.

To investigate whether our electrodes manufactured as com-
posites of polyimidazole particles with Super P and CMC will
degrade in the presence of composting bacteria, we immerse

the electrodes in a bacterial medium. However, naturally, the
medium is aqueous and therefore dissolves the CMC binder,
complicating the degradation study. Therefore, we first check the
degradation of the imidazole polymer alone. We synthesize linear
polyimidazole using Yamamoto coupling[21] (Mn = 5100 Da, Ð =
1.1) and dissolve the linear polymer in N-methyl-2-pyrrolidon to
produce thin films on glass substrates by spin coating at a thick-
ness of 0.3 μm.

The obtained polyimidazole films on glass are placed in bacte-
rial media (lysogeny broth) containing bacteria that can be found
in soil, manure, and compost, namely Escherichia coli,[29] the
well-established biotechnological host strain Pseudomonas putida
KT2440,[30-32] and the facultative pathogenic soil bacterium Pseu-
domonas aeruginosa (strains PAO1 and PA14),[33-37] which are
known as producers of an impressive arsenal of extracellular
(meaning secreted) enzymes and reactive oxygen species. After
about 5 h at a temperature of 37 °C, holes become visible in the
films colonized with the two P. aeruginosa strains, and after 24 h
large parts of the film have been degraded completely (see Figure
S9, Supporting Information). By contrast, E. coli requires 24 h to
induce holes in the polyimidazole films and P. putida does not
induce observable degradation of the film over the course of the
24 h experiment (see Figure S8, Supporting Information). The
fastest degradation is observed for P. aeruginosa PAO1 (see Figure
4a–c). To investigate whether our crosslinked particles will also
be degraded by P. aeruginosa PAO1, we mix the particles with a
poly(vinylidene fluoride) (PVDF) binder that is insoluble in the
bacterial medium. We compare the composites of particles with
CMC binder to the PVDF-based composites by investigating the
cross-section of the composite films by SEM. We find that the
morphology of the films appears to be almost identical, with the
polyimidazole particles being finely dispersed in the matrix of
the binder (see Figure S3, Supporting Information). After expo-
sure to the bacterial medium with P. aeruginosa PAO1 for 72 h
the brown film turns white, indicating the disappearance of the
brown polyimidazole particles (PVDF is white) (see Figure 4e).
Inspecting the film after degradation with SEM, we find that the
surface of the composite electrode is covered with a biofilm and
individual P. aeruginosa PAO1 bacteria (see Figure 4g). To see if
any particles remain underneath the biofilm, we enzymatically
degrade the biofilm and bacteria for 30 min (Benzonase Nuclease
from Merck Millipore). The exposed electrode exhibits large voids
and an almost gyroidal scaffold of the binder, indicating that the
enclosed imidazole polymer particles have been degraded (see
Figure 4h). To confirm that the enzymatic degradation only de-
grades the bacteria and not the polyimidazole particles, we mix
particles with bacteria in dispersion and add the enzyme. By tak-
ing samples and SEM images, we observed no change in particle
size over 30 min. By contrast, the bacteria disappear (see Figure
S10, Supporting Information). This is a clear indication that P.
aeruginosa PAO1 is able to degrade linear polyimidazole as well as
crosslinked polyimidazole particles. Finally, we investigate elec-
trodes composed of our polyimidazole particles, PVDF binder,
and Super-P carbon, to investigate whether the polyimidazole ac-
tive material could also be degraded by composting bacteria in
a realistic electrode composite. Since the color of the electrode
is dominated by the black carbon particles, we cannot observe
a change in the film before and after exposure to P. aeruginosa
PAO1 by eye (see Figure 4i). However, the SEM image of the
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Figure 4. a) Linear poly(methylimidazole) prepared by Yamamoto coupling and spin-coated onto glass. b) Polyimidazole film (in (a)) treated with
Pseudomonas aeruginosa PAO1 for 5 h at 37 °C. Large holes are visible under the light microscope. c) Same film as in (b) after 24 h. Large parts of the film
are completely disintegrated. d) SEM image of the film and holes (in (b)) after 5 h. e) Polyimidazole particles mixed with PVDF binder and deposited on
glass substrates by drop casting. Left shows the film in the beginning and the right after 72 h of bacterial treatment. f) SEM image of the Polyimidazole
particles/PVDF film before treatment. g) same film as in (f) after 72 h of bacterial treatment. The green ovals highlight two of the bacteria present in
the biofilm on the surface. h) SEM image shows the same film as in (g) after 30 min of treatment with the nuclease enzyme that degrades bacteria and
biofilm. The biofilm is degraded and only the PVDF scaffold remains. i) Polyimidazole particles were mixed with PVDF binder and carbon black as for
the electrochemical measurements and deposited on glass by drop casting. Left shows the film at the beginning and the right after 72 h of bacterial
treatment. j) SEM image of the film in (i) before treatment, and k) after 72 h of bacterial treatment. l) Above shows the small carbon black and the much
larger polyimidazole particles, before bacterial treatment. Below is the film after 72 h of incubation with the bacteria. The polyimidazole particles are
degraded and the carbon black particles remain with the binder.

composite electrode allows clear differentiation of the small Su-
per P carbon particles and the larger polyimidazole particles, held
together by the PVDF binder (see Figure 4j,l (top)). After expo-
sure to composting bacteria, we see that the electrode is coated
by a biofilm and the larger polyimidazole particles are absent (see
Figure 4k,l (bottom)). In combination, our study clearly corrobo-
rates that P. aeruginosa PAO1 as a model for composting bacteria
can degrade redox-active polyimidazole particles from a function-
ing polymer battery electrode.

3. Conclusions

This work presents a starting point for biodegradable organic bat-
tery electrodes. Polyimidazole, here used as a redox-active battery
material, exhibits only semi-reversible oxidation and reduction.
Even though the capacity of this process is rather low compared to
the theoretical value, we could investigate that crosslinking helps
to increase the specific current of the redox process. Furthermore,
polyimidazole shows full degradation by composting bacteria
over the course of 72 h. Due to the very desirable biodegradability
but rather low specific capacities, we propose that in the future
imidazole could be combined with highly redox-active monomers
in co-polymers for battery electrodes. With this, the capacity of the
electrodes would be enhanced by mainly using the co-monomer
for charge storage, while maintaining biodegradability through
the imidazole units. Together with CMC as a water-soluble and
degradable binder, the entire electrode will be compostable and

biocompatible. In view of the increasing demand for small-scale
and printable energy storage devices, to power integrated sen-
sors and wireless communication systems, our results represent
an important contribution to the field of organic battery materi-
als. When combined with environmentally friendly electrolytes—
such as, for example, deep eutectic solvents[24]—our compostable
electrodes could pave the way for completely biodegradable
batteries.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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