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Emulsion Polymerizations for a Sustainable Preparation of
Efficient TEMPO-based Electrodes
Simon Muench,[a, b] Patrick Gerlach,[b, c] René Burges,[a, b] Maria Strumpf,[a, b]

Stephanie Hoeppener,[a, d] Andreas Wild,[e] Alexandra Lex-Balducci,[a, b] Andrea Balducci,[b, c]

Johannes C. Brendel,[a, b] and Ulrich S. Schubert*[a, b]

Organic polymer-based batteries represent a promising alter-
native to present-day metal-based systems and a valuable step
toward printable and customizable energy storage devices.
However, most scientific work is focussed on the development
of new redox-active organic materials, while straightforward
manufacturing and sustainable materials and production will be
a necessary key for the transformation to mass market
applications. Here, a new synthetic approach for 2,2,6,6-
tetramethyl-4-piperinidyl-N-oxyl (TEMPO)-based polymer par-
ticles by emulsion polymerization and their electrochemical
investigation are reported. The developed emulsion polymer-
ization protocol based on an aqueous reaction medium allowed

the sustainable synthesis of a redox-active electrode material,
combined with simple variation of the polymer particle size,
which enabled the preparation of nanoparticles from 35 to
138 nm. Their application in cell experiments revealed a
significant effect of the size of the active-polymer particles on
the performance of poly(2,2,6,6-tetramethyl-4-piperinidyl-N-oxyl
methacrylate) (PTMA)-based electrodes. In particular rate capa-
bilities were found to be reduced with larger diameters.
Nevertheless, all cells based on the different particles revealed
the ability to recover from temporary capacity loss due to
application of very high charge/discharge rates.

1. Introduction

Organic batteries represent a promising element for the future
of mobile energy supply and feature several advantages
compared to present-day metal-based battery systems.[1] They
can be produced by straightforward manufacturing techniques,
such as printing or roll-to-roll processing, which allows the

production of large quantities at low costs.[2] Moreover, these
techniques enable customizable designs to meet the require-
ments of the large variety of gadgets for the upcoming internet
of things and allow mechanically flexible devices.[3] Their
compounds can prospectively be prepared from renewable
resources and at the end of their lifetime they can be disposed
by incineration without toxic leftovers like metal oxides.[4]

Much scientific work on organic electrode materials was
conducted over the last years.[5] However, the transition of this
new technology into mass market devices is still in its infancy.
To facilitate this transition, two important aspects should be in
the focus of future developments: competitive prices and the
sustainability of containing materials and their production. The
mass production of polymers bears the opportunity to signifi-
cantly decrease the costs. But many polymerization techniques
include expensive and toxic reactants as well as solvents.
Therefore, a straightforward manufacturing technique is re-
quired that circumvents these issues. Here, the application of
emulsion polymerization techniques can be of great benefit.
Emulsion polymerizations are well established in industrial
polymer synthesis (e.g., for paints and coatings) due to several
explicit advantages. They combine the synthesis of hydrophobic
polymer particles with a water-based production technique
and, thus, no organic solvents are required. They are easily
scalable, reproducible, and reveal fast polymerization kinetics
due to the suppression of termination reactions.[6] Furthermore,
no elaborate purification is necessary, as the insoluble polymer
particles can be isolated by filtration and the dried particles can
be utilized in battery manufacturing without further processing
steps like milling.
Recently, catechol-based polymer nanoparticles were re-

ported as organic electrode materials for lithium batteries, while
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redox-active colloids were investigated in suspension-based
flow batteries.[7] However, the here applied poly(2,2,6,6-
tetramethyl-4-piperinidyl-N-oxyl methacrylate) (PTMA) repre-
sents one of the most promising candidates for active materials
for organic batteries. It is synthesized by polymerization of
2,2,6,6-tetramethyl-4-piperidyl methacrylate (TMPMA) and sub-
sequent oxidation to the 2,2,6,6-tetramethyl-4-piperinidyl-N-
oxyl (TEMPO) free radical-containing PTMA.[8] It undergoes
quasi-reversible oxidation and reduction and is suitable as an
active cathode material with high rate capability.[9] However,
not only the redox-characteristics of the materials itself but also
the morphology and particle structure have an influence on the
battery performance.[10] A high particle surface is supposed to
improve the migration of counter ions from the electrolyte in
and out of the active material during the charge and discharge
processes. Furthermore, a good processability is important,
while maintaining insolubility to prevent the dissolution of
active material into the electrolyte. Up to now, PTMA is
commonly synthesized in organic solvent-based polymeriza-
tions that require further processing steps, like milling, to
receive suitable particle sizes. In emulsion polymerizations,
however, the particle size can be easily adjusted by variation of
the surfactant concentration.
In this work we report that classical polymerization

techniques can be applied to yield aqueous dispersions of
PTMA active material with the advantage of adjustable particle
sizes between 35 to 138 nm. Consequently, the influence of the
particle size on the cell performance of PTMA-containing
composite electrodes is investigated. Furthermore, all compo-
nents, such as cross-linker, surfactant, initiator, and oxidant
were selected in view to sustainable synthesis on an industrial
scale.

2. Results and Discussion

2.1. Polymer particle synthesis

PTMA is synthesized in two steps starting from commercial
materials: First, the polymerization of TMPMA, and second, the
oxidation to PTMA (Scheme 1). The polymerization is often
carried out applying a living polymerization technique [rever-
sible addition–fragmentation chain-transfer (RAFT), atom trans-
fer radical polymerization (ATRP), etc.] in scientific studies.[11]

However, since the dispersity is less important for an applica-
tion in batteries, in particular for cross-linked particles, a free-
radical polymerization is mainly applied and the initiation

technique of choice for an industrial application. For the
development of a protocol for the emulsion polymerization of
TMPMA we adapted standard textbook reaction conditions.[12]

Sodium dodecyl sulfate (SDS) was chosen as surfactant and
applied in different concentrations, whereas K2S2O8 was used as
initiator. For cross-linked particles, bifunctional methacrylate-
based cross-linkers were applied.
A special feature of this reaction, which is usually performed

with liquid hydrophobic monomers, is that the monomer
TMPMA is solid under ambient conditions and has to be molten
before polymerization to form a dispersion. Therefore, the
mixture of SDS and TMPMA in water was heated to 75 °C and
stirred for 45 min until a uniform dispersion was formed. After
the addition of a cross-linker, the polymerization was initiated
by K2S2O8 at 75 °C. The fast reaction rates of emulsion polymer-
izations enabled short reaction times of 35 min. During the
reaction, a color change from pale rose-red to light blue was
observed, caused by light scattering of the nm-scaled particles.
A polymerization without cross-linker and a surfactant

concentration of 3.6 mol% SDS resulted in particles with a
diameter of 31�9 nm (Figure S1). However, these non-cross-
linked particles are soluble in organic solvents. This might be
beneficial for the electrode manufacturing and an efficient
coating of conductive additive by the active material, but it also
leads to a solubility of the active material in common battery
electrolytes, causing a capacity loss and self-discharge by
shuttling of the charged polymer. As a consequence, different
cross-linkers were tested to obtain insoluble polymer particles.
It is expected that the length of the spacer influences the
efficiency of cross-linking due to a higher flexibility. Therefore,
two cross-linkers with different spacer length, triethylene glycol
dimethacrylate (TEG-DMA) and ethylene glycol dimethacrylate
(EG-DMA), were applied. The use of 3 mol% TEG-DMA as cross-
linker resulted in a suspension of polymer particles. However,
TEM images (Figure S2) revealed an undesired linking of the
particles to clusters and the formation of ill-defined particles.
This might be explained by the high affinity of this cross-linker
to water and a resulting accumulation at the surface, followed
by linking of the particles. Therefore, a cross-linker with a
shorter ethylene glycol spacer was chosen. In the case of
3 mol% EG-DMA, well defined nanoparticles were formed as
suspension (Figure 1).
The ratio of surfactant to monomer in an emulsion polymer-

ization is typically used to vary the size of the resulting particles.
To investigate the influence of the surfactant on the particle
size, the concentration of SDS was varied. As expected, an
increase in the surfactant concentration leads to a higher
concentration of micelles, which serve as nuclei for the
polymerization. Consequently, the constant amount of mono-
mer is distributed over a larger number of polymer particles,
resulting in a reduced size. While a concentration of 7.2 mol%
SDS (P1) leads to an average particle size of 35 nm, 3.6 mol%
SDS (P2) yield 73 nm particles, and 1.8 mol% (P3) leads to
particles of 138 nm (Table 1). The standard deviations of 11–
13 nm reveal rather narrow size distributions (Figure 2).
The precursor polymers were subsequently oxidized to yield

PTMA. The oxidation of the poly(TMPMA) to PTMA was
Scheme 1. Schematic representation of the polymerization of TMPMA and
the oxidation of poly(TMPMA) to PTMA.
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performed in a polymer-analogous reaction with H2O2 catalyzed
by Na2WO4 in an aqueous-based reaction mixture. Because poly

(TMPMA) is not soluble in water and the polymer particles are
not swollen, the reaction sites inside the particles are difficult to
access for the oxidant, which limits the conversion. As a
consequence, mixtures of an organic solvent and water were
applied to enhance the accessibility for the oxidation agent.
Ethanol was chosen as an environmentally friendly and cheap
co-solvent. The addition leads to an enhanced swelling of the
polymer and, consequently, to a more efficient oxidation.
Furthermore, the reaction temperature has an influence. It was
found that a low temperature of 0 °C is beneficial.
SEM images of the PTMA particles after washing and drying

show an aggregation of the oxidized particles (Figure S3).
However, the initial particles can still be identified in these
aggregates, and their sizes are maintained after the oxidation.
The degrees of oxidation were determined by electron spin

resonance (ESR) spectroscopy of the dried PTMA-particles and
range from 70 to 73% (Table 1). The difference between the
samples is well within the error range, which shows that the
particle size has no significant influence on the degree of
oxidation. However, it should be taken into consideration that
the spin counting by ESR represents no absolute method, and
the quantitative results are strongly influenced by several
parameters, such as the morphology of the analyte. A sample of
linear PTMA polymer with known radical content (determined
by titration) was chosen as calibration standard to mimic the
nature of the samples as closely as possible. Nevertheless, the
determined radical contents allow the comparison of similar
samples with each other (in this case the nanoparticles P1–P3),
but should be considered with caution with regard to absolute
values.

2.2. Electrochemical investigations

In order to compare and understand the influence of the three
different particle sizes on the electrochemical behavior of
PTMA-based electrodes, composite electrodes containing the
polymers P1, P2, and P3 as active material were prepared (see
Figure S4 for SEM images). Carboxymethyl cellulose was chosen
as binder for a sustainable composite fabrication, which is not
only bio-based but, furthermore, allows the application of water
as environmentally friendly alternative to harmful organic
solvents. The electrodes were tested in combination with an
oversized self-standing activated carbon-based counter elec-
trode and 1 m 1-butyl-1-methylpyrrolidinium bis(trifluorometha-
nesulfonyl)imide (Pyr14TFSI) in propylene carbonate (PC) as
electrolyte. At room temperature, this electrolyte displays a
viscosity of 5.1 mPas� 1 and an ionic conductivity of
7.3 mScm� 1.[13] In the past, it has been used as electrolyte for
electrochemical double layer capacitors (EDLCs), as well as for
PTMA-based devices.[13,14]

Figure 3 shows the electrochemical performance of PTMA
electrodes containing P1, P2, and P3 (for better readability
these will in the following be simply indicated as P1, P2, and P3,
respectively) after 5 h of open circuit voltage (OCV). As shown
in cyclic voltammetry (CV) measurements (Figure 3 A), all
electrodes, independently from the particle size of the active

Figure 1. TEM images of poly(TMPMA) P1 (top, 35�11 nm), P2 (middle,
73�12 nm), and P3 (bottom, 138�13 nm).

Table 1. Applied surfactant concentrations and resulting particle charac-
teristics.

Polymer SDS conc.
[mol%]

Particle size[a]

[nm]
Degree of oxidation[b]

[%]

P1 7.2 35�11 70�10
P2 3.6 73�12 73�8
P3 1.8 138�13 71�2

[a] Particle sizes determined from TEM images of poly(TMPMA) before
oxidation. [b] Determined by triple determination of ESR spectroscopy.

Figure 2. Distribution of poly(TMPMA) particle sizes determined from TEM
images.
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material, displayed a reversible redox behavior. However, differ-
ences in the shape of the resulting curves were found.
While the average voltages of the redox peaks are similar

for all particle sizes (�0.75 V vs. Ag), P1 displays a large voltage
split between oxidation and reduction peaks and the lowest
current of the three electrodes of approximately 2.8 Ag� 1. P2
shows a smaller shift and a higher current, while P3 completes
this trend with the closest peak split and the highest measured
current of 4.5 Ag� 1. The measured potentials comply with the
expected value for TEMPO radicals. The voltage profiles of the
investigated electrodes at a current density of 1 C (Figure 3B)
reveal similar distinct redox plateaus for all polymers with
potentials near the values obtained in the CV measurements.
While P1 and P3 show nearly the same specific capacity of
approximately 87 mAhg� 1, P2 reveals a higher capacity of
96 mAhg� 1.
Figure 4 A shows the rate capability of the three PTMA-

based electrodes (in relation to their maximum capacity
reached at 0.2 C). The depicted results are exemplary cells from

triple determinations. Among the electrodes, P1 and P2 reveal
nearly the same high capacity retentions. Up to 1 C, the
electrodes are able to keep their initial capacities. At 10 C, the
electrodes retain approximately 80%, and at 100 C they still
deliver 15–20% of the initial capacity. The performance of P3,
however, is much more affected at higher current densities.
While the capacity retention at 10 C is only 34%, P3 is not able
to retain almost any capacity at 100 C. Due to the larger particle
size, the accessibility of the inner redox-active moieties might
be impeded, which limits the performance. The overall surface
area is lower compared to the bulk volume, resulting in
increased diffusion length for the counter ions. Therefore,
charge propagation and counter ion mobility are inhibited,
which affects the rate capability. The corresponding deviations
confirm the good reproducibility of this experiment.
Immediately after the rate capability tests, the cycling

stability of the electrodes at 1 C was investigated (Figure 4B). In
this experiment, all electrodes display significantly lower

Figure 3. A) Cyclic voltammograms at a scan rate of 2 mVs� 1 and B) voltage
profile at a current density of 1C of the electrodes with P1, P2, and P3 in 1 m

Pyr14TFSI in PC.
Figure 4. A) Rate capability of the electrodes with P1, P2, and P3 in 1 m

Pyr14TFSI in PC at 0.2–100C; exemplary cell of triple determination with
corresponding error bars. B) Cycling stability of the electrodes at 1C.

ChemSusChem
Full Papers
doi.org/10.1002/cssc.202002251

452ChemSusChem 2021, 14, 449–455 www.chemsuschem.org © 2020 The Authors. ChemSusChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 07.01.2021

2101 / 184415 [S. 452/455] 1

https://doi.org/10.1002/cssc.202002251


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

specific capacities, compared to the previous test at 1 C
(Figure 3B). P1 displays an initial capacity of 76 mAhg� 1, which
recovers to 84 mAhg� 1 after 100 cycles. In comparison, P2 lost
more of its initial capacity and starts at 56 mAhg� 1, increasing
to 68 mAhg� 1 upon cycling. P3 follows the trend of higher
capacity loss with larger particle size and displays a rather low
initial capacity of 40 mAhg� 1, however, also improves to
45 mAhg� 1 after 100 cycles. The significantly decreased capaci-
ties are an effect of the high stress for the electrode materials
during rate capability tests at up to 100 C, which seems to be
more prominent for larger PTMA particles. Conformational
changes during the fast charging processes and the limited
diffusion of the counter ions can lead to clocking of pores and
diffusion pathways. Often, these effects are irreversible; how-
ever, P1, P2, and P3 reveal the ability to slowly recover their
capacity from cycle to cycle, which was still ongoing at the end
of this test (100 cycles).
Figure 5 A shows the capacity retention of the investigated

electrodes after 1, 2, and 3 days of self-discharge. This latter
process, which can be caused by redox shuttling of dissolved
active material in the electrolyte, is known to occur in PTMA-
based electrodes, affecting their behavior when used in energy
storage devices. Overall, all electrodes display a rather low self-
discharge, and they are stabilizing their behavior after one day.
Interestingly, electrode P1, featuring the smallest particles and
the highest capacity after cycling, revealed the lowest capacity
loss of 16% after three days. P2 and P3 displayed a very similar
behavior but only maintained approximately 65% of their initial
capacity after three days. However, in this experiment the
standard deviation of the triple determination is higher, and,
therefore, the obtained values do not differ significantly.
Nevertheless, it proves that the crosslinking of the polymers in
the particles seems to be sufficient to prevent a severe capacity
loss independent of the particle size.
Subsequently, the cycling performance of the electrodes

was tested again (Figure 5B). P1 and P2 display a very stable
cycling behavior without notable degradation at capacities
close to those observed in the first galvanostatic test (Fig-
ure 3B). Only P3 shows a lower capacity but still recovers
continuously during the cycling process, slowly approaching
the initial specific capacity. These results further indicate the
ability of all applied polymers to recover from the performance
losses caused by the very high current rates.
This observation is further emphasized in float tests. For

these tests, the electrode potential is held at a certain value
over a long period of time (in this case 220 h). During float tests
performed at 1.1 V vs. Ag (Figure 5 C), the electrodes P1 and P2,
which already started close to their maximum capacity values,
again display a very stable behavior. P3, however, reveals a
continuing recovery of capacity. At the end of this test, P1, P2,
and P3 deliver capacities of 84, 87, and 81 mAhg� 1, respectively.
This shows that, under prolonged charging conditions, the
observed capacity loss is reversible for all tested PTMA-based
electrodes. This recovery requires far more cycles in case of the
largest particles (P3), which suggests that conformational
changes are involved in the process to restore the accessibility
of the inner redox-active moieties. This behavior is in good

agreement with the rapid capacity loss at increasing C-rates.
Taking these results into account, the particle size of the active

Figure 5. A) Capacity retention of P1, P2, and P3 after three days of self-
discharge; exemplary cell of triple determination with corresponding error
bars. B) Cycling stability at 1C after self-discharge tests. C) Specific capacity
of P1, P2, and P3 during float tests performed at 1.1 V vs. Ag for 220 h.
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material does not significantly affect the maximum reachable
capacity. However, it considerably influences the electrochem-
ical performance of PTMA-based electrodes in terms of capacity
retention, self-discharge, and the ability to recover from
temporary capacity loss.

3. Conclusions

A new synthesis technique for the sustainable preparation of
redox-active poly(2,2,6,6-tetramethyl-4-piperinidyl-N-oxyl meth-
acrylate) (PTMA) particles for organic batteries by emulsion
polymerization with adjustable particle sizes was developed. It
could be shown that such processes can be applied in the
sustainable manufacturing of battery electrodes, without further
processing steps like milling, which represents a valuable step
for this field of technology. Polymer particles with three
different sizes in the nanometer range were synthesized by an
industrially applicable emulsion polymerization process, sub-
sequently oxidized in an aqueous based process, and finally
applied in water processed composite electrodes. Overall, the
presented processes circumvent the use of any hazardous
organic solvents. It could be demonstrated that the developed
synthesis protocol reveals the general features of emulsion
polymerizations, including short reaction times and variable
particle sizes, which could easily be adjusted by the surfactant
concentration. Moreover, all materials were chosen to enable a
production in a sustainable manner and the applied emulsion
polymerization technique enables an easy upscaling without
the need for post-processing.
All investigated electrodes revealed similar high capacities

of approximately 90 mAhg� 1 with the medium-sized particles
(P2) giving slightly higher values. However, the effect of the
particle size becomes apparent considering the rate perform-
ance tests. P1 and P2 containing the smaller particles featured
the highest rate capability (80% capacity retention up to 10 C),
while the largest particles (P3) result in a significant drop (<
60% capacity) at 5 C already. Overall, all tested polymers lost a
significant amount of capacity after the application of very high
current densities (>20 C). The capacity loss is significantly more
pronounced with increasing particle size, since the low surface
area and longer diffusion pathways of larger particles limit the
accessibility of the redox-active sites for electrolyte ions.
However, subsequently conducted cycling experiments as well
as float tests revealed that these capacity losses are reversible,
and all investigated electrodes are able to gradually recover
their performance.
These findings underline the importance of a profound

understanding and optimization of organic battery electrodes
on the basis of numerous parameters, including the materials
themselves, their morphology and particle sizes. Charge prop-
agation and counter ion mobility are critical. However, the
developed preparation protocol opens up a pathway to a
sustainable and economical large-scale production of such
electrodes with competitive quality.

Experimental Section
Materials: TMPMA (TCI), SDS, K2S2O8 (Sigma Aldrich), EG-DMA
(Fluka), TEG-DMA, H2O2 (Carl Roth), EDTA (Laborchemie Apolda),
Na2WO4 ·2H2O (Acros), SuperP® (Alfa Aesar), carboxymethyl cellulose
(Sigma Aldrich), DLC Super 30® (Norit), Super C65® (Imerys),
polytetrafluoroethylene (PTFE, Sigma Aldrich), and Pyr14TFSI (Iolitec)
were purchased from commercial sources and, unless noted
otherwise, used as received.

Typical emulsion polymerization: TMPMA (31.5 g, 139.8 mmol) and
SDS (1470 mg, 5.09 mmol) were dissolved in 420 mL water and
deoxygenated for 30 min. The mixture was stirred and heated to
75 °C for 45 min until a uniform emulsion was formed. EG-DMA
(790 μL, 832.5 mg, 4.20 mmol) and a deoxygenated solution of
K2S2O8 (523.5 mg, 1.94 mmol) in 15 mL water were added. The
mixture was stirred for 35 min at 75 °C, during which the color
changed from pale rose-red to light blue. After cooling to r.t., the
reaction mixture was lyophilized to yield 34 g of white powdered
product.

Typical oxidation procedure: The prepared polymer (4.0 g,
17.75 mmol) was redispersed in 20 mL water and allowed to swell
for 30 min. 44.8 mL ethanol were added and the mixture was
cooled to 0 °C while stirred. 1 equiv. of H2O2 (30% in water, 1.8 mL)
was added over the course of 1 h. Afterwards, first ethylenediami-
netetraacetic acid (EDTA, 45.3 mg, 0.16 mmol) and subsequently
Na2WO4 ·2H2O (131.1 mg, 0.40 mmol) were added. 2 equiv. of H2O2
(30% in water, 3.6 mL) were added over the course of 2 h. After
additional 1 h of stirring at 0 °C, 3 equiv. of H2O2 (50% in water,
3.0 mL) were added over the course of 1 h, the mixture was stirred
for 20 h while slowly warmed to r.t. Again, 3 equiv. of H2O2 (50% in
water, 3.0 mL) were added and the mixture was stirred for further
72 h. Afterwards, it was heated to 45 °C for 2 h to decompose
excess H2O2 and separated on a POR4 filter. Drying in vacuum
yielded 3.6 g of pale rose-red product. The radical content was
determined from the mean values derived from the ESR spectra of
three samples per compound using an EMXmicro CW-EPR spec-
trometer (Bruker). A known PTMA polymer (radical content of 80%,
determined by redox titration) was used as a reference.

Electron microscopy: TEM investigations were performed on a
Tecnai G220 (FEI) transmission electron microscope operated at an
acceleration voltage of 200 kV. 15 μL of the nanoparticle suspension
was blotted onto a carbon coated TEM grid, which was cleaned in
an Ar plasma for 1 min prior to use. This step also renders the grid
hydrophilic. Excess solution was removed with a filter paper
(Whatman No.1). Images were acquired with an Olympus MegaView
(OSIS). Contrast enhancement and analysis of the particle sizes is
based on ImageJ. SEM images were acquired with a Zeiss Sigma VP
at an acceleration voltage of 6 kV for particle evaluation (Figure S3)
and 2 kV for the investigation of the morphology of the electrodes
(Figure S4). Images were mainly acquired with the SE or the In-lens
detector. Samples were investigated without any additional con-
ductive coating.

Electrode manufacturing: PTMA-based electrodes were prepared
by mixing PTMA, SuperP® carbon black as conductive agent, and
carboxymethyl cellulose as binder in a mass ration of 60 :35 :5 in
water with a lab dissolver (Dispermat®, VMA-GETZMANN). The
water-based slurry was casted with a doctor blade (250 μm blade
gap) on an aluminum current collector (pre-treated with aqueous
KOH) and dried overnight at r.t. and for additional 2 h in a vacuum
oven at 40 °C. Electrodes were used with an area of 1.13 cm2.
Therewith the average mass loading of active material on each
electrode resulted to 1.28 mg. Oversized free-standing activated
carbon-based electrodes, which have been used as counter electro-
des, were prepared with DLC Super 30® activated carbon, Super
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C65® as conductive agent, and PTFE as binder in the mass ratio of
85 :10 :5. The electrodes displayed an average mass loading of
45 mg and an area of 1.13 cm2.

Electrolyte preparation: The used electrolyte was prepared by
dissolving 1 m Pyr14TFSI in dry PC in a glovebox (LabMaster,
MBRAUN) with an argon atmosphere (<0.1 ppm water and oxy-
gen). The viscosity of the electrolyte was measured with a
rheometer (MCR 102, Anton Paar) using a shear rate of 1000 s� 1.
The conductivity was determined by impedance spectroscopy using
a Single Potentiostat (SP150, Biologic Science Instruments).

Electrochemical Characterization: All electrochemical measure-
ments were conducted using a VMP multichannel potenstiostatic-
galvanostatic workstation (VMP 3, Biologic Science Instruments) at
r.t. The electrodes were applied in a T-shaped Swagelok-type 3-
electrode cell setup, with the PTMA composite electrode (contain-
ing P1, P2, or P3) as working electrode, an oversized self-standing
carbon counter electrode, and a silver wire as a quasi-reference.
Glass fiber (Whatman®) was used as separator, which was drenched
with 160 μL of 1 m Pyr14TFSI in PC. Before the first electrochemical
measurements, all cells were set to a 5 h OCV step, in order to bring
the freshly assembled cells in an electrochemical equilibrium. CV
was performed using a scan rate of 2 mVs� 1. Galvanostatic charge–
discharge cycling was carried out between 0.3 and 1.4 V vs. Ag with
current densities ranging from 0.2 to 100 C (1 C was defined
considering the theoretical capacity of PTMA, 111 mAhg� 1). The
self-discharge of PTMA-based electrodes was recorded by fully
charging (at 1.4 V vs. Ag) the electrodes at 1 C and monitoring the
residual stored charge of the active material by galvanostatic
discharge after 1, 2, and 3 days. Float tests were performed by
charging the PTMA-based electrodes to 1.1 V vs. Ag at 1 C and
keeping this voltage for a total of 220 h.

Acknowledgements

The authors thank the European Regional Development Fund
(EFRE), the Thuringian Ministry for Economic Affairs, Science and
Digital Society (TMWWdG), and Evonik Industries AG for financial
support. J.C.B. further thanks the German Science Foundation
(DFG) for generous funding within the Emmy-Noether Programme
(Project-ID: 358263073). A.B. and P.G. wish to thank the Deutsche
Forschungsgemeinschaft (DFG) within the project “Redox-active
ionic liquids in redox-flow-batteries” (BA4956/10-1) for the
financial support. The TEM facilities of the Jena Center for Soft
Matter (JCSM) were established with a grant from the German
Research Council (DFG) and the European Fonds for Regional
Development (EFRE). SEM investigations were performed at the
electron microscopy facilities of the JCSM which were established
with a grand from the DFG. Open access funding enabled and
organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: composite materials · electrode materials · emulsion
polymerization · energy storage · organic battery

[1] a) C. Friebe, A. Lex-Balducci, U. S. Schubert, ChemSusChem 2019, 12,
4093–4115; b) S. Muench, A. Wild, C. Friebe, B. Häupler, T. Janoschka,
U. S. Schubert, Chem. Rev. 2016, 116, 9438–9484.

[2] a) T. Janoschka, A. Teichler, B. Häupler, T. Jähnert, M. D. Hager, U. S.
Schubert, Adv. Energy Mater. 2013, 3, 1025–1028; b) S. Muench, R.
Burges, A. Lex-Balducci, J. C. Brendel, M. Jäger, C. Friebe, A. Wild, U. S.
Schubert, Energy Storage Mater. 2020, 25, 750–755.

[3] a) H. Nishide, K. Oyaizu, Science 2008, 319, 737–738; b) L. Nyholm, G.
Nyström, A. Mihranyan, M. Strømme, Adv. Mater. 2011, 23, 3751–3769.

[4] N. Patil, C. Jérôme, C. Detrembleur, Prog. Polym. Sci. 2018, 82, 34–91.
[5] a) K. Sato, R. Ichinoi, R. Mizukami, T. Serikawa, Y. Sasaki, J. Lutkenhaus,
H. Nishide, K. Oyaizu, J. Am. Chem. Soc. 2018, 140, 1049–1056; b) S.
Wang, A. D. Easley, J. L. Lutkenhaus, ACS Macro Lett. 2020, 9, 358–370;
c) D. A. Wilcox, V. Agarkar, S. Mukherjee, B. W. Boudouris, Annu. Rev.
Chem. Biomol. Eng. 2018, 9, 83–103.

[6] a) C. S. Chern, Prog. Polym. Sci. 2006, 31, 443–486; b) S. C. Thickett, R. G.
Gilbert, Polymer 2007, 48, 6965–6991; c) J. P. Rao, K. E. Geckeler, Prog.
Polym. Sci. 2011, 36, 887–913.

[7] a) K. Pirnat, N. Casado, L. Porcarelli, N. Ballard, D. Mecerreyes, Macro-
molecules 2019, 52, 8155–8166; b) A. Gallastegui, D. Minudri, N. Casado,
N. Goujon, F. Ruipérez, N. Patil, C. Detrembleur, R. Marcilla, D.
Mecerreyes, Sustainable Energy Fuels 2020, 4, 3934–3942; c) Z. T.
Gossage, K. Hernández-Burgos, J. S. Moore, J. Rodríguez-López, Chem-
ElectroChem 2018, 5, 3006–3013; d) E. C. Montoto, G. Nagarjuna, J. Hui,
M. Burgess, N. M. Sekerak, K. Hernández-Burgos, T.-S. Wei, M. Kneer, J.
Grolman, K. J. Cheng, J. A. Lewis, J. S. Moore, J. Rodríguez-López, J. Am.
Chem. Soc. 2016, 138, 13230–13237.

[8] a) K. Nakahara, S. Iwasa, M. Satoh, Y. Morioka, J. Iriyama, M. Suguro, E.
Hasegawa, Chem. Phys. Lett. 2002, 359, 351–354; b) H. Nishide, S. Iwasa,
Y.-J. Pu, T. Suga, K. Nakahara, M. Satoh, Electrochim. Acta 2004, 50, 827–
831.

[9] S. Wang, F. Li, A. D. Easley, J. L. Lutkenhaus, Nat. Mater. 2019, 18, 69–75.
[10] a) H. Jia, T. Quan, X. Liu, L. Bai, J. Wang, F. Boujioui, R. Ye, A. Vlad, Y. Lu,

J.-F. Gohy, Nano Energy 2019, 64, 103949; b) S. Renault, V. A. Mihali, D.
Brandell, Electrochem. Commun. 2013, 34, 174–176; c) J.-K. Kim, G.
Cheruvally, J.-H. Ahn, Y.-G. Seo, D. S. Choi, S.-H. Lee, C. E. Song, J. Ind.
Eng. Chem. 2008, 14, 371–376.

[11] a) T. Janoschka, A. Teichler, A. Krieg, M. D. Hager, U. S. Schubert, J.
Polym. Sci. Part A 2012, 50, 1394–1407; b) G. Hauffman, J. Rolland, J. P.
Bourgeois, A. Vlad, J. F. Gohy, J. Polym. Sci. Part A 2013, 51, 101–108.

[12] J. M. Asua, J. Polym. Sci. Part A 2004, 42, 1025–1041.
[13] P. Gerlach, R. Burges, A. Lex-Balducci, U. S. Schubert, A. Balducci, J.

Power Sources 2018, 405, 142–149.
[14] S. Pohlmann, B. Lobato, T. A. Centeno, A. Balducci, Phys. Chem. Chem.

Phys. 2013, 15, 17287–17294.

Manuscript received: September 22, 2020
Accepted manuscript online: October 20, 2020
Version of record online: November 20, 2020

ChemSusChem
Full Papers
doi.org/10.1002/cssc.202002251

455ChemSusChem 2021, 14, 449–455 www.chemsuschem.org © 2020 The Authors. ChemSusChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 07.01.2021

2101 / 184415 [S. 455/455] 1

https://doi.org/10.1021/acsmacrolett.0c00063
https://doi.org/10.1146/annurev-chembioeng-060817-083945
https://doi.org/10.1146/annurev-chembioeng-060817-083945
https://doi.org/10.1016/j.progpolymsci.2006.02.001
https://doi.org/10.1016/j.polymer.2007.09.031
https://doi.org/10.1016/j.progpolymsci.2011.01.001
https://doi.org/10.1016/j.progpolymsci.2011.01.001
https://doi.org/10.1021/acs.macromol.9b01405
https://doi.org/10.1021/acs.macromol.9b01405
https://doi.org/10.1039/D0SE00531B
https://doi.org/10.1002/celc.201800736
https://doi.org/10.1002/celc.201800736
https://doi.org/10.1021/jacs.6b06365
https://doi.org/10.1021/jacs.6b06365
https://doi.org/10.1016/S0009-2614(02)00705-4
https://doi.org/10.1016/j.electacta.2004.02.052
https://doi.org/10.1016/j.electacta.2004.02.052
https://doi.org/10.1038/s41563-018-0215-1
https://doi.org/10.1016/j.nanoen.2019.103949
https://doi.org/10.1016/j.elecom.2013.06.008
https://doi.org/10.1016/j.jiec.2007.12.002
https://doi.org/10.1016/j.jiec.2007.12.002
https://doi.org/10.1002/pola.25907
https://doi.org/10.1002/pola.25907
https://doi.org/10.1002/pola.26279
https://doi.org/10.1002/pola.11096
https://doi.org/10.1016/j.jpowsour.2018.09.099
https://doi.org/10.1016/j.jpowsour.2018.09.099
https://doi.org/10.1039/c3cp52909f
https://doi.org/10.1039/c3cp52909f
https://doi.org/10.1039/c3cp52909f

