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Abstract: For sustainable energy storage, all-organic
batteries based on redox-active polymers promise to
become an alternative to lithium ion batteries. Yet,
polymers contribute to the goal of an all-organic cell as
electrodes or as solid electrolytes. Here, we replace the
electrolyte with a deep eutectic solvent (DES) composed
of sodium bis(trifluoromethanesulfonyl)imide (NaTFSI)
and N-methylacetamide (NMA), while using
poly(2,2,6,6-tetramethylpiperidin-1-yl-oxyl methacry-
late) (PTMA) as cathode. The successful combination of
a DES with a polymer electrode is reported here for the
first time. The electrochemical stability of PTMA
electrodes in the DES at the eutectic molar ratio of 1 :6
is comparable to conventional battery electrolytes. More
viscous electrolytes with higher salt concentration can
hinder cycling at high rates. Lower salt concentration
leads to decreasing capacities and faster decomposition.
The eutectic mixture of 1 :6 is best suited uniting high
stability and moderate viscosity.

Introduction

The development of new types of batteries (e.g. organic
batteries) is driven by the need to address the climate crisis
by strengthening non-fossil energy sources and compensat-
ing for net-fluctuations that renewable energy sources entail
- since wind, sun, and tides are not synchronized with our
demand for energy.[1–3] While full organic batteries are
currently only foreseen as a niche technology,[4] many
organic polymers are already used in electrochemical
storage systems, such as lithium ion batteries. Applications
include polymer separators and binders, polymer electro-
lytes, and polymers as redox-active materials in battery
electrodes.[5] A wide variety of classes of redox-active
polymers are investigated, including organosulfur polymers,
conjugated polymers, and organic radical polymers.[6]

Although the application of DESs has been extended to
battery application, e.g. in lithium ion batteries,[7–9] they
have not been used as electrolytes in organic batteries yet.
DESs as a class of non-aqueous electrolytes were originally
introduced by Abbott and co-workers as catalysts for
organic synthesis.[10] They nowadays find wide application
also in extraction and separation[11,12] as well as electro-
chemical metal deposition.[13–15] If two components are
mixed in their eutectic ratio, the binary mixture exhibits a
freezing point depression caused by complexation mainly
through hydrogen bonding, interactions between Lewis acids
and bases and van der Waals interactions.[16] Depending on
the composition, four different types of DESs can be
distinguished. According to Smith and co-workers, DESs
type I are composed of a metal salt mixed with an organic
salt like a quaternary ammonium salt. The second type
includes hydrated metal halides instead of the water-free
ones in the previous case. DESs type III are mixtures of
organic salts with hydrogen bond donors like alcohols or
amides not including any metal cations. For DESs type IV,
metal salts are mixed with hydrogen bond donors.[13] Both
types III and IV are highly variable in their composition and
therefore tunable in their physical and electrochemical
behavior. Especially DESs type III are typically considered
as green alternatives to ionic liquids and common solvents,
since most of the DESs’ components are non-toxic and
environmentally-friendly.[13,17] Additionally, most DESs are
non-flammable, exhibit low vapor pressures and wide
electrochemical stability windows compared to water, en-
abling them to be promising candidates for battery
electrolytes.[9]
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To test the application of DESs as electrolytes for
polymer electrodes, the well-investigated polymer PTMA,
with a polymethacrylate backbone and stable 2,2,6,6-
tetramethylpiperidin-1-yl-oxyl (TEMPO) radicals in the
periphery, serves as model system. More than 20 years ago,
PTMA has been presented for the first time as a material
for energy storage in rechargeable batteries. The fabricated
batteries have demonstrated an average discharge voltage of
3.5 V and a discharge capacity of 77 Ahkg� 1 using Li as
battery anode.[18,19] Further work improved the properties of
PTMA electrodes by optimizing the carbon black and binder
content in composite electrodes and by reducing the PTMA
particle size by milling.[20] Customized changes in morphol-
ogy can also be achieved by emulsion polymerization of
PTMA. The resulting spherical particles, which can be
controlled in size by the experimental conditions, exhibit a
large surface area and are well applicable in composite
electrodes.[21] Beside particles, PTMA brush polymers are of
great interest today showing improvements especially in
high-rate performance.[22] Since 2011, TEMPO radicals are
also investigated for organic redox flow batteries.[23] Here,
PTMA also works well as a redox-active compound in flow
batteries, e.g. with a TEMPO derivative as redox
mediator.[24]

Both concepts, organic polymer electrodes and deep
eutectic solvents, aim for environmentally-friendly and
sustainable future energy storage. However, DESs as
electrolytes have not yet been combined with organic redox-
active polymers, obviating understanding and transfer of
these systems into application. In the present study, we show
that DESs can indeed serve as suitable electrolytes for all-
organic batteries with redox-active polymer electrodes. We
go beyond the proof-of-concept by investigating the influ-
ence of the molar composition of the DES in detail, finding
a high influence on the electrochemical stability, activity,
and high-rate performance of the redox-active polymer.
Among several mixtures, the eutectic mixture of the used
DES is highlighted.

Since PTMA is well investigated in several electrolytes
showing high stability and activity, it is used as active
material in the polymer electrodes. The utilized DES type
IV consists of NaTFSI and NMA, which has been selected
because of its high electrochemical stability in the potential
region of interest. Common DESs type III cannot fulfill this
requirement of high anodic stability.[25] Additionally, this
electrolyte is non-corrosive towards the aluminium current
collector. Several mixtures of NaTFSI and NMA in different
molar ratios were already physically characterized by De
Sloovere and co-workers.[26] Their studies based on Raman
and nuclear magnetic resonance spectroscopy and measure-
ments of ionic conductivity, viscosity and thermal stability
show the replacement of hydrogen bonds between NMA
molecules by ionic bonds with increasing salt concentration.
This leads to lower ionic conductivity and higher viscosity.
The results are in agreement with their theoretical calcu-
lations on a molecular level. Despite a special complexation
behavior for a DES in its eutectic composition is known,[27]

no discontinuities of these experimentally determined phys-
ical properties were observed which would indicate the

eutectic ratio and special characteristics of the eutectic
mixture.

In this study, we identified the eutectic composition of
NaTFSI:NMA as 1 :6 with the help of differential scanning
calorimetry (DSC) measurements. Determination of the
viscosity and density of the different mixtures including
explicitly the eutectic one does as well not show outstanding
behavior of the 1 :6 mixture. This is different for the
electrochemical performance of the PTMA electrodes in
contact with the DES mixtures. Cyclic voltammetry (CV)
and galvanostatic charge-discharge cycling in half cells
highlight the eutectic ratio as the best choice in terms of
stability and activity among the tested mixtures. This is
explained by the complexation structure in NaTFSI:NMA
1:6. To identify the electrochemical stability window of the
electrolytes, linear sweep voltammetry (LSV) on graphite
electrodes is used.

Results and Discussion

Thermal Characterization of the DES

To determine the eutectic composition of mixtures consist-
ing of NaTFSI and NMA, DSC measurements of various
mixtures in different molar ratios are performed. The
heating curve of each sample has been recorded from
� 180 °C to 80 °C with a heating rate of 1 °Cmin� 1, as shown
in Figure 1A in the relevant temperature range. Between
100 °C and 250 °C, NMA is evaporating followed by thermal
decomposition of NaTFSI at temperatures higher than
360 °C.[26] Below � 50 °C, the DSC curves exhibit a step in
the baseline corresponding to the glass transition. Since the
samples have been cooled fast before the depicted heating
step, recrystallization occurs upon heating causing exother-
mic peaks. If the temperature is increased further, the
samples melt and endothermic peaks are observable. The
relatively slow heating rate is chosen to achieve a better
separation of the recrystallization and melting events, so
that the melting enthalpies can be reliably determined, while
still being able to analyze the glass transitions.

The glass transition temperature of each curve is
determined by the temperature of a tangent to the step itself
at half height of the step. Thereby, the enthalpic recovery,
visible as a small endothermic peak at the end of the glass
transition, is not considered. The glass transition temper-
ature increases linearly with increasing amount of NaTFSI
for molar ratios of xNaTFSI�0.09, as shown in Figure 1B in
red.

To determine the eutectic ratio of the NaTFSI:NMA
DES, the melting peaks are analyzed. Normally, one would
expect two melting peaks for each sample with one
occurring at the same temperature independently of the
composition. This peak would correspond to the melting of
the eutectic and therefore, one could obtain the solidus
curve of the phase diagram and from that, the eutectic
temperature. For example, this is the case for various DESs
type III, whose eutectic temperature has been determined
accordingly.[14,28] However, similar behavior is not observed

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202214927 (2 of 9) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202214927 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



for the NaTFSI:NMA mixtures (Figure 1A). We assume
that this mixture does not crystallize and subsequently
cannot melt. Instead, it is forming a glass and therefore, only
the glass transition is observable. The second melting event
is expected to take place at a higher temperature depending
on the composition and corresponding to melting of the
excess component, thus yielding the liquidus curve. As only
one melting event occurs at variable temperatures for the
NaTFSI:NMA DES, we assume that it corresponds to
melting of the respective excess component. The melting
temperatures leading to the liquidus curve are determined
as the peak temperatures because at the peak, the excess
component in each sample has molten completely and the
whole mixture will be liquid. Therefore, the melting peak

temperatures of the different samples are given in Figure 1B
in blue as a function of composition.

The melting temperature first decreases with increasing
amount of NaTFSI until xNaTFSI=0.14. The mixtures with
0.15�xNaTFSI�0.18 exhibit no processes other than the glass
transition, but for xNaTFSI�0.2 the melting temperatures
increase with NaTFSI content. This leads to a minimum at
xNaTFSI=0.14, which is a good estimate for the eutectic
composition and corresponds to a NaTFSI:NMA ratio of
about 1 :6. Further evidence for this ratio can be found in a
plot of the melting enthalpies as a function of the molar
ratio (Figure S1). If the melting peak corresponds to melting
of the excess component, it should exhibit a higher enthalpy,
the more the ratio deviates from the eutectic ratio. There-
fore, we expect a minimum at the eutectic ratio, which is at
xNaTFSI=0.15 (NaTFSI:NMA 1:5.8), a ratio very similar to
the one determined from the DSC curves themselves. The
number of six NMA molecules per NaTFSI matches the
theoretical calculations of De Sloovere and co-workers for
different mixtures in the liquid phase.[26] If enough NMA is
present, Na+ and TFSI� bind to three NMA molecules each
via ionic or hydrogen bonds, respectively. In case of TFSI� ,
structures with more NMA molecules are as well possible.
In case of high salt concentration, ionic bonds between the
ions replace the hydrogen bonds with NMA.[26] From that
point of view, the eutectic ratio of 1 :6 appears coherent.

NaTFSI:NMA mixtures without recrystallization and
melting have also been observed previously in DSC experi-
ments with a heating rate of 10 °Cmin� 1.[26] The same is true
for mixtures of LiTFSI with different sulfonamide-based
hydrogen bond donors.[29] In a LiTFSI:NMA DES, a glass
transition and a melting peak dependent on the molar ratio
have been observed by DSC measurements.[8,30] For a
LiTFSI molar ratio between 0.15 and 0.2, only a glass
transition occurs, which is analogous to our observations
using NaTFSI. In the case of LiTFSI, a eutectic ratio of
xLiTFSI=0.2 and a eutectic temperature of � 72 °C have been
reported, whereby the latter corresponds to the glass
transition temperature of the eutectic mixture.[8] For this
DES, a eutectic ratio of xLiTFSI=0.17 has been calculated
theoretically.[7]

As there are several ratios with LiTFSI as well as
NaTFSI without melting peak, the eutectic ratio can only be
estimated, as described before. Since one cannot be entirely
sure about the exact course of the liquidus curve and since
the solidus curve is not observed, no conclusion is drawn
about the eutectic temperature of the NaTFSI:NMA DES.
However, with a large freezing-point depression of the
eutectic mixture (xNaTFSI=0.14, NaTFSI:NMA 1:6) of more
than 50 °C with respect to the melting point of pure NMA,
NaTFSI:NMA is clearly a DES. For the mixtures with
xNaTFSI�0.06, a small endothermic peak appears around 0 °C
(Figure 1A), which is also observable in pure NMA (Fig-
ure S2) and has been detected previously.[26] It is probably
connected to the residual water content of undried NMA.

Figure 1. A) DSC curves of NaTFSI:NMA mixtures in various composi-
tions recorded with a heating rate of 1 °Cmin� 1. The endothermic heat
flow is shown as a function of temperature in the relevant range and
for better readability, the thermograms are shifted against each other.
B) Phase diagram of the NaTFSI:NMA DES as a function of the mole
fraction of NaTFSI. The glass transition temperatures (red) are fitted
with a linear fit. The temperatures of the melting peak (blue) are
approximated by the dashed line as guide for the eye.
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Electrochemical Characterization

In the next step, we investigated the applicability of DESs as
electrolytes in all-organic batteries. The DES NaTFSI:NMA
in its eutectic composition is combined with well-inves-
tigated polymer electrodes based on PTMA as redox-active
material[21] and compared with mixtures with higher and
lower salt concentration. The fabrication of the electrodes is
described in the experimental section. The influence of the
molar composition of the DES on the electrochemical
behavior of PTMA electrodes is analyzed using the before-
mentioned DES in several molar ratios. The quality and
performance of the self-made electrodes are comparable to
those of Muench and co-workers[21] since the electrochemical
behavior and the specific capacity of the electrodes in 1 M 1-
butyl-1-methylpyrrolidinium bis(trifluormethylsulfonyl)imid
(Pyr14TFSI) in propylene carbonate are almost identical
(Figures S3 and S4). The oxidation of the TEMPO radical
units and the reduction in the reverse scan direction is
taking place at approximately 600 mV vs. Ag pseudo
reference electrode. The maximum specific discharge ca-
pacity is roughly 94 mAhg� 1 based on the mass of PTMA.

Using the DES NaTFSI:NMA instead of the propylene
carbonate-based electrolyte for cyclic voltammetry in half-
cells with PTMA electrodes (Figure 2), the oxidation and
reduction of the TEMPO units is also observed at potentials
around 600 mV vs. Ag. Small deviations in the redox
potential are caused by minor instabilities of the pseudo
reference electrode. The usage of real reference electrodes
is opposed since the Swagelok-type cell setup allows
symmetric and reproducible assembly of the electrodes and
separators only with wire-shaped reference electrodes. The
Ag wire turned out to be stable during a measurement and
only showed acceptable deviations in the range of several
millivolts at different days. The peaks in the cyclic
voltammograms of the PTMA electrode in the DESs exhibit
smaller peak currents but a slower current decay after
reaching the maximum current than in the case of the
carbonate-based electrolyte (Figure S3). Positive of 1 V vs.
Ag, irreversible oxidation occurs, most likely caused by
anodic decomposition of the electrolyte. According to Fig-
ure 2C and the LSV curves in Figure S5, this is more
pronounced for DESs with lower amounts of NaTFSI. High
decomposition currents appear at potentials above 1.5 V vs.
Ag in all cases with the starting potential shifting to higher
values with increasing salt concentration. However, already
at lower potentials, decomposition currents of NaTFSI:
NMA 1:12 are higher than for the 1 :6 and 1 :4 mixtures.
The difference becomes significant at potentials higher than
1 V.

Additionally, there is a significant difference in the initial
activity between electrolytes with salt concentrations higher
than or equal to the eutectic mixture (Figures 2A and B)
and those with lower salt contents (Figures 2C and S6). For
high salt concentrations, peak currents are increasing within
the first cycles after assembling and equilibrating the
electrochemical cell for 5 hours. This behavior is more
pronounced in the 1 :4 mixture than in the eutectic mixture
of 1 :6. Lower concentrated electrolytes cause high currents

right from the beginning, which are in some cases accom-
panied with a quite large irreversible oxidation in the initial
cycle (Figure S6). In contrast to the DESs with high salt
concentration, especially cathodic currents are rather de-
creasing during cycling.

To unravel the origin of the differences in the cyclic
voltammograms (Figure 2), viscosity and density of various
mixtures were measured at different temperatures. In Fig-
ure 3, the dynamic viscosity η at 20 °C, 25 °C, 40 °C, and 80 °C
is shown as a function of the molar ratio of NaTFSI. It is
evident that the higher the salt content, the higher is the
viscosity, and there is no exception for the eutectic 1 : 6

Figure 2. Cyclic voltammograms of PTMA electrodes in NaTFSI:NMA
DESs with a molar ratio of A) 1 :4, B) 1 :6, and C) 1 :12 showing the 1st

(blue), 2nd (green), and 5th (red) cycle at a scan rate of 2 mVs� 1.
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mixture (xNaTFSI=0.14). Moreover, lower temperatures entail
higher viscosities. Further evaluation of the viscosity and
density is given in the Supporting Information (Figures S7
and S8).

Referring to the high viscosity of DESs at room temper-
ature at the eutectic composition and with higher salt
concentration, the initial increase in capacity during cycling
could be caused by a disadvantageous wetting behavior
compared to less viscous electrolytes. The time to wet and
infiltrate the internal surface of smaller pores of the
electrode with electrolyte may be longer especially since the
unpolar polymer chains interact stronger with neutral NMA
molecules than with the dissolved salt. This leads to disabled
electrolyte contact for parts of the active material and with
this to initially lower capacities.[31,32]

After these initial cycles, voltammograms are recorded
at a higher scan rate to monitor the cycling stability
(Figure 4). Here, the advantage of highly-concentrated
electrolytes is clearly observable. With mixtures in the molar
ratio 1 :4 and 1 :6 (Figures 4A and B), PTMA exhibits
excellent cycling stability for 100 cycles. The peak shape and
peak current densities remain almost unchanged over the
whole period. In this case, the investigated DESs perform
equally good as the electrolyte based on propylene
carbonate (Figure S9).

For lower salt concentrations (Figures 4C and S10), the
cycling stability changes dramatically. Already during the
first cycles, the currents caused by the oxidation of the
TEMPO radical decrease continuosly, whereas the decom-
position currents at the positive end of the potential stability
window remain unaffected, indicating continuous degrada-
tion.

The reason for the high electrochemical stability of the
DES in its eutectic ratio and at higher salt concentrations is
the strong interaction between the ions and the NMA
molecules in the DES mixtures. A high concentration of
ions in the electrolyte leads to complexed supramolecular
network-like 3D-structures in the liquid. Through mainly

hydrogen and ionic bonding, reactive groups of the mole-
cules are stabilized and therefore protected from decom-
position reactions. This is also reflected in a decrease in
energy of the HOMO of the solvent.[33,34] For DESs, this is
equally valid. Hammond and co-workers found such com-
plexed network-like layered structures in a DES composed
of choline chloride and urea in its eutectic composition
showing that all ions and solvent molecules are taking part
in the complexation.[27] For the DES NaTFSI:NMA used in
this study, De Sloovere and co-workers also found a

Figure 3. Dynamic viscosity at 20 °C (red), 25 °C (orange), 40 °C (green),
and 80 °C (blue) for NaTFSI:NMA mixtures in different molar ratios.

Figure 4. Cyclic voltammograms of PTMA electrodes in NaTFSI:NMA
DESs with a molar ratio of A) 1 :4, B) 1 :6, and C) 1 :12 at a scan rate of
10 mVs� 1 to test the cycling stability. The 1st (blue), 5th (green), 20th

(orange), and 100th (red) cycle are shown.
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stabilizing effect by high salt concentrations experimentally,
as well as by calculating the HOMO energies with density
functional theory. Because of the decrease in HOMO
energy, the anodic stability of NMA increases.[26] Based on
the knowledge of the complexation in DESs in their eutectic
ratio,[27] we conclude that in the eutectic mixture of NaTFSI:
NMA 1:6, all ions and NMA molecules are complexed and
therefore stabilized leading to high cycling stability and low
decomposition currents. In DESs with lower salt concen-
trations than the eutectic ratio, non-complexed or not fully
complexed NMA molecules are less stable causing continu-
ous electrolyte decomposition at potentials higher than 1 V.

Nevertheless, a specific reason for the capacity fading in
lower-concentrated DESs cannot be given for granted.
Possibly, the excess solvent slowly dissolves PTMA, thus
reducing the amount of redox-active material on the
electrode. At least this is known to happen for structurally
similar radical-polymers in carbonate solvents.[35] However,
in case of PTMA in a highly-concentrated DES and in a
propylene carbonate electrolyte, the capacities in cyclic
voltammetry and the macroscopic appearance of the electro-
des remain unchanged. An alternative explanation is that
decomposition products of the non-complexed NMA mole-
cules could block active sites on the PTMA electrodes either
by reacting with the radical or the cationic group of the
PTMA itself or by covering the electrode surface with an
insoluble non-conductive organic film. The blocking of pores
by decomposition products of organic electrolytes is re-
ported e.g. by Azaïs and co-workers.[36] Scanning electron
microscopy (SEM) of an electrode which was cycled first
with 2 mVs� 1 and afterwards with 10 mVs� 1 in NaTFSI:
NMA 1:12 in the same potential range as for the electro-
chemical characterization in Figure 2C and 4 C does not
provide evidence for the evolution of a thick passivation
layer on the electrode surface (Figure S11). This is especially
true if it is compared to an electrode that was held at OCP
for the same time, as there are no differences. Therefore,
the specific reason for the capacity fading remains unclear.

Galvanostatic Cycling

To get an insight into the behavior of PTMA as active
material in battery cathodes, galvanostatic charge-discharge
measurements with a rate of 10 C were performed using the
same electrochemical setup as for cyclic voltammetry. Since
PTMA is commonly used as a cathode material for
batteries,[22,37,38] the oxidation of the TEMPO radicals is
defined as the charging step and the accompanying reduc-
tion corresponds to discharging. To calculate the Coulombic
efficiency CE, the specific discharge capacity Csp,dc is divided
by the specific charge capacity Csp,c of the same cycle n
(Equation 1).

CE ¼
Csp;dc nð Þ
Csp;c nð Þ

(1)

The capacity retention CR is defined by the specific
discharge capacities of two following cycles (Equation 2).[39]

CR ¼
Csp;dcðnþ 1Þ
Csp;dc nð Þ

(2)

As discussed before, the salt concentration in the DES
has a significant influence on the initial capacity as well as
long-term electrochemical stability and activity. This is also
true for the galvanostatic measurements (Figure 5). For the
DES in its eutectic ratio of 1 :6, the specific capacity
increases in the first charging steps just as observed by cyclic
voltammetry (Figure 2B), leading to a capacity retention
higher than 1 in the beginning. After reaching a limit of
roughly 70 mAhg� 1 after 10 cycles, the Coulombic efficiency
stabilizes at around 97%. It is accompanied by a capacity
retention of more than 99% leading to a slowly decreasing
specific capacity. Compared to the electrochemical long-
term stability in cyclic voltammetry, PTMA exhibits a little
higher capacity loss in galvanostatic measurements. After
100 cycles, the capacity reaches approximately 70% of the
maximum value. One factor for this more prominent
capacity fading is the measurement time. Hundred galvano-
static charge-discharge cycles with a rate of 10 C last up to
20 hours and take therefore roughly three times longer than
100 cycles in CV at 10 mVs� 1. If dissolution of neutral or
charged PTMA is meant to be the reason for decreasing
capacities, this effect of time is rather relevant.

For the DESs with lower salt concentration, the electro-
chemical behavior during charge–discharge cycling is com-
parable to the previous findings with cyclic voltammetry
(Figures 4C and S10). Already in the initial cycle, the
maximum specific discharge capacity is achieved followed by
a faster decrease in capacity than for the eutectic mixture.
The Coulombic efficiency is lower than 90% indicating an
irreversible oxidation process which is also observed in the
cyclic voltammograms (Figures 4C and S10). The capacity
retention of 98 – 99% reflects the continuous decrease in
capacity. High irreversible currents are observed for the
initial charging step, as seen by cyclic voltammetry (Fig-
ure S6). This phenomenon can be associated with electrolyte
decomposition.[40]

Because of the high rates for charging and discharging,
the maximum specific discharge capacity of the PTMA
electrodes is around 70 mAhg� 1 for all tested DESs. For a
lower rate of 1.5 C in the DES at the eutectic mixture
(Figure S12A), the maximum specific discharge capacity is
roughly 30% higher. This is in agreement with half-cell tests
of PTMA electrodes of Muench and co-workers in a
carbonate-based electrolyte,[21] which is able to achieve
efficient and stable cycling of PTMA electrodes even at 10 C
(Figure S4).

Surprisingly, it is not possible to achieve efficient
galvanostatic charging and discharging with NaTFSI:NMA
1:4 at a rate of 10 C. At such high currents, the measured
capacities are far below the expected values. The potential
profiles do not show a clear potential plateau at the
expected value of 0.6 V. Therefore, NaTFSI:NMA 1:4 is
unsuited for charging and discharging at high rates. The
reason for this seems to be the high viscosity. Beside the
disadvantageous wetting of the electrodes,[31,32] high salt
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concentrations can hinder salt dissociation and lower the
ionic conductivity of the electrolyte.[26] This is also reflected
in the comparably high Ohmic resistance of 25 Ω for the 1 :4
mixture compared to lower concentrated DESs (Figure S13).
While DESs with ratios of 1 : 12 and 1 :18 show nearly the
same resistance of the electrolyte with �15 Ω, the resistance
of the eutectic ratio is already a little higher (17 Ω). The 1 :4
mixture clearly leads to the highest resistance, even though
the salt concentration is only little higher than in the eutectic
ratio. This fact again highlights the role of the eutectic
composition.

At 1.5 C and after a dwell time of 70 h, NaTFSI:NMA
1:4 exhibits an improved performance. The Coulombic
efficiency is relatively high (97.5%), accompanied by a
capacity retention close to 1 (Figures S12A and B). The
maximum specific discharge capacity reaches an overall limit
of 90 mAhg� 1, which is close to the capacity determined in
the propylene carbonate-based electrolyte (Figure S4).
Within 100 cycles, the capacity decreases by more than 50%
in total for the highly-concentrated DES.

With the eutectic mixture NaTFSI:NMA 1:6, the elec-
trochemical activity of PTMA decreases faster than for
more concentrated DES (Figures S12C and D). This is most
likely attributed to the higher share of NMA as discussed

before. It is noteworthy to mention, that after the long dwell
time of 70 h, the maximum discharge capacity of 87 mAhg� 1

is achieved directly in the first cycle and no further
activation is needed. This also indicates that PTMA is not
dissolved or passivated before the first oxidation. More
likely, the cationic TEMPO-moieties dissolve or react,
thereby leading to decreasing capacities during cycling which
is more relevant when using low cycling rates.

Conclusion

In this study, we proved the successful combination of DESs
with polymer electrodes paving the way to a new type of
sustainable all-organic batteries. In this regard, the DES
NaTFSI:NMA was characterized by DSC finding the
eutectic ratio at 1 :6. Despite there is no exception in the
physical behavior of the NaTFSI:NMA mixtures in different
molar ratios, the electrochemical properties of the eutectic
composition stand out. Applied as electrolytes for redox-
active PTMA electrodes, the composition of the DES highly
affects the electrochemical performance of the half-cells.
The two opposing trends of lower ionic conductivity through
ion pairing and higher anodic stability due to decreasing

Figure 5. Chronopotentiometric charge-discharge cycling of PTMA electrodes in NaTFSI:NMA DESs with a molar ratio of A,B) 1 : 6, C,D) 1 :12, and
E,F) 1 : 18 between 0 V and 1 V vs. Ag at a rate of 10 C. A, C, E) Specific charge (green) and discharge (orange) capacities for 100 cycles; B, D, F)
corresponding Coulombic efficiency (red) and capacity retention (blue).
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HOMO energies of NMA by increasing salt concentration
find their best compromise in the eutectic mixture. Since all
solvent molecules are taking part in the complexation of the
ions in the eutectic mixture, oxidation of less stable free
NMA molecules is prevented. On the other hand, ion
pairing is avoided by providing enough solvent molecules
leading to higher ionic conductivity and lower viscosity than
for DESs with even higher salt concentration. This enables
good wettability and conductivity for the eutectic mixture of
NaTFSI:NMA while maintaining the stability of the electro-
lyte. Coulombic efficiencies of 97% are achieved in galvano-
static charge-discharge cycling of the PTMA half-cells at a
rate of 10 C. The electrochemical stability is even better
when using cyclic voltammetry reflecting the compatibility
of the DES with PTMA electrodes.

With this work, the applicability of DESs for future
energy storage in all-organic batteries as sustainable alter-
native has been proven successfully. The importance and
advantage of using the DES in its eutectic ratio has been
discussed in detail. In terms of environmental friendliness,
the use of DESs type III would even be more advantageous
than the here investigated DESs type IV. However, current
DESs type III exhibit poor anodic stability at the oxidation
potential of PTMA. For future studies, the combination of
DESs and redox-active polymers need to be chosen carefully
to match the electrochemical stability window of the electro-
lyte with the redox potential of the polymer. Additionally,
other factors such as viscosity of the electrolyte and
solubility of the active material in the electrolyte are crucial
parameters for a well-performing organic battery.
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