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Sustainable battery concepts are of great importance for the
energy storage demands of the future. Organic batteries based
on redox-active polymers are one class of promising storage
systems to meet these demands, in particular when combined
with environmentally friendly and safe electrolytes. Deep
Eutectic Solvents (DESs) represent a class of electrolytes that
can be produced from sustainable sources and exhibit in most
cases no or only a small environmental impact. Because of their
non-flammability, DESs are safe, while providing an electro-
chemical stability window almost comparable to established
battery electrolytes and much broader than typical aqueous

electrolytes. Here, we report the first all-organic battery cell
based on a DES electrolyte, which in this case is composed of
sodium bis(trifluoromethanesulfonyl)imide (NaTFSI) and N-
methylacetamide (NMA) alongside the electrode active materi-
als poly(2,2,6,6-tetramethylpiperidin-1-yl-oxyl methacrylate)
(PTMA) and crosslinked poly(vinylbenzylviologen) (X-PVBV2+).
The resulting cell shows two voltage plateaus at 1.07 V and
1.58 V and achieves Coulombic efficiencies of 98%. Surprisingly,
the X-PVBV/X-PVBV+ redox couple turned out to be much more
stable in NaTFSI :NMA 1 :6 than the X-PVBV+/X-PVBV2+ couple,
leading to asymmetric capacity fading during cycling tests.

Introduction

Energy storage systems (ESSs) with their application in portable
electronic devices including self-sufficient sensors, electronic
consumer goods, and electric vehicles have become well
integrated in our daily life. These systems have been signifi-
cantly improved by the invention of lithium-ion batteries
(LiBs).[1–4] However, these battery systems are commonly
composed of lithium, cobalt, and nickel, representing critical
raw materials that are rather limited and/or not readily
available. Additionally, the production of LIBs requires high
thermal energy processes that lead to a large CO2 footprint.

[4,5]

It is imperative to design new energy storage systems that are
sustainable and environmentally friendly. For the past two

decades, this challenge has fueled research to find suitable and
sustainable alternatives as components of energy storage
systems. This includes the development of Deep Eutectic
Solvents (DESs) as sustainable electrolytes[6–8] and redox-active
organic electrode materials.[9–13]

DESs are mixtures of Lewis or Brønsted acids and bases that
show a freezing point depression when mixed in their eutectic
composition. As a result, these mixtures are liquid at room
temperature.[14] These solvents have properties that could make
them suitable as “greener” alternatives to already existing
battery electrolytes, as they are non-toxic and biodegradable in
most cases.[15,16] They exhibit low volatility, high thermal
stability, low vapor pressure, changeable polarity, and they can
be easily prepared.[17] There are studies that have introduced
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DESs in LiBs[18] as well as in sodium-ion batteries.[19] Previously,
the DES composed of sodium bis(trifluoromethanesulfonyl)
imide (NaTFSI) and N-methylacetamide (NMA) in the eutectic
molar ratio 1 :6, which is also used in this study, has proved to
be a viable electrolyte in half-cell investigations with poly-
(2,2,6,6-tetramethylpiperidin-1-yl-oxylmethacrylate) (PTMA)
electrodes.[20] However, these solvents had, to the best of our
knowledge, so far not yet been paired with polymer electrodes
for the construction of an all-organic energy storage system.

Research on organic-based batteries began roughly 45 years
ago,[21,22] but was discontinued soon.[23] The discovery of high-
capacity polymers such as PTMA,[24] paired with relatively high
discharge voltages, again fueled the interest in organic
electrode materials resulting in various energy storage
applications.[25–31] Today, PTMA is one of the most prominent
radical-based redox-active polymers. It is used as positive
electrode, containing a stabilized nitroxyl radical known as
2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO). This radical has
excellent electrochemical properties and the required
stability.[32] PTMA was first used in a lithium organic battery with
an average discharge voltage of 3.5 V and a discharge capacity
of 77 mAhg� 1.[24] The negative electrode of the all-organic full
battery cell in this study was a viologen-based polymer
containing a double-positively charged cation in its pristine
state, which is reduced to the neutral species after undergoing
two single-electron transfer steps.[5] We used the crosslinked
polymer poly(N-(4-vinylbenzyl)-N’-methylviologen) (X-PVBV2+) in
this case to hinder dissolution in the solvent.[33] This combina-
tion of PTMA as positive and X-PVBV2+ as negative electrode
leads to an all-organic battery operating in an anion rocking-
chair configuration, which is a rare cell-type that can be realized
with organic electrode materials.[34] In contrast to cation rock-
ing-chair or dual-ion batteries, only the anion is used as charge
carrier. Other reports of such anion rocking-chair all-organic
cells also use viologen-based compounds as negative electro-
des, both with aqueous[35–38] and non-aqueous electrolytes,[39–41]

since viologen is a rare example for a p-type organic electrode
material with a low redox potential. In general, anion rocking-
chair batteries exhibit high theoretical energy densities at
comparably low cost because of their high abundance
compared to many metals. Due to the more covalent character
of the anion bonding in the electrode material, they exhibit
higher flexibility for different storage concept like intercalation
and conversion. On the other hand, especially with large anions,
repeating insertion into the electrode material leads to
significant changes in volume and with this to dismantling of
the electrode shortening the cycling life of the battery.[42] One
combination of a TEMPO- and a viologen-based polymer was
realized in organic redox flow batteries with an aqueous
electrolyte resulting in a cell with a discharge voltage of 1.3 V
and a discharge capacity of 44 mAh, showing a stable perform-
ance over 100 cycles, but using only half of the capacity of the
viologen polymer.[43] For increasing the energy density, electro-
lytes with a larger stability window than water are needed to
make the use of the second redox-process of the viologen
polymer possible. In general, new, tailor-made electrolytes with
high ionic conductivity at room temperature and larger electro-

chemical stability windows are needed to enhance anion
rocking-chair batteries.[42] One possible option would therefore
be the use of DESs.

In the present study, we combine a DES with redox-active
polymers to build the first all-organic battery of this kind. As
depicted in Figure 1, two redox-active polymers have been
combined with a deep eutectic solvent synthesized from NaTFSI
and NMA in the molar ratio 1 :6. Combining the DES with PTMA
and X-PVBV2+ enables using both redox events of X-PVBV2+

within the electrochemical stability window of the DES electro-
lyte. With this, we could prove the applicability of DESs for all-
organic batteries based on cyclic voltammetry of battery half-
cells and galvanostatic cycling of full cells showing a high
Coulombic efficiency of 98%. The oxidation of the monovalent
ion X-PVBV+ to the fully-oxidized state seems to be unfavorable
compared to the first oxidation of X-PVBV during cycling in the
DES, resulting in asymmetrical capacity fading for the two redox
processes of X-PVBV2+.

Results and Discussion

The two polymers PTMA and X-PVBV2+ (molecular structures
and redox reactions given in Figure S1) were first investigated
in half-cells using cyclic voltammetry before assembling full
cells. As electrolyte, the DES NaTFSI :NMA in its eutectic ratio
1 :6 was selected. The choice of this DES is based on its thermal,
physical, and electrochemical characterization.[19,20] Indeed, the
eutectic ratio 1 :6, which was determined by differential
scanning calorimetry, turned out to be the best choice in terms
of electrochemical stability and ionic conductivity in contact
with PTMA-based electrodes.[20] The respective voltammograms
for the combination of the DES with the here used polymers in
half-cells indicate high electrochemical activity. Representatives
of these studies are depicted in Figure 2 showing the electro-
chemical behavior of both polymers as active materials in
composite electrodes in separate half-cells on the same
potential scale. Further voltammograms at different scan rates
are shown in Figure S2. Details on the electrode composition
and fabrication can be found in the experimental section. More
fundamental information on the used polymers and electrodes
can be found elsewhere.[20,44,45]

X-PVBV2+ exhibits two separate redox events at � 0.44 V
and � 0.95 V vs. a Ag pseudo-reference electrode as respective
redox potentials. These two steps represent the two successive
single electron transfer processes starting from the divalent
cation to the neutral polymer and the other way around.[46]

PTMA can be oxidized from its neutral radical form to the
monovalent cation. This process occurs with high activity, small
peak separation, and quasi-reversibility as shown in different
electrolytes including the DES of interest.[20,44,46] The redox
potential of PTMA is found at 0.63 V vs. Ag, and with this 1.07 V,
respectively 1.58 V, more positive than the two redox processes
of X-PVBV2+. Therefore, PTMA acts as positive and X-PVBV2+ as
negative electrode in the resulting full cells.

When assembling the respective full cell in a two-electrode
setup together with the eutectic mixture of NaTFSI :NMA as
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electrolyte taking X-PVBV2+ as the capacity-limiting electrode,
both redox steps of X-PVBV2+ can be well observed in the
voltage profile, as depicted in Figure 3. The resulting voltage
plateaus during charge and discharge fit well to the expectation
from cyclic voltammetry of the half-cells. The charging and
discharging voltages deviate only little from the previously
determined potential differences due to the overpotentials of
the electron transfer and charge transport. The influence of the

diffusion of the ions in the electrolyte on the electrochemical
behavior is also reflected in the Warburg-like shape of the
electrochemical impedance spectrum at low frequencies (Fig-
ure S3). Therefore, at a C-rate of 10, discharging occurs roughly
at 1.5 V and 1.0 V, respectively.

The voltage profile reflects the high Coulombic efficiency of
this all-organic full cell since charge and discharge capacity are
almost identical. Recording 100 cycles at a C-rate of 10 (Fig-
ure 4), the Coulombic efficiency remains stable at ~98%, which
is even higher than for a comparable organic battery system
based on a TEMPO-polymer and a polyviologen using an
aqueous electrolyte and excluding the plateau at higher voltage
resulting in 95% Coulombic efficiency.[35] Compared to other
non-aqueous electrolytes, the efficiency of our full cell is not as
good as that of other TEMPO- or viologen-based polymers in
half-cells, [40,44,47] but can definitely compete with and in most
cases even surpass other all-organic battery full cells of the
anion rocking-chair type.[39–41,47]

By contrast, the discharge capacity is not that stable. Within
the first ten to twenty cycles, the capacity increases, which is
most probably connected to a proceeding wetting of the
electrodes.[20] Additionally, the exchange of the PF6

� ions being
present in the freshly synthesized X-PVBV2+ polymer by the
TFSI� ions from the electrolyte could contribute to this increase
in capacity. Afterwards, the capacity is steadily decreasing to
~50% of its initial value after 100 cycles. The reason for this
might be mainly an instability of the X-PVBV2+ cation in the
DES, as also reported by Cadiou et al.,[41] who investigated
crosslinked viologen-based polymers in 1 M LiClO4 in propylene
carbonate. They attribute this behavior to steric and electronic

Figure 1. Schematic figure of the charged all-organic battery composed of the DES NaTFSI:NMA 1 :6 as electrolyte, PTMA as active material in the positive
electrode and X-PVBV2+ as active material in the negative electrode. Electron and ion movement indicates the discharge process.

Figure 2. Cyclic voltammograms of X-PVBV2+- (blue) and PTMA- (red) based
composite electrodes in half-cells vs. Ag pseudo-reference electrode with the
DES NaTFSI :NMA in its eutectic molar ratio 1 :6 as electrolyte at a scan rate
of 1 mVs� 1.
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hindrance for the uptake of the second anion during oxidation
to the bivalent cation. Fittingly, according to Figure S4, the
lower voltage plateau representing the X-PVBV+/X-PVBV2+

couple diminishes much faster compared to the high voltage
one. This might also explain the initial increase in capacity
during the first cycles. If the DES interacts more strongly with
the monovalent cation and if the uptake of a second anion per
viologen unit is unfavorable, the wetting process is enhanced
after the first reduction. Therefore, even after 16 h at OCP in the
fully-oxidized state of X-PVBV2+, there is still room for activation

of the electrode, which is reflected by the increasing capacity of
the high voltage plateau within the first cycles (Figure S4).

Apart from this, also the capacity of the high-voltage
plateau slightly decreases after reaching the maximum capacity.
After 100 cycles, the capacity of the high-voltage plateau
decreased roughly to 80% of its initial value indicating much
higher stability of the first oxidation state compared to the
fully-oxidized X-PVBV2+ in the DES. The capacity loss for the
high voltage plateau might either be caused by polymer
dissolution in the electrolyte or by partial passivation of the

Figure 3. Voltage profile for the second galvanostatic charge (dashed line) and discharge (solid line) of the X-PVBV2+ jPTMA full cell with the DES NaTFSI :NMA
in its eutectic molar ratio 1 :6 as electrolyte at a rate of 10 C. The black lines indicate the potential differences between the redox events of PTMA and X-
PVBV2+ extracted from cyclic voltammetry (Figure 2).

Figure 4. Galvanostatic charge-discharge cycling of the X-PVBV2+ jPTMA full cell with the DES NaTFSI :NMA in its eutectic molar ratio 1 :6 as electrolyte at a
rate of 10C showing the specific discharge capacity (blue) and the Coulombic efficiency (red) for 100 cycles.
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electrode, as was already discussed previously.[20] An additional
reason could be the mechanical stress in the X-PVBV2+ polymer
during the unfavorable uptake of the second TFSI� anion by
complete discharge leading to irreversible processes, which is
generally assumed to be a problem for anion rocking-chair
batteries.[42] The potential profiles of the anode half-cell shown
in Figure S5 give evidence, that this behavior of the full cell is
almost exclusively influenced by the X-PVBV2+ polymer. As for
the full cell, the capacity of the X-PVBV/X-PVBV+ potential step
at roughly � 0.9 V decreases slower than for X-PVBV+/X-PVBV2+

at � 0.4 V. Since only the discharge is depicted, the mentioned
potentials do not exactly fit the redox potentials extracted from
cyclic voltammetry, but the peak currents of the oxidation of X-
PVBV in Figure 2. Interestingly, the higher stability of the X-
PVBV/X-PVBV+ couple compared to the X-PVBV+/X-PVBV2+ one
is as mentioned in agreement with findings in carbonate-based
electrolytes,[41] but in contrast to the findings in aqueous
electrolytes, where the reduction to the neutral viologen
species was excluded due to stability reasons.[46] For eutectic
solvents, unexpected stabilization of ions was also observed for
Cu+ ions in a chlorine-free DES, which as well contradicts the
common behavior in aqueous media.[48]

When switching to a rate of 1 C after 15 cycles at 10 C
(Figure S6), the discharge capacity immediately reaches its
maximum in the first slow cycle. But the price of the high
capacity is a lower Coulombic efficiency of 90% at its best and
faster degradation. The slower the cycling, the more pro-
nounced is the capacity decrease. Again, the dismantling of the
electrode by complete discharging leading to mechanical stress
by the anion insertion can cause this effect. Low rates allow
anion diffusion and insertion into deeper layers of the
electrode, causing more lasting damage to the electrode
structure than with faster cycling. This is also the reason why it
was possible to cycle a battery based on a TEMPO- combined
with a viologen-polymer 2000 times with a much faster rate of
60 °C and using smaller anions in aqueous media.[35]

Conclusions

Using poly(2,2,6,6-tetramethylpiperidin-1-yl-oxyl methacrylate)
(PTMA) as positive electrode and crosslinked poly-
(vinylbenzylviologen) (X-PVBV2+) as negative electrode, we have
proven the applicability of Deep Eutectic Solvents (DESs) as
electrolytes for sustainable all-organic batteries using sodium
bis(trifluoromethanesulfonyl) imide (NaTFSI) and N-meth-
ylacetamide (NMA) in its eutectic molar ratio of 1 : 6. The full
cells, operating in anion rocking-chair mode, well match the
expectations from cyclic voltammetry measurements by show-
ing voltage plateaus at roughly 1.07 V and 1.58 V, perfectly
matching the redox-potential differences of the polymers in
half-cells. The Coulombic efficiency of the resulting all-organic
battery reaches 98% at a C-rate of 10 for at least 100 cycles. The
fading capacity can be mainly attributed to the hindrance of
the second ion insertion in X-PVBV+ during cycling in the DES
under investigation, causing a decrease of the capacity of the
low voltage plateau. The redox event at 1.58 V exhibits a much

higher stability with roughly 80% of the initial capacity after
100 cycles.

These results open new opportunities for the use of DESs in
all-organic batteries. Regarding the choice of DES, the redox-
potential but as well the stability and solubility of the used
polymers in their different oxidation states are decisive for the
battery performance. The wide variation possibilities of DESs
and redox-active polymers illustrates the potential of this type
of battery. The challenge remains to identify suitable combina-
tions based on a fundamental understanding of the interactions
between the different battery components.

Experimental Section
Preparation of the Electrolyte: The electrolyte was prepared and kept
in a glovebox (M. Braun, H2O<0.5 ppm, O2<0.5 ppm) filled with
nitrogen gas. N-Methylacetamide (Aldrich chemicals, 99%, further
purified by distillation) was melted at 50 °C. 1.5 g of sodium
bis(trifluoromethanesulfonyl) imide (Solvionic, 99.9%) was added to
2.17 g of NMA and stirred until the mixture was homogenous. For
drying, the mixture was kept over 4 Å molecular sieve (Merck) for
over two weeks. The resulting water content was determined using
Karl-Fischer-Titration (KF-Coulmeter 851 by Metrohm, with Hydranal
Coulmat AG electrolyte by Honeywell) to lie below 10 ppm.

Preparation of the Electrodes: The preparation of the positive
electrodes was performed analogue to our previously reported
procedure.[20] The mass loading was between 0.33 mgcm� 2 and
0.45 mgcm� 2 of PTMA. The slurries for the negative electrode were
fabricated by mixing X-PVBV2+ with the conductive additive Timcal
Super C65 and the binder polyvinylidene fluoride (PVdF) (Solef
5130, BASF) in the mass ratio 60 :30 :10 in N-methyl-2-pyrrolidone
(NMP) (99.5%, extra dry over molecular sieve, AcroSeal, Thermo
scientific). A brief description of the synthesis of X-PVBV2+ is
provided in the supporting information. Further information will be
published elsewhere.[45] The resulting slurries were coated on Al-foil
which was etched with 5 wt% KOH solution prior to use. For drying,
the electrodes were kept at 80 °C under vacuum overnight. The
mass loading for X-PVBV2+ was between 0.33 mgcm� 2 and
0.4 mgcm� 2.

Cell-Assembly and Electrochemical Measurements: The electrochem-
ical measurements were conducted in a nitrogen-filled glovebox
using Swagelok-type cells in a three-electrode setup for cyclic
voltammetry and a two-electrode setup for galvanostatic full cell
tests with a geometrical electrode area of 1.13 cm2 except for the
reference electrode. Glass fiber separators (Whatman, GF/B) were
placed between the electrodes and soaked with 60 μL of electrolyte
each. For the half-cells, graphite disks (Goodfellow, 99.997%) were
used as counter electrodes and freshly annealed Ag-wires (MaTecK,
99.99%) as reference electrodes. After the assembly, the half-cells
were left for equilibration for two to 16 hours, full cells for 16 hours
so the potential of the electrodes could stabilize. Then, the cell was
connected to an Interface 1010B potentiostat (Gamry Instruments).
Details for the individual measurements are given in the caption of
the respective figures. For the galvanostatic measurements, C-rates
were calculated based on the theoretical capacity of the capacity
limiting electrode. The specific capacities of the full cells are given
with respect to the mass of X-PVBV2+, which is the active material
of the capacity limiting electrode.
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