Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202200830

www.chemsuschem.org

Hydrophilic Crosslinked TEMPO-Methacrylate Copolymers -

a Straight Forward Approach towards Aqueous Semi-

Organic Batteries

Lada Elbinger*,™"® Erik Schréter®,® Christian Friebe,™ " Martin D. Hager,”® and

Ulrich S. Schubert*® ®!

Crosslinked hydrophilic poly(2,2,6,6-tetramethylpiperidinyl-N-
oxyl-co-[2-(methacryloyloxy)-ethyl]trimethyl ammonium
chloride) [poly(TEMPO-co-METAC)] polymers with different
monomer ratios are synthesized and characterized regarding a
utilization as electrode material in organic batteries. These
polymers can be synthesized rapidly utilizing commercial
starting materials and reveal an increased hydrophilicity

Introduction

For many years, lithium-ion batteries (LIBs) have been among
the most favorable technologies at the market of energy
storage devices. The LIB is one of the most advanced electro-
chemical storage technologies and demonstrates high energy
densities and extremely high cyclabilities.! However, the global
energy demand is rising and cannot be met relying on lithium-
based technologies alone, leading to the development of
alternative battery cell chemistries over the last years. Among
them, active materials based on organic compounds are
promising as they allow for tailor-made active materials and
renewable synthesis routes. This offers different processing
possibilities, which are not conceivable with most metal
batteries, for instance screen or ink-jet printing.” Furthermore,
other casting methods or roll-to-roll processing techniques are
imaginable, which facilitates the production of mechanically
flexible batteries, as can be desired for “internet of things”
application scenarios.”
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compared to the state-of-the-art poly(2,2,6,6-tetrameth-
ylpiperidinyl-N-oxyl-4-methacrylate) (PTMA). By increasing the
hydrophilicity of the polymer, a preparation of cathode
composites is enabled, which can be used for aqueous semi-
organic batteries. Detailed battery testing confirms that the
additional METAC groups do not impair the battery behavior
while enabling straight-forward zinc-TEMPO batteries.

The typically required electrolytes for the traditional LIBs are
of organic nature. The wide electrochemical stability window of
organic electrolytes makes them favorable for lithium batteries
and, consequently, high cell voltages can be achieved. How-
ever, organic electrolytes show a rather low conductivity and
are expensive, often toxic and volatile. Moreover, common
lithium-based technologies are sensitive to physical stress,
which can lead to battery failure, leakage, or, ultimately,
hazardous degeneration reactions. Despite the narrower poten-
tial stability window of aqueous solutions, water-based electro-
lytes are considered as a promising alternative as they are non-
toxic, cost-efficient, and rapidly processable. Therefore, batteries
utilizing aqueous electrolytes are expected to be a promising
alternative for batteries of the current LIB generation.”
However, the thermodynamic stability window of water is
limited to 1.23 V, beyond which harmful hydrogen and oxygen
evolution reactions (HER/OER) occur. It is possible to extend the
stability window of water, for which several systems with highly
concentrated salt electrolytes were investigated recently.”
Challenges of this method are high costs and a tendency
towards salt crystallization during long-term cycling in the
battery, which can lead to a complete failure of the battery.
Another method is the use of matching electrodes. Suitable for
aqueous coin cell batteries can be zinc electrodes, which are of
low cost, low toxicity and exhibit high stability in aqueous
solutions.” In addition, aqueous zinc batteries show high
energy density, which derives from the high specific capacity of
the metallic zinc electrode.”

During recent years, many different organic active materials
whose electrochemical properties are compatible with those of
metallic zinc anodes have been researched and tested for
rechargeable zinc batteries.® The general mechanisms of redox
reactions differ from material to material and, thus, the
cathodes have been classified into three types, namely p, n and
bipolar.”’ The charged state of a p-type material is its oxidized
state, when it transforms from a neutral state (p) to the
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positively charged (p+). Representative examples of such
materials are polyindole, 2,2,6,6-tetramethylpiperidinyl-N-oxyl
(TEMPO) and poly(vinyl-2-[9-(1,3-dithiol-2-ylidene)anthracen-
10(9H)-ylidene]-1,3-dithiole) (exTTF).'"" n-Type materials are
charged through reduction and thereby transform from a
neutral state (n) into a negatively charged (n—) one. The most
common examples for n-type materials are different quinones
and pyrene-4,5,9,10-tetraone (PTO).'"" The bipolar type is
capable of performing both processes and can be transformed
from a neutral state (b) to a positive (b +) or negative state (b-),
for example, the conductive polymer poly(p-phenylene) (PPP).

One of the most thoroughly investigated organic p-type
structures that show high potential for application in batteries
is TEMPO, which bears a redox active and sterically protected
nitroxyl radical (Scheme 1). TEMPO has been used as a redox-
active moiety in numerous application scenarios, such as
sensors and catalysts."”? The nitroxyl radical molecule under-
goes reversible one-electron redox reactions in both organic
and aqueous electrolytes, exhibiting high redox potentials and
fast reaction kinetics."¥ Batteries with TEMPO-based polymer
cathodes are well-known and exhibit outstanding cyclabilities,
high energy densities and cell voltages, compared to the other
known organic cathode materials."”

Until poly(2,2,6,6-tetramethylpiperidinyl-N-oxyl-4-
methacrylate) (PTMA) polymers have been most commonly
used as organic TEMPO-bearing active materials for cathodes.
However, PTMA polymers show a low polarity and are therefore
rather hydrophobic. Thus, they are not suitable for the
combination with aqueous electrolytes. However, aqueous
electrolytes are of particular interest because they show a high
conductivity, which can be one order of magnitude higher
compared to organic electrolytes."!

To change the polarity and introduce hydrophilicity to the
cathode material, theoretically, there are two strategies. The
first possibility represents changing the basic structure of the
polymer. Koshika etal. introduced poly(2,2,6,6-tetrameth-
ylpiperidinyl-N-oxyl-4-vinyl ether) (PTVE) as new battery materi-
al, which is compatible with aqueous electrolytes, as was shown
for more than 500 cycles."® However, the synthesis of the
TEMPO vinyl ether monomer and the polymerization process
are time-consuming and expensive due to the necessary iridium
catalyst for the coupling and the cooling during the polymer-
ization step.l'”

Another way to obtain a polymer with an increased hydro-
philicity is the incorporation of a hydrophilic comonomer that
mediates the desired properties into the polymer chain. There

now,
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Scheme 1. Schematic representation of the TEMPO-based redox processes
upon charging/discharging.
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are several monomers that are suitable for this purpose.
Hagemann et al. successfully synthesized a TEMPO-containing
zwitterionic polymer with [(2-(methacryloxy)ethyl)dimethyl-(3-
sulfopropyl)lJammonium hydroxide as a solubilizing comonomer
and investigated the polymer as a catholyte for aqueous redox
flow batteries."® Hatakeyama-Sato et al. worked with hydro-
philic  poly(2,2,6,6-tetramethylpiperidinyl-N-oxyl-4-acrylamide)
(PTAm) and further increased the hydrophilic properties of the
polymer by applying hydrophilic acrylic acid." In this work, [2-
(methacryloyloxy)ethyl]trimethyl ammonium chloride (METAC)
is utilized as this comonomer has been successfully used for
aqueous redox flow batteries before.”” By this new approach,
hydrophilic crosslinked PTMA is used as cathode material for
water-based organic batteries. To investigate the cathode
performance, cells with an oversized zinc electrode and
aqueous zinc bis(trifluoromethanesulfonyl)imide (ZnTFSl,)- or
zinc trifluoromethanesulfonate [Zn(OTf),]-containing electro-
lytes are applied.

Results and Discussion

With the targeted utilization of an aqueous electrolyte in a
TEMPO-based polymer battery, we started with a straight-
forward approach to validate the hydrophobic nature of the
standard PTMA composite and prepared coin cells with PTMA-
containing composite electrodes [SuperP as conductive agent
and poly(vinylidenedifluoride) (PVDF) as binder]. The organic
cathode material was combined with a zinc metal counter
electrode and with aqueous electrolytes, namely, aqueous
ZnTFSl, and Zn(OTf),. Zinc was chosen as it is known to act as a
water-compatible, oversized electrode material with reversible
redox chemistry. After application of the standard test protocol
(see Experimental Section), it could be concluded that classical
PTMA cathodes are not suitable for the aqueous electrolytes as
no reversible charge/discharge behavior was observed. This
observation can be explained by the hydrophobic nature of
PTMA and the nonpolar additional components in the cathode,
such as conductive additives, (e.g., SuperP®), and the binder.
Both components decrease the hydrophilicity of the resulting
composite even further. As a result, the aqueous electrolyte is
not able to penetrate the cathode and the redox processes
cannot take place.

To significantly increase the hydrophilicity of the cathode
materials, we performed a copolymeric approach, comprising
the redox-active TEMPO-bearing monomers (TEMPO-methacry-
late) from the PTMA active material and the solubility mediator
METAC, which is known from the work on aqueous polymer-
based redox flow batteries of the Schubert group.”® As
described in the introduction, we have chosen the co-polymer-
ization of 2,2,6,6-tetramethylpiperidinyl-N-oxyl-methacrylate
(TEMPMA) and METAC in different hydrophilicity mediator :
monomer ratios. While hydrophilicity is required, water solubil-
ity must be strictly avoided. Furthermore, a higher METAC ratio
also goes in hand with a lower theoretical specific capacity of
the active material. Consequently, a crosslinker was applied,
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namely poly(ethylene glycol diacrylate) (PEGDA) because of its
intrinsic hydrophilicity.

A molar ratio of 2mol% was chosen because higher
amounts lead to overly strong crosslinking within the polymer
matrix, which decreases the swellability of the active material.
However, insufficient crosslinking should also be avoided since
a weakly crosslinked polymer matrix can contain remaining
soluble short polymer chains, which enable shuttle processes of
TEMPO molecules/oligomers, leading to pronounced self-dis-
charge of the battery. To investigate the influence of the
hydrophilicity mediator on the performance of organic thin-
layer batteries, it was decided to synthesize and evaluate
different TEMPMA : METAC ratios namely 50:50, 80:20, 95:5
and 98:2. The crosslinked polymer networks were synthesized
by free radical polymerization of TEMPMA, METAC and PEGDA
with different molar ratios in aqueous HCl solution at 80°C. The
free radical polymerization was selected for this purpose
because of its short reaction times and simple handling. Further,
it is possible to utilize commercial starting materials, which
enable simple upscaling possibilities. The prepared crosslinked
polymers were lyophilized and finely ground. This step is a
prerequisite for the next oxidation step as it provides a better
penetrability for the oxidation agent and catalyst. Without good
penetration, the non-accessible piperidine moieties are not
oxidized, which decreases the degree of oxidation, ultimately
leading to low capacities. Subsequently, the oxidation reaction
was performed in a 50:50 ethanol/water mixture to improve
the polymer swelling and support the oxidation, which directly
affects the resultant degree of oxidation. Hydrogen peroxide
was chosen as oxidative agent and the reaction is catalyzed
with sodium tungstate, according to the procedures presented
by Muench et al.?" After lyophilization, the solid polymers were
analyzed via electron paramagnetic resonance (EPR) measure-
ments for the determination of the degree of oxidation. As the
obtained degrees of oxidation were not suitable (<60% for all
polymers), the materials were oxidized a second time following
the same procedure with a higher amount of peroxide. This
yielded sufficient degrees of oxidation for the 50:50 (70.1%),
80:20 (75.1%), 95:5 (73.2%) and 98:2 (75.0%) polymers. The
values after the first oxidation reaction are presented in the
Experimental Section (Table 4).

Thermogravimetric analysis (TGA) was performed to analyze
the thermal stability of the polymers (Figure 1). The decom-
position temperatures were determined at a mass loss of the
measured polymer of 5%. The measured curves show some
shoulders, which can be explained by the uncontrolled nature
of the free radical polymerization. Domains with variable chain
lengths can be formed, which potentially reveal a different
decomposition behavior. The samples that contain higher
mediator ratios lead to multiple shoulders in the TGA curves.
The thermogravimetric curves of the polymers featuring
monomer ratios of 95:5 and 98:2 are quite similar to each
other, which can be explained by the very similar polymer
composition. From the TGA, the decomposition temperatures
for the four polymers were obtained at 185°C (50:50), 227°C
(80:20), 246°C (95:5), and 248°C (98:2), showing that a higher
amount of mediator results in a lower degradation temperature.
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Figure 1. The thermogravimetric curves of the different polymers.

The stability of the polymers is also further confirmed by
differential scanning calorimetric analysis. The corresponding
information can be obtained from the Supporting Information
(Figure S2).

In order to evaluate if the comonomer METAC leads to
undesired side effects on the TEMPO-bearing polymer, electro-
chemical characterization of the copolymers was performed.
For this purpose, coin cells based on the crosslinked
poly(TEMPO-co-METAC) composite electrodes, featuring PVDF
as binder and SuperP® as conductive agent were constructed
and fabricated to 2032-type coin cells under ambient conditions
with aqueous electrolytes. The cycling protocols were chosen
similar to the investigations performed by Muench etal. in
order to compare the new material to the well-established
PTMA?" For zinc batteries, many zinc salts as well as
combinations of different salts are common.”? However, to
reduce the complexity of the cell, we decided to focus on a
single-salt electrolyte approach without further addition of
dendrite-preventing additives. Triflate (OTf) and
bis(trifluoromethanesulfonyl)imide (TFSI) zinc salts were utilized.
Cyclic voltammetry (CV) potentials for the ZnTFSl,-and Zn(OTf),-
containing batteries are summarized in Table1 and the
obtained cyclic voltammograms at 0.1 mVs™' are depicted in
Figure 2.

The CV curves exhibit reversible signals in the range
between 1.4V and 1.6 V (vs. Zn/Zn>"), which indicates that the

Table 1. Utilized ratios of TEMPO-METAC with achieved degrees of
oxidation. Redox potentials of the zinc-polymer batteries. Values were
obtained from the redox signals at 0.1 mVs~' scanning speed.

Feed ratio TEMPO: METAC 50:50 80:20 95:5 98:2
Degree of oxidation [%] 70+£3 75+5 73+5 75+12
Potential [V] 1.51 1.49 1.51 1.51

2 M Zn(OTf),

Potential [V] 1.42 1.42 1.43 1.47

2 M ZnTFSI,™

Specific capacity [nAhg~']®! 55.5 88.8 105.5 108.8

[a] Potentials vs. Zn/Zn>". [b] Specific capacities calculated from specific

capacity of PTMA.
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Figure 2. CV curves of the Zn/poly(TEMPO-co-METAC) batteries for (a) Zn(OTf), electrolyte and (b) ZnTFSI, electrolyte at 0.1 mVs™' scanning speed. The active

monomer/hydrophilicity mediator ratios are given in the graphs.

reversible redox behavior of the TEMPO-moieties is retained
after copolymerization, and no disturbing influence of the
METAC group is present. This is in accordance with similar
materials, which have been utilized in aqueous polymer-based
redox flow battery systems.*® Also, the peak shapes do not
differ significantly, except for the 98:2-ratio ZnTFSI,-containing
batteries, which exhibit a slightly higher half-wave potential,
which is referred to a lower wettability and the consequent
overpotentials. The electrodes were then subjected to galvano-
static cycling at 1 C to provide information on the cyclability of
the composite electrodes (Figure 3). Five cycles were obtained
for each cell, which suggested reversible charging/discharging
behavior.

The curves depict reversible battery cycles between 1.0V
and 1.7V (vs. Zn/Zn*%) with stable charging/discharging
plateaus at approximately 1.55V for the Zn(OTf), electrolyte
and 1.45V for the ZnTFSl,. Coulombic efficiencies of 98% were
obtained for five cycles. No signs of degradation caused by
METAC are observed and the curves resemble quite accurately
the expected shapes for an aqueous TEMPO-zinc-battery. From
these initial investigations, detailed testing was performed to
prove the feasibility of the hydrophilic crosslinked copolymers

in aqueous battery systems. Rate capability testing, self-
discharge tests, long-term cycling, and float testing were
executed, following a strategy applied by Muench et al. for the
synthesized PTMA nanoparticles, which represent the ideal
material for comparison.?” Charging rate tests have been
performed for both ZnTFSI, (Figure 4) and Zn(OTf), electrolyte
(Figure 5).

The ZnTFSl,-containing cells show PTMA-typical rate capa-
bility behavior, with the addressed capacity decreasing at
increasing charging/discharging rates.?" Even though the ratio
of hydrophilicity mediator varies, all batteries can be run at
standard testing conditions and the TEMPO-moieties appear to
be addressable. For all batteries, the charging capacity at 1C
can be re-obtained after cycling at higher C-rates. This indicates
a reversible charge/discharge mechanism without significant
degradation of the active material at higher charging currents.
While standard PTMA shows a specific capacity of 111 mAhg™,
the solubility mediator leads to a decreased specific capacity,
depending on its content in the polymer. Consequently, the
50:50 mixture exhibits a specific capacity of 56 mAhg™
(Table 1). This value increases with increasing amounts of
TEMPO-carrying monomer in the polymer to 89 mAhg™' for the
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Figure 3. Voltage curves for the Zn(OTf),- (left) and ZnTFSI,-containing (right) polymer-zinc batteries. Monomer ratios of 50:50 (black), 80:20 (red), 95:5 (blue)
and 98:2 (green) were investigated and galvanostatically cycled at 1 C charging/discharging rate.
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Figure 4. Summary of the rate capability tests that have been performed for the ZnTFSI, electrolyte-containing polymer-zinc batteries. C-rates of 1, 0.2, 0.5, 2,

5,10, 20, and 50 C were applied.
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Figure 5. Summary of the rate capability tests that have been performed for the Zn(OTf), electrolyte-containing polymer-zinc batteries. C-rates of 1, 0.2, 0.5, 2,

5,10, 20, and 50 C were applied.

80:20 ratio, 106 mAhg™' for the 95:5 ratio and 109 mAhg™' for
the 98:2 ratio. This trend can also be observed by comparing
the rate testing diagrams for the different polymer ratios.
However, the theoretical values (108.8 mAhg™' for 98:2,
105.5 mAhg' for 95:5, 88.8 mAhg™' for 80:2, 55.5 mAhg™' for
50:50) are not obtained for any of the mixtures.

The identical rate testing experiments were also performed
for the Zn(OTf), electrolyte. However, for the polymer ratios
with the lowest polarity (98:2 and 95:5), the batteries were

ChemSusChem 2022, 15, 202200830 (5 of 9)

subjected to five cycles of floating, prior to the rate testing
experiments. This procedure was necessary as a pronounced
wetting process, with a successive capacity increase over all
charging rates was observed when cells were directly used in
rate testing experiments.

Thus, at lower mediator ratios, the behavior of the material
drifts towards the non-polar PTMA. However, already very low
amounts of mediator make the TEMPO-groups more address-
able for aqueous electrolytes, if the system is actively precondi-

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202200830

tioned with a suitable technique, which keeps the material in
charged state for an extended period of time.

In total, the addressed capacities are higher than those for
the ZnTFSl, electrolytes, resulting in charge capacities that are
closer to the theoretical specific capacity of the respective
polymers. A summarized overview of the addressable capacities
of the batteries at different C-rates is given in Figure 6.

When higher amounts of mediator are used, the expected
rate-capability behavior is obtained also for the Zn(OTf),
electrolyte without any signs of wetting processes. At a ratio of
80:20, a capacity retention of approximately 80% is measured
for the highest charging rate. The capacity retention for the
50:50 ratio is significantly lower at around 65% at 50 C.
Interestingly, the 95:5 ratio shows an extremely low capacity
retention around 10%, which differs significantly from the
approximately 60% of the 98:2 ratio. With the ZnTFSl,-based
electrolyte, 72% capacity retention are obtained for the 80:20
ratio at 50 C. With lower mediator amounts, the capacity
retention is slightly decreased to 68 % for the 95:5 ratio and to
64 % for the 98:2 ratio. The 50:50 ratio exhibits a lower capacity
retention: only 60% of the reference capacity are obtained
already at a rate of 5 C and it decreases even to 30% at 50 C.
Overall, the performance of the ZnTFSl, cells can be considered
excellent and is certainly an improvement compared to
previous systems. The results of the rate capability tests match
the diagrams for the material usage, which is shown in Figure 7.
Overall, high material usages are observed for the lower
charging rates of 0.2 to 2 C, varying between 95 and 80%.
However, as observed for the capacity retention, the ZnTFSl.-
containing batteries reveal significantly lower material utiliza-
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Figure 6. Capacity retention during rate capability testing for Zn(OTf),- (left)
and ZnTFSl,-based (right) electrolyte. Normalized to discharge capacity that
was achieved for a current of 0.2 C.
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batteries. 100 % Material utilization corresponds to the theoretical capacity
of the composite electrode.
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tions at the 50:50 and 98:2 ratio, compared to the Zn(OTf),
cells.

As all material-electrolyte combinations exhibit a stable
capacity utilization and stable cycling at 5 C charging rate, a
long-term evaluation was added to the test protocol, which
subjected the cells to cycling at 5C for at least 500 cycles
(Figure 8). Stable cycling was observed for both electrolytes at
all utilized monomer ratios. In contrast to the rate-capability
experiments, no swelling effects and capacity increasing are
observed, most probably since the long-term experiment was
performed after extensive CV testing, allowing for sufficient
equilibration of the system.

The long-term cycling experiments revealed that all inves-
tigated systems are capable of stable cycling for 500 cycles at
5 C. The reached material utilizations are in accordance with the
rate tests, which suggest a slightly reduced available capacity
compared to 1 C cycling. After 500 cycles, the batteries retain
over 99% of their initial capacities. The hydrophilicity mediator
does not appear to influence the cycling stability or to degrade
significantly. The resultant capacity retentions are summarized
in Table 2.

The obtained stability of the aqueous system is underlined
byfloat test experiments (Figure 9). Float testing is known from
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Figure 8. Long-term cycling experiments at a charging/discharging rate of
5 C for 500 cycles.

Table 2. Capacity retention after 500 consecutive galvanostatic cycles at
5C

Electrolyte Feed ratio TEMPO:METAC

50:50 [%] 80:20 [%)] 95:5 [%] 98:2 [%]
Zn(OTf), 99.5 99.1 99.3 99.4
ZnTFSI, 100 99.8 100 99.5
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Figure 9. Float test experiments for the Zn(OTf), (left) and ZnTFSI, (right)
electrolytes. A holding voltage of 1.7 V (vs. Zn/Zn’*) was applied for 10 h per
repetition, followed by five galvanostatic cycles at 1 C charging rate for a
total test duration of 500 h.
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the supercapacitor community, where it is used to obtain
information about the electrochemical stability of a cell that is
kept at high state of charge for extended time periods. In the
present case, the batteries were subjected repeatedly to
potentiostatic charging for 10h at 1.7V with subsequent
galvanostatic cycling at 1C for five cycles. This process is
performed for 500 h in total. When the discharge capacities are
investigated afterwards, it could be revealed that both Zn(OTf),
and ZnTFSl, enable a stable floating for 500 h. However, for the
ZnTFSl, electrolyte, the capacity values vary slightly in the
50:50 ratio system, making it hard to determine the exact
capacity loss over time. The strongest decrease of the discharge
capacities can be seen for the 95:5 ratio in the Zn(OTf),
electrolyte. Here, a pronounced decrease of capacity is
observed over the first 200 h of floating. For both electrolytes,
the 95:5 ratio leads to the highest overall capacities, despite
the fact that 3% less active material is contained in the
composite electrodes. At lower hydrophilicity mediator ratios,
less active material can be addressed and the material seems
less suitable for aqueous electrolytes. Therefore, we consider a
mediator ratio of 5% as a kind of “sweet spot” between
maintaining the high specific capacity of the pure, hydrophobic
PTMA and gaining the hydrophilicity of the poly(TEMPO-co-
METACQ).

This “sweet spot” is confirmed in self-discharge tests, where
the 95:5 ratio composites exhibit the overall lowest self-
discharge (Figure 10) with a slightly more pronounced self-
discharge of the Zn(OTf),-based cells. As the low self-discharge
is observed for the rather hydrophobic polymers, this effect can
most probably be assigned to the higher solubility of shorter
copolymer chains that show a large percentage of METAC units.
Consequent shuttling processes would lead to an iterative
discharging of charged TEMPO moieties in the crosslinked
polymer network.

Conclusion

In this work, four different 2,2,6,6-tetramethylpiperidinyl-N-oxyl-
co-[2-(methacryloyloxy)-ethylltrimethyl ammonium chloride
(TEMPO-co-METAC) copolymers with monomer ratios of 50:50,
80:20, 95:5, and 98:2 have been synthesized and electrochemi-
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Figure 10. Self-discharge evaluation of the crosslinked copolymers for the
Zn(OTH), (left) and ZnTFSlI, (right) electrolytes. Capacity retention was
determined by capacity difference between complete galvanostatic charging
at 1 C and galvanostatic discharging after an open-cicuit voltage (OCV)
period.
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cally characterized. Their suitability as active materials in coin
cell batteries utilizing aqueous electrolytes was successfully
demonstrated. The presented systems revealed good cyclability
over at least 500 consecutive cycles at 5 C charging/discharging
rate with high capacity retentions greater than 99%. Further-
more, it was shown that only a low amount of solubility
mediator (>2 mol%) is sufficient to enhance the hydrophilicity
of the active material. This emphasizes the ability of the
poly(TEMPO-co-METAC) copolymer to provide the necessary
hydrophilicity while maintaining the poly(2,2,6,6-tetrameth-
ylpiperidinyl-N-oxyl-4-methacrylate) (PTMA)-typical battery per-
formance. However, it must be noted that this feature comes at
the cost of a pronounced wetting period that is necessary until
a maximum number of TEMPO moieties is addressable. To
further investigate the material feasibility, self-discharge inves-
tigations and float tests have been applied for all material-
electrolyte combinations. Here, the best results were obtained
for the lowest mediator amount, showing low self-discharge
and high capacity retentions after 500 h of floating. All in all,
the solubility mediator does not seem to significantly affect the
cyclability of the cells. Stable and hydrophilic redox-active
polymers were obtained through simple free radical polymer-
ization. This strategy could not only yield new battery materials
from materials that have been previously incompatible with
aqueous electrolytes but also be of great interest for different
application scenarios, where water is the desired electrolyte
due to its low-cost, non-toxic and sustainable nature.

Experimental Section

Materials

All materials were purchased from commercial sources. For the
syntheses of active materials, 2,2,6,6-tetramethylpiperidinyl-N-oxyl-
methacrylate (TCl), 2-(methacryloyloxy)-ethyl]-trimethyl ammonium
chloride (Sigma Aldrich), poly(ethylene glycol) diacrylate (Sigma
Aldrich) were used, and inhibitors were removed using an inhibitor
remover for hydroquinone and hydroquinone monomethyl ether
(Sigma Aldrich). 2,2'-Azobis[2-methylpropionamidin]-dihydrochlor-
ide (V-50; Sigma Aldrich) was utilized as received. For the oxidation
step, sodium tungstate dihydrate (Acros Organics) and H,O, (50%;
ROTH) were used. The utilized zinc-based electrolyte salts ZnTFSI,
(TCl) and Zn(OTf), (Sigma Aldrich) were used as received.

General synthesis of poly(TEMPMA-co-PEGDA-co-METAC)

The poly(TEMPMA-co-PEGDA-co-METAC) cathode active material
was synthesized from commercial materials by radical polymer-
ization (Scheme 2). First, 13.2 mL of water was added to 3 g of
TEMPMA (M: 225.33 gmol™") in a microwave vial (20 mL). Then, HCI
(37%, 0.7 mL) was added slowly to the suspension. After 5 min of
intensive stirring, the pH value was controlled by pH indicator strips
(pH 10). Further HCl was added until the TEMPMA was dissolved
completely. After every 100 uL of HCI, the pH value was checked to
avoid that it decreased below 6. Subsequently, METAC (M: 207.7 g
mol~') and PEGDA (M,: 250 gmol™'; 2 mol%) as cross-linker were
added to the solution according to Table 3. At last, V-50 (2,2-
azobis[2-methylpropionamidine]-dihydrochloride) (M: 271 gmol™';
4 mol%) as initiator was added and dissolved completely. The vial
was sealed and the solution was deoxygenated with argon for
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Scheme 2. Schematic representation of the general synthesis of
poly(TEMPMA-co-PEGDA-co-METAC). (I) Copolymerization and cross-linking;
(I) oxidation.

Table 3. Mass loadings of the synthesized polymers of different monomer/

mediator compositions.

Ratio Mass TEMPMA Mass METAC Mass PEGDA Mass V-50
lg] lal ]! L]}

50:50 4.00 3.69 0.18 0.39

80:20 4.00 0.92 0.11 0.25

95:5 4.00 0.19 0.09 0.21

98:2 4.00 0.08 0.09 0.20

30 min. Subsequently, the vial was placed into a pre-heated oil
bath (70°C). After a few minutes, the solution became a solid gel,
the vial was removed from the oil bath and opened. After cooling
to room temperature, the solid gel was transferred into a round
flask (250 mL) and dried overnight by freeze drying. The dry
product was ground in a mortar and used directly for oxidation.

General procedure of oxidation

To 1g of poly(TEMPMA-co-PEGDA-co-METAC), a mixture of water/
ethanol (5.3 mL/10.6 mL) was added at 0°C (ice bath). After 15 min,
the suspension was too viscous to be stirred. Thus, a water/ethanol
mixture (viv=1:2) was added until the mixture could be stirred
again. Then, Na,WO, (2.6 mol%) and H,0O, (50%, 3 eq.) were added
to the suspension and the ice bath was removed. All ingredients
were added according to Table 4. After 5 min of intensive stirring,
the pH value was checked by pH indicator strips (pH 5). Afterwards,
NaOH solution (10%) was added until the pH value was between 8
and 10 and the reaction mixture was stirred further. The pH value
was checked two times per day and, if necessary, NaOH solution
was added. After five days, the oxidation was stopped. The product
was separated by centrifugation at 6000 rpm for 10 min. The
separated product was isolated and washed with distilled water
(3x250 mL). The product was dried overnight in a drying oven
(40°C). The oxidation degree was measured by EPR (electron
paramagnetic resonance). X-band EPR spectra were acquired on an
EMXmicro CW-EPR spectrometer from Bruker, Germany. The
SpinCountQ software module was used for the determination of
the spin count. A known PTMA polymer (radical content of 80%,
determined through redox titration) was used as a reference. The
radical contents of the TEMPO-containing compounds were
determined from the mean values derived from the EPR spectra of
three individual samples per compound.?
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Table 4. Mass loadings of the oxidation and re-oxidation of the copoly-
mers.
Ratio 50:50 80:20 95:5 98:2
First oxida-  Batch size  8.96 7.60 6.70 6.00
tion [g]
Na,WO0, [g] 0.171 0.232 0.242 0.224
H,0, [mL] 2.03 3.75 3.9 37
Water/ 125/250 105/210 100/200 120/240
ethanol
[mL]
EPR [%]®  6.8+23 160415 552+54 245+26
Ratio 50:50 80:20 95:5 98:2%
Re- Batch size  2.00 2.00 2.00 2.00
oxidation [g]
Na,W0, [g] 0.04 0.07 0.08 0.17
H,0, [mL] 2.50 2.50 2.50 3.50
Water/ 30/60 40/80 30/60 60/120
ethanol
[mL]
EPR[%]® 701424 751443 732444 75+11
[a] Batch was oxidized three times until a sufficient degree of oxidation
was obtained. [b] Standard deviation is given from the measurement of
three individual samples.

Preparation of TEMPMA-co-PEGDA-co-METAC cathode

The dry synthesized oxidized polymers (750 mg per ball milling
process) were ground utilizing a cloud milling method in a
ZentriMix 380R (Hettich) at 1500 rpm for 90 min with 1 mm ZrO,
balls (1 g for each batch). The polymer particles after milling are
shownin the Supporting Information (Figure S1). The resultant
polymers (500 mg each) were suspended in 7 mL of N-meth-
ylpyrrolidone (NMP) and PVDF (42 mg) and SuperP® (292 mg) were
added. The mixtures were stirred and left overnight to swell at RT.
The electrode slurries were subsequently homogenized with a
DISPERMAT® at 4000 rpm for 1 h. To optimize the viscosity of the
electrode paste, NMP was added during the mixing process (1.5 mL
for 50:50 mixture, 3.5 mL for 80:20 mixture, 6 mL for 95:5 mixture
and 6 mL for the 98:2 mixture). The homogenized slurries were
then drop casted on preweighed graphite disks (@ 15 mm) as
current collectors. The fresh electrodes were then dried in the oven
at 80°C overnight. The theoretical capacities could then be
obtained by weighing the electrode discs.

Preparation of coin cells

During the assembly of coin cells (type 2032), the following
components were used: two parts of the housing, two spacers and
a spring (stainless steel). The cathode part was the dried graphite
disk with drop-casted slurry (@15 mm). The anode part was a zinc
foil (@15 mm), without any special preparations. Located between
the two electrodes was a glass microfiber separator [@19 mm,
WhatmanT"’l (GF/D)] with Zn-salt electrolytes like ZnTFSI, (2 M) and
Zn(OTf), ( . The cells were pressed together at an electric
crimper machme (MSK-160D) and subjected to electrochemical
characterization. The loadings of the electrodes for CV or rate
testing analysis were summarized in the subsequent Table 5.

Electrochemical characterization

All electrochemical investigations were performed on a BiolLogic
BCS-805 potentiostat. Cells were left at RT for 12 h prior to battery
testing. All testing protocols started with a 5 min OCV period. Then

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Table 5. Summary of the electrode loadings for the CV or rate testing
analysis with both supporting electrolyte salts.

Feed ratio Electrolyte salt Technique Loading [mg cm ]
50:50 ZnOTf, cv 233£0.21
Rates 0.98+0.27
ZnTFSl, cv 2.11£0.13
Rates 1.30+£0.41
80:20 ZnOTf, cv 256+0.11
Rates 1.79+0.15
ZnTFSl, cv 1.824+0.55
Rates 1.56+0.07
95:5 ZnOTf, cv 1.01+0.12
Rates 1.43+0.19
ZnTFSl, cv 1.30+0.04
Rates 1.324+0.19
98:2 ZnOTf, cv 1.924+0.23
Rates 1.924+0.08
ZnTFSl, cv 1.96+0.20
Rates 1.754+0.03

potentiostatic electrochemical impedance (PEIS) was measured
with an amplitude of 10 mV in the region of 1 mHz to 1 Hz (60
datapoints per decade). Then 10 min of OCV were recorded before
cyclic voltammetry was measured with 0.1, 0.2, 0.5 and 1.0 mVs™'
scanning speed between 0 and 1.85 V. Two cycles were recorded
before another 10 min of OCV period were applied. After CV
testing, self-discharge tests were performed with a 1 C discharge
technique prior to the investigations to ensure complete material
discharge before the material is charged. The discharge capacities
were then obtained from the charging capacity prior to an OCV rest
time and the discharge capacity after the OCV rest times. Rest times
of 12, 24, 48 and 72 h were utilized. After self-discharge testing, the
material was cycled five cycles at 1 C and then at 5 C until battery
failure. With analog cells, rate testing was performed galvanostati-
cally after OCV, CV at 1 mVs™' and PEIS at 0.2, 1, 2, 5, 10, 20 and
50 C for 5 cycles each. The rate testing is followed by float testing,
which comprise five cycles of galvanostatic cycling at 1C, then a
5min OCV period, then PEIS and finally application of a 1.7V
potential for 10 h. This order is repeated until battery failure.
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