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ABSTRACT: In search of anode materials for organic batteries, we propose
benzoxazole-based redox-active polymers. We report theoretically calculated
redox properties of the monomer and polymer based on small polymer chain
models using density functional theory (DFT). Subsequently, a straightforward
synthesis of poly(4-(benzoxazol-2-yl)-1-(4-vinyl benzyl)pyridinium chloride)
(PBO) via radical polymerization is presented. To our knowledge, PBO is the
first representative of this class of redox-active polymers applied in batteries, and
it has a theoretical specific capacity of 76.8 mA h g (first redox process). PBO
was utilized as an anode and capacity-limiting electrode in an all-organic radical
battery using aqueous- and organic-based electrolytes as well as 2,2,6,6-
tetramethylpiperidinyl-N-oxy (TEMPO) derivatives as cathodes, providing a
cell voltage of 1.3 and 14 V in aqueous- and organic-based electrolytes,
respectively. The material revealed 99% capacity utilization at 1 C in the first
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cycle using an organic electrolyte (1 M LiClO, in CH;CN) and more than 75% capacity utilization in an aqueous electrolyte (1 M
LiClO, in H,0). In both systems, after rate capability tests (from 0.2 to SO C), the cells were cycled again at 1 C, where 50% of the
initial capacity was retained after 100 cycles. Even though, due to the linearity and the molar mass of PBO, a capacity decay is
observed during cycling tests, this study opens a promising class of molecules for the development of anode materials.

KEYWORDS: polymer battery, organic battery, poly(benzoxazole), anode material, TEMPO derivatives

1. INTRODUCTION

Technologies for sustainable energy storage have received
increasing attention over the past decade. One of the most
promising energy storage technologies is batteries. Currently,
Li-ion batteries are mainly used due to their high energy
density and long cycle life. Still, one of the drawbacks of this
technology is its reliance on metal oxide-based materials such
as nickel and cobalt oxides." However, there is a more
sustainable battery chemistry technology thriving, which is
based on redox-active organic compounds.' > Organic and
polymeric active materials have been introduced in small-
molecule batteries,* redox-flow batteries,” organic/metal
batteries (e.g., Li, Na, Mg, and Zn), also known as semiorganic
batteries,”'° and all-organic batteries.'' "3

A number of organic cathode materials have been reported
and studied in semiorganic batteries.'* Here, one can mention
molecules such as 2,2,6,6-tetramethylpiperidinyl-N-oxy
(TEMPO) introduced to the battery research by the Nishide
group in the early 2000s,%”'*"” phenothiazine-based active
molecules, e.g., poly(vinylphenothiazine),'® and quinone-based
molecules, e.g., poly(benzoquinonyl sulfide).'” More examples
can be found in the publication of Poizot et al.'* Regarding
anode materials, there is still much research to be
performed.”'* One of the most often applied anode materials
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in all-organic polymer-based batteries is pyridine-based
molecules, in particular, molecules which rely on 4,4'-
bipyridine units (i.e., viologen) within the main or side chain
of the polymer. Viologen-based materials have been proven to
be compatible with both aqueous and organic electrolytes but
often require elaborate synthetic routes, and their stability is
still an issue of ongoing investigations.”"~** This highlights the
demand for additional molecules to be investigated, which can
compete with the performance of viologen but are synthetically
easier to access and more stable.” >’

When exploring new polymer materials for integration into
organic batteries, computational methods and molecular
modeling offer a valuable contribution to understand and to
screen the electrochemical properties of organic active
material >#%¢7%" Additionally, while designing a new organic
active material, several aspects must be considered. These
include prioritizing a straightforward as well as cost-effective
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synthetic process and, most importantly, a crucial focus on the
material’s sustainability. In our previous research, we
investigated the electrochemical properties of benzothiazoles,
oxazoles, and imidazoles, both theoretically and experimen-
tally. The benzoxazole excelled among the investigated
molecules with two reversible redox processes at —1.1 and
—1.85 V vs Ag/AgNOj reference electrode.”*

This study focuses on an all-organic polymer thin-film
battery based on benzoxazoles (BOs). Prior to synthesis,
theoretical calculations of the redox potentials of 4-
(benzoxazol-2-yl)-1-(4-vinyl benzyl)pyridinium (BO mono-
mer) and a small polymer unit of poly(4-(benzoxazol-2-yl)-1-
(4-vinyl benzyl)pyridinium chloride) (PBO) were performed
by using density functional theory (DFT). The aim was to
estimate the reduction and oxidation potentials of the redox-
active molecules and to investigate the influence of side-chain
interactions on these redox potentials. For practical tests, the
PBO linear polymer was synthesized by the radical polymer-
ization of the styrene-based benzoxazole monomer. In the end,
an all-organic-polymer battery using PBO as anode material
providing a specific capacity of 154 mA h g™ (two redox
processes) vs well-known TEMPO derivatives was prepared.
For a better understanding of the anode material, several
electrolyte systems (organic- and aqueous-based) commonly
applied in organic batteries were investigated.””*' For each
system, a counter electrode that works best in an organic or
aqueous environment was used. More specifically, poly-
(TEMPO-methacrylate) (PTMA) and poly(TEMPO-metha-
crylamide) (PTMAm) with specific capacities of 112 and 111
mA h ¢! were employed, respectively (Scheme 1). Further
information on the polymer synthesis of PTMA and PTMAm
can be found in literature.”'® These batteries combining
PTMA or PTMAm as a positive and PBO as a negative
electrode result in a full-organic cell type operating in an anion
rocking chair configuration, where only the anion is used as a
charge carrier. These batteries can be engineered to operate
without metal ions, further enhancing their sustainability.*”>°
The development of sustainable and high-performance energy
storage systems is crucial for the advancement of renewable
energy technologies. We believe that the investigation of the
PBO redox-active polymer, from theoretical calculations to
synthesis and characterization to implementation as an anode
material, will contribute to the development of new redox-
active materials used in ecofriendly energy storage solutions.

2. RESULTS AND DISCUSSION

2.1. Monomer and Polymer Synthesis. Two linear
cationic polymers named poly(4-(benzoxazol-2-yl)-1-(4-vinyl
benzyl)pyridinium chloride) (PBO) with different molar
masses were synthesized: P1-PBO and P2-PBO. The synthetic
procedure was as follows. The monomer 4-(benzoxazol-2-yl)-
1-(4-vinyl benzyl)pyridinium chloride (BO monomer) was
obtained by reaction of 2-(pyridine-4-yl)benzoxazole synthe-
sized as in our previous work with commercially available 4-
vinylbenzylchloride at 50 °C for 19 h (Scheme 2).** The
obtained monomer was used for free radical polymerization
using 5 mol % 4,4-azo-bis(4-cyanovaleric acid) (ACVA) in a
water—dioxane mixture. For P1-PBO, the polymerization was
performed at 100 °C for 4 h, and for P2-PBO, at 85 °C for 6 h.
The lower temperature results in longer chain formation, i.e., a
higher molar mass. Apparent molar masses were estimated by
sedimentation velocity analytical ultracentrifugation (SV AUC)
experiments in methanol. The analysis of SV AUC experiments
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Scheme 1. Schematic Representation of the Organic Battery
System Being Investigated Here”
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“PBO as anode material and TEMPO derivatives as cathode
interacting with aqueous- and organic-based electrolytes.

by numerical solution of the Lamm equation via the c(s,f/f,)
model resulted in differential distributions of sedimentation
coefficients (normalized differential distributions of sedimen-
tation coefficients of P1-PBO and P2-PBO are shown in
Figure S5).”7** The distributions indicate readily disperse
polymer populations in solution.”® Signal (weight) average
sedimentation coefficients, s, were obtained by integration over
the whole range of sedimentation coefficients. The obtained
translational frictional ratios, f/fyh from sedimentation—
diffusion analysis then enabled the calculation of the molar
masses by the modified Svedberg equation (M) (eq S1). The
molar mass values, calculated by eq S1, are M= 3500 g mol ™"
for P1-PBO and M,; = 5100 g mol™! for P2-PBO. The
determined hydrodynamic characteristics of the studied
polymers are reported in Table S1 of the Supporting
Information. We note that molar mass estimations using this
approach can be prone to error due to the readily high
dispersity of the polymer populations. A further detailed
discussion on SV AUC data and properties of studied polymers
can be found in the Supporting Information, alongside
characterization to confirm the chemistry, structure, and purity
of the small molecule, monomer, and polymer (*H and "*C
NMR, elemental analysis, and high-performance liquid
chromatography (HPLC) characterizations can be found in
the Supporting Information).

2.2, Theoretical Calculations. DFT calculations were
performed to determine the reduction/oxidation potentials of
the monomer and different polymer model systems. For this
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Scheme 2. Schematic Representation of the Synthesis of the Monomer and the Linear Oxazole-Based Polymers, P1-PBO and
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purpose, trimer (BO trimer) chains as well as pentamers (BO
pentamer, see Supporting Information) of 4-(benzoxazol-2-yl)-
1-(4-vinyl benzyl)pyridinium (BO) were utilized as model
systems for PBO. The theoretical investigation of the trimer
and pentamer model systems with multiple unpaired electrons
required a hybrid density functional. Based on our method
validation for calculating the reduction/oxidation potentials of
the corresponding BO monomer in our previous study,”® the
B3LYP-D4/def2-TZVP*~** (COSMO) level of theory was
chosen for the theoretical consideration. In what follows, the
calculated oxidation potential EQ, here refers to the potential
required to oxidize the neutral species to the cationic species,
which is related to the half-wave potential obtained during the
first oxidation/reduction process in the experimental CVs (it is
referred to as E,;, oxidation in Table 1). The calculated

Table 1. Reduction and Oxidation Potentials
Experimentally Obtained vs the Theoretical Calculated
Reduction/Oxidation Potentials E3. and E3_at the B3LYP-

D4/def2-TZVP (COSMO-Outer Charge: CH;CN) Level of
Theory”

E, ), reduction vs
Ag/AgNO; in V

E, ), oxidation vs
Ag/AgNO; in V

BO monomer —-1.83 -1.05
PBO —1.81 —-1.03
EQeqa vs Ag/AgNO,  EJ vs Ag/AgNO,
inV inV
BO monomer -2.05 —1.10
BO trimer, one (or two) BO —2.06 (—2.19) —1.26 (—1.05)

unit(s) reduced/oxidized
“The thermal contributions are calculated with the same method but
the def2-SVP basis set. The BO trimer with one or two oxidized/
reduced BO units is used as a model system to estimate the redox
properties of PBO.

reduction potential EJ.q refers to the potential needed to
reduce the neutral species to the anionic species, which is
related to the half-wave potential obtained during the second
reduction/oxidation process in the experimental CVs (it is
referred to as E;,, reduction in Table 1). The calculated
oxidation potentials E} and reduction potentials Ej.q for the
BO monomer and BO trimer are given in Table 1 together
with the corresponding experimental results. The calculated
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oxidation potential for the BO monomer differs by only
—0.05 V from the experimental value. For the reduction
potential, the deviation is —0.22 V. Our previous method
evaluation®® and study’* revealed that the deviations are
mainly constant shifts and that trends in redox potentials are
reproduced well.

The experimental results show that the first reduction/
oxidation half-wave potential of PBO differs by 0.02 V from the
BO monomer. The calculated oxidation potential of the BO
trimer with one oxidized BO unit is 0.16 V lower, and with two
oxidized BO units, it is 0.05 V higher compared to the
calculated BO monomer. This difference is in reasonable
agreement with the difference between the experimental values
for the monomer and polymer, taking into account the
accuracy of the DET method applied.”® To understand the BO
trimer model in more detail, the spin and charge distributions
are taken into account (Figure 1). In the neutral species of the
BO trimer, the three unpaired electrons are equally localized
over the 7-systems (Figure 1a). In the cationic trimer (Figure
1c), the spin density on one of the outer BO units almost does
not change, while the central BO unit and the other outer BO
unit lose the same amount of spin density. This indicates that
one unpaired electron is on the outermost BO unit, and the
other is equally delocalized over the central and other
outermost BO unit. Hence, the positive charge is also
delocalized over the central and one outermost BO unit, see,
e.g,, the electrostatic potential map (EMP) of the cationic BO
trimer (Figure 1d). It shows a strongly positive surface (dark
blue) at the pyridyl units of the central and one outermost BO
unit. The delocalization is associated with a reduced distance
(Table S4, distances between C2 atoms in the BO units,
Supporting Information) between the BO units in the cationic
species. Interestingly, the charge and spin density of the model
system with two BO units oxidized are located on individual
BO units (outer units) in the BO trimer (structures of the BO
trimer in various charge states can be found in the Supporting
Information, Figure S6). This makes the oxidation less
favorable and more similar to the oxidation of a BO monomer.
In addition, the oxidation of two BO units is slightly less
favorable because of the electrostatic repulsion between the
two charged centers. Furthermore, the results suggest that the
electrochemical reactions take place first in BO units that are
far apart and last in adjacent BO units.

https://doi.org/10.1021/acsaem.4c03127
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Figure 1. (a,b) Spin density and EMP of the neutral BO trimer; (c,d) spin density and EMP of the cationic BO trimer; (e,f) spin density and EMP
of the anionic BO trimer. Gray: carbon. Blue: nitrogen. Red: oxygen. White: hydrogen. Purple and orange: a spin density minus f spin density.
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Figure 2. Cyclic voltammetry curves in solutions of (a) BO monomer and (b) PBO polymeric active material in a three-electrode setup using
0.1 M TBAPF, in CH;CN. The results indicated two distinct redox processes, as shown by the dashed line on the graph. The first redox process
(which is also emphasized by the full line) occurred at E, /5 ggidation = —1.05 V for the monomer and E}/; qydation = —1.03 V for PBO, while the
second occurred at E, /5 requction = —1.83 V for the monomer and E|/; ;equction = —1.05 V vs Ag/AgNO; for PBO.

The experimental results show that the second reduction/
oxidation half-wave potential of PBO also differs by 0.02 V
from that of the BO monomer. This difference is in good
agreement with the difference between the calculated
reduction potential of the BO monomer and the reduction
potential of the BO trimer with one reduced BO unit,
indicating good agreement between computational values and
experiment. The reason for the similarity between the
monomer and trimer is that for the anion, the charge is not
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delocalized across the BO units. Instead, the additional
electron and negative charge (Figure le,f) are mainly localized
at one of the outer BO units. The distances between the BO
units in the anionic species (Table S4, Supporting
Information) also remain similar to the distances in the
neutral species. However, the reduction potential for two BO
units reduced in the BO trimer is more negative (by 0.14 V)
than that for the BO monomer. This is probably due to the
additional electrostatic repulsion between the two charged BO

https://doi.org/10.1021/acsaem.4c03127
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Scheme 3. Schematic Representation of the Structure of Linear PBO, PTMA, PTMAm, and Their Redox Processes
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units in the doubly charged anion. The charges and spin
densities are also localized at individual BO units (outer units)
in the BO trimer (structures of the BO trimer in various charge
states, Figure S6). This also suggests that the electrochemical
reactions take place first in BO units that are far apart and last
in adjacent BO units.

Overall, the calculated results reveal promising redox
properties. The calculations for the polymer model systems
predict that the redox potentials of PBO are similar to or lower
than those of the BO monomer. Furthermore, the results
suggest that the side chains exert a greater influence on the
oxidation potential than on the reduction potential. However,
the deviations between the oxidation and reduction potentials
of one and two BO units may be due to explicit solvent and
counterion effects. Our previous study indicated that in certain
cases counterions probably have an effect on the reduction/
oxidation potential.”* The inclusion of counterion effects may
potentially reduce electrostatic repulsion between the charged
centers and by this make the redox potential more similar to
the ones found for the BO monomer.

2.3. Electrochemical Investigation. Before the electro-
chemical performance of the obtained polymer in a battery was
investigated, cyclic voltammetry (CV) in solution was
performed on the BO monomer (Figure 2a) and PBO (Figure
2b). As mentioned previously, both the benzoxazole-based
monomer and PBO reveal two distinct redox processes: the
monomer at E /5 guidation = —1.05 and Ej /) equction = —1.83 V
and PBO at E| /5 yidation = —1.03 and E| /5 reduetion = —1.81 V vs
Ag/AgNO; (0.1 M TBAPF, in CH;CN) reference electrode.
These processes involve the reduction of the monovalent
cation to the radical and further to the monovalent anion
(Scheme 3). Previous investigations of PTMAm and PTMA
result in half ~wave potentials of 0.64 vs Ag/AgCl*’ and 0.84 V
vs Ag/Ag",'® respectively. Both TEMPO-based polymers are
oxidized from their neutral radical to form a monovalent cation
(Scheme 3).

An additional small redox event appears at lower potentials
(Figure 2b). It is possible that a side reaction occurs during the
reduction or oxidation of the system. The sharp reduction peak
and the different peak heights indicate further that the redox
event is complicated by other processes when compared to the
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small molecule (Figure 2a). During our previous investiga-
tions,”* we identified the first reduction/oxidation process to
be more stable within different scanning rates, and thus, for the
present study, only the first reversible reduction/oxidation
process was covered during the battery experiments in order to
prevent possible side reactions. When assembling the full
organic battery, a voltage window of 1.0 to 1.7 V was applied,
resulting in defined redox processes with a battery voltage of
1.3V for the aqueous system and 1.4 V for the organic system
vs the respective TEMPO-based counter electrode without the
second redox process of PBO interfering (Figure 3).

1.0
LiClO,in CH,CN
- - -LiCIO, in H,0
0.5 E, =14V
<
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Figure 3. Cyclic voltammetry curves of coin cells at a scan rate of 1
mV s™! containing PBO/PTMAm (blue) and PBO/PTMA (red) with
1 M LiClO,/H,0 and LiClIO,/CH;CN supporting electrolytes,
respectively. Associated half-wave potentials are 1.3 and 1.4 V,
respectively.

2.4. Battery Testing and Cycling Performance.
2.4.1. Screening of Different Electrolyte Systems. In order
to understand the behavior of PBO in the battery systems, the
PBO electrodes were investigated in combination with
oversized cathodes. Various electrolyte systems commonly
employed in organic batteries were screened. The investigated
electrolyte compositions are stated in Table 2. For this
screening, the calculations on capacity utilization were
performed without considering the counterion of the electro-
lyte. Following this initial screening (rate capability tests of P1-
PBO vs TEMPO derivatives can be found in the Supporting
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Table 2. Screening of Different Electrolyte Systems Commonly Employed in Organic Batteries

organic-based 1M 1M 1M 1 M EC:DMC 3:7 1M 1M
electrolytes CH,CN/TBAPF,  CH,CN/TBACIO,  CH,CN/LiClO, LiCIO, TEGDME/LIiCIO,  Pyr, ,TESI/PC
aqueous-based 2 M H,0/LiOTf 1 M H,0/LiClO, 2 M H,0/NaOTf
electrolytes
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Figure 4. Dependence of the electrolyte on the initial (discharge) capacity utilization and the initial Coulombic efficiency (CE) in coin cell battery
testing experiments. Calculations were performed using discharge capacities per electrode obtained at 1 C (first cycle). (a) Organic-based
electrolytes and (b) aqueous-based electrolytes. Each bar represents the data from coin cells cycled under equal conditions.
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Figure S. (a) Average capacity utilization (six cycles per C-rate) for P1-PBO/PTMA (green), using LiClO,/CH,CN, and P1-PBO/PTMAm
(blue), using LiClO,/H,O as the supporting electrolyte. (b) Average discharge capacity per C-rate for P1-PBO/PTMA (green) and P1-PBO/

PTMAm (blue) batteries in organic- and aqueous-based electrolytes.

Information, Figures S16 and S17), the most promising system
from both aqueous and organic electrolytes was selected for
further in-depth investigations.

Out of six organic and three aqueous electrolyte systems, 1
M LiClO, in CH;CN and 1 M LiClO, in H,O provided a
capacity utilization of >98% and >75% as well as an initial
Coulombic efficiency of 75% and 65% at 1 C rate, respectively
(Figure 4).

2.4.2. All-Organic Battery Performance. In both organic
and aqueous electrolytes, the batteries exhibited a charging/
discharging plateau between 1.2 and 1.5 V (selected charge/
discharge curves can be found in the Supporting Information,
Figures $26—S528).

In the battery system using LiClO,/CH;CN as the
electrolyte, due to a higher concentration of CIO] ions
coming from the electrolyte system in comparison to the CI~
ions from PBO, an ion exchange within the system is expected
to occur. This leads to a lower theoretically specific capacity for
P1-PBO of 64.9 mA h g™' (for PBO-CIO}) instead of 76.8 mA
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h g' (for PBO-CI"). In what follows, all of the stated
capacities are based on PBO-CIO} and expressed per polymer
mass. Experimentally, a value of 64 mA h g™ was observed.
This corresponds to a capacity utilization of 99% at 1 C in the
first cycle. During the rate capability test, P1-PBO
demonstrated capacity retention at both low and high C-
rates. In particular, 59.9 mA h g' of the specific discharge
capacity, giving 92% of capacity utilization, was observed at 0.2
C (cycle 1) and 21.3 mA h g™' (33% of capacity utilization) at
50 C (cycle 1) (Figure Sa). After the capability rate test ended,
the same cell was galvanostatically cycled at 1 C for 50 more
cycles, leading to a final specific discharge capacity of 43.8 mA
h g7 (cycle 1), which corresponds to 68% capacity retention
compared to the initial capacity. Only 47% of the capacity is
retained after 100 cycles in total (Figure 6a).

During long-term experiments at 1 C with a new cell (Figure
6b), the composite electrode provided an initial specific
discharge capacity of 57.8 mA h g™', which dropped to 37.5
mA h g7" after 50 cycles, resulting in 65% capacity retention.
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Figure 7. Comparison of battery performance of P1-PBO and P2-PBO polymers in aqueous- (1 M LiClO,/H,0): P1-H,0, P2-H,0, and organic-
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For the next 50 cycles, a further decay by 7 mA h g™" was
evident, indicating a slowdown in capacity decay, which is
most likely connected to a saturation or a change in the decay
mechanism. In the end, after 150 cycles, a specific discharge
capacity of 24.8 mA h g' was observed. Overall, this
corresponds to an average discharge capacity decay of about
0.7% per cycle (with a standard deviation of 0.3%) for the first
S0 cycles and a decay of about 0.20% per cycle (with a
standard deviation of 0.06%) for the last 100 cycles. The
capacity decay in percentage is calculated by dividing the
capacity decay per cycle by the initial discharge capacity.
During a visual post-mortem inspection of the investigated
coin cell components, it was noticed that the separator had a
brown color (photographs of the cell separator can be found in
the Supporting Information, Figure S29). Considering the
linear nature of the PBO macromolecules, this observation
implies the dissolution of P1-PBO in the electrolyte, which is
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likely the primary cause of capacity decay. The observed
slowdown of the decay rate is most likely due to a saturation
process of the molecule in the electrolyte or side reactions
occurring while cycling.

The application of P1-PBO vs PTMAm in the 1 M LiClO,/
H,O electrolyte results in an initial discharge capacity of 49
mA h g' at 1 C, which corresponds to 76% of capacity
utilization. During the rate capability test, a very low capacity
was observed during fast discharge rates of 20 and 50 C
(Figure Sb). Subsequent to the rate capability experiment, the
cell was galvanostatically cycled at 1 C for 50 cycles, leading to
a final specific discharge capacity of 31.7 mA h ¢!, which
corresponds to 65% capacity retention compared to the initial
discharge capacity. Furthermore, only 53% of the capacity is
retained after 100 cycles (Figure 6c). Separate long-term
experiments with pristine P1-PBO vs PTMAm batteries
resulted in an initial specific discharge capacity of 49.1 mA h
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¢! (76% of capacity utilization), which further decayed to 32.5
mA h g7' (66% capacity retention) after SO cycles in
agreement with the previous results. After 150 cycles, the
battery reached a specific capacity of 21.6 mA h g™ (44% of
capacity retention) compared to the initial specific discharge
capacity (Figure 6d). The presented results suggest that the
capacity utilization is significantly higher in organic electrolyte
systems compared to the investigated aqueous system. We
assume that this is attributed to a different interaction of the
active material with aqueous- and organic-based electrolytes,
respectively, affecting the ability to deliver counterions to the
active site. Additionally, the dissolution of the active material in
an aqueous-based electrolyte is higher than in an organic-based
electrolyte, causing a higher capacity decay over time.

While it was egcé)ected that a linear redox-active polymer
would dissolve,'”*" the same battery experiment tests were
performed using the higher molar mass polymer P2-PBO as
anode material vs TEMPO derivatives (P2-PBO vs PTMA
using LiClO,/CH;CN and P2-PBO vs PTMAm using
LiClO,/H,0 as an electrolyte) (battery performance of P2-
PBO vs TEMPO derivatives can be found in Supporting
Information, Figures S22 and S23). The overall battery
behavior of the P2-PBO anode in organic- and aqueous-
based electrolytes was similar to P1-PBO anode battery
performance (Figure 7). In both systems, the specific discharge
capacity was decaying with the cycle number, but P1-PBO
exhibited a 37% higher capacity utilization compared to P2-
PBO. On the other hand, the P2-PBO anode exhibits a 13%
higher capacity retention and, thus, a longer cycle life at 1 C
(detailed battery performance of P1-PBO and P2-PBO can be
found in Supporting Information, Figures S24 and S25),
indicating a lower overall solubility. During the rate capability
test, the experimentally observed discharge capacity for P2-
PBO at 1 C (cycle 1) was 40.2 mA h g™". This corresponds to
a capacity utilization of 62%. After the cyclability rate test
ended, the same cell was galvanostatically cycled at 1 C for
another 100 cycles, resulting in a discharge capacity of 23 mA h
g ' and 57% capacity retention compared to the initial capacity
after 150 cycles in total (Figure 7a, P2-CH4CN). During
additional long-term experiments at 1 C, an initial
experimental discharge capacity of 39.9 mA h g™' was
obtained, with a capacity decay of 0.4% per cycle (standard
deviation of 0.2%) for the first SO cycles to 0.1% (standard
deviation 0.08%) after 450 cycles (Figure 7b, P2-CH,;CN).
The application of 1 M LiClO,/H,O electrolyte resulted in
35% capacity utilization at 1 C (cycle 1). At the end of rate
capability tests, only 40% capacity is retained compared to the
initial experimental capacity at 1 C (Figure 7a, P2-H,0) (see
Supporting Information, Figures S22 and S23 for details on
rate capability tests and long-term experiments).

As expected, the obtained results indicate that a higher
molar mass polymer leads to a slower dissolution of the
material into the electrolyte and, thus, slower capacity decay
per cycle (Figure 7b) (selected cycles of voltage vs time curves
can be found in Supporting Information, Figures $27 and S28).
Additionally, the lower capacity utilization of P2-PBO
compared to P1-PBO is due to the difficult interaction
between the higher molar mass polymer and the electrolyte.

3. CONCLUSIONS

In this study, we introduced a new class of redox polymers for
organic thin-film batteries, which is based on the benzo-oxazole
molecule. With poly(4-(benzo[d]oxazol-2-yl)-1-(4-(sec-butyl)-
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benzyl)pyridin-1-ium chloride) (PBO), a first representative of
this class was synthesized and investigated as anode material in
all-organic batteries. A molecule has a theoretical specific
capacity of 76.8 mA h g™ (first redox process).

Linear PBO was obtained from a comparably straightfor-
ward synthetic procedure in two batches with relatively small
molar masses of 3500 ¢ mol™' (P1-PBO) and 5100 g mol™!
(P2-PBO), respectively. The DFT calculations of the BO
monomer and PBO model systems have provided deeper
insight into the redox reactions as well as the spin and charge
distribution of the monomer and polymer. The results suggest
that the PBO possesses an oxidation and reduction potential
comparable to or slightly lower than those of the BO
monomer.

Experimental half-wave potentials of the BO monomer and
PBO were obtained by performing cycling voltammetry
measurements in 0.1 M TBAPF4 in CH;CN, where the
experimental redox processes observed correlate with the
presented theoretical calculations. Due to stability issues of the
second redox process, only the first redox process was used for
battery investigations. Both P1-PBO and P2-PBO were
applied as anode materials in two types of coin cells utilizing
either a PTMA cathode and 1 M LiClO, in CH;CN or a
PTMAm cathode and 1 M LiClO, in H,O. Due to the higher
concentration of ClOj ions in the battery cell, an ion exchange
from CI™ to ClOj can be expected to take place, resulting in a
theoretical specific capacity of 64.9 mA h g~'. The batteries
with the organic electrolyte revealed a capacity utilization of
more than 90% at 1 C and a capacity decay of about 0.7% per
cycle (standard deviation of 0.3%) for the first SO cycles. In
addition, the increase of the molar mass of the polymer P2-
PBO not only lowered the capacity utilization but also slightly
slowed down the capacity decay to 0.4% (standard deviation of
0.2%) over the same number of cycles. Additionally, during
long-term experiments at 1 C, P2-PBO exhibits a longer
lifetime stability compared to P1-PBO. On the other hand, the
aqueous battery exhibited a significantly lower capacity
utilization of 76% for P1-PBO and 35% for P2-PBO,
respectively. In either case, the significant capacity loss is
attributed to the dissolution of the linear polymer into the
electrolyte, as supported by visual post-mortem analysis. This
issue will be addressed by upcoming studies, which will
investigate the cross-linking of PBO and possibly other
mitigation strategies. The latter could involve the optimization
of the electrolyte properties, such as using solvent-free
electrolytes or gel-polymer electrolytes. Despite the remaining
performance issues, the obtained results are promising for this
novel class of redox polymers for organic thin-film batteries.

This work will initiate further research on benzoxazole-based
electrode materials for organic-based batteries. Our ongoing
research focuses on reducing the polymers’ solubility and
understanding the battery degradation mechanisms.
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