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Thianthrene-functionalized polynorbornenes were investigated as
high-voltage organic cathode materials for dual-ion cells. The
polymers show reversible oxidation reactions in solution and as a
solid in composite electrodes. Constant current investigations
displayed a capacity of up to 66 mAh g'1 at a high potential of
4.1V vs. Li/Li".

In face of the climate change there is a strong and growing
demand for storage of renewable energies. In conjunction with
new techniques for their production,
storage devices such as batteries and electrochemical
capacitors are required.1 Nowadays, the market is dominated
by lead-acid batteries® and lithium-based battery systems.a’4
Rechargeable Li battery systems comprise the well-known Li-
ion and Li-metal anode-based cell chemistries, with sulfur and
oxygen being the most investigated cathodes for Li metal
batteries in recent years.‘r’_10 Another recently reported lithium
battery system is the dual-ion cell, where graphites or other
anion-accepting host materials are used as cathodes against
graphite (e.g. in a dual graphite cell) or Li-metal anodes.’'™
The use of aqueous electrolytes has also been investigated.15
Beyond that, organic cathode materials have attracted great
interest, as they can be prepared from renewable, sustainable
or less-limited resources, being easy to recycle as well as
potentially safer and cheaper to produce, leading to a low
carbon footprint.le_18 Furthermore, high temperature
annealing, a common procedure in the synthesis of ceramic
cathode materials, is not required for the preparation of
organic materials. A variety of organic cathode materials has
been proposed and investigated,lg'20
ponmers,Zl_24 organosulfur compounds,
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Fig. 1 Schematic of a battery with a thianthrene polymer as cathode-active anion-
intercalating material (left); two-fold oxidation of thianthrene (1, top right) and cyclic
voltammogram of 1 (1 mM in CHsCN with 0.1 M n-Bu,PFs, glassy carbon electrode, sca-
rate 100 mV/s).
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polymers, organic carbonyl compounds, and st .c
open-shell systems with high spin-delocalization.43_45 Some o1
these materials own capacities higher than that of LiCoO,
(140 mAh g’l), which is one of the most widely used cathod

materials in Li-ion batteries.*®* In contrast to Li-io:

deintercalating/intercalating inorganic
organic compounds follow different reaction types such a<
doping/undoping,”” bond breaking/ bond forming,®® -
oxidation/reduction of stabilized molecules embedded in 1
polymer structure. From the last-mentioned reaction, TEMPO-
radical functionalized polymethacrylate (PTMA) is one of tt :
most investigated organic radical materials for application in
rechargeable batteries due to a fast redox process leadinr (o
high rate capabilities, while providing a stable capacity of
111 mAh g’1.49‘50 In order to compare this material with other
cathode materials, it is important to understand tk. 2
mechanism related to the redox reactions. Tt 2
electrochemical process of PTMA is characterized by a one-
electron transfer. During charging, the radical nitroxide grouy s
of TEMPO are oxidized to oxoammonium cations leading to a
build-up of positive charge. Charge balancing is achieved

cathode materials
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Fig. 2 Thianthrene-substituted polynorbornenes synthesized for this study.

P3

through insertion of anions into the polymer structure such as
PFs from LiPFe-based electrolytes. On the anode side, Li*-ions
are intercalated into graphite or deposited onto lithium foil.
Overall, this charge/discharge mechanism is typical for a dual-
ion cell. Characteristic charge/discharge potentials for such
redox systems are in the order of less than 4.0 V vs. Li/Li"
(3.6 V vs. Li/Li* for PTMA).19‘20'24’49 Even though radical polymer
cathode-based batteries have high rate capabilities, the
specific energy needs to be improved for being
commercialized in rechargeable battery systems.20 One
approach to achieve higher specific energies is the increment
of the working potential.19 2 On our search for redox-active
molecules with high oxidation potentials vs. Li/Li*,
our attention on thianthrene, whose chemical oxidation to a
radical cation (Fig. 1) has been known for almost 150 years.51’52
Thianthrene has been suggested as a chemical overcharge
protection in Li-ion batteries,53 however, to the best of our
knowledge, these materials have not yet been investigated as
electrode-active materials for charge storage.
Electrochemically, thianthrene undergoes a two-step oxidation
to a dication. The first oxidation potential of thianthrene lies at
0.84 V vs. Fc/Fc” (Fig. 1 and Table in Fig. 3), corresponding to
4.09 V vs. Li/Li*,>* making thianthrene a potential high-voltage
organic cathode material. While the first oxidation was found
to be a reversible reaction, the second oxidation (Fig. 1) could
only be examined under extremely dry conditions.>>™’
Another requirement for electrode materials is their
insolubility in the electrolyte solution, which can be met even
for organic cathodes by using a polymeric material. As such,
organic redox polymers can be employed consisting of
aliphatic polymer chains functionalized with redox-active side
groups, which are promising candidates for use as electrode-
active battery materials.”® Polynorbornenes have been
successfully employed in TEMPO-based organic cathode
materials.® Herein, we present thianthrene-functionalized
polynorbornenes P1-P3 as a new class of anion-inserting
organic cathode materials (see Fig. 1 and Fig. 2). The
charge/discharge potential of these materials is in the order of
4.1V vs. Li/Li", which is, up to date, one of the highest
published values for organic electrode materials, in particular
considering that thianthrene is a fluorine-free compound.20
These thianthrene polymers show no detectable solubility in
the electrolyte solutions and are easily accessible in gram
quantities in three to five synthetic steps.

P1-P3 were synthesized as shown in Scheme 1 starting from 2-
bromothianthrene (2).60 For the synthesis of monomers 5 and

we focused
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Scheme 1 Synthesis of thianthrene-substituted polymers P1-P3.
. . 61
6, bromide 2 was transformed into aldehyde 3°° followed .,

reduction with NaBH, employing a protocol by Zeynizadeh an
Behyar62 to afford 2-thianthrenemethanol (4). Monomer 5 we
accessed through esterification of alcohol 4 with exe
norbornene carboxylic acid,63 while monomer
synthesized by reaction
dicarboxylic anhydride and 2-chloro-1-methylpyridinium iodic »
(CMPI) as the coupling reagent. Monomer 7 was synthesize~
through a palladium-catalysed hydroarylation reaction ¢
bromide 2 with norbornadiene. For the ring-opening
metathesis polymerization (ROMP) of monomers 5, 6 an s
two different catalysts were employed: Grubbs’ secona
generation catalyst64 and its modified version with 3-
bromopyridine ligands (G3, for structure see SI).65
the results of polymerizations on large scale are shown usir

G3. Due to its fast-initiating nature, G3 has proven to be 2:

excellent choice for norbornene polymerizations leading t~
low polydispersity indexes (PDIs).66 Indeed, using G3 polyme -
P1 and P2 were obtained with low PDIs between 1.18 ari
1.35, while G2 yielded significantly higher PDIs (for details see
Sl). For P3, the PDIs were generally higher; likely due to tt 2
steric bulk induced by the direct substitution of the
norbornene ring with thianthrene. However, also in this ¢ .se
G3 yielded a lower PDI compared to G2.

The oxidation potentials of P1-P3 were determined using cyclic
voltammetry (CV) in CH,Cl, solution (Fig. 3a-c and Table in Fi,

3). In all cases, a reversible oxidation of the thianthrene sic 2
group was observed at potentials between 0.67 and 0.76 V vs.
Fc/Fc’, which corresponds to a slight shift to lower potentia s
compared to thianthrene (0.84 V vs. Fc/Fc). This is likely due
to an inductive effect of the substituents on the thianthrer :

6 wc"
of 4 with 5-norbornene-2,2

In Scheme

core.
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CV measurements (Fig. 3). In a constant current cyclin
15 o P3 100 Py measurement (Fig. 4, right), the P1 composite electroc.
T 107 50 1 achieved its highest specific capacity of 66 mAh g’1 after = *
= %] cycles.50 This value corresponds to 90% of the theoretica:
= 0 1 0 1 . . -
e Cydle capacity of P1, which amounts to 73 mAh g™. The Coulon
3 51 - L .
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-10 4 . . L . .
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Potential [V] vs. Fc/Fc* Potential [V] vs. Li/Li* the anion intercalation. The highest measured specific capacitv
1 P1 P2 P3 of 66 mAhg" at 4.1 V corresponds to a specific energy  f
vs. F/Fc Solution® 0.84 0.76 0.71 0.67 274 Wh kg’l. In comparison, the specific energies of PTMA ard
. 52 -1 .
- LiCoO, are 389" and 534 Wh kg~, respectively. Howeve.,
" Solution®* 409 401 396  3.92 2 y o KB 0 pl' Y -
vs. Li/Li compared to recently investigate ual-ion intercalatic i
Composite cell’ - 4.06 4.05 4.07 P Y g

Fig. 3 Cyclic voltammograms of P1-P3: a)-c) in solution;’ d)-f) in composite electrodes;b
Table: Half-wave potentials [V] (related to anion coordination/insertion) for the first
oxidation of thianthrene (1) and P1-P3 in solution’ and in composite electrodes.”
(° ~1 mM in CH,Cl,, 0.1 M n-Bu,PFg, scan rate 100 mV/s; b polymer/hard carbon/PVdF
(10:80:10 wt%), EC/DMC (1:1), 1 M LiPFgs, scan rate 500 uV/s, counter/reference
electrode: Li foil; “ calculated using the potentials measured by Laoire et aI.54)

To investigate the electrochemical performance of thianthrene
polymers P1-P3 as cathode-active materials in dual-ion
batteries, composite electrodes with an amorphous carbon
host material and PVdF binder were prepared and measured
against metallic lithium. Cyclic voltammograms of the
composite electrodes of P1-P3 are shown in Fig. 3. The
oxidation potentials lie between 4.05 and 4.07 V vs. Li/Li" and
are in good agreement with those measured in solution (Table
in Fig. 3). In all cases, the first cycle differs from cycles 2-5,
which is likely due reorganization processes in the composite
electrode.’’” All three polymers show good reversibility of
oxidation and reduction and therefore for the insertion and
deinsertion of the PFg anion into the polymer structure.
Among these, the highest current flow combined with the
highest oxidation potential in solution was observed for P1.
Hence, this material was chosen for further investigations. A
composite electrode containing 50 wt% P1, 47 wt% carbon
black (Super P Li) and 3 wt% PVdF binder was investigated
regarding its charge/discharge performance vs. metallic
lithium. The charge/discharge profiles of the resulting
electrode cycled at 1C (full charging and discharging in 2 h)
show a stable potential plateau at 4.1 V vs. Li/Li* during
charging and 4.05 V vs. Li/Li* during discharging (Fig. 4, left),

This journal is © The Royal Society of Chemistry 20xx

battery systems,ll_14 a capacity of > 66 mAh g’1 at potentials c.
> 4.0 V vs. Li/Li¥ combined with potentially high rat.
capabilities make these polymers highly interesting a.
cathode-active organic materials for dual-ion battery systems

In conclusion, we have synthesized and investigated thre.
thianthrene-substituted polynorbornenes as potential higl

voltage materials for organic cathode-based dual-ion batterie.
Electrochemical measurements indicate reversible oxidations
of the thianthrene side groups in all polymers. Derivative *1
was investigated as cathode-active material in a dual-ion
battery setup against lithium metal. Composite electrodes
displayed a maximum capacity of 66 mAh g’l at ¢
unprecedented high charge/discharge potential of 4.1 V v .
Li/Li".
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