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Abstract

Organic electrode-active materials offer a sustainable pathway towards sodium-based batteries, yet
their practical application is hindered by electrolyte dissolution, limited conductivity, and synthetic
challenges. Herein, we present a sustainable and efficient synthetic route to poly(pyrene-4,5,9,10-
tetraone) (PPTO), a high-capacity organic carbonyl-based polymer, via oxidative Pd-catalyzed
homopolymerization of propylene glycol-protected PTO boronic esters, overcoming the low yield
and heavy-metal dependency of the conventional Ni-mediated YAMAMOTO coupling. Among
different conductive carbon-based electrode architectures the optimized PPTO@CNTs@Ketjen
Black composite electrode achieves a high and reversible capacity of 286 mAh gt at 1 A g ! with
72% capacity retention over 500 cycles, and delivers 201 mAh gt even at 10 A g%, corresponding
to an energy density of 549 Wh kg™ at low rates and 346 Wh kg™ at high rates. Ex-situ
spectroscopy, combined with theoretical calculations, reveals a two-electron redox process of each
PTO unit. Kinetic studies demonstrate rapid Na* transport (Dna* = 1071° cm? s71) and capacitive-
dominated charge storage. Tomographic 3D image data reconstruction highlights the favorable
microstructural connectivity of the CNT/Ketjen Black composite in stabilizing PPTO against
dissolution. This work not only establishes a scalable synthetic platform for PPTO, but also
advances its implementation as high-performance organic positive electrode for sodium-based

batteries.



1. Introduction

The global demand for sustainable and cost-effective energy storage devices has intensified the
search for a viable alternative to lithium-ion batteries (LIBs).! Among the emerging technologies,
rechargeable sodium-ion batteries (SIBs) have garnered significant attention as a cost-effective and
environmentally benign solution. Sodium has a widespread natural abundance and availability,
which sharply contrasts with lithium's limited and geographically concentrated reserves.l? SIBs
share many operational principles with LIBs, including similar intercalation chemistry. However,
the large size of Na* (r = 1.02 A, CN = 6) compared to Li* (r = 0.59 A, CN = 4) introduces distinct
challenges and opportunities for developing suitable electrode materials for applications

demanding high cyclability and rate capability.[>4

Organic electrode-active materials (OAMS) are attractive candidates for SIB positive electrodes.
They offer a large portfolio of diverse structures, have low toxicity, and can be produced from cost-
effective and abundant raw materials.[>8 Often-used OAMs include carbonyl compoundst”#l or
carboxylates®! as n-type materials,**'!l operating in a cation-rocking-chair configuration with
reversible insertion of electrolyte cations, as well as p-type materials with quaternary nitrogen
centersi'?171 or stabilized radicals.[*®! The first type — namely conjugated carbonyl compounds —
has attracted significant interest due to their multi-electron redox reactions, relatively high capacity
and redox potential, and their ability to coordinatively bind metal cations in the discharged
state.['%20 Pyrene-4,5,9,10-tetraone (PTO) stands out as a redox-active group with four carbonyl
groups, enabling an up to fourfold reduction with the uptake of four monovalent metal ions (Figure
1a).12t! This imparts PTO with a high theoretical specific capacity of 409 mAh g . The driving
force for the reduction of PTO is attributed to the additional aromaticity achieved in the tetraoxy-

substituted anion (marked orange in Figure 1a).
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Figure 1. Schematic illustration of the redox mechanism, polymer synthesis, and working principle
of PPTO@CNTs@Ketjen Black electrodes for Na-based batteries. (a) Fourfold reduction of
pyrene-4,5,9,10-tetraone (PTO) upon coordination of four monovalent cations (orange coloring
indicates aromatic n-systems). (b) Synthetic route comparison for poly(PTO) (PPTO): previous
Ni(0)-mediated polymerization with limited monomer solubility versus the present Pd(I1)/Cu(ll)-
catalyzed oxidative cross-coupling of boronic ester monomers, offering improved solubility and
catalytic efficiency. (c) Schematic of an Na-PPTO cell with optimized composite positive electrode

incorporating carbon nanotubes and Ketjen Black carbon.

PTO, as a small molecule, has been used as a redox-active group in OAMs on several occasions.[??!
However, the high solubility of PTO in liquid battery electrolytes restricts its direct application as

OAM. By using solid electrolytes, the dissolution can be suppressed, resulting in an improved



cycling stability.®! For example, Yao and coworkers fabricated a solid-state sodium-metal battery
based on a PTO positive electrode using either the solid electrolyte NasPS4, furnishing a high
energy density (578 Wh kg ™) and cycling stability,!?*! or a beta-alumina solid electrolyte, resulting
in an even higher energy density of 900 Wh kg .12l Alternatively, immobilization of the active
material within a porous carbon matrix, combined with the application of a highly concentrated
electrolyte, can also mitigate dissolution problems.l??! A third strategy is to immobilize PTO in a

carbon matrix through covalent bond linkage.?®!

Besides these strategies, integrating redox-active organic moieties into polymeric structures has
proven advantageous in lowering their solubility in liquid electrolytes./?”! The redox-active units
can be incorporated into the main chain of the polymer or as a side group, i.e., of an insulating
polymer backbone. The first strategy has the advantage that the density of redox-active groups in
the polymer can be higher, and a lesser amount of inactive mass is introduced. Both strategies have
been followed to incorporate PTO into polymersi?®-34 as well as into COFs or microporous
polymers®2-41 for application as OAM. Due to the highest density of PTO groups and therefore
highest theoretical specific capacity, the linear homopolymer P(PTO), herein named PPTO for
simplicity, is of particular relevance (Figure 1).121 Due to its low solubility and reactivity of the
dione groups to basic conditions, PPTO is typically synthesized through metal-mediated in-situ
polymerization of an ethylene-glycol (EtG)-protected precursor in the presence of a carbon
additive, which is a non-ideal procedure due to potential metal residues and for the scale-up of the
synthesis.[**3 Specifically, the literature synthetic route to PPTO involves a YAMAMOTO
polymerization of EtG-protected dibromo-PTO 1, employing an over-stoichiometric amount of
bis(cycloocta-1,5-diene)nickel (Ni(COD),), that yields the EtG-protected polymer P(PTOEgtwrc).
This is then deprotected to give the target PPTO (Fehler! Verweisquelle konnte nicht gefunden

werden.b).[*441 The main shortcoming of this approach is its low yield (38%!* often no yield is
5



reported), which is mainly due to the poor solubility of the EtG-protected dibromo-PTO as
monomer and the insolubility of the polymeric protected P(PTOEtwc), leading to relatively short
chain lengths being formed, and significantly complicating purification and analysis. The over-
quantitative use of a nickel catalyst poses additional issues, as Ni(COD). is comparatively
expensive and difficult to handle (air-sensitivity) and has a negative impact on the overall life-cycle
assessment of a potential battery application.[*! Secondly, nickel residues, which may be
transferred over into later stages of the synthesis and into the active material, can potentially

influence the electrochemical performance.

To alleviate these issues, we herein report a new synthetic pathway towards PPTO. The basis of
this new approach is a new protecting-group strategy that we recently reported, using racemic
propylene glycol (PrG, 1,2-propanediol) as a protecting group instead of ethylene glycol.*”] The
extra methyl groups introduce regioisomerism and stereoisomerism into the molecule, which
inhibits the tendency to crystallize and therefore drastically increases the solubility of the monomer.
The increased solubility enabled us to develop a new polymerization method for PPTO using only
catalytic amounts of palladium and copper, namely, an oxidative polymerization of boronic

esters, & which significantly improves the sustainability of this material for battery applications.

We then use PPTO, accessed through the improved synthetic procedure, as electrode material in
Na-based half cells (Figure 1c) while comparing various conductive carbon additives (Ketjen
Black EC-600JD, Super P, SWCNTs (herein referred to as CNTs for simplicity)) along with two
different electrode types (blade-coated vs. free-standing electrode). We find the best performance
for the blade-coated PPTO electrode containing highly electrically conductive CNTs and
mesoporous Ketjen Black. The PPTO@SWCNTs@KB600 electrode (herein named as

PPTO@CNTs@KB for simplicity) delivers a specific capacity of 286 mAh gt at 1 A gt with



72% retention over 500 cycles, along with excellent rate capability (201 mAh gt at 10 A gb).
Using various characterization techniques, including X-ray photoelectron spectroscopy (XPS),
surface-enhanced Raman spectroscopy (SERS), and Fourier-transform infrared spectroscopy (FT-
IR), electrode architecture engineering, tomographic 3D image data, as well as density-functional
theory (DFT) calculations, we elucidate the sodium-ion insertion mechanism of the
PPTO@CNTs@KB electrode. Overall, this work demonstrates a significantly improved synthetic
route to PPTO as a highly attractive battery electrode material and — by conductive carbon
optimization —sheds light onto its use as an electrode material for high-energy-density rechargeable

organic-based sodium-metal batteries.

2. Results and discussion
2.1. Synthesis and characterization

Making use of the significantly increased solubility of PTO derivatives protected with propylene
glycol,“Twe first developed a new synthetic route to PPTO. As an alternative homopolymerization
method to the YAMAMOTO coupling, we selected the oxidative homocoupling of boronic esters, !
a reaction initially optimized and mechanistically investigated for macrocycle synthesis.[*%4% The
corresponding synthetic route starting from bisborylated 2 is shown in Figure 2a.[*”l We subjected
2 to polymerization conditions first developed by Minus et al.[*®! The oxidative homocoupling uses
Pd(OACc)2 and Cu(OAC):2 as co-catalysts, B(OH)s to prevent the peroxide-mediated decomposition
of the boronic esters, and oxygen from the ambient (open vessel reaction) as the oxidant, and
delivers the desired polymer P(PTOpic) With 52% yield. The open-vessel setup and the use of “wet”
solvents make this polymerization method especially simple, practical, and scalable, and
constitutes — next to avoiding the use of over-stoichiometric amounts of Ni(COD)2 — a significant

advantage over the conventional YAMAMOTO polymerization.
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Figure 2. (a) Improved synthetic pathway to PPTO from 2 using propylene glycol (PrG)-protection
via oxidative homopolymerization to P(PTOrrrc) followed by deprotection; (b) Molecular weight
distribution of P(PTOewc) determined by gel-permeation chromatography (GPC) in THF
(polystyrene standard, detector: UV 254 nm); (c) MALDI-MS spectra of P(PTOprg) covering the
whole m/z range; (d) FTIR spectra of P(PTOprc) (top, blue) and PPTO (bottom, light blue) with
carbonyl band at 1675 cm™t

Due to the use of propylene glycol as a protecting group, the resulting protected polymer
P(PTOrrrg) is well soluble in, e.g., tetrahydrofuran (THF), chloroform, and toluene. This creates a
unique advantage of the propylene-glycol approach, enabling a solution-based analysis of the
protected polymer P(PTOrprg). Not only can its purity be investigated by solution NMR
spectroscopy (Figures S1 and S2, in addition to solid-state NMR, Figure S3), but the resulting
molecular weight distribution can also be assessed via gel-permeation chromatography (GPC,

Figure 2b). This analysis showed that the average degree of polymerization (X») achievable with
8



this new approach is around 9.0, calculated from the number-average molecular weight
(Mn=4.41-10°gmol ™). MALDI-MS confirmed the successful formation of a polymer with
degrees of polymerization of 3—10 detected (Figure 2c). In fact, end-group analysis via *H NMR
spectroscopy suggests an average degree of polymerization of X, = 12 for P(PTOp:c), even higher
than that from the GPC or MALDI-MS measurement (Figure S4). We accredit this improvement
compared to the respective ethylene glycol-protected analogues to the higher solubility of the PrG-

protected monomer, oligomers, and polymer during polymerization.

The deprotection step is done in analogy to the literature (reflux in aqueous TFA) and produces
PPTO with gravimetric yields of >100% due to the incompleteness of the deprotection (Figure
2a). The polymer likely starts precipitating as soon as the protecting groups are partially removed,
inhibiting a full conversion. Qualitative evidence for a successful deprotection is given by the
emergence of a strong vibrational band at 1678 cm™ in the IR-spectrum of PPTO compared to that
of P(PTOrwrg) (Figure 2d), which signifies the presence of now unprotected carbonylic C=0
double bond. This finding is also corroborated by 3C CP-MAS NMR measurements (Figure S5).
Thermal gravimetric analyses (TGA) show that the decomposition of protected P(PTOgc) proceeds
at much lower temperatures compared to PPTO, giving further evidence for the absence of
protecting groups in PPTO (Figure S6). In differential scanning calorimetry measurements, no

significant thermal transitions are observed for both P(PTOpc) and PPTO (Figure S7).

Scanning electron microscopy (SEM) reveals a random bulk morphology of PPTO with a uniform
distribution of the constituting elements C and O (Figure S8, S9). The XRD pattern shows multiple
peaks demonstrating a mixed-phase nature of PPTO (Figure S10a). The Raman spectrum (Figure
S10b) displays the characteristic peaks at 1592 cm™* and 1689 cm™2, corresponding to the C=C and

C=0 bond stretching vibrations.[*"]



2.2. Electrochemical energy storage characterizations

The electrochemical performance of PPTO was investigated using 1 M NaPFs in DEGDME
(diethylene glycol dimethyl ether), 1 m NaClO4s TEGDME (tetraethylene glycol dimethyl ether),
and 4 m NaPFs DME (1,2-dimethoxyethane) as electrolytes and sodium foil as the negative
electrode in coin-type half cells at room temperature. Out of these three electrolytes, the DEGDME-
based electrolyte showed superior electrochemical performance (will be discussed later) as this
electrolyte is able to form a uniform organic- and inorganic-based solid-electrolyte interphase
(SEI).B Further, PPTO is insoluble in this electrolyte (Figure S11). Due to a lack of electrical
conductance, redox-active polymers as OAMs require the addition of a conductive carbon additive
for electrode fabrication. CNTs have proven effective in this role due to their intimate contact with
the n-systems of OAMs, such as with PPTO, and high electrical conductivity.[*451521 CNTs have
been demonstrated to have an ordered structure, high electrical conductivity, and a large surface
area (> 800 m? g 1), favorable for efficient Na-ion diffusion.®”*% Polymers based on n-systems can
wind around CNTSs to provide a three-dimensional electronic conductive network for efficient
electron transfer and large utilization of active sites.[?2#4% To investigate the influence of CNTs
vs. other conductive carbon additives, three different types of PPTO composites were investigated,
as well as a free-standing electrode (binder- and current-collector-free). The PPTO@CNTs@KB
composite electrode contains PPTO, CNTs, KB-600 and PVDF binder in a 50:20:20:10 weight
ratio (active material mass loading 0.5-0.6 mg cm™2), whereas the PPTO with KB (herein referred
to as (PPTO@KB) and PPTO with Super P (herein referred to as PPTO@Super P) composite
electrodes contain PPTO, conductive carbon and PVDF binder in a weight ratio of 50:40:10 (active
material mass loading 0.4-0.6 mg cm™2). The free-standing binder-free PPTO electrode is a
combination of PPTO and CNTs in a 1:2 weight ratio (active material mass loading 2.5-3.2 mg

cm?). The electrochemical performance of these four types of composite electrodes in 1 M NaClOx4
10



TEGDME and 4 M NaPFs DME electrolytes showed poor specific capacity and cycling stability as
compared to 1 M NaPFe DEGDME electrolyte (Figure S12-S19). Thus, the DEGDME-based
electrolyte was used in the following to evaluate the detailed electrochemical performance of the

various PPTO composite electrodes.

The cyclic voltammograms (CVs) of the PPTO@CNTs@KB, PPTO@KB, PPTO@Super P, and
PPTO free-standing electrode at a scan rate of 0.3 mV s™* in 1 M NaPFs DEGDME electrolyte are
shown in Figure 3a. Except for the PPTO@Super P electrode (enlargement shown in Figure S20),
all PPTO electrodes demonstrate similar peak shapes. The best-performing PPTO@CNTs@KB
electrode exhibits three redox couples at potentials (anodic/cathodic peak potential) of 2.76/2.66 V,
2.45/2.24 V, and 1.71/1.52 V vs. Na*/Na, respectively (Figures 3a, S21). The half-wave potentials
(E1r2) for the three redox processes are 2.71 V, 2.35 V, and 1.62 V, respectively. This suggests
several successive reduction steps of the carbonyl moieties in the PPTO framework. The lowest
potential anodic peak (1.71 V) has a shoulder at ca. 1.87 V vs. Na*/Na, indicating that this redox
couple represents a two-electron process. While the appearance of these four peaks might indicate
that all four one-electron redox reactions of the PTO units (see Figure 1) are addressable in the
CV, DFT calculations give a different result. According to DFT calculations, only two reduction
steps for each PTO unit are possible within the CV potential range, while further peaks might be
rationalized by dimer formation (see below). The PPTO@KB and PPTO free-standing electrodes
(Figures 3a, S22, S23) show similar peaks, but with a shift in the redox potentials, along with
lower peak-current densities and with decreased integral charge (based on the mass of the PPTO
active material). The PPTO@CNTs@KB electrode delivers the highest peak-current density,
suggesting the best utilization of the PPTO redox-active sites. This might be associated with

efficient electron and ion transport within the electrode due to the addition of CNTSs.
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Figure 3. Electrochemical characterization of PPTO electrodes vs. sodium with various conductive
carbons in 1 M NaPFs in DEGDME electrolyte at room temperature. (a) Cyclic voltammograms
(CVs) at a scan rate of 0.3 mV s (b) Cycle life and corresponding (c) galvanostatic
charge/discharge profiles of the second cycle. (d) Rate performance of PPTO@CNTs@KB
electrodes as an average of three cells (with error bars). (e) Galvanostatic charge/discharge curves
of PPTO@CNTs@KB electrode at various current rates. (f) Comparison of the energy storage
performance of PPTO@CNTs@KB electrodes in Na batteries with previous reports on PPTO and
other electrode materials (references given in Table S3 of Supporting Information). (g) Long-term
cycling performance of PPTO@CNTs@KB electrodes at 1.0 A g as an average of three cells
(with error bars).
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Galvanostatic cycling (Figure 3b) confirms the PPTO@CNTs@KB electrode to give the best
performance. While the PPTO@KB and PPTO free-standing electrodes deliver a discharge
capacity of 52 mAh gt and 136 mAh gt at 1.0 A g % (~2.4C, second cycle), corresponding to 11%
and 33% of the theoretical specific capacity (412 mAh g 1), respectively, the PPTO@CNTs@KB
electrode delivers a maximum of 286 mAh gt (first cycle) discharge capacity with 70% retention
over 500 cycles. In each case, the conductive carbon contributes to the specific capacity (CNTs-
KB600 electrode: 65 mAh g*; KB600 electrode: 30 mAh g 1; free-standing CNTs electrode: 46

mAh g1) as seen from purely carbon- and binder-based electrodes (Figures S24-S26).

While PPTO in its neutral form is insoluble in the used electrolyte (see above and Figure S11), in
order to show a high cycling stability, the material also has to be insoluble in its reduced
(discharged) form. We assume that the partial solubility of PPTO in its reduced state might be a
reason for the lower capacity utilization in the PPTO@KB and PPTO@Super P compared to the
PPTO@CNTs@KB electrodes. This is evidenced by the coloring of the separators after the first
discharge and after 500 cycles (Figure S27) taken from PPTO@KB- and PPTO@Super P-based
cells. In contrast, in the PPTO@CNTs@KB electrode, PPTO is efficiently immobilized, hindering
its dissolution, as judged by the lack of separator coloring and, thus, resulting in a higher specific
capacity and improved cycling stability. This finding is further supported by an experiment in
which the various PPTO-electrodes were fully discharged and then soaked in the electrolyte
(Figure S28). Over time, the PPTO@KB and PPTO@Super P electrodes show clear signs of
dissolution/coloring of the electrolyte, whereas the PPTO@CNTs@KB electrode remains stable,
exhibiting no dissolution in the electrolyte. Time-dependent density functional theory (TD-DFT)
calculations of PTO and sodium-inserted PTO (PTO-4Na) further ascertain these findings (Figure

S29). A significant red shift of the = — n* absorption occurs after reduction. When sodium is
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inserted into the PTO unit during electrochemical reduction, the carbonyl groups (C=0) are
reduced to conjugated C—O~ (enolates). This increases the size of the m-conjugated system,

resulting in a smaller band gap and red-shifted absorption.

The galvanostatic charge/discharge profiles of the different PPTO-based electrodes within the 1.0
to 3.5 V voltage window are shown in Figure 3c. They clearly show the highest specific capacity
being accessible for the PPTO@CNTs@KB electrode. The sloping charge/discharge profiles
reflect the shape of the CV curves, showing successive reversible reduction of the carbonyl
moieties of each PTO unit. The corresponding differential capacity plot is given in Figure S30.
The average discharge potential (Figure S31) of the PPTO@CNTs@KB electrode is ~2.1 V vs.

Na*/Na, which is comparable to other carbonyl-based organic electrode materials.[244455-57]

The PPTO@CNTs@KB electrodes demonstrate an excellent rate performance (Figure 3d, e) at
different current rates (average of three cells given) with overall much higher accessible specific
capacities as compared to the PPTO@KB- and PPTO-free-standing electrodes (Figure S32). Even
at the high rate of 10 A g%, 201 mAh g* discharge capacity is accessible. The specific capacity is
restored to the original value when the current is reduced back to 1.0 A g after 70 cycles of
varying current rates (Table S1). In cycle 71 at 1.0 A g2, the specific capacity reaches 256 mAh
g%, corresponding to 97% of the initial capacity (264 mAh g™) in cycle 1. With this, the
PPTO@CNTs@KB electrodes deliver an energy density of 549 Wh kg™ (based on the mass of
PPTO active material) at 0.05 A g~* and even maintain 346 Wh kg at 10.0 A g* (Figure S33).
Furthermore, the electrodes deliver an energy density of 275 Wh kg™ (based on the total mass of
the electrode) at 0.05 A g * and maintain 173 Wh kgt at 10.0 A g * (Figure S34, S35), comparable
to or even better than previous reports on n-conjugated polymers (Table S2).[4456.58-61 The voltage

plateaus are well preserved even at high current rates with low voltage polarization (Figure 3e). A
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significant voltage retention further wunderlines the excellent performance of the
PPTO@CNTs@KB electrodes after keeping a fully charged cell (100% state of charge, SoC) at
open-circuit voltage under no load for 10 hours (Figure S36), which shows 76% voltage retention.
This value can be assigned to the superior stability of the PPTO@CNTs@KB electrode and the

less spontaneous side reaction of the electrolyte.

The specific discharge capacities at different current rates (1.0 to 10.0 A g) we obtained with the
PPTO@CNTs@KB electrodes using PPTO synthesized via the improved procedure are superior
to previous reports on PTO or PPTO-based electrodes in Na batteries (Figure 3f, Table S3). In
particular, they show a better electrochemical performance compared to PTO (small molecule)-
based electrodes under the same electrochemical conditions in two different electrolytes (1 m
NaPFs in DEGDME and 1 M NaClO4 in TEGDME), which we investigated for comparison
(Figures S37-S40). This demonstrates the crucial role of polymerization to mitigate the dissolution

of active material into the electrolyte.

The PPTO@CNTs@KB electrodes demonstrate an excellent long-term cycling stability at 1 A g 2.
An average of the data of three cells is shown in Figure 3g, highlighting the reproducibility of the
measured data (for a separate plot, see Figure S41). The PPTO@CNTs@KB electrode delivers
205 mAh g discharge capacity at the end of 500 charge/discharge cycles, which corresponds to
72% capacity retention with merely 0.05% capacity loss per cycle. The Coulombic efficiency
remains at ~98%, corresponding to an excellent cycling stability. We assume that the superior long-
term cycling stability of the PPTO@CNTs@KB electrode is primarily due to the strengthened
interaction between the CNTs and the m-system of PPTO, which enhances reaction kinetics,
improves Na-ion diffusion, and ensures the structural stability of the electrode. To demonstrate

their utility, the coin cell assembled using the PPTO@CNTs@KB electrode vs. sodium-metal can
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power a red-light-emitting diode for ca. 60 minutes (Figures S42). Scaling up the PPTO content
in the electrode, however, will require further electrode engineering. We investigated a
PPTO@CNTs@KB electrode with 70 wt% PPTO, which delivered lower specific capacities and
poorer cycling stability, indicating the necessity of an adequate amount of carbon (CNTs + KB) in

the final electrode composition (Figure S43).

2.3. DFT calculations on the redox reactions

To rationalize the experimentally observed redox peak potentials, DFT calculations were
performed on PTO using two computational protocols: a direct reduction model and an isodesmic
model, to theoretically predict the standard reduction potentials in solution (for details, see the
Supporting Information). The electrode potential values obtained from both methods show good
qualitative agreement. Figure 4a and Table S4 summarize the redox potentials calculated using
the isodesmic model. The direct reductions of PTO to PTO-Na (one-electron process) and PTO-
2Na (two-electron electrons) yield calculated redox potentials of 2.54 and 2.19 V, respectively.
The first reduction differs by only 0.11 V from the experimental value of 2.65 V (Figure S37),
indicating a very good correlation. All the calculated values for the different reduction processes
are included in Table S4. The calculated potentials for the third and fourth PTO direct reductions
to PTO-3Na and PTO-4Na, however, are out of the voltage range of the CV measurements (Figure
3). Calculations including four explicit solvent molecules (dimethoxyethane, for simplicity) close
to the Na* in PTO-4Na (0.36 V potential) (Figure 4b) shift the cell potential by 0.65 V to a value
of 1.01 V, which comes closer to the experimental values, but is still outside the CV range. On the
other hand, the one-electron reduction of PTO-Na to PTO-2Na shows a potential of 1.83 V, which
fits within the experimentally observed voltage range. In order to explain the further reduction

peaks observed experimentally, small clusters formed by PTO-dimers with three or four Na-atoms
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were calculated (Figure 4c and d), and the corresponding potentials, 2.55 V and 2.33 V, fit well

within the voltage range (Figure 3).
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Figure 4. (a) Diagram of calculated redox potentials (vs. Na*/Na) of PTO in DEGDME (isodesmic
model) and small PTO dimeric structures in DEGDME with Na* counter cations. © Explicit
dimethoxyethane solvent molecules are included in the calculation (gas and solvent phase).
Shadowed values are within the experimental CV voltage range. Geometry-optimized structures:
(b) PTO-4Na with four explicit dimethoxyethane solvent molecules, (c) dimeric clusters of two
PTO molecules and three Na atoms, and (d) of two PTO molecules and four Na atoms. Na atoms

are coloured violet, oxygen atoms red, carbon atoms grey, and hydrogen atoms white.

In summary, DFT calculations predict that in the experimental voltage range, only two reduction
steps of each PTO unit are possible, which would correspond to a theoretical specific capacity of
204.5 mAh g for PPTO. According to the calculations, the presence of four peaks in the
experimental CVs of the PPTO-Na half cells could potentially be rationalized by the formation of

PTO-dimers in their reduced form. Indeed, this theoretical prediction fits well with the
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experimental specific capacities — if the conductive carbon contribution is deducted — of the

PPTO@CNTs@KB electrodes (see Figure 3).
2.4. lon-insertion properties.

As the PPTO@CNT@KB electrode exhibited a high rate capability, its kinetic properties were
investigated by measuring CVs at different scan rates to differentiate between capacitive and
faradaic contributions (Figure 5a).[52%1 The peak current (i) and the scan rate (v) relation can be
denoted as i = av®, where a and b are constant values. A b-value of 0.5 indicates a diffusion-
controlled process, whereas the behavior is surface-controlled for b = 1.8 The fitted linear
relationship between log(i) and log(v) for the PPTO@CNTs@KB electrodes provides slopes in the
range of 0.82-0.99, indicating a dominantly surface-controlled process (Figure S44). Furthermore,
following Augustyn et al., 1 the capacitive (kiv) and diffusion-controlled (k2\v) contributions can
be calculated according to the equation: i = kiv + ka\v. Accordingly, current values were recorded
at successive points at an interval of 50 mV along the oxidation and reduction profiles of the CVs
at various scan rates. With this, the calculated capacitive contribution amounts to 87% at a scan
rate of 0.2 mV s (Figure 5b) and increases to 95% at 1.0 mV s ! (Figure 5c¢). These results
evidence the superior redox kinetics of the PPTO@CNTs@KB electrode, where the rate of the

electrochemical processes is not limited by the ion-diffusion rate to the redox sites.
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Figure 5. Electrochemical Kinetics evaluation of the PPTO@CNTs@KB electrodes. (a) CV
curves at various scan rates. The labels A1/A2/A3 and C1/C2/C3 refer to the anodic and cathodic
peak potentials, respectively. (b) The fitted CV curve at 0.2 mV st with capacitive contribution.
(c) Charge contribution at various scan rates. (d-f) Peak-potential position at various can rates for
the first (A1/C1), second (A2/C2), and third (A3/C3) redox processes, respectively. (g) Peak
potential difference as a function of scan rate for the first redox process (A1/C1/AE), second redox
process (A2/C2/AE), and third redox process (A3/C3/AE), respectively. (h) GITT curve at a current
rate of 200 mA/g and corresponding sodium-ion diffusion coefficient. (Orange color indicates

charge process, and reddish color discharge)
Furthermore, the peak-to-peak voltage separation (AE = Ep a — Ep ) is significantly smaller than in

previous reports on PPTO across all the scan rates for the three redox processes (A1/C1, A2/C2,

and A3/C3), indicating the superior reversibility of the redox (sodiation/desodiation) reactions
(Figure 5d-g).1*%! At the slowest scan rate (0.2 mV s™), the AE, for the first redox process

(A1/C1) is close to 118 mV and only reaches 164 mV at a higher scan rate (1.0 mV s™%) (Figure

5g). Similar behavior is observed for the second (A2/C2) and third (A3/C3) redox processes.

Subsequently, the Na* diffusion coefficients (Dna+) were evaluated using the galvanostatic
intermittent titration technique (GITT) (Figure S45, more details in the accompanying text in the
Supporting Information). Dna+ is high (1071° cm? s7%) until a voltage of ca. 3.1 V is reached, after
which the Dna+ value decreases (1072 cm? s71), suggesting a relatively sluggish process mainly
owing to the phase transition (Figure 5h).[6] However, Dna+ stays relatively high (107*° cm? s™2)
throughout the discharge process, which is an improvement over previous reports (Table S5). This
confirms that the PPTO@CNTs@KB electrode enables fast Na* transfer kinetics and efficient ion
diffusion. Notably, the slight difference obtained between the charge and discharge capacities in
the GITT profile originates primarily from kinetic and interfacial asymmetries during Na* insertion

and extraction. Although the carbonyl redox reaction in PPTO is thermodynamically reversible,

20



Na* transport is accompanied by polarization arising from Na* desolvation in the ether-based
electrolyte, charge-transfer resistance at the electrode-electrolyte interface, and solid-state
diffusion within the polymeric framework. These effects shift the operating voltage during current
pulses and can lead to premature attainment of the cutoff voltage in one direction, resulting in an
apparent capacity mismatch. In addition, minor irreversible Na* consumption associated with the
interfacial side reactions and incomplete relaxation during GITT rest periods further contribute to

the asymmetry.

Electrochemical impedance spectroscopy (EIS) was performed to further evaluate the reaction
kinetics (Figure S46). The EIS measurement at open-circuit voltage (OCV) after one activation
cycle reveals a significant decrease in the charge-transfer resistance (R, the arc in the high-
frequency zone). The Re value decreased to ~96 Q from ~830 Q after the activation process
(Figure S46a), which is associated with electrode wetting and ion transport within the polymer
matrix and also due to the formation of a facile solid-electrolyte interface (SEI). Thus, the charge-
transfer resistance over the electrode surface improves, thereby lowering the impedance.>5¢7]
Furthermore, the EIS measurements at various discharge/charge states reveal a significant
reduction in the R value (Figure S46c¢). The decreasing trend during the discharge process might
be due to the improved contact between the composite electrode and the electrolyte, and
the formation of a stable SEI layer, subsequently leading to better ion and charge transport. During
the charging process, R slightly increases, in agreement with the GITT results. However, beyond

2.65 V, the charge transfer resistance again decreases until the charge process completes at 3.5 V.
2.5. Investigation of charged/discharged electrodes

The Na* insertion mechanism in the PPTO@CNTs@KB electrode was evaluated by various ex-

situ characterization techniques at different states of charge and discharge (Figure 6a). As shown
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in Figure 6b, the high-resolution XPS C 1s spectrum can be deconvoluted into five peaks,
corresponding to C—C/C—H, C—0 (with PVDF CH2), C=0, O—C=0, and C—F groups. The carbonyl
peak originates from the pristine PPTO composite cathode, while other peaks are mainly associated
with conductive carbon and binder components.!?) Upon the first discharge, the intensity of the
C=0 peak significantly decreases, whereas the relative intensity of the C—O peak increases,
indicating the reduction of C=0 to C—O bonds in the discharged state of the PPTO. During the
subsequent first charge, upon oxidation, C—O bonds are converted back to C=0O bonds, as
evidenced by the decreased intensity of the C—O peak and a relative increase in the C=0 peak

intensity.
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Figure 6. (a) Charge/discharge profiles of the PPTO@CNTs@KB electrode at various states in
the first two cycles, with 30 minutes hold at the end voltage in the corresponding cycles. (b) Ex-
situ C 1s; and (c) O 1s XPS measurements at different charged/discharged states. (d) Ex-situ ATR-
FTIR spectra at different charged/discharged states. (e) Molecular electrostatic potential (MEP)
surfaces in the gas phase (top line) of PTO, PTO-1Na, PTO-2Na, and PTO-4Na (bottom line,
chemical formula). Na* is represented by violet balls, and red arrows point to the most probable

electrophilic Na* binding site. Thermal scale: Red to blue, respectively, negative to positive values.

This trend is similarly observed in the second discharge and charge cycle. The O 1s spectra display

a parallel behavior, characterized by a decrease in the intensity of the C=0 peak, owing to
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aromatization, and a corresponding increase in the C—O peak in the discharged state (Figure 6c).
Upon full charging, the intensities of these two peaks are restored, reflecting the highly reversible
redox activity of the C=0 groups in PPTO. In addition, a sodium Auger (KLL) peak is observed in
the O1s spectra of the cycled electrodes, which is consistent with the literature.2>81 Furthermore,
in the XPS survey spectra, the relative intensity of the Na 1s peak becomes prominent during the
discharge process and subsequently weakens at the end of the charge process, indicating the
reversible insertion of Na* (Figure S47). This is further evidenced by an SEM-EDS analysis, which
shows a higher Na content in the discharged compared to the charged state (Figure S48, S49) and
a uniform distribution of the constituting elements over the electrode surface (Figure S50-S54).
Additionally, the morphology of the composite electrode remains unchanged, not only after initial
charge/discharge cycles, but also after long-term cycling (Figure S55). Ex-situ ATR-FTIR
spectroscopy provides further evidence for the reversible change in the C=0 group during the
charge/discharge process (Figures 6d and S56). The peak assigned to the C=0 groups disappears
during discharge with an increase in the peak intensity of the C=C bond, confirming the reduction
of the C=0 group.’”%® Encouragingly, the C=0 peak regains intensity upon charging until
recovering its pristine state. DFT calculations shed light into structural changes within the PTO
units upon reduction (Figure S57). Upon successive reduction of the PTO unit with Na*, the C-O
bond length increases from 1.21 A (characteristic of a double bond) to 1.28 A for the two-fold
reduction and even further to 1.35 A (stronger single bond character) in the case of the four-fold
reduction. Concomitantly, the C—C bond distance between the carbonyl groups decreases from
154 A to 1.48 A and 1.40 A (PTO-2Na and PTO-4Na, respectively), reflecting enhanced
aromaticity. Moreover, the experimental bond distance analysis reveals variations of less than 3%
during PTO reductions. In addition, the DFT calculations reveal that the Na-ions preferentially

coordinate with both oxygen atoms of the PTO unit in the optimised geometry conformation,
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consistent with the previous report.[*4! Similarly, the ex-situ Raman spectra display variations and
provide evidence of the redox mechanism of the PPTO@CNTs@KB electrode during the
charge/discharge process (Figure S59). At the pristine state (Figure S59a), the PPTO electrode
exhibits the characteristic stretching modes corresponding to the C=0 (1690 cm™t) and the C=C
(1535 cm ™) bonds of the PTO framework. The peaks at 1350 cm*and 1590 cm ™ are characteristic
of the D and G-band of the conductive carbon additives (CNTs + Ketjen Black). Upon discharge,
a slight downshift (1535 — 1529 cm™?) in the C=C stretching mode is observed, suggesting an
increase in aromaticity of the C=C bond within the pyrene ring framework (Figure S59b).E"]
Additionally, the C=0 stretching mode undergoes splitting, resulting in the appearance of a new
band at a lower wavenumber (1673 cm™1), which is attributed to the formation of a sodium enolate
bond (Na—O—C).™ The red shift of the carbonyl vibration by ~17 cm™ (1690 — 1673 cm™) is
indicative of weakened C=0 bonds due to electron delocalization and Na* interaction, confirming
a reversible enolization process upon sodiation. During the subsequent charging (Figure S59c),
the peak position and intensities of the C=C and C=0 bonds return nearly back to their pristine
state, evidencing restoration of the n-conjugated framework and reformation of carbonyl groups,
correlating with the removal of the Na*. This indicates that the redox reaction involving the C=0
group in the pyrene ring network is highly reversible. Meanwhile, the D (1350 cm™) and G (1590
cmY) bands associated with the CNT and Ketjen Black matrix remain largely unchanged
throughout cycling, suggesting the excellent structural stability of the conductive network. Thus,
the various ex-situ characterizations methods demonstrate that the carbonyl group of the PPTO
framework is responsible for facilitating the reversible storage of the Na* during the charge-

discharge process involving the redox reaction, as represented in Figure 1.
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To further investigate the sodium-ion-insertion mechanism, molecular orbital energies were
calculated, specifically the lowest unoccupied molecular orbital/highest occupied molecular orbital
(LUMO/HOMO) energy level of PTO and the reduced PTO-nNa (n = 1-4) species (Figure S58),
along with the molecular electrostatic potential (MEP) maps (Figure 6e). In PTO-1Na, the LUMO
is localized on the dione site opposite the first reduction site, which is also found for PTO-3Na.
The HOMO of the reduced PTO-2Na exhibits electron density delocalization through the center of
the PTO, whereas in the case of PTO-3Na and PTO-4Na, delocalization occurs through the
periphery of the pyrene backbone. PTO-1Na shows a mixed behavior. Interestingly, the band gap
strongly reduces from the pristine PTO (3.50 eV) to the two-times reduced form, PTO-2Na (0.77
eV), and then successively increases again for PTO-4Na (1.92eV/2.85eV) in both the gas and the

solvated phase (Figure S60).

As mentioned before, the Na* preferentially accept a coordinative bond from both neighbouring
oxygen atoms in the reduced PTO species. Even in the case of a four-fold reduction, the Na*
favourably form a small cluster with equal bond distances to both neighbouring oxygen atoms (2.25
A) and Na-Na bond distances of 3.17 A, below the value of 3.71 A for metallic sodium. We
describe this conformation as ‘“closed”. Both the “closed” and the “open” conformation can be
visualized for PTO-2Na in Figure 6e (bottom): in the “open” conformation, which is metastable,
the Na* are bound by only one oxygen. The “closed” form in solution is 1.75 to 2.43 eV (40 to 56

kcal/mol) more stable than the “open” one.

In the MEP surfaces (Figure 6e), the red-coloured positions account for a higher negative charge
distribution, making coordination of Na* more likely, which are the oxygen atoms in pristine PTO
and PTO-1Na. In PTO-2Na (“closed” form), the negative charge is distributed not only at the

oxygen atoms but also in the PTO core. In the “open” conformation, on the contrary, the negative
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charge is localized at the not-bound oxygen atoms, and therefore this conformer should be more
relevant for successive coordination of Na*, for example, to PTO-4Na, as depicted in Figure 6e.
Nevertheless, we recall at this point the fact that the calculations show the “open” conformer to be

about 2.43 eV less stable than the “closed” one in solution.

2.6. Electrode tomography
The 3D microstructures of the PPTO@SuperP and PPTO@CNTs@KB electrodes were
investigated via focused-ion-beam scanning-electron microscopy (FIB-SEM). Further details
regarding tomographic imaging, the segmentation into active material (AM), carbon-binder
domain (CBD, i.e., the union of conductive additives and binder) and pore space, as well as the
considered geometrical descriptors, can be found in the Supporting Information. Figure 7 shows
3D renderings of cubic cutouts of the segmented tomographic image data of PPTO@SuperP (top)

and PPTO@CNTs@KB (bottom).
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Figure 7. 3D renderings of a cubic cutout (7 um x 7 um x 7 um) of PPTO@SuperP (top) and
PPTO@CNTs@KB (bottom), where active material, carbon-binder domain (CBD), and pore space
are shown in blue (a, d), red (b, €), and green (c, f), respectively.

The results of the statistical image analysis are shown in Figure 8. Figure 8a shows that the
PPTO@CNTs@KB electrode has a higher AM volume fraction compared to the PPTO@SuperP

electrode, offering a larger theoretical capacity. This also holds true for the CBD, which in turn
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Figure 8: a) Volume fraction, b) distribution of local volume fraction, c) specific surface area, d)
mean chord length, e) mean geodesic tortuosity, and f) connectivity for the PPTO@SuperP and
PPTO@CNTs@KB electrode based on the segmented 3D FIB-SEM data. Note that active
material, CBD, and pore space are shown in blue, red, and green, respectively. Note that the mean
chord length and mean geodesic tortuosity are computed in x-, y-, and z-direction.

results in a lower porosity of the PPTO@CNTs@KB electrode compared to the PPTO@SuperP
electrode. As can be seen in Figure 8b, there is a significant difference in the shape of the

distribution of local volume fraction for the CBD. More precisely, the broader distribution in the
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case of the PPTO@CNTs@KB electrode indicates a more pronounced heterogeneity of the
electrode structure compared to PPTO@SuperP. Figure 8c shows that despite the difference in
volume fraction of the active material phase, the specific surface area is nearly identical. With
regard to the CBD and the pore space, the PPTO@CNTs@KB electrode exhibits a larger specific
surface area compared to the SuperP-based electrode. This is particularly interesting in the case of
the pore space, since the PPTO@CNTs@KB electrode has a lower porosity, which indicates a
significantly finer pore space. Figure 8d shows the mean chord length of the three phases in x-, y-
, and z-direction. With respect to the CBD and the pore space, there are no pronounced anisotropy
effects. However, the mean chord length of the active material phase is significantly lower in the
y-direction than in x- and z-direction for the PPTO@CNTs@KB electrode. Moreover, this
electrode exhibits a significantly larger mean chord length of the active material compared to the
PPTO@SuperP electrode, which indicates larger active material clusters, which, in combination
with a larger volume fraction of active material, seems to be beneficial with respect to the
electrochemical performance. Figure 8e shows the mean geodesic tortuosity of the three phases,
where a similar behavior as in the case of the mean chord length can be observed. More precisely,
the y-direction plays a particular role since it is the only direction that differs compared to the x-
and z-directions when considering the active material or the pore space. Finally, we observe that
the pore space and the CBD are completely connected, see Figure 8f. Note that the largest
connected active material region of the PPTO@CNTs@KB electrode accounts for 57% of the
volume of the active material phase, and the second largest connected component accounts for
35.2%. Furthermore, the disconnected active material phase in the case of PPTO@CNTs@KB is
unlikely to worsen the electrochemical performance due to the completely connected CBD that

ensures proper electric transport.
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Conclusions

In summary, we developed a more sustainable and scalable synthetic strategy towards poly(pyrene-
4,5,9,10-tetraone) (PPTO) via Pd/Cu-catalyzed oxidative homopolymerization of propylene
glycol-protected PTO boronic esters, overcoming the limitations of the conventional Ni-mediated
YAMAMOTO coupling in terms of yield, solubility, and environmental impact. By optimizing the
conductive carbon networks, we demonstrate that PPTO@CNTs@Ketjen Black composite
electrodes exhibit outstanding performance in Na-based half cells, delivering a high reversible
capacity of 286 mAh gt at 1 A g%, long-term cycling stability with 72% retention after 500 cycles,
and excellent rate capability of 201 mAh g* even at 10 A g L. Ex-situ spectroscopic analyses and
quantum-chemical calculations reveal a highly reversible two-electron carbonyl redox mechanism
stabilized by extended m-conjugation, while kinetic investigations highlight rapid Na* diffusion
and predominantly capacitive charge storage. Furthermore, 3D tomographic imaging underscores
the critical role of CNTs/Ketjen Black network in immobilizing PPTO and stabilizing the electrode
microstructure. Collectively, this work demonstrates how rational synthetic design, coupled with
electrode architecture engineering, can unlock the full potential of carbonyl polymers as a high-

performance organic cathode for next-generation sodium-ion batteries.
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