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Bioinspired poly(catechol sulfide) as organic
cathode materials for lithium metal batteries

Nicolas Goujon, & *2°¢ Juan Cubero-Cardoso, © ¢ Juan Urbano @ *@
and David Mecerreyes ) 2°

Novel bio-inspired poly(catechol sulfide) PCS copolymers with mono- and dual-redox properties are
proposed for application as organic cathode materials in lithium metal batteries. Poly(catechol sulfide)
copolymers were synthesized from naturally abundant catechol and sulfur, limiting their environmental
footprint. These copolymers were characterized by FTIR, *H and *C NMR, TGA and GPC, confirming the
formation of the sulfide linkage between the catechol units and their oligomeric nature. The
electrochemical characterization of the PCS copolymers reveals the dual redox activity when a sulfur
content of above 25 wt% is present. The catechol redox process exhibits great rate capability and cycling
stability, while the sulfur redox process suffers from more sluggish kinetics due to the labile nature of the
poly(sulfide) redox process (i.e. bond cleavage). Nevertheless, the PCS copolymers with either 25 or
75 wt% sulfur content display great specific energy densities of 237 Wh kg™ and 182 Wh kg™ at specific
power densities of 10.17 kW kg~ and 31.18 kW kg™, respectively. These results highlight the potential of
PCS copolymers as sustainable, high power and energy density organic cathode materials for lithium

rsc.li/materials-a metal batteries.

Introduction

Lithium-ion batteries (LiBs) are considered a key enabler for the
decarbonization of the transport sector, with a projected annual
battery demand of 3500 gigawatt-hours by 2030 from electro-
mobility applications.* In view of the battery volume required to
support this technological transition, the sustainability of
battery technology is becoming an increasingly important
criterion, in addition to traditional performance indicators
such as energy density, power density, safety and low cost. This
is reflected in the recent legislation about batteries and its
waste, aiming at regulating their carbon footprint, recyclability
and toxic and/or critical raw material use.> Indeed, several key
elements for high energy density LiBs, based on lithium nickel
manganese cobalt oxides (NMC) cathode chemistry, are already
listed in the fourth critical raw material list established by the
European Commission in 2020 (Z.e. lithium, cobalt, nickel and
graphite).® Consequently, the share of lithium iron phosphate
(LFP) battery cathode chemistry in worldwide electric car sales
has more than quintupled in the last five years, accounting for
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40% in 2023." The renewed popularity of LFP cathode chemistry
is driven by its lack of critical raw materials use, lower cost,
longer cycle life and improved safety. However, LFP cathode
chemistry suffers from 20 to 30% lower energy density, when
compared to high nickel content NMC cathode chemistry.
Therefore, there is an urgent need for low-cost, critical raw
material free and high energy density cathode chemistry
alternatives.

In this regard, organic materials represent a great cathode
chemistry alternative due to their inherent sustainability (i.e.
composed of abundant atoms), low-cost and high power and
energy densities.*® To date, a wide variety of organic redox
chemistries have been explored, including but not exclusively
conjugated carbonyls, conjugated thioethers, conjugated
amines, and nitroxide radicals, allowing a great versatility
towards specific energy storage application requirements.
Among organic cathode materials, redox polymers are showing
great promise due to their limited solubility in battery electro-
Iytes, when compared to organic cathode materials based on
small organic molecules.*® While the tethering of a redox
moiety to a polymer backbone has been reported as an effective
approach to limit solubility, it comes with a cost in terms of
electrode material capacity and thus energy density. Indeed, the
capacity that can be reversibly stored and extracted from elec-
trode materials is defined by the number of electrons involved
in the redox reaction, normalized by the molecular weight of the
unit cell or repeating units for inorganic and organic electrode
materials, respectively. As such, the molecular weight of

This journal is © The Royal Society of Chemistry 2025
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a polymer backbone and its linker to the redox moiety is
considered as “dead weight”, increasing the overall molecular
weight of the repeating unit and thus lowering the specific
capacity of the electrode material based on redox polymer.

Inverse vulcanization, a technique introduced in 2013 by
Pyun et al,” utilizes elemental sulfur, a byproduct of the
petrochemical industry, to synthesize sulfur-rich polymers. This
process involves the copolymerization of sulfur with multi-
functional alkenes, forming poly(sulfide) bonds that enhance
the properties of materials at a low cost due to high atomic
efficiency.? Sulfur polymers obtained by inverse vulcanization
have diverse applications, including contaminant adsorption,
battery materials, optical material creation and others.® This
method not only mitigates environmental impact by using
industrial byproducts but also enables the design of polymers
with customizable properties.® Recently, inverse vulcanization
copolymers are gaining attention for enhancing lithium-sulfur
battery performance.'®* The carbon-sulfur-rich copolymers
show improvements of lithium-ion transport, increase sulfur
utilization, and mitigate the shuttle effect, which typically
shortens lithium-sulfur battery life.'® The versatility of inverse
vulcanization allows for the customization of polymer proper-
ties by selecting different comonomers and optimizing
synthesis conditions, making these polymers highly adaptable
to battery-specific needs. Recent studies have explored various
redox active monomers, including ferrocene or anthraquinone
units, to create cathode materials with superior characteristics,
further advancing the potential of these batteries.'***™”

Catechol groups, ubiquitous in natural systems, play
a crucial role in various biological processes and industrial
applications.”® Their chemical reactivity and ability to form
hydrogen bonds and electrostatic interactions allow them to
interact effectively with diverse surfaces.'** Additionally,
catechol-based polymers have been proposed as promising
organic cathode materials, via the reversible oxidation of enol
into ketone.***

Herein, a novel bio-inspired catechol redox polymer with
redox active sulfide linkage (poly(catechol sulfide), PCS) is
proposed for application as a high power and energy density
organic cathode material for lithium metal batteries. Our goal
was to combine in an original polymer, the redox chemistry of
poly(sulfide) and catechol units. Through variation of the
copolymer composition and the sulfur content, the electro-
chemistry and redox activity of PCS were investigated. Finally,
the cycling performance of the PCS with various compositions
was assessed as cathode materials in organic lithium metal
batteries.

Experimental
Poly(catechol sulfide) synthesis

The inverse vulcanization process of elemental sulfur (Sg) and
catechol was conducted with a slight modification to Chalker's
method.”* Sg and catechol were heated and melted under
vigorous stirring at 170 °C until the desired weight-to-weight
(wt/wt) ratio was achieved, called PCS-[sulfur wt%]. Further-
more, the reaction was conducted using a catalytic approach

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

with the inclusion of zinc diethyldithiocarbamate (Zn(DEDC),)
at a concentration of 1% w/w relative to the copolymer.>® The
blends were continuously stirred for 72 hours while maintain-
ing the temperature, facilitating the complete conversion of the
comonomers with the refluxed material. Following the forma-
tion of the copolymer, a purification step was carried out using
tetrahydrofuran (THF) to wash the resulting product.

Structural analysis of poly(catechol sulfide)

Fourier transform infrared (FTIR) spectra were recorded in the
absorbance mode within a wavenumber range of 400-
4000 cm™ " at 4 cm™ " resolution using FT/IR-4200 apparatus
(Jasco Analytical Instrument, Japan). In the transmission mode,
a total of 46 scans were done for each sample. In addition, an
attenuated total single reflection (ATR) accessory fitted with
a diamond crystal has been used for surface FTIR analyses of
the films.

Thermal characterization of copolymers was performed by
differential scanning calorimetry to provide information about
the homogeneity of the copolymers by detecting any thermal
events. Differential Scanning Calorimetry (DSC) measurements
were performed with a DSC25 instrument (TA instrument, USA).
Heat flow curves were obtained by applying a temperature
program of 0 to 180 °C/180 °C to 0 °C/0 to 180 °C, at 10 °C
min~". The significant events were determined from the second
scan to cancel the effect of aging on the morphology of the
samples.

The thermal resistance of copolymers was studied using
thermogravimetric analysis (TGA), which provides information
on the thermal decomposition of these systems. TGA was
carried out under a N, purge (40 mL min~') using a TGA 8000
instrument (Pekin Elmer) at 10 °C min .

The prepared copolymers were also characterized by solution
NMR. 'H and "*C NMR spectroscopy was used to determine the
chemical structures of the poly (S/CO) copolymers. Nuclear
magnetic resonance spectroscopy (‘H NMR) of copolymer
samples was performed at 500 MHz using a Varian Mercury 500
spectrometer. Deuterated pyridine-ds was used as a solvent. 'H
and "*C NMR shifts are reported relative to tetramethylsilane.

Electrode formulation

The PCS-based electrodes were prepared using a doctor blade
coating method onto a carbon coated aluminum current
collector (Gelon energy Co. Limited, 11 um thick). For this
purpose, a slurry of PCS copolymer (20 wt%), conductive carbon
(Super C65, Timical, 70 wt%) and binder (PVDF, Solef® 5130,
10 wt%) in N-methylpyrrolidone (NMP) was prepared using
a speed mixer at a rpm of 3000 for 5 min after each solvent
addition (SpeedMixerTM, DAC 300-100-SE). Prior to solvent
mixing, all dried components of the slurry were mixed with
a ball mill at an rpm of 500 for 5 min (FRITSCH, Planetary Micro
Mill PULVERISETTE 7). PCS-based electrodes were dried under
high vacuum at 50 °C for 24 h, resulting in an active material

loading of around 0.5 mg cm™>.
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Electrochemical characterization

Lithium metal batteries using the PCS-based cathodes were
assembled inside an argon glovebox using a lithium electrode
(Gelon energy Co. Limited, 11 pm thick) and a cathode electrode
of diameter 6 mm. Glass microfiber filter (Whatman™, GF/B,
16 mm in diameter) soaked in 1 M LiTFSI in DOL/DME (50/
50 vol%) was used as the separator. Cyclic voltammetry (CV) and
galvanostatic measurements were performed in a lithium metal
coin cell using a multi-channel potentiostat (Biologic, VMP3) or
a battery cycler (Neware), respectively.

Results and discussion
Poly(catechol sulfide) synthesis and characterization

An environmentally friendly polymerization method, via the
catalyzed electrophilic aromatic substitution reaction, was
employed to generate the PCS copolymers (Scheme 1). The
catalyzed electrophilic aromatic substitution reaction between
elemental sulfur and the catechol was performed under solvent-
free conditions with 1 wt% of the Zn(DEDC), catalyst at 170 °C
for 72 hours. By this method, a series of PCS copolymers have
been synthesized via inverse vulcanization with varying sulfur
contents (i.e. 25, 50 and 75 wt%) as illustrated in Scheme 1 by
varying the monomer feed ratio. The resulting PCS copolymers
were insoluble in common organic solvents, such as tetrahy-
drofuran, chloroform, and dimethyl sulfoxide.

The chemical composition of the PCS copolymers was
characterized by means of NMR (nuclear magnetic resonance)
and ATR-FTIR (attenuated total reflectance Fourier transform
infrared) spectroscopy techniques and the results are shown in
Fig. 1. As can be seen in the "H-NMR spectrum (Fig. 1a), all PCS
copolymers display two multiplets are observed at § = 6.60 and
6.70 ppm, indicating the presence of aromatic ring C-H
protons. Change in the multiplicity of the aromatic ring
protons, along with their downfield shift, suggests that the
catechol has reacted with elemental sulfur. Additionally,
a downfield shift is also observed for the proton signal associ-
ated with the hydroxyl group of the catechol, suggesting an
alteration in its chemical environment, likely resulting from
a modification of the aromatic ring. Similar trends are observed
in the "*C NMR spectrum (Fig. 1b) of the PCS copolymers, with
the presence of both aromatic carbon and aromatic alcohol
signals (i.e. 6 =116, 119 and 145 ppm), along with a reduction of
their intensity as the sulfur content increases. ATR-FITR anal-
ysis of the PCS copolymers was also performed, and the results
are shown in Fig. 1c. A broad vibration mode in the range of
3000-3500 cm ' is observed for all PCS copolymers, corre-
sponding to phenolic O-H and aromatic C-H stretches from the

hol sulfide) hesi:
via catalysed electrophilic aromatic substitution reaction

S
OH S,S*S\S 1 wt. % M(R,dtc), -H )\ \ -
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Scheme 1 Synthesis route of PCS copolymers.
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catechol moiety. Additionally, a characteristic decrease in the
transmittance of the PCS copolymers is observed when
increasing sulfur content, confirming the successful incorpo-
ration of sulfur in the molecular structure of the PCS
copolymers.?*2* Additionally, a vibration mode at 1580 cm ™" is
observed for all PCS copolymers, characteristic of the C-S
stretching vibrations.?> Overall, both 'H/**C NMR and FTIR
spectra confirm the successful incorporation of the catechol
moiety within the PCS copolymer chemical composition.
Differential scanning calorimetry (DSC) was employed to eval-
uate the homogeneity of PCS copolymers by identifying thermal
transitions. Fig. 1d depicts the heat flow curves obtained for the
PCS copolymers and their thermal properties are summarized
in Table 1. All PCS copolymers display a glass transition at
a temperature ranging from 38 °C to 62 °C depending on the
sulfur content. The glass transition temperature of the PCS
copolymers decreases as the content of sulfur is increased. This
is in agreement with previous reports and is due to the
increased flexibility of the C-S—(S),,~C linkage, as n increases,
resulting in a lower glass transition temperature.*>** Addition-
ally, an endothermic transition is observed at a temperature of
113 °C for the PCS copolymer with the highest sulfur content
(i.e. PCS-75), which could be associated with the melting of the
crystalline long C-S—(S),—C poly(sulfide) chains in the PCS-75
copolymer.**** Overall, the DSC results confirm the successful
reaction of elemental sulfur with catechol to generate stable
copolymers.

The thermal stability of PCS copolymers was investigated
using thermogravimetric analysis (TGA), providing insights into
their thermal behavior. As depicted in Fig. S2a, distinct stages of
degradation are evident in the thermal assessment of elemental
sulfur and catechol. The loss of sulfur and volatile sulfides, re-
ported by Cubero-Cardoso et al.*® to occur within the tempera-
ture range of 204.5-307.6 °C, is observed in all three PCS
copolymers under study. Thermal degradation of the PCS
copolymers varies depending on the S/catechol ratio, mani-
festing in multiple degradation peaks. The PCS-50 copolymer
exhibits an initial degradation stage occurring within the
temperature range of 100 to 180 °C, characterized by accelerated
decomposition compared to the other copolymers examined.
Another degradation process corresponds to the release of
poly(sulfide) domains within the sample. The PCS-75 and PCS-
25 copolymers display a complex degradation profile spanning
the range of 160 to 500 °C, featuring multiple peaks as illus-
trated in Fig. S2b. Notably, PCS-25 exhibits up to five peaks.
However, complete degradation is not observed in any of the
copolymers, indicating considerable stability. To complement
the structural characterization of the copolymers, GPC
measurements were performed, showing the oligomeric nature
with low average molecular weights (<1 KDa) as expected for
inverse vulcanization copolymers, see SI Table S1.

Electrochemical characterization of poly(catechol sulfide)

As depicted in Scheme 1, the PCS copolymers might contain two
well-known redox moieties, named catechol***3*3¢ and
poly(sulfide),'**"*7** depending on their chemical composition

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) *H NMR, (b) B3C NMR, (c) FTIR spectra and (d) DSC curves of catechol (green) and PCS copolymers as a function of sulfur content:

25 wt% (black), 50 wt% (blue) and 75 wt¥% (red).

Table1 Thermal properties of PCS copolymers as a function of sulfur
content

Sample T, (°C) T (°C) AH, (Tg ")
PCS-25 62 — —

PCS-50 38 — —

PCS-75 51 113 4

as previously reported, the redox mechanism associated with
the catechol moiety is related to the reversible enolization
process of carbonyl groups, with a reported formal potential
around 3.1 V vs. Li/Li", depending on the electrolyte and
molecular design of the catechol compounds.***?**3¢ As per
their chemical compositions, all PCS copolymers should

contain a catechol moiety and thus exhibit a catechol related
redox process. On the other hand, the reported redox mecha-
nism for the poly(sulfide) moiety corresponds to the reversible
cleavage of S-S bonds, which occurs stepwise in a potential
range between 2.3 V and 1.7 V vs. Li/Li* as a function of the
number of sulfur atom in the poly(sulfide) moiety.'**"*738 It
noteworthy that the redox process related to the poly(sulfide)
moiety should only occur for the PCS copolymers with a sulfur/
catechol molar ratio above 2.'*'7373% Below this sulfur content,
there is no sufficient mole of sulfur with respect to the number
of moles of catechol in the PCS copolymers to allow the
formation of C-S—(S),~C linkage with n = 1, and thus the S-S
redox process. Based on this criterion, Table 2 summarizes the
sulfur/catechol mole ratio and the corresponding theoretical

Table 2 Theoretical capacity of PCS copolymers as a function of sulfur content

Sg weight percentage,

Sg/catechol molar

Theoretical capacity (number of electrons, e”)

Sample x [Wt%] ratio (n) [mAh g ']
PCS-25 25 1.1 365.1 (2 €7)
PCS-50 50 3.4 730.2 (6e7)
PCS-75 75 10.3 1217.0 (20 ¢7)

This journal is © The Royal Society of Chemistry 2025
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Proposed redox mechanism for Poly(catechol sulfide) electrode materials
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Fig. 2 Illustration of redox processes associated with PCS copolymers.

capacity expected for all PCS copolymers. While PCS-50 and
PCS-75 copolymers are expected to display both catechol and
poly(sulfide) redox activities, PCS-25 should only exhibit cate-
chol redox activity, due to the lack of C-S—(S),-C linkage
formation with n > 1. Fig. 2 illustrates the hypothesised redox
process present in the PCS copolymers, as a function of n.

To assess the electrochemical properties of the PCS copoly-
mers, cathode electrodes were formulated using PCS-25 and
PCS-75 copolymers as active materials and their electro-
chemical performances were assessed in lithium metal
batteries using a 1 M lithium bis(trifluoro-methanesulfonyl)
imide (LiTFSI) solution in 1,3-dioxolane (DOL)/1,2-
dimethoxyethane (DME) as the electrolyte. Fig. 3a shows the
voltage profiles for the first two formation cycles at a C-rate of C/
2. As can be seen in Fig. 3a, the PCS-25 copolymer exhibits only
one stable discharge plateau at a voltage of around 3.06 V vs. Li/
Li", which corresponds to the reversible enolization process of
the catechol moiety as reported for catechol based redox poly-
mers.*** No discharge plateaus are observed in a voltage range
between 2.3 V and 1.7 V vs. Li/Li*, confirming that no poly(-
sulfide) redox process (i.e. cleavage of S-S bonds) is observed in

a)
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— = PCS-75 (1% cycle)
——PCS-25 (2™ cycle)
——PCS-75 (2™ cycle)

g
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Fig. 3

the PCS-25 copolymer. Interestingly, two charge plateaus are
observed at a voltage of around 3.15 V and 3.75 V vs. Li/Li",
respectively. Upon cycling, the former charge plateau becomes
more pronounced, while the latter diminishes. Such
a phenomenon has been previously reported and is likely
associated with a change in the redox couples, going from
hydroquinone/quinone to dilithium hydroquinone/quinone,
with the later redox couple having a lower redox potential.**
On the other hand, PCS-75 displays three main discharge
plateaus at a voltage of around 3.07 V, 2.25 V and 1.75 V vs. Li/
Li", respectively, as shown in Fig. 3a. The former discharge
plateau corresponds to the enolization reaction of the quinone
moiety into the dilithium hydroquinone moiety, associated with
the catechol moiety. The second plateau is likely associated with
the cleavage of the C-S—(S),~C linkage of PCS copolymers, which
could form the dilithium hydroquinone disulfide compound
and linear lithium poly(sulfide) compounds (Li,S, ), as
depicted in Fig. 2.7°7% The latter plateau corresponds to the
further reduction of the linear lithium poly(sulfide) into lithium
sulfide, through intermediate length lithium poly(sulfide)
(LizS,,_x; with x > 2).17273% Interestingly, only two charge plateaus
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(a) Voltage profiles and (b) differential capacity (dq/dV) curves from the galvanostatic cycling of lithium metal batteries, with either the

PCS-25 (blue) or PCS-75 (red) based cathode, during the first two formation cycles at a C-rate of C/2.

32532 | J Mater. Chem. A, 2025, 13, 32528-32538

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta04701c

Open Access Article. Published on 12 August 2025. Downloaded on 4/7/2026 12:27:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

| m Discharge
2004 . . . . 5] Icou}omb:cEmcrency 480
o A T 1475
21801 /2 tac iz iaciscioct ¢z F
<0y = 4L b J11s
Ewl 10 b 1
£ 1201 A A T T P
©q00] = i 4 b
- L L L]
g ..7'“'*-nnnﬁ“l!l'!““h“r:',. 4100
© 80 1 oncy SudyDO0D
(&} oI S e T {95
1) 60 4 ot 1 l ' ' 1
& 40 o ¢ 0 1 1 te, %
@2f i ¢ & @ i 185
o ol —+ 1+ 1+ e
0 5 10 15 20 25 30 35
Cycle Number
— C12|
—1C
—2C
—4C
4.04 :::ﬁ%
S 354
S
© 3.0
=
S 254
3 201
1.54

300 1

200 A

100

-100 1

-200 A

dQ/dV (mAh.V-'.g")

=300 1

20 0 20 40 60 80 100 120 140 160 180 200

Specific Capacity (mAh.g™)

—Ci2|
—1C
—2C
—4C
—5C
—10C]

Y
A

20 25 30 35 40

Cell Voltage (V)

1.5

Coulombic Efficiency (%)

b)

d)

f)

View Article Online

Journal of Materials Chemistry A

‘?200_ . . . . | ;'glnszlr;?\’:gF:Emaencyl_ 29% .
m . 1 1 1 1 1 1 " \0
2 1807 2 b1ci2ci4cisciiocy 2 7 =
L1607 "way 11 1 1 Qs @
§«14°' ! b Lo ‘ 1110 S
2120 L A 'S
B 100 D eemay L e, (105
@ 100 A S S T e PPN
Q. ) | 1 LITTTY 1 I3)
s 807 b pud ooopeeREy =
O 60 A -
Q 1 1 1 ' ' 1
= 40 jmi pood e ! ‘o ! i 190 o
o P b 1 o g 3
Q 20 1 : : : i 1 85 (]
& oo s ©
0 5 10 15 20 25 30 35
Cycle Number

— CI2

—1C

o

4.0 :::3;
S 3.5
N
o
D3.0-
D30
=
S 25
8 204
1.5

300 -

200

100

-100

-200

dQ/dV (mAh.V-'.g™")

-300

—20 0 20 40 60 80 100 120 140 160 180 200

Specific Capacity (mAh.g™)

1.5

2.0

25 30 35 40

Cell Voltage (V)

Fig. 4 Galvanostatic cycling of either the PCS-25 (a, c and e) or PCS-75 (b, d and f) based cathode in lithium metal batteries at various C-rates:
specific discharge capacity as a function of cycle number (a and b) and the corresponding voltage profiles (c and d) and differential capacity (dq/
dV) curves (e and f).

are observed at a voltage of around 2.35 V and 3.10 V vs. Li/Li",
respectively. The former charge plateau is likely associated with

the reversible formation of linear lithium poly(sulfide) (Li,S,_»)

and then the C-S—(S),~C linkage of PCS copolymers. The latter
charge plateau corresponds to the oxidation of the dilithium
hydroquinone moiety into the quinone moiety.

This journal is © The Royal Society of Chemistry 2025

To further understand the redox processes associated with

the PCS copolymers, the differential capacity (dg/dV) curves for
the first two formation cycles at a C-rate of C/2 have been also
plotted. As can be seen in Fig. 3b for both PCS-25 and PCS-75
copolymers, two waves can be observed for both the oxidation
and reduction processes of the catechol moiety, indicating two
consecutive steps of a one-electron transfer reaction.”**?*3¢ As
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Fig. 5 Comparing the electrochemical performance of both PCS-25
and PCS-75 based cathodes in a Ragone plot with respect to two
state-of-the-art inorganic cathode materials (lithium iron phosphate,
LFP;#8 lithium nickel manganese cobalt, NMC622 (ref. 49)) and
a catechol-based organic electrode material (poly(dopamine meth-
acrylamide), poly(DMA);®).

mentioned previously, the PCS-75 copolymer exhibits two
additional discharge plateaus, when compared to the PCS-25
copolymer, which were associated with the poly(sulfide) redox
process. Interestingly, the former sulfur discharge plateau,
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located at a voltage of around 2.25 V vs. Li/Li’, is also clearly
deconvoluted into two reduction waves in dg/dV curves, sug-
gesting two consecutive steps of two-electron transfer reactions.
This could indicate that there is an energy barrier difference
between the two S-S bonds that are directly covalently bonded
to the catechol moiety (i.e. S-S—catechol-S-S), as it is similarly
observed for the enolization of the two ketone groups of the
anthraquinone-based polymer.*»** Alternatively, this two-step
transfer reactions could be also the result of the random
substitution of the catechol ring in the PCS copolymers (e.g.
ortho, para and/or meta), although preference for ortho substi-
tution has been reported for similar systems.** On the other
hand, the second sulfur discharge plateau, located at a voltage
of around 1.75 V vs. Li/Li’, results in one reduction wave in dg/
dV curves, suggesting one two-electron transfer reaction. This is
consistent with the assignment of this discharge plateau to the
reduction of the linear lithium poly(sulfide) into lithium
sulfide, through intermediate length lithium poly(sulfide)
(LizS,_,; with x > 2). Upon charging, only one charge plateau,
located at a voltage of around 2.35 V vs. Li/Li", could be iden-
tified to the poly(sulfide) redox process. The dg/dV curve around
this voltage reveals a multicomponent oxidation wave, sug-
gesting the reversible oxidation of the three-reduction poly(-
sulfide) processes previously discussed occurs at a voltage range
between 2.10 V and 2.55 V vs. Li/Li", at a C-rate of C/2. More
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Fig.6 Long term galvanostatic cycling of either the PCS-25 (a and c) or PCS-75 (b and d) based cathode in lithium metal batteries at a C-rate of 4
C: specific discharge capacity as a function of cycle number (a and b) and the corresponding differential capacity (dq/dV) curves (c and d).
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details about these oxidation processes are provided in the
following rate capability section.

Poly(catechol sulfide) as cathode materials in organic lithium
metal batteries

Once a better understanding of the redox processes of the PCS
copolymers was achieved, the rate capability of the cathode
formulated using the PCS-25 and PCS-75 copolymers was studied
and the results are shown in Fig. 4. At a C-rate of C/2, PCS-25
delivers an initial specific discharge capacity of 103.0 mAh g~*
with a coulombic efficiency (CE) of 115.7% for the first cycle,
which is only attributed to the catechol redox process (see Fig. 4a).
During the first charge cycle, only the oxidation process of the
catechol moiety into quinone moiety is expected for all PCS
copolymers, as the poly(sulfide) moiety cannot undergo a further
oxidation  process into elemental sulfur as the
poly(sulfide) moiety is covalently bonded to the catechol moiety.
The CE above 100% observed in the first cycle of PCS-25 suggests
the presence of benzoquinone groups, to a small extent, in the
pristine PCS-25 copolymer (e.g. the oxidized form of the catechol
moiety), which can be then reduced during the first discharge and
account for the discharge capacity gain observed in the first cycle.
However, it is difficult to confirm the presence of benzoquinone
in the PCS copolymer by FTIR and NMR spectroscopies due to the
overlap between the vC=O and vC=C bands and the low
intensity of quaternary carbon, respectively. Previous reports on
the synthesis of sulfide-based polymers support the possible
formation of a benzoquinone group during the synthesis.*>*"
Upon cycling at a C-rate of C/2, the CE first dropped to 84.1% on
the second cycle and then increased to 94.8% on the fifth cycle,
with a specific discharge capacity stabilizing at 92.6 mAh g~ The
observed CE trend supports the possible presence of
benzoquinone groups in the pristine PCS-25. Increasing the C-
rate from C/2 to 10C results in almost no reduction of the deliv-
ered specific discharge capacity (i.e., 86.0%), corresponding to
a capacity retention of 92.9%. As can be seen in Fig. 4c and e, no
polarization is observed in both the voltage profile and dg/dv
curves, highlighting the excellent rate capability of PCS-25.
Fig. 4b, d and f show the rate capability results of the PCS-75
copolymer. As can be seen in Fig. 4b, the PCS-75 copolymer
delivers a specific discharge capacity of 162.9 mAh g™, with an
initial CE of 476.3% for the first cycle at a C-rate of C/2. This high
value of CE is expected for the first cycle as only the oxidation
process of the catechol is expected in the as-synthesized PCS-75
copolymer. Further cycling at a C-rate of C/2 reveals that slight
capacity fading is observed at a delivered specific discharge
capacity of 152.6 mAh g~ ' with a CE of 87.4% on the fifth cycle.
The PCS-75 copolymer exhibits a lower CE when compared to
PCS-75 at a C-rate of C/2, suggesting that the poly(sulfide) redox
process is not fully reversible. Upon increasing the C-rate from C/
2 to 10 C, the PCS-75 copolymer displays a moderate rate capa-
bility, with a capacity retention of 48.4%, delivering a specific
discharge capacity of 73.6 mAh g '. Interestingly, the CE
increases from 87.4% to 98.2%, when increasing the C-rate from
C/2 to 10 C. To further understand the lower rate performance of
the PCS-75 copolymer, the voltage profile and dg/dV curves at

This journal is © The Royal Society of Chemistry 2025
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various C-rates are shown in Fig. 4d and f, respectively. No
polarization is observed for the catechol redox process, as for the
PCS-25 copolymer. In contrast, strong polarization is observed for
the two discharge plateaus associated with the poly(sulfide) redox
processes. A cathodic shift of around 250 mV is observed for the
two reduction waves derived from the former poly(sulfide)
discharge plateau (Fig. 4f). Interestingly, the third poly(sulfide)
reduction wave in dg/dV plots, corresponding to the second
poly(sulfide) discharge plateau in the voltage profile curves,
cathodically shifts outside the voltage range of the battery, when
a C-rate superior to that of 2 C is used. This suggests that the
reduction of the linear lithium poly(sulfide), which is theoretically
the redox process that delivers the most capacity, is not occurring
in the PCS-75 copolymer above a C-rate of 2 C. This coincides with
the larger proportion of the capacity retention lost (i.e., 78.6%)
observed for a C-rate below 4 C. Upon charging at various C-rates,
the multicomponent oxidation wave previously observed at a C-
rate of C/2 becomes more deconvoluted, suggesting a difference
in the oxidation kinetics of the various poly(sulfide) processes. A
first oxidation wave, located at a voltage of around 2.2 V, is
observed for the C-rate up to 2 C in the dq/dV curves. This is
consistent with the cathodic shift of the lithium poly(sulfide)
reduction peak outside the voltage range for a C-rate above 2 C.
This suggests that this first oxidation wave is related to the
oxidation of lithium sulfide into linear lithium poly(sulfide),
through intermediate length lithium poly(sulfide) (Li,S,,_,; with x
> 2). Interestingly, no anodic shift is observed for this oxidation
wave, suggesting that the oxidation process has faster kinetics
compared to the corresponding reduction process. Similar to
their corresponding reduction process, the subsequent two
oxidation waves undergo a cathodic shift of around 250 mV, when
the C-rate is increased from C/2 to 10 C. This suggests that both
the oxidation and reduction processes, corresponding to the
reversible cleavage of the C-S—(S),~C linkage of the PCS-75
copolymer, have similar kinetics. Overall, the results suggest
that the poly(sulfide) redox process has a lower rate capability,
when compared to the catechol redox process.

To further assess the rate capability of the PCS-25 and PCS-75
copolymers, their specific energy and power densities are di-
splayed in a Ragone plot as shown in Fig. 5. For comparison
purpose, the specific energy and power densities of two state-of-
the-art inorganic cathode materials (i.e. lithium iron phosphate,
LFP;* lithium nickel manganese cobalt, NMC622 (ref. 49)), used
in lithium-ion batteries, as well as a catechol-based organic
electrode material (poly(dopamine methacrylamide), poly(-
DMA)),** were extracted from the aforementioned references
and plotted in Fig. 5. It is noteworthy that all specific energy and
power densities are normalized by the weight of the electrode
active material. As can be seen, the PCS-25 copolymer displays
great power density capability, delivering an almost constant
specific energy density of 237 Wh kg™ at specific power
densities, ranging from 0.49 to 10.17 kW kg '. Compared to
PCS-25, PCS-75 exhibits slightly lower power density capability,
with a decrease in specific energy density, from 350 to 182 Wh
kg™ ', when specific power density is increased from 0.95 to
31.18 kW kg~ ". This lower power density capability is associated
with the sluggish poly(sulfide) redox process, which provides
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minor capacity contribution above a C-rate of 2 C. With respect
to the reference catechol-based organic cathode material, PCS-
25 displays an improved power density capability, with
a constant specific energy density of 237 Wh kg™ ' at specific
power densities ranging from 0.49 to 10.17 kW kg ' compared
to poly(DMA), which exhibits a decrease in specific energy
density from 424 Wh kg™ " to 191 Wh kg™ " at a specific power
density of 0.36 kW kg™ ' and 21.70 kW kg, respectively. On the
other hand, PCS-75 displays lower power density capability than
poly(DMA), due to the sluggish poly(sulfide) redox process and
a lower catechol content. From the data extracted for the inor-
ganic cathode materials,***® a maximum specific power density
of 2.64 kW kg™' and 5.06 kW kg 'was achieved for LFP and
NMC622, respectively, delivering a specific energy density of 312
Wh kg~ " and 423 Wh kg™, respectively. It is noteworthy that the
maximum specific power densities achieved for LFP and
NMC622 inorganic cathode materials were obtained at a C-rate
of 5 C. Enabling a faster C-rate, and thus specific power density,
is a challenging task for inorganic cathode materials.*® In this
respect, both PCS-25 and PCS-75 copolymers are able to deliver
higher specific power density of 10.17 kW kg ' and 31.18 kW
kg ' ,respectively, while still delivering a moderate energy
density of 237 Wh kg™ and 182 Wh kg *, respectively. Overall,
both PCS-25 and PCS-75 copolymers show great power density
capability, highlighting their potential as cathode materials.

Finally, the long-term cycling stability of the PCS-25 and PCS-
75 copolymers was assessed at a C-rate of 4 C and the results are
shown in Fig. 6. As can be seen, a clear electrode activation
process is observed for PCS-25 with a slight increase of the
specific discharge capacity delivered during the first 50 cycles,
which is also associated with a slight cathodic shift of catechol
redox waves in the dq/dV curves. After this activation process,
PCS-25 displays outstanding long-term cycling stability, with
a capacity retention of 88.0% and a coulombic efficiency of 99.0%
after 200 cycles. Such results are superior to those of the reference
catechol-based organic cathode material,>® which achieved
a capacity retention of 81% after 200 cycles at a C-rate of 1 C. On
the other hand, PCS-75 displays strong capacity fading during the
first 100 cycles (i.e. 49.9% capacity loss), followed by a second
regime with an improved capacity retention (i.e., 8.5% capacity
loss). The dg/dV curves reveal that the capacity loss observed in
the PCS-75 copolymer is mainly linked with the intensity reduc-
tion of redox waves associated with the C-S—(S),—C linkage of the
PCS-75 copolymer, likely due to the dissolution of the linear
lithium poly(sulfide) (Li,S,_,) formed and the subsequent well-
known shuttle effect.®® It is noteworthy that the lithium metal
battery constructed using the PCS-75 copolymer is just a proof-of-
concept device with no optimized electrolyte (e.g. sparingly
solvating electrolyte and®* solid-state electrolyte®*) and/or sepa-
rator® to inhibit the lithium poly(sulfide) shuttle effect>* and thus
improve capacity retention.

Conclusions

Novel bio-inspired poly(catechol sulfide) copolymers have been
synthesized using an environmentally friendly catalytic poly-
merization method for application as organic cathode materials
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for lithium metal batteries. The PCS copolymers with varying
compositions of catechol and poly(sulfide) were characterized
by FTIR, 'H and "*C NMR. Cyclic voltammetry confirms the dual
redox properties of the PCS copolymers when the sulfur content
is increased above 25 wt%, below which only the catechol redox
group is active. The electrochemical characterization of the PCS-
based organic cathode in lithium metal batteries reveals that
the catechol redox process exhibits great rate capability and
cycling stability, while the poly(sulfide) redox process suffers
from more sluggish kinetics due to the nature of the redox
process (i.e., bond cleavage) as well as poorer cycling stability
due to the dissolution of the linear lithium poly(sulfide),
a phenomenon that could be limited through electrolyte opti-
mization (e.g., sparingly solvating electrolyte and solid-state
electrolyte). Nevertheless, both PCS-25 and PCS-75 display
great specific energy densities of 237 Wh kg™ " and 182 Wh kg "
at specific power densities of 10.17 kW kg~ " and 31.18 kW kg,
respectively. These results highlight the potential of PCS
copolymers as sustainable and high power and energy density
organic cathode materials for lithium metal batteries.
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