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Sulfur-Composites Derived from Poly(acrylonitrile) and
Poly(vinylacetylene) – A Comparative Study on the Role of
Pyridinic and Thioamidic Nitrogen
Julian Kappler,[a] Sina V. Klostermann,[b] Pia L. Lange,[c] Michael Dyballa,[d] Lothar Veith,[e]

Thomas Schleid,[c] Tanja Weil,[e] Johannes Kästner,[b] and Michael R. Buchmeiser*[a]

Sulfurized poly(acrylonitrile) (SPAN) is a prominent example of a
highly cycle stable and rate capable sulfur/polymer composite,
which is solely based on covalently bound sulfur. However, so
far no in-depth study on the influence of nitrogen in the
carbonaceous backbone, to which sulfur in the form of
thioketones and poly(sulfides) is attached, exists. Herein, we
investigated the role of nitrogen by comparing sulfur/polymer
composites derived from nitrogen-containing poly(acrylonitrile)

(PAN) and nitrogen-free poly(vinylacetylene) (PVac). Results
strongly indicate the importance of a nitrogen-rich, aromatic
carbon backbone to ensure full addressability of the polymer-
bound sulfur and its reversible binding to the aromatic back-
bone, even at high current rates. This study also presents key
structures, which are crucial for highly cycle and rate stable S-
composites.

Introduction

With the changes in primary energy production that entails the
substitution of fossil sources by regenerative ones, the demand
for batteries with high gravimetric and volumetric energy
density is growing rapidly.[1] Conventional lithium-ion batteries
(LIBs) are approaching their theoretical energy density limits;
consequently, the further development of post-lithium-ion
batteries becomes inevitable.[2] The high theoretical capacity of
sulfur (1672 mAh/g), its low toxicity and very low price make it
a promising candidate as cathode material in conversion
batteries. Combination with metallic lithium as anode material
offers access to Li� S batteries, which are known to possess a

high theoretical gravimetric energy density of up to 2510 Wh/
kg, with theoretical cell capacities of up to �1167 mAh/g –
much higher compared to conventional LIBs.[3] However,
practical applications are limited due to fast aging of this
battery type, mainly related to a constant loss of active material
by migration of the intermediary polysulfides, formed upon
reduction, to the anode – usually referred to as the „polysulfide
(PS) shuttle”. Another issue is related to the density differences
between α-S8 (1=2.07 g/cm3) and its discharge product Li2S
(1=1.66 g/cm3). This gives rise to volume contraction and
expansion effects, ultimately resulting in high mechanical stress
within the cathode during charge and discharge.

One concept that is frequently chosen to alleviate cell aging
via the PS-shuttle is the embedment of sulfur into porous
carbon (PC) hosts.[4] The possibility to tailor mass transport
phenomena by the appropriate choice of surface parameters as
one of the positive aspects is often drawn into shadow by
complex synthetic protocols of these PCs. Furthermore, for
optimum performance, high specific surface areas and large
pore volumes are necessary for high sulfur loadings along with
the ability to buffer volume contraction and expansion within
the pores.[5] Another drawback of these sulfur/PC composites is
the fact that electrons have to cross one more interface to
address the embedded S upon reduction in comparison to
systems, in which sulfur is covalently attached to a composite
and in which both, the carbon-matrix and the chemically
bound sulfur, are within the same phase. An alternative, vividly
discussed concept to overcome the challenge of fast aging via
the PS-shuttle is therefore to chemically bind sulfur to a
suitable matrix.[6] Both, a high addressability of the bound sulfur
even at high C-rates and a certain polarity of the matrix to
facilitate the physical interaction with the polysulfides would
be desirable. Detailed investigations that link defined micro-
structures of such composites to their electrochemistry are still
scarce in this field of research.

[a] J. Kappler, Prof. Dr. M. R. Buchmeiser
Institute of Polymer Chemistry
University of Stuttgart
Pfaffenwaldring 55, 70569 Stuttgart (Germany)
E-mail: michael.buchmeiser@ipoc.uni-stuttgart.de

[b] S. V. Klostermann, Prof. Dr. J. Kästner
Institute of Theoretical Chemistry
University of Stuttgart
Pfaffenwaldring 55, 70569 Stuttgart (Germany)

[c] P. L. Lange, Prof. Dr. T. Schleid
Institute of Inorganic Chemistry (IAC)
University of Stuttgart
Pfaffenwaldring 55, 70569 Stuttgart (Germany)

[d] Dr. M. Dyballa
Insitute of Technical Chemistry
University of Stuttgart
Pfaffenwaldring 55, 70569 Stuttgart (Germany)

[e] Dr. L. Veith, Prof. Dr. T. Weil
Max-Planck-Institute for Polymer Research
Ackermannweg 10, 55128 Mainz (Germany)
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/batt.202200522
© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

Batteries & Supercaps

www.batteries-supercaps.org

Research Article
doi.org/10.1002/batt.202200522

Batteries & Supercaps 2023, 6, e202200522 (1 of 13) © 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Wiley VCH Freitag, 24.02.2023

2303 / 284272 [S. 142/154] 1

http://orcid.org/0000-0001-6472-5156
https://doi.org/10.1002/batt.202200522


A very prominent example of a sulfur/polymer-composite
that shows the aforementioned positive characteristics of
composites bearing covalently bound sulfur is sulfurized
poly(acrylonitrile) (SPAN), which is prepared via the thermal
conversion of PAN in the presence of elemental sulfur. Since its
discovery in 2002 by Wang et al., SPAN experienced a steadily
growing interest in its chemical composition.[7] The use of a
broad scope of analytical techniques allowed for elucidating
various structural key fatures of SPAN and led to a clearer
picture of its structure.[8] Thus, the exothermic cyclization of the
nitrile groups together with concomitant sulfur-incorporation
results in a carbonaceous, highly nitrogen-rich composite with
a nitrogen content of ca. 14 wt%, to which sulfur is attached in
form of (enolic) thioamides, forming N� C-Sx moieties. Properties
such as a high rate capability, high cycle stability and
compatibility with carbonates-based electrolytes are unique for
the SPAN-composite and unusual for other sulfur-containing
cathode materials.[9]

Ever since, both the structure and morphology of SPAN and
its composites have been optimized. Tailoring the macroscopic
properties of SPAN-cathodes has been achieved through the
usage of monolithic,[10] fiber[11] or particulate poly(acrylonitrile)
(PAN) precursors with different molecular weights,[12] which
resulted in a unique electrochemical performance of SPAN
composites and the resulting electrodes, respectively. Concepts
to hierarchically design free-standing fibrous SPAN-cathodes
were developed, too, and even offered access to stable Li-SPAN
batteries in ether-based electrolytes, which are otherwise prone
to aging via the polysulfide shuttle mechanism.[13] The chemical
composition of SPAN was further optimized by tweaking the
sulfurization temperature as well as the vapor pressure[14]

during sulfurization or by doping SPAN with Se,[15] Te[16] or I.[17]

The resulting eutectic accelerators allow for faster kinetics of the
solid-solid conversion during redoxing. Upscaling of SPAN-
based cathodes to pouch cell formats has been realized, too,
allowing for specific discharge capacities up to 1000 mAh/gsulfur

over 100 cycles at 0.5 C (C=C-rate).[18] The specific capacities up
to 1500 mAh/gSulfur at discharge rates up to 10 C underline the
superior performance of this composite and are unique
amongst sulfur-based cathodes.[19] Finally, the high electro-
chemical stability of SPAN towards a great variety of chemically
different electrolytes also led to its successful implementation
into other cell systems such as Mg� S,[20] Na� S,[21] K-S[22] and Al-
S[23] cells. However, a full molecular understanding of SPAN’s
unique properties, especially how its electrochemical stability
towards carbonates, the high rate and cycle stability are linked
to the covalent fixing of sulfur to the carbonaceous backbone,
is missing to date and can only be achieved through
comparative studies of model systems.

A recent review already emphasizes the exceptional
behavior of nitrogen-containing composites for use in Li� S
batteries.[6a] Indeed, many of the above-mentioned, unique
properties of SPAN seem to be connected to the presence of
nitrogen in the sulfur-containing carbonaceous matrix. We,
therefore, screened and identified the most important differ-
ences between nitrogen-containing and nitrogen-free cathodes

containing covalently bound sulfur that are responsible for
longevity and a high rate capability.

Results and Discussion

Thermal behavior, reactivity and sulfur-uptake of the
precursor polymers

Thermal treatment of PAN leads to cyclization of the nitrile
groups in the polymer chain to form conjugated, ladder-like
structures often referred to as cyclized PAN (cPAN).[24] If this
reaction is performed under oxidative conditions, e. g., in air,
the cPAN backbone incorporates O-containing functional
groups, amongst these mainly hydroxyl- and ketone-groups.[25]

Similarly, thermal treatment of PAN in the presence of sulfur as
oxidative reagent results in an analogous reaction, forming a
composite referred to as SPAN.[7a] SPAN’s most relevant
structural motifs are polysulfides bound to the carbonaceous
(aromatic) matrix via (enolic) thioamides.[8a–c] To reveal the role
of nitrogen, an SPAN-analogous composite based on a polymer
with similar cyclization behavior as PAN was chosen.
Poly(vinylacetylene) (PVac) fulfills these criteria and was there-
fore already used as a precursor for carbon fibers.[26] The
polymerization of vinylacetylene, however, is impeded by the
high volatility of the monomer, its brisance as highly unsatu-
rated C4-hydrocarbon and the strong exothermic reaction
during cyclization, which was reported to result in explosions.[27]

Therefore, an alternative synthetic route to poly(vinylacetylene),
which entails the preparation of trimethylsilylvinylacetylene
(TMSVac), its polymerization in bulk followed by removal of the
TMS-group utilizing a polymer-analogous reaction, was devel-
oped. By optimizing the deprotection protocol we could
achieve a degree of deprotection of 99.7 %, allowing for the
synthesis of virtually pure PVac as the pseudo-copolymer P2
(Figure 1). To the best of our knowledge, the aforementioned
conversions are by far the highest reported in the literature so
far.[28] Differential scanning calorimetry (DSC) measurements of
the precursor polymers confirm the successful thermally-
induced cyclization of PVac (Figure 2a). Both, PAN and PVac,
show a highly exothermic cyclization with a lower Tonset for
PVac (204 °C) compared to PAN (283 °C). However, the overall
cyclization window is broader for PVac though the exothermic-
ity is much more pronounced in PVac (1400 J/g) compared to
PAN (440 J/g). Thermogravimetric analysis (TGA) revealed a
similar mass loss for PVac and PAN with residual masses of 29%
(PAN) and 24 % (PVac) after heating to 1000 °C, which again
underlines that both polymers are capable of building a stable,
carbonaceous structure upon thermal treatment – a prerequi-
site for using these polymers as precursors for sulfurization at
elevated temperatures.

Notably, the sulfur-uptake of PVac was much lower than for
PAN under the same reaction conditions (550 °C, 5 h, N2).
However, optimization of the synthetic protocol via introduc-
tion of a longer low-temperature plateau (150 °C) and dynamic
vacuum (10� 3 mbar) to facilitate hydrogen-elimination resulted
in SPVac with a sulfur-content comparable to the one of SPAN
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(40 wt%). The application of a dynamic vacuum during syn-
thesis was indeed found to be crucial since the sole extension

of the 150 °C plateau under atmospheric nitrogen pressure only
resulted in SPVac with a low sulfur content (32.5 wt% S,

Figure 1. a) Model structures SPAN and SPVac composites and the synthetic routes to b) S40PAN and c) S40PVac.

Figure 2. a) DSC curves of the precursor polymers, b) TGA curves of PAN and PVac and c) TGA curves of S40PAN and S40PVac.
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Table S1). The sulfurized composites derived from the polymers
PAN and PVac (P2) are referred to as S40PAN and S40PVac,
respectively, to indicate the comparable sulfur-content of both
composites. It is noteworthy that PVac shows a low Tonset for
sulfur incorporation while PAN showed no S-uptake at 150 °C
(8 h) as determined by a control experiment (<0.2 wt% S).
TGA-measurements of S40PAN and S40PVac revealed a strong
binding of sulfur to the matrix as illustrated by a mass loss of
less than 20 wt% up to 500 °C in both composites (Figure 2c).
This is in stark contrast to conventional S/C composites, in
which the mass loss stemming from S-evaporation is often
nearly quantitatively completed at approx. 400 °C due to the
high volatility of elemental sulfur.[29]

Molecular and morphological characteristics of SPAN, SPVac
and the resultant cathodes

Differences in the electrochemical behavior of SPAN and SPVac
are linked to the differences in molecular structure and
morphology of the sulfurated carbonaceous backbone. SPAN
has been reported to possess covalently bound sulfur in form
of (enolic) thioamides and polysulfides, in which the sulfur is
mainly present in the form of short Sx chains with x�7.[8a–c,11]

The 1H-13C cross-polarization-magic-angle-spinning nuclear
magnetic resonance (CP MAS NMR) spectra (Figure 3a, b)
confirmed the formation of a pyridinic/arylic backbone in
S40PAN and of an arylic backbone in S40PVac. In S40PAN,
arylic/pyridylic carbons bound to H and S were observed at δ=

127.9 ppm and 118.8 ppm respectively. The intense signal at
δ=150 ppm in S40PAN is assignable to carbons in close
vicinity to nitrogen, i. e. to pyridine and thioamide moieties. In
S40PVac, arylic carbons bound to H and S were observed at δ=

137 ppm and 127.7 ppm. The absence of any aliphatic carbons
and the sole presence of aromatic carbons is again consistent
with our hypothesis that both, PAN and PVac, undergo a
cyclization reaction in the presence of sulfur as oxidant and a
subsequent aromatization during sulfurization at elevated
temperatures. In line with that, S40PVac showed no signals for
residual internal alkyne groups.

The most prominent signals in the ATR-FT-IR spectra of PAN
and PVac (Figure 3c, d; dashed lines, Figure S20) were the C�
NPAN stretching at 2250 cm� 1, C�CPVac� H (internal) at
2150 cm� 1, C�C� HPVac (terminal) at 3340 cm� 1, C� HPAN at 2940–
2865 cm� 1 and C� HPVac at 2970–2840 cm� 1. In the IR-spectra of
the corresponding sulfurized composites S40PAN and S40PVac
(Figure 3c, d; solid lines), broad absorption bands below
1650 cm� 1 were found for both, S40PAN- and S40PVac,
indicating arylic (S40PVac and S40PAN) and pyridinic (S40PAN)
C=C and C=N valence vibrations. In line with earlier reports, the
band at 1500 cm� 1 in S40PAN was assigned to the thioamide-
group.[8a] Unlike in PAN, S-binding to PVac occurs at the alkyne-
side groups prior to cyclization with the terminal alkyne-proton
as the most reactive site in the polymer. This was confirmed by
IR-analysis and by the finding that gas evolution stated already
at 150 °C, which is below the cyclization onset-temperature
(204 °C, Figure 2a).

This is in strong contrast to the sulfurization behavior of
PAN, which did not show any sulfur uptake after heating to
150 °C as confirmed by a control experiment and in which the
only protons available for H2S formation are located in the
polymeric backbone and require higher temperatures to react.
IR-assisted analysis of the SPVac composites confirmed that the
low Tonset mainly stems from the highly reactive terminal alkyne
protons in PVac (Figure S1). Thus, the characteristic stretching
vibration of the terminal alkyne proton in PVac (3293 cm� 1;
Figure 3c, dashed line) strongly decreases in intensity after
sulfurization for 8 h at 150 °C (Figure S1). Notably, the signals
for the C�C bond (internal alkyne, 2113 cm� 1; Figure 3c,
dashed line) during the major sulfur-uptake prevail before
complete cyclization occurs. Also, SPVac composites obtained
after further heating to 550 °C consistently showed high C :H
ratios, indicating aromatization via the removal of hydrogen
through the release of H2S (Figure S2). X-ray diffraction (XRD)
and Raman data suggest that the aromatic layers of the
conjugated π-system, which is formed in the course of the
cyclization reaction of PAN and PVac, are aligned in a
turbostratic manner under π-π-stacking (Figure 3e, f).

The powder X-ray-diffractograms of S40PVac and S40PAN
showed characteristic reflexes at 2θ=19.3° (S40PAN) and 19.6°
(S40PVac), respectively. These reflexes can be attributed to the
d002 plane and are directly linked to interplane distances
between the aromatic layers.[30] According to Bragg’s law, the
interlayer distance was 1.8 Å (S40PAN) and 1.1 Å (S40PVac). The
increased interlayer distance in S40PAN can be attributed to
the structural disturbation by the pyridine nitrogens in the
S40PAN backbone. No crystalline sulfur (α-S8) was detected;
consequently, the presence of shorter, intercalated sulfur-
allotropes can also be excluded since these would transform
into α-S8 over time.[31] The Raman-spectra confirm π-π-stacking
due to the presence of the characteristic G- (1555 cm� 1) and D-
(1380 cm� 1) bands (Figure 3f). The numeric intensity ratios
between the G- and D-band deliver information about defects
in carbonaceous materials.[14,32] The ID/IG ratios for S40PAN (0.96)
and S40PVac (1.0) were both close to unity, despite the absence
of nitrogen in S40PVac.

Differences and similarities between S40PVac and S40PAN
in terms of their binding states and functional groups were
investigated by X-ray photoelectron spectroscopy (XPS, Fig-
ure 4). The N 1s spectrum of S40PAN was in agreement with
the literature; mainly pyridinic (400 eV) and thioamidic
(398.2 eV) structures were observed.[8a] No residual nitrogen,
e. g. from the tetrabutylammonium fluoride (TBAF) facilitated
deprotection of P1 was found in the N 1s spectrum of S40PVac.
In the C 1s spectra of S40PAN, signals that could be assigned to
aromatic and aliphatic carbons (C� C/C� H, 284.8 eV), as well as
to C� S (284.8 eV), C=N (286.5 eV) and C� O (285.6 eV) bonds
were found. This assignment was made based on the
assumption that the C� S and C� C/C� H bonds are represented
by the same signal, as the differences in electronegativity
between C and S are low. For S40PVac C� C/C� H, C� S (both at
284.8 eV) and C=O (286.9 eV) moieties could be identified. The
broad peak at 286.9 eV in S40PVac is very likely related to
oxidized surface carbon and is denoted C=O herein, however,
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the broadness of the signals indicates that there is, beside the
ketone groups, probably a variety of differently oxidized
carbons present (e. g. in the form of carboxyl-groups).[33] The
high-resolution S 2p spectra of S40PAN indicate C� S and S� S
bonds from sulfides and polysulfides at 163.6 eV (C� Sx, S� Sx

with x�0) as well as thioamidic S at 161.7 eV (� NH� C=S,
denoted C=S herein), which is in line with reports published
earlier.[11] In S40PVac (poly)sulfidic (C� Sx, S� Sx with x�0;

163.9 eV) and thioketonic S (C=S; 161.7 eV) moieties were
detected. Furthermore, a broad signal at 164.8 eV was assigned
to oxidized S species (S(=O)x where x=1–3). Notably, signifi-
cantly less sulfur in form of thioketones was found in S40PVac
(C=S; relative area 5.4 %) than in S40PAN (C=S; relative area
21.6 %). We attribute this finding to the possibility of thioamide
formation in PAN upon sulfur-incorporation, cyclization and
through the addition reaction of H2S to nitriles, which is known

Figure 3. 13C CP MAS NMR spectra of a) S40PAN and b) S40PVac. ATR-IR spectra of c) PVac-, and S40PVac-, and d) PAN- and S40PAN-composites. e) Powder X-
ray diffractograms (Cu-Kα) and f) Raman-spectra (Nd-YAG-laser, 532 nm) of elemental sulfur, S40PAN and S40PVac.
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to be less preferred in their alkyne counterparts.[34] Further-
more, the thioamide structure in S40PAN is more stabilized due
to better electron density distribution in the thioamide than in
nitrogen-free S40PVac and therefore thermodynamically fa-
vored.

XPS unveiled minor amounts of O at 531–534 eV, both in
S40PAN and S40PVac. These can ascribed to C=O, S(=O)x, and
C� O but could also be related to adsorbed water and oxygen
and residual redox initiator, as well as to oxide layers on the
indium-foil, which was used for sample preparation.[35] Small
amounts of Si could be detected in both, S40PAN and S40PVac,
too, assignable to the common surface contaminant
poly(dimethylsiloxane) (PDMS). To quantify residual trimeth-
ylsilane related to insufficient conversion of P1 into P2 (see
Figure 1c), Si-values were determined by inductively-coupled
plasma-optical emission spectroscopy (ICP-OES) and found to
be low (0.3–0.5 wt%), which is consistent with the obtained 13C
and 1H NMR data for P2 and the low intensity of the Si 2 s
signals at 155.3 eV in the XPS data (Figure S3).

In S40PAN, time-of-flight secondary ion mass spectrometry
(ToF-SIMS) allowed for identifying various CaNb

� and CaNbSc
�

clusters in the negative ion mode with m/z�180. Signals at m/
z=74 (C5N

� ) and 72 (C6
� ) suggest the formation of benzene

and pyridine units during the thermally-induced sulfurization of
PAN (Figure S4). It is noteworthy that no fragments indicating
N� S bond formation could be identified (m/z=47, NS� ), neither

in ToF-SIMS, nor in high resolution XPS. Again, the intense
signals at m/z=58 (NCS� ) and 82 (NC3S

� ) support thioamide
formation in SPAN, as well as sulfur-incorporation in the α-
position to the pyridinic nitrogen, leading to kinks in the
otherwise linear carbon matrix (Figure S5). Similar effects could
also be expected for S40PVac formation, but cannot be
detected utilizing ToF-SIMS due to the lack of heteroelements
in the composite. In S40PVac the major part of the secondary
ions constituted of CySx

� units (Figure S6). To investigate the
average length of the Sx units in S40PVac and S40PAN, the
normalized signal intensities for the Sx clusters were compared
to the total ion signal (Table S2, Figure S7). Unsurprisingly, the
intensities of the Sx-clusters decreased with increasing chain
length such that especially signals for x�4 were of low
intensity. In direct comparison between S40PAN and S40PVac a
similar distribution of the different Sx-clusters was observed
with the highest intensities for Sx with 1�x�3. In S40PVac a
shift of the average Sx-clusters length to longer Sx-species was
visible. Application of the activation protocol (150 °C, 8 h,
10� 3 mbar) resulted in longer Sx-clusters in the S40PVac
composite, since sulfur at these temperatures is mainly present
in the form of longer Sx-units.[6b,31a,36]

Morphological analysis using scanning electron microscopy
(SEM) showed an inhomogeneous particle size distribution and
similar particle shapes for both sulfur composites (Figure 5a1,
b1). Exemplary SEM pictures of the S40PAN- and S40PVac-

Figure 4. High-resolution XPS data of S40PAN (top panels) and S40PVac (bottom panels).
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derived cathodes (Figure 5a2, b2) and SEM-EDX mapping of
cathode components at the cross-section showed that both,
S40PVac and S40PAN, were evenly distributed along the cross-
section, though with overall larger particle agglomerates in
S40PVac than in S40PAN (Figure 5a3, b3). In some domains the
cross sectional images revealed an accumulation of
poly(vinylidene fluoride) (PVDF) either at the top of the cathode
or at the current collector-cathode interface, an effect which
seems to be characteristic for PVDF-containing electrodes after
applying higher drying temperatures (>30 °C).[37]

In order to suppress the influence of tortuosity and link
differences in cycle stability to the molecular properties of the
active materials, the comparison between the two active
materials focused on low current rates (�1 C).

Electrochemistry of S40PAN- and S40PVac-based cathodes

In view of the very similar molecular structures of S40PVac and
S40PAN, a comparison between these two cathode materials in
terms of electrochemical performance seemed most appropri-
ate. 1 M Lithium(bistrifluoromethylamide) (LiTFSI) in DME:DOL
(1 : 1; DME=1,2-dimethoxyethane, DOL=1,3-dioxolane) and
1 M LiPF6 in DEC:EC (1 : 1+10 wt% FEC; DEC=diethyl
carbonate, EC= ethylene carbonate, FEC = fluoroethylene
carbonate) were chosen as ether- and carbonate-based model
electrolytes, respectively. Cyclovoltammetry (CV) revealed a
solvent-dependent redox behavior in both, S40PAN- and the
S40PVac-based cathodes (Figure 6). In the ether-based electro-
lyte (Figure 6, left), the CVs showed a distinct decrease in the
current density during cycling, likely stemming from a loss of
active material.

A typical feature of sulfur-based cathodes in Li-S batteries is
the appearance of a reduction peak at 2.35–2.4 V (vs. Li/Li+) in

ether-based electrolytes, which can be ascribed to the reduc-
tive ring opening of cyclic α-S8, a step that is fast in kinetics
due to the formation of soluble species of the general formula
Li2Sx (x=6–8).[38] To our surprise, S40PAN and the S40PVac
composites showed a comparable behavior despite the
absence of elemental sulfur (α-S8) and the sole presence of
covalently bound Sx-chains. This suggests a conversion mecha-
nism similar to the one in pure S8-based active materials. The
reduction signal at 2.4 V is followed by a broader reduction
range between 2.1 V and 1.2 V, which we attribute to the
conversion of longer Sx-species to Li2S2 and Li2S, again, in
similarity to α-S8-based cathode materials.

In the carbonate-based electrolyte, however, a strong shift
of the reduction signals to lower potentials with increasing
number of cycles was observed for all composites (Figure 6,
right). In S40PAN, the reduction signals at 1.8 V and 1.5 V,
respectively (Figure 6, top right), indicate that the carbonate-
based electrolyte facilitates a direct solid-solid transition of
bound PSs into Li2S without the appearance of longer PSs as
intermediates – a finding which is unique for the SPAN
composite in carbonate-based electrolytes and in contrast to
the results using an ether-based electrolyte.[39] In the S40PVac
composites, a single reduction signal at 1.3–1.4 V was found
(Figure 6, bottom right), suggesting that by switching to
carbonate-based electrolytes a direct solid-solid conversion of
LiPSs is induced and the formation of longer LiPSs is thereby
suppressed – a feature which was verified for S8-based
cathodes, too.[40]

Galvanostatic cycling (Figures 7 and S22) also showed that
both reversibility and the redox mechanism were solvent-
dependent, confirming the findings discussed above. A model
S/C composite generated by high energy ball milling of
acetylene black and elemental sulfur (wt./wt. – 1 :1) was used
to investigate the benefits that originate from the covalent

Figure 5. SEM images of a) S40PAN and b) S40PAN-based cathodes. Indices: 1) primary particles, 2) cathodes (top view) together with SEM-EDX images of the
3) cathode cross-sections (yellow: sulfur, aquamarine: fluorine). A wet coating thickness of 200 μm was applied. Cathode composition: S-composite:
PVdF : SuperC65=70 : 15 : 15.
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binding of S to a carbon matrix similar to that of the S40PVac
composite. Impressively, S40PAN outperformed the S40PVac
and model S/C composites in terms of sulfur addressability in
both electrolytes. Especially in the carbonate-based electrolyte,
the S40PAN-based cathodes outperformed S40PVac-based
cathodes independently of the applied current rates (Figure 7a).
The initial capacity of both composites was much higher in
comparison to the discharge capacity in the subsequent cycles,
a phenomenon which was ascribed to overreduction of the
carbon backbone in S40PAN. According to the similarity found
in S40PVac-based cathodes, we conclude that the same is valid
for S40PVac. Nevertheless, after the initial capacity loss, S40PAN
retains a high reversible addressability exceeding 1100 mAh/
gSulfur at 1 C (0.7 mA/cm2) over more than 1000 cycles at high
coulombic efficiencies (CE) (>99 %, Figure 7b) while S40PVac
shows severe capacity degradation within the first 20 full cycles
(Figure 7a).

An in-depth analysis of the potential profiles of S40PAN,
S40PVac and the model S/C composite revealed that S40PAN
shows a quite constant decrease in potential during discharge
starting from 2.1 V (vs. Li/Li+), caused by the continuous release
of Li2S2 and Li2S (solid-solid conversion) without the appearance
of long PS intermediates (Figure S8a). This is in contrast to the
findings for S40PVac- and the model S/C-based cathodes,
which both showed a characteristic plateau during discharge at
2.4 V (vs. Li/Li+, Figure S8b and c). Our findings strongly
suggest that this unique redox mechanism of S40PAN is
critically influenced by the presence of nitrogen in the carbona-

ceous backbone. A weaker C-matrix-PS-interaction, as found in
the S40PVac material, could lead to easier migration of PSs in
the electrolyte phase, followed by various parasitic side
reactions that are already reported in conventional, sulfur-
based cathode materials utilizing carbonates as electrolytes.[41]

Rate tests of S40PAN- and S40PVac-based cells confirmed a
higher rate capability of S40PAN-based cathodes, likely owing
to the more conductive nature of the carbon backbone.
Systematic studies verified the improved electronic conductiv-
ity of SPAN through embedding nitrogen in the form of
pyridine and pyrrol moieties into the carbonaceous matrix.[42]

Matrix-Li2S interactions for reduced S40PVac and S40PAN
intermediary structures were calculated using density func-
tional theory (DFT) to provide further evidence for the
importance of a nitrogen-rich carbon matrix. A more than four-
fold stronger interaction between Li2S and S40PAN in its
reduced form was found in comparison to S40PVac (Figure 8a1

and b1). We postulate that the nitrogen-rich environment in
S40PAN actively facilitates Li2S nucleation, which is less
favorable in S40PVac. Due to the lower interaction energy
between Li2S and S40PVac the migration of LiPSs into the
electrolyte during discharge becomes also more likely, in line
with the observations in the potential profile upon discharge of
S40PVac, in which plateaus for a solid-liquid transition were
observed even in the carbonate-based electrolyte. This hypoth-
esis is in line with electronic impedance spectroscopy (EIS) data
for Li� S40PAN full cells at 100 % SOC (Figures 8 and S9). The
Nyquist plots of Li� S40PAN cells showed a strong initial

Figure 6. CVs of S40PAN and S40PVac in an ether- (1 M LiTFSI in DME:DOL (1 : 1); left) and carbonate-based (1 M LiPF6 DEC:EC (1 : 1)+10 wt% FEC; right)
electrolyte (all vs. Li/Li+).
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decrease in the full cell impedance due to the generation of a
fresh Li-surface. In the following cycles, a constant full cell
impedance was observed and confirmed the high reversibility
of the redox behavior seen in (Figure 8b). The determination of
static contact angles using demin. H2O as analyte suggests that
this aforementioned hypothesis can at least partially be
attributed to differences in polarity between the two active

materials (Figure S10). S40PAN-derived cathodes (θstatic =104.5°)
all showed better wetting properties in comparison to
S40PVac-derived cathodes (θstatic =111.2°).

The results shown herein strongly suggest that covalent
binding of sulfur to a polymeric matrix is an important concept
to generate a stable electrochemistry. In addition, a nitrogen-
rich environment in close vicinity to bound PSs, however, is

Figure 7. a) Galvanostatic cycling of Li j jS40PAN, Li j jS40PVac and Li j jS/C cells at discharge rates between 0.1 and 0.5 C; b) long-term stability test of a
Li j jS40PAN cell at 1 C; c) rate capability of a Li j jS40PAN cell between 0.5 and 8 C and d) rate capability of a Li j jS40PVac cell between 0.2 and 1 C in 1 M
LiPF6 in DMC:EC (1 : 1)+10 wt.-% FEC (1–3 V vs. Li/Li+).
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also of key importance to facilitate a redox mechanism that
inherently alleviates the PS-shuttle mechanism by the sole
release of solid intermediates during discharge.

To further support these findings, ex situ XPS was applied
to the derived cathodes after initial discharge and subsequent
charge to monitor the differences in the binding states of S and
to investigate the fast capacity fading of S40PVac-based
cathodes (Figure S11). An emphasis was put on the analysis of
the high-resolution S 2p spectra since in these only minor or no
interference with signals from the polymeric binder, a potential
SEI or residual solvents was expected. A first qualitative
observation in the spectra of both S40PAN- and S40PVac-based
cathodes was that any signals of bound sulfur are shifted
towards higher binding energies compared to the pristine
S40PAN and S40PAN samples. A similar effect was described by
Eng et al. and has been attributed to the influence of the
binder matrix, in particular the high negative charge density on
characteristic molecular units of this matrix.[43] In analogy to the
ground state of the pristine material itself (Figure 4), signals for
the C� Sx (164.5 eV) and C=S (162.5 eV) bonds can be assigned
in S40PAN. In the fully discharged state, the presence of Li2S
(161.7 eV) was assigned as the discharge product. A slight shift
of the binding energy to 161.7 eV compared to the literature
value[44] (160.8 eV) can be attributed to the binder matrix as
well as to a strong interaction of the lithiated cPAN matrix with
Li2S (see DFT calculation above). Li thiolate groups remaining
on the cPAN were identified according to Jin et al. (C� S� ···Li+,
163.0 eV).[45] It can be further assumed that the excess
capacitance detected for S40PAN in the initial cycle also
reduces/lithiates the C matrix (Figure S21). We postulate there-

from that the signal at 165.1 eV can be assigned to C� Sx bonds
that were not fully addressed in the course of cyclization, but
are shifted toward higher binding energy (C� Sx*) due to the
high negative charge density caused by the reduced C matrix.
In the fully charged state, a restoration of the S40PAN basic
structure becomes evident, which is also supported by nearly
equivalent ratios of the C� Sx (164.6 eV) and C=S (162.3 eV)
bonds compared to the initial state. For the S40PVac cathodes,
the presence of C=S (162.5 eV), C� Sx (164.5 eV), and S(=O)x
(165.3 eV) moieties was found. It can be assumed that
specifically the oxidized sulfur species barely participate in the
electrochemical reaction; the following discussion therefore
focuses essentially on the participation of the thioketone and
sulfide moieties.

In analogy to the arguments used for the S40PAN material,
it is also reasonable to assume for S40PVac that a substantial
part of the C� Sx bonds is electrochemically unaddressed due to
the high negative charge density of the C-matrix after the initial
discharge. These are also indexed here by C� Sx* and localized
at nearly equivalent binding energy as in S40PAN (C� Sx*:
S40PAN - 165.1 eV; S40PVac - 165.0 eV). We postulate that the
signal located at 163.0 eV, again as in S40PAN, can be assigned
to C� S� ···Li+ bonds, possibly superimposed by the presence of
long-chain lithium polysulfides through incomplete reduction.
It is known that lithium as well as other alkali metal sulfides
and polysulfides exhibit signals in the S 2p spectrum that
gradually appear at higher binding energies with increasing
chain lengths.[44] In the charged state, the S40PVac cathode
displays three binding species in analogy to the initial state,
which were again assigned to C=S (162.6 eV), C� Sx (164.7 eV)

Figure 8. a, b1) Optimized geometries of reduced S40PAN and S40PVac and their calculated interaction energies with Li2S and a, b2) full cell impedance
measured by EIS of Li j jS40PAN and Li j j40PVac cells at 100 % SOC after the 2nd and 50th cycle (0.5 C) using 1 M LiPF6 in DMC:EC (1 : 1)+ 10 wt% FEC and a, b3)
zoomed view.
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and oxidized S species (165.9 eV). Compared to the initial state,
a slight shift towards higher binding energies was observed
throughout, possibly due to an overall slightly higher ionic
character (e. g., due to overreduction of the C-matrix) of the
reduced S40PVac material compared to the pristine state.
Significantly, however, the signal of the C� Sx bonds was
drastically reduced in relative intensity compared to the
remaining signals during the initial cycle. It can thus be
assumed that a substantial part of the bound sulfur migrates
into the electrolyte phase already in the initial cycle upon
discharge and, possibly, due to weak interaction with the
lithiated cPVac matrix, thus preventing Li2S crystallization in the
course of further reduction.

The chemical instability of carbonate-based electrolytes was
already described by Kim et al.[41] and also qualitatively
confirmed by our model experiment, from which we conclude
that electrolyte degradation might also happen in S40PVac-
cathodes upon cyclization (Figure S12). It is very likely that the
insufficient reduction of bound sulfur in S40PVac in contrast to
S40PAN is a consequence of a higher nucleation barrier in
nitrogen-free composites in contrast to nitrogen-containing
composites in general. This phenomenon was explicitly
described by Kaskel et al. for conventional S/C cathodes and
confirmed by in situ XRD analysis.[46] However, our study is the
first to demonstrate that similar findings apply for composites
with covalently attached sulfur and therefore deliver an
important guideline for the synthesis of novel S/polymer
composites. Based on these findings, a redox mechanism for
S40PAN and S40PVac was proposed (Figure 9).

We propose, that the N-rich sites at the SPAN composite
actively facilitate Li2S crystallization, the latter being energeti-
cally less favored in the corresponding SPVac intermediates.
Furthermore, a higher polarity of the carbon backbone in SPAN
leads to higher polysulfide retention, whereas the carbon
backbone in SPVac has a weaker interaction to such redox
intermediates. Also, the thioamide groups in SPAN have been
proposed to serve as additional docking sites for polysulfide r-
eintegration upon charging (Figure S23).[6a]

This underlines, that for the successful synthesis of S/
polymer composites, a careful choice of potential precursor
polymers is crucial. N-rich precursor polymers are likely to result

in more N-rich S/polymer composites after sulfuration and
should be given more attention in this research field for novel
active materials in metal-sulfur batteries.

Conclusion

Sulfurized poly(vinylacetylene) was successfully synthesized for
the first time. Solid-state analyses revealed that sulfurated
poly(vinylacetylene) (S40PVac) with molecular characteristics
very similar to those of sulfurated poly(acrylonitrile) (S40PAN) is
obtained. The preferable binding of short Sx-chains to the
carbonaceous matrix, a very similar cyclization behavior at
elevated temperatures and formation of an aromatic backbone
was verified both in S40PVac and in S40PAN. Sulfur incorpo-
ration in PVac was more dependent on the applied temper-
ature profile in comparison to PAN, especially below the onset
of cyclization. Both in S40PVac- and S40PAN-based cathodes, a
homogenous distribution of the S-containing composites along
the cathode cross-sections was observed in the SEM-EDX
images. Rate and cycle stability tests revealed a severe capacity
decay in S40PVac in both, ether- and carbonate-based electro-
lytes, while S40PAN generates a cycle stable electrochemistry in
carbonate-based electrolytes. We propose that the properties
of S40PAN, which make this cathode material stand out of
many others, are related to the presence of nitrogen in the
carbonaceous matrix, leading to highly reversible redox
chemistry. This study outlines both, the importance of covalent
binding and the key role of a nitrogen-rich carbon backbone,
which together allow for a reversible and highly rate capable
electrochemistry.

Experimental Section/Methods
The synthesis of the herein used monomers, polymers, as well as
the general procedures to obtain electrodes derived from S40PVac
and S40PAN as well as all electrochemical methods are described
in the Supporting Information.

Figure 9. Postulated redox mechanisms of a) S40PAN and b) S40PVac in carbonate-based electrolytes according to our findings.
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