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ABSTRACT: Sulfurized polyacrylonitrile (SPAN) represents a
class of sulfur-bonded polymers, which have shown thousands of
stable cycles as a cathode in lithium—sulfur batteries. However, the
exact molecular structure and its electrochemical reaction
mechanism remain unclear. Most significantly, SPAN shows an
over 25% 1st cycle irreversible capacity loss before exhibiting
perfect reversibility for subsequent cycles. Here, with a SPAN thin-
film platform and an array of analytical tools, we show that the
SPAN capacity loss is associated with intramolecular dehydrogen-
ation along with the loss of sulfur. This results in an increase in the
aromaticity of the structure, which is corroborated by a >100X
increase in electronic conductivity. We also discovered that the
conductive carbon additive in the cathode is instrumental in

SPAN Cathode

Li-S Battery |-.. = D
- ASWEN
]

CR L : Ga N
PN /
A N I Further
' N Cycles .
P B it
| A l8ch ~——) N s 58 !
AN N arge ) / ¥

Pristine SPAN

. 4
.‘

.

e

v

e
f
o™~

driving the reaction to completion. Based on the proposed mechanism, we have developed a synthesis procedure to eliminate more
than 50% of the irreversible capacity loss. Our insights into the reaction mechanism provide a blueprint for the design of high-

performance sulfurized polymer cathode materials.

1. INTRODUCTION

Lithium—sulfur (Li—S) batteries are being extensively studied
as they are promising for a wide range of applications from
powering portable electronic devices to electric vehicles.'™
The low cost and abundance of sulfur, along with its high
theoretical capacity, make it a compelling alternative to
conventional metal oxides. However, challenges for sulfur
cathodes are well documented: sulfur has exceptionally low
conductivity (~107* S cm™)* and the formation of soluble
polysulfide intermediates (Li,S,) during discharge results in
capacity loss (“shuttle effect”) as well as poor Coulombic
efficiency.” The involvement of electrolytes in the cathode
reaction also makes the electrochemical performance sensitive
to the electrolyte amount.’

To improve the conductivity and minimize the “shuttle
effect” in Li—S batteries, sulfurized polymers have been
1nvest1gated Where sulfur is covalently bonded to polymer
backbones.’™ ' Sulfurized polyacrylonitrile (SPAN) is the best-
known example, which is synthesized by heating elemental
sulfur and polyacrylonitrile (PAN) in an inert gas con-
dition.""'” Recently, with a highly concentrated salt/ether
electrolyte diluted in a fluorinated ether, SPAN has been
shown to be stable for over 1200 cycles."> Moreover, its
capacity is further enhanced by approaches such as doping,
precursor modification, or with a sealed reaction contain-
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er./ 717 Finally, SPAN has also shown promise as a cathode in
solid-state batteries."”

Although SPAN was discovered as a battery cathode in
2002, its structure and charge storage mechanism are not
clearly depicted in previous literature. SPAN was initially
postulated as a mixture of fused pyridine ring polymers with
physically adsorbed elemental sulfur,'""* a model that is still
beheld today.”***' Soon after, covalent C—S bonds were
observed, suggesting that SPAN is a sulfur-bonded polymer.*”
Over the years, more functional groups have been identified,
including bridging sulfur chain (—S,—, x < 4), thioketone (C=
S), and N—H along with short-chain sulfur species S, and S,
bonded to a fused pyridine polymer backbone,'>** which
prevents the formation of longer chain polysulfides responsible
for the shuttle effect during cycling. Recent studies have
proposed the existence of N—S bonds (1'-pyridine sites), while
some sulfur atoms are bonded at the 2'-pyridine sites.”* >°
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Figure 1. Irreversible capacity loss and structure of SPAN. (a) Schematic of SPAN's irreversible capacity loss in the battery; (b) high-resolution X-
ray photoelectron spectroscopy (XPS) N 1s, S 2p, and deconvoluted C—S FTIR for SPAN synthesized from 300 to 550 °C; and (c) summary of

components and the proposed structure of SPAN.

Researchers have also explored the reversible operating
mechanism of SPAN. A 2018 study proposed that a SPAN
structure consists of a fused pyridine ring backbone cross-
linked by S—S.”” During discharge, the polymer backbone with
its covalently bonded sulfur has two lithium host sites per unit
(C5NS): one is associated with the fused pyridine ring’s N—
C=N, and the other is associated with S, which is cleaved
from the “S—S” in the pyridine—S—S—pyridine (C—S—S—C)
structure.

Despite the significant progress in understanding the SPAN
structure and charge storage mechanism, its irreversibility
during the Ist cycle remains unresolved: persistently an over
25% irreversible capacity loss and lower discharge potentials
than in subsequent cycles.'” After the 1st cycle, SPAN exhibits
exceptional stability in cycling. As shown in Figure 1a, excess Li
in the anode is required to compensate for the loss during the
Ist cycle, which undermines the cell energy density. Moreover,
the Ist cycle irreversibility also creates over 20% volume
expansion,”® which may lead to electrode cracking and
delamination. Understanding the nature of the chemical and
structural transformation during the Ist cycle is crucial for

SPAN’s application in batteries, which can provide structural
design guidelines for polymer cathode materials in general. In a
previous study, the formation of Li—C—N—-Li***° or Li—C—
C—Li" after the 1st discharge has been proposed to account
for the irreversible capacity. These species are suggested to
enhance the conductivity of the polymer in the following
cycles.

In this work, we characterize each functional group’s role in
the SPAN reaction during the 1st cycle based on a
reconstructed SPAN structure. A SPAN thin film is fabricated
to remove the interference from the conductive carbon and
binder during characterization. This enables the study of the
interfacial compositions, direct measurement of electronic
conductivity, and the detection of intermediates during the
cycling process. The results suggest that the cause for the 1st
cycle irreversible capacity loss is the increase in aromaticity of
the SPAN polymer backbone through the transformation of
the nonaromatic functional groups into conjugated conductive
pathways. Meanwhile, the conductive carbon in typical
composite electrodes plays a facilitating role in transforming
the reaction intermediates into the conjugated path during the
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Figure 2. Roles of SPAN functional groups during the 1st cycle. (a) N 1s and S 2p XPS spectra of the SPAN cathode before and after the 1st cycle;
(b) STEM—EDX mapping (sulfur and nitrogen) of the SPAN cathode after the 1st cycle in the cell; and (c) STEM—electron energy loss
spectroscopy (EELS) of the SPAN cathode after the st discharge in the cell; and the proposed working mechanism of each nitrogen and sulfur

component in SPAN in the 1st: (d) discharge and (e) charge.

Ist cycle. The working mechanism for the 1st and subsequent
cycles motivated us to develop a post-thermal treatment to
reduce the nonaromatic component in SPAN. As a result, the
Ist cycle irreversible capacity loss is reduced by more than
50%. With these understandings of the SPAN reaction
mechanism, the future direction of the SPAN cathode
development is discussed and a blueprint for the development
of highly reversible sulfur-containing polymers for batteries is
proposed.

2. RESULTS AND DISCUSSION

2.1. Structure of SPAN. First, we construct a structural
model for the SPAN synthesized in this work. Three SPAN
samples were synthesized at 300, 450, and 550 °C, respectively.
Analysis of the ratio of the functional groups as a function of
temperature helped to elucidate the structural model. The
elements (C, N, and S) in SPAN are uniformly distributed, as
shown by scanning transmission electron microscopy—energy-
dispersive X-ray spectroscopy (STEM—EDX) images (Figure
S1). The elemental analysis results are listed in Table S1.

In the SPAN N 1s XPS spectra (Figure 1b), three peaks at
397.2, 398.7, and 399.5 eV are assigned to pyridine-N,
graphite-N, and N—H, respectively (Figure 1c). In the S 2p
XPS spectra (Figure 1b), the peaks at 160.5, 162.5, and 164.2
eV are assigned to C=S, C—S, and bridging S—S, respectively
(Figure 1c). As temperature increases, the bridging S—S
diminishes with higher synthesis temperature. A more detailed
analysis concerning peak assignments is explained in the
Supporting Information, “SPAN Structure Reconstruction”
section.

To further study the nature of the C—S bonds, the C—S
peak in Fourier-transform infrared spectra (FTIR)
deconvoluted in Figure 1b. Three Gaussian peaks are
identified, which represent the aromatic C—S (940 cm™),
nonaromatic C—S (918 cm™), and C—S bonded with bridging
sulfur (C—S,, 928 cm™") (Figure Ic). Based on these results,
we propose the functional groups and the SPAN structure, as
shown in Figure lc. In general, this structure is close to the
SPAN model proposed by Buchmeiser et al.,>* but contains the
nonaromatic C—S>° and graphite-N.
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Figure 3. Intermediates of the SPAN lithiation reaction. (a) Schematic of the angle-resolved XPS (AR-XPS) for testing the thin-film SPAN
cathode; (b) AR-XPS Li 1s for the thin-film SPAN cathode (without carbon) before and after the 1st discharge and charge; (c) relative depth
profiling of the SPAN cathode electrolyte interphase (CEI) after the 1st discharge and charge; (d) XPS Li 1s for the SPAN cathode (SPAN (80%)/
CMC (10%)/carbon black (10%)) before and after the 1st discharge and charge in a cell; and (e) proposed reaction mechanism for the SPAN

without/with carbon during the discharge.

2.2. Roles of Functional Groups in SPAN during the
1st Cycle. We then examine the roles of functional groups
during the 1st cycle of the SPAN synthesized at 450 °C, which
has shown the best electrochemical performance (Figure S4).

In Figure 2a, the disappearance of the XPS N 1s peak indicates
that the N—H group is irreversibly converted to other
functional groups during the Ist discharge. The pyridine-N
undergoes reversible changes, with its intensity decreasing
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Figure 4. SPAN structure after the Ist cycle. (a) Schematic and (b)
results of the electrical conductivity test for the SPAN thin film before
and after the Ist cycle; (c) Raman spectra of the pristine SPAN
cathode after the Ist discharge and after the 1st charge; and (d)
proposed structure for the main discharge/charge products for SPAN.

upon discharge and recovering upon charge. This phenomenon
is reasonable since the fused pyridine N—C=N site can host
lithium, which causes the peak to shift to a higher binding
energy region, close to where the graphite-N peak is.”” There is
no obvious position change for the graphite-N peak itself,
indicating that the graphite-N is intact during cycling.

Figure 2a also shows the evolution of the S 2p spectra: the
long chain S—S (164.2 €V) is irreversibly lost during the 1st
discharge. Previous studies introduced well-dispersed long-
chain sulfur in SPAN by a physical adsorption method. This
long-chain sulfur can convert to Li,S after discharge and
contributes to an enhanced reversible capacity."> However,
results in Figure 2a indicate that Li,S generated by long-chain
sulfur does not appear to be reversible since the 164.2 eV peak
did not recover after charge. C=S (160.5 eV) is also
irreversibly lost, consistent with our previous report.'® A new
peak at 160.2 €V emerges, which is attributed to the S*~
species. These species have a similar peak position to C=8.>
On the other hand, the C—S peak at 162.5 eV decreases during
the 1st discharge, while a new peak at 161.6 eV emerges.
During charge, this 161.6 eV peak disappears, while the peak at
162.5 eV amplifies. The partially reversible change between
these two peaks indicates a redox process between C—S—S—C
and C—S~ Li*. However, we note that this C—S—S—C redox
process is not completely reversible as the area of the 162.5 eV
peak does not fully recover. Meanwhile, XPS survey spectra in
Figure SS indicate that the S/N ratio changes from 1.09
(pristine) to 1.38 (discharged) and further to 0.90 (charged).
The change in the S/N ratio indicates that sulfur accumulates
on the cathode/electrolyte interface during the 1st discharge,

leading to permanent sulfur loss after the charge. Similar
phenomena have been observed in the STEM—EDX (Figure
2b), which indicates sulfur accumulation at the interface after
the 1st discharge, but sulfur distribution is uniform after its 1st
charge. More STEM—EDX images are provided in Figure S6.

To further understand the origin of the interfacial
accumulation of sulfur after discharge, we conducted chemical
lithiation of SPAN to simulate the discharge product.’’ The
analysis of the evolved gas confirmed H,S formation by gas
chromatography—mass spectrometry (GC—MS) (Figure S7).
This indicates that a portion of sulfur is irreversibly lost during
the first discharge. Further, lithiated SPAN acts as a Lewis base
to absorb the generated H,S at the surface. Upon charge, the
Lewis basicity of SPAN is expected to decrease when H,S is
released. The formation and migration of H,S are further
corroborated by the STEM—electron energy loss spectroscopy
(STEM—EELS) images (Figure 2c). After the 1st discharge,
most of the sulfur in SPAN remains in the solid matrix, while
some sulfur is found to have diffused into the conductive
carbon additive. Moreover, sulfur distribution in the
conductive carbon does not correlate with that of lithium,
indicating that it is not Li,S. This observation is consistent with
the presence of H,S. The residual hydrogen (Table S1) in
SPAN is likely the hydrogen source for the H,S formation.

Although the irreversible formation and loss of H,S have
been observed upon lithiation, the chemical identity of the
sulfur source in SPAN is still unidentified. Since the dominant
S components in SPAN are C—S (Figures 1b and S2a) and the
aromatic C—S is reversible, it is highly likely that the formation
of H,S is from the nonaromatic C—S species. This explains
why some of the C—S is permanently lost upon charge, as
evidenced by XPS (S 2p in Figure 2a). In contrast to the
complex behavior of S, no nitrogen segregation is observed in
STEM—EDX results despite the disappearance of N—H after
the 1st discharge. This indicates that all of the nitrogen in the
SPAN reacted without dissociation.

Based on these analyses, the following mechanism for the
SPAN 1st discharge is proposed (Figure 2d). The N—H group
is converted into aromatic pyridine-N via deprotonation; the
formation of H,S is due to the loss of nonaromatic C—S; the
C==S is converted into aromatic C—S, and the long S—S chain
is cleaved. As far as the C—S on an aromatic structure, the
cross-linked S—S bond is cleaved and lithiated. The formation
of H,S is responsible for the irreversible capacity loss. Li,S, on
the other hand, may still participate in subsequent cycling.
During charge (Figure 2e), the fused pyridine backbone can re-
cross-link through the formation of C—S—S—C.

2.3. Role of Conductive Carbon in a SPAN Cathode.
To gain additional insights into the charge storage mechanism,
we developed a thin-film SPAN electrode that is free of
conductive carbon. More information regarding its synthesis
and characterizations are in the Supporting Information, “Thin
Film SPAN Synthesis and Characterization” section. As shown
in Figure 3a, the use of a thin film enables the application of
angle-resolved XPS (AR-XPS) to probe the compositional
depth profile of the electrode after the 1st cycle: at 0° take-off
angle, the estimated maximum probing depth is 10 nm, and at
60° take-off angle, the probing depth is 5 nm.”* Unlike the XPS
plasma depth-profiling method, AR-XPS is nondestructive,
which minimizes the etch-induced artifacts.

The Li 1s AR-XPS spectra are displayed in Figure 3b. In
addition to the common CEI components such as Li—O, Li—S,
and Li—F, two extra peaks are observed at binding energies
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lower than 54 eV, the value for the Li metal. A possible
explanation for this surprising observation is the formation of
covalent Li—N and Li—C bonds, which had been proposed
previously.””?° The lower electronic negativity for C
(compared to N) makes it reasonable to assign the peak at
52.2 eV to Li—C and the peak at 53.2 eV to Li—N. The relative
depth of Li components is estimated by comparing the value
Ln(Igpe/Ipe) for each peak in the AR-XPS. Iy, is the peak
intensity of the components at a certain angle.”> A relative
depth plot is shown in Figure 3c. Compared to the discharge
results where N—Li and C—Li are more uniformly distributed
with other lithium components, after charge, the N—Li and C—
Li components are preferentially accumulated on the SPAN
surface. On the other hand, in Figure 3d, these two N—Li and
C—Li components have not been observed when the
conductive carbon is added to the SPAN electrode. Therefore,
the surface accumulation of the N—Li and C—Li bonds in thin-
film SPAN might be due to the low surface electronic
conductivity. When conductive carbon is added, there are
sufficient electrons to react with the N—Li and C-Li to
complete the SPAN lithiation reaction. Thus, the N—Li and
C—Li components only exist as intermediates in thin-film
SPANSs but not in the presence of conductive carbon. While
Li—C—N-Li*”*° and Li—C—C~Li" species were suggested

to permanently remain in the SPAN structure after the 1st
discharge, our observations suggest that these components are
intermediates. A N—Li intermediate species, with a peak at
398.2 eV (Figure S9a), is also observed in the AR-XPS N 1s
spectra for thin-film SPAN. This species is absent in electrodes
with carbon additives. Moreover, the C 1s spectra for thin-film
SPAN (Figure S9b) feature a lower amount of sp* C=C
species (<284 V). A plausible explanation is that some of the
sp* C=C carbon in thin-flm SPAN are converted to sp’
carbon in C—Li after the Ist discharge.

Figure 3e summarizes the mechanism for the formation of
N-Li and C—Li intermediates and the role of conductive
carbon in eliminating them. It is noticeable that extra electrons
participate in the conversion reaction from intermediates to
the discharge products. As a result, the presence of conductive
carbon is essential for realizing the full capacity of SPAN.

2.4. Structure of SPAN after the 1st Cycle. We then
examine the change in electronic/molecular structure during
the 1st cycle. The loss/conversion of nonaromatic sulfur/
nitrogen is associated with an increase in the degree of
conjugation. In principle, this should lead to an increase in
electrical conductivity. This is indeed confirmed by the
measurement of the pristine and the 1st charged SPAN thin
films (Figure 4a,b). After the 1st charge, the SPAN
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Figure 6. Reducing the 1st discharge irreversible capacity loss in the
SPAN battery by a post-thermal treatment method. (a) Thermal
gravimetric analysis (TGA); (b) TGA—mass spectrometry (TGA—
MS) results for mass traces at m/z = 34 (H,S) and 64 (S,); (c) C=S
bond FTIR for the SPAN before and after post-thermal treatment;
(d) discharge/charge profiles for SPAN before and after post-thermal
treatment at 0.2C (1C = 600 mAh gguy"); and (e) proposed
structural change for SPAN before and after post-thermal treatment.

conductivity increases by 2 orders of magnitude (from 1.21 X
1077 to 4.43 X 10° S cm™"). The ultraviolet photoelectron
spectroscopy (UPS) results, as shown in Figure S10, indicate
that there is an over 4 eV valence band maximum (VBM) shift
between the pristine and charged SPAN. The enhanced
electrical conductivity and shifted VBM are indicative of the
extension of the SPAN conjugation structure.

We next consider the redox reaction for the reversible
capacity, mainly concerning whether Li,S is a major discharge
product (Figure S11)."" The Raman spectra (Figure 4c) show
no sign of Li,S, confirming that it is at most a byproduct from
nonaromatic sulfur components. Instead, a lithiated fused
(thio)-pyridine chain is the main product after discharge
(Figure 4d). This result agrees with Ming et al”” A more
detailed discussion regarding the Raman spectra is included in
the Supporting Information, “SPAN Raman Spectra Analysis”
section.

The proposed structure for the main charged product is
shown in Figure 4d. The C—S and S—S peaks reappear after
charge but with reduced relative intensity. This observation is
consistent with the earlier discussion regarding the irreversible
loss of sulfur (as H,S). Though SPAN after the 1st charge has
more aromatic components cornpared to the pristine material,
the steric effects between the fused pyridine chains and S—S
chains prevent the formation of a planar structure, hence a
stronger D band than the G band.

2.5. Proposed Reaction Mechanism for SPAN. Based
on the above discussion, we propose a working mechanism for
the 1st and subsequent cycling of SPAN (Figure S). The role

of each functional group is summarized in Figure Sa. During
the 1st discharge (Figure Sb), the aromatic functional groups
contribute to the reversible capacity, while the irreversible
capacity loss is due to the transformation of the nonaromatic
functional groups. After the 1st discharge, they will either form
H,S that results in a capacity loss or dissociate from the
polymer chain (Li,S) that results in a capacity partial loss, or
convert into the aromatic functional group that results in
capacity retention. Furthermore, the conductive carbon is
crucial for completing the irreversible transformation. Other-
wise, the intermediates (N—Li and C—Li components) will
remain in SPAN. The formation of a more aromatic
conjugated structure leads to an increased electrical con-
ductivity and subsequently highly reversible cycling (Figure
Sb).

2.6. Reducing the 1st Cycle Irreversible Capacity
Loss. The understanding of the 1st cycle irreversible capacity
loss prompts the question that whether the SPAN synthesis
can be modified to reduce irreversibility. Our hypothesis is that
post-thermal annealing could be effective. SPAN has residual
hydrogen and polysulfide chains. An intrapolymer elimination
of H,S is certainly possible.

Thermal gravimetric analysis (TGA) is applied to determine
the proper temperature for SPAN post-thermal treatment
(Figure 6a). For the SPAN precursor, the mixture loses 80%
weight between 155 and 280 °C, which is consistent with
sulfur vaporization. In contrast, SPAN loses 20% of its weight
between 210 and 410 °C. We thus select 350 °C as the
temperature to eliminate the less stable sulfur component
while preventing further SPAN decomposition. TGA for the
treated SPAN shows no weight loss before 410 °C. In Figure
6b, TGA—mass spectrometry (TGA—MS) results show that
the pristine SPAN starts to release H,S gas from 250 °C, which
is not experienced by the post-treated SPAN. This result agrees
with our hypothesis that an intrapolymer elimination of H,S
takes place during the post-thermal treatment process. There is
also some sulfur loss in the pristine SPAN at above 210 °C,
which could be attributed to the loss of long-chain sulfur. The
elemental analysis results listed in Table S1 show that the H/N
ratio decreases from 0.49 to 0.27 upon post-treatment, while
the S/N ratio decreases from 1.21 to 1.06. The remaining
hydrogen in the post-treated SPAN is either from the N—H
group or at the end group for each polymer chain. FTIR
(Figure 6¢) indicates that the nonaromatic C—S component
has decreased as compared to the pristine SPAN. The
decreased full width at half-maximum (FWHM) also indicates
the reduced sulfur components.

SPAN with or without post-treatment was then tested
electrochemically (Figure 6d). Both samples show a nearly
identical reversible capacity of over 520 mAh ggpan~
However, in the Ist cycle, there is only a ~100 mAh g™
irreversible capacity loss for the post-treated SPAN. In
comparison, this value is 225 mAh g~' for the reference
SPAN. Post-thermal treatment thus eliminates over 50% of
irreversible capacity loss. Based on these results, a mechanism
for the SPAN intrapolymer elimination of H,S and sulfur
through post-thermal treatment is proposed in Figure Ge.
Additional optimization through molecular modification is
expected to reduce the irreversibility even further.

3. CONCLUSIONS

We have analyzed the 1st cycle reaction mechanism of SPAN
using an array of tools. These analyses are performed on both
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common powder electrodes as well as a thin-film electrode that
is free of binder and additives, which enables analysis of the
spatial distribution of the reaction products. The SPAN
functional groups and their roles during the 1st cycle and
subsequent cycles are identified. The loss or conversion of the
nonaromatic functional groups such as C—S (H,S formation),
C=S (convert to aromatic C—S), and N—H (convert to
pyridine-N) is responsible for the irreversible capacity loss or
structural change during the Ist cycle. Conductive carbon is
found to actively participate in the conversion of SPAN
intermediates to the discharge products. Based on this
understanding, post-thermal treatment is found to reduce the
amount of nonaromatic functional groups and over 50% of
irreversible capacity loss. During the subsequent cycles, Li" is
hosted by the electrons near S or N atoms. Due to the high
aromaticity of SPAN after Ist cycle, the conjugated structure
enables a highly reversible electrochemical process. This study
demonstrates the necessity for minimizing the nonaromatic
functional groups in SPAN during synthesis. Future directions
for eliminating the irreversible capacity include the use of low-
hydrogen precursors or more aggressive dehydrogenation
agents. Raising the reversible capacity of SPAN based on the
proposed structure is challenging since most of the active sites
have been utilized during lithiation. However, the introduction
of more sulfur through molecular modification (e.g, slightly
extending the length of S—S bonds) is possible to enhance the
reversible capacity while preserving the cycling stability of
SPAN. We believe that the principles presented in this work
are applicable to other related sulfurized polymers as well.
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